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INTRODUCTION 
 
Mammalian aging is characterized by a gradual 
decline of numerous health parameters with multiple 
biochemical, physiological and behavioral manifest-
tations [1].  These include reduced muscle strength, 
bone degeneration, osteoporosis, an increase in 
systemic inflammation, vascular calcification, hair 
loss, cataracts, cognitive decline, etc. [2]. Several 
animal models including C.elegans, yeast, Drosophila 
and rodents (rats and mice) have been successfully 
used over the last several decades to address 
mechanistic aspects of aging and development of age-
related diseases. In most of these studies the major 
metric  parameter for  assessing  pro-/anti-aging  effect 

 

 
of genetic, nutritional or pharmacological manipulation 
has been the animals’ lifespan.   
 
While being informative, longevity by itself however, 
cannot provide an assessment of the animal’s health 
status, which, like in humans, can significantly decline 
at older ages and therefore reduce the quality of life. 
This concern is particularly relevant to research focused 
on developing the “healthspan”-extending pharma-
ceuticals , efficacy of which may not be necessarily 
translated in increased longevity but rather in 
prolongation of healthy life and require quantitative 
objective assessment. Clinical studies in humans 
measure  age-related declines  in performance  by  quan- 
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ABSTRACT 
 
The  development  of  healthspan‐extending  pharmaceuticals  requires  quantitative  estimation  of  age‐related
progressive physiological decline. In humans, individual health status can be quantitatively assessed by means
of a  frailty  index  (FI), a parameter which  reflects  the scale of accumulation of age‐related deficits. However,
adaptation  of  this methodology  to  animal models  is  a  challenging  task  since  it  includes multiple  subjective
parameters. Here we report a development of a quantitative non‐invasive procedure to estimate biological age
of  an  individual  animal  by  creating  physiological  frailty  index  (PFI). We  demonstrated  the  dynamics  of  PFI
increase during chronological aging of male and female NIH Swiss mice. We also demonstrated acceleration of
growth of PFI in animals placed on a high fat diet, reflecting aging acceleration by obesity and provide a tool for
its quantitative assessment. Additionally, we showed that PFI could reveal anti‐aging effect of mTOR  inhibitor
rapatar  (bioavailable  formulation of  rapamycin) prior  to  registration of  its effects on  longevity. PFI  revealed
substantial  sex‐related differences  in normal  chronological aging and  in  the efficacy of detrimental  (high  fat
diet) or beneficial  (rapatar) aging modulatory  factors. Together,  these data  introduce PFI as a  reliable, non‐
invasive, quantitative tool suitable for testing potential anti‐aging pharmaceuticals in pre‐clinical studies.  
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tifying the frailty index (FI), which reflects 
accumulation of health deficits during chronological 
aging [3].  
 
Since numerous studies have shown that many age-
associated changes that occur in humans are also 
present in aged mice, FI was recently introduced as a 
measure of mouse aging to pre-clinical models [4]. 
However, standardized and comprehensive approaches 
for FI measurements, which will address changes in a 
broad spectrum of physiological functions, are still 
missing. Here we describe development of an 
alternative scoring system, based on a selected set of 
non-invasive quantitative and physiological parameters, 
which could be repetitively used in the same animal 
over the course of its entire lifespan. We refer to this set 
of parameters as physiological frailty index (PFI). We 
show that similar to results of human studies older mice 
have much greater PFI reflecting age-related 
accumulation of deficits. We also validated our 
approach of PFI by testing detrimental (feeding high fat 
diet, HFD) and beneficial (treatment with mTOR 
inhibitor rapamycin) factors on animals’ longevity and 
healthspan and revealed significant sex-dependent 
differences, thus emphasizing the importance of 
including both male and female animals in pre-clinical 
studies. The results of our study provide a feasible tool 
applicable for pre-clinical studies to test the efficacy of 
anti-aging pharmaceuticals.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

RESULTS 
 
Choosing informative parameters for creating PFI 
 
To select which physiological parameters to choose for 
creating reliable FI we used several criteria. First, we 
wanted them to be diverse to reflect the status of 
different health-related physiological systems. Second, 
we wanted them to be objective and quantitative and not 
to involve any visual scoring. Finally, we wanted them 
to be minimally invasive so they can be applied in 
longitudinal studies.  Based on these considerations, we 
selected 29 variables reflective of physical fitness (body 
weight and grip strength), cardiovascular system 
(systolic, diastolic and mean blood pressure, heart rate, 
tail blood flow and tail blood volume), total blood cell 
composition (white and red blood cell counts and 
differentials), plasma concentration of CXCL1/KC, 
triglycerides and glucose.  All variables were measured 
in male and female NIH Swiss mice of different 
chronological ages (CA) of 26, 52, 78 and 104 weeks in a 
cross-sectional study. Next, using one-way ANOVA 
analysis, we identified those variables that demonstrate 
statistically significant changes during aging (p-value 
<0.05). Out of total of 29 parameters, 16 and 18 qualified 
these criteria in males and females respectively. These 
parameters and corresponding mean values for each age 
group are summarized in Tables 1 and 2.  Interestingly, 
the two lists have only partial overlap pointing to sex-
specific differences in the process of aging.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Assessment of  individual biological age of NIH Swiss mice.  (A) Age‐related  increase  in PFI  in male  (closed bars) and
female (open bars) NIH Swiss mice (n=10‐12/group). PFI  indices were measured as described using 16 or 18 parameters for males and
females respectively. Data  is presented as mean +SEM. One‐way ANOVA detects significant effect of age on FI value (p<0.001 for both
sexes). (B) PFI values for individual male (closed circles) and female (open circles) mice. A cubic regression performed on this set of data
generated  the  best  fitting  model  as:  PFI=0.00684+0.0034ൈBA  for  males  (red  line)  and  PFI=‐0.67372+0.04277ൈCA‐
0.00057899ൈCA2+0.00000263ൈCA3 for females (blue line). All regression coefficients presented were significantly different from 0 at the
0.05 alpha‐level. (C) Projected biological age of individual mice calculated from the PFI values using the fitting model predictions. 
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Quantification of PFI in chronologically aged male 
and female NIH/Swiss mice 
 
To quantitatively evaluate age-dependent accumulation 
of health deficits, male and female NIH Swiss mice 
were allowed to age in the animal facility under normal 
husbandry conditions. Separate groups of male and 
female mice were tested for their overall health status at 
the ages of 26, 52, 78, and 104 weeks as described in 
Materials and Methods section. PFI was created using 
the 26-week old mice as a reference so that deviation of 
each parameter from the mean value was calculated. As 
shown in Fig.1A, PFI demonstrates gradual increase 
with age in both males and females; however, dynamics 
of this process was different. Consistent with previous 
studies, both in mice and humans [5], females show a 
more rapid accumulation of health deficits than males 
and average PFI values were higher compared to the 
males of the corresponding age.  
 
Although average value of PFI showed highly 
statistically significant increase with age, within each 
age-matched group it demonstrated considerable 
individual variability (Fig. 1B). This is consistent with 
widely accepted concept originated from human and 
animal model studies stating that chronological age 
(CA, the actual age from the date of birth) and 
biological age (BA, reflecting individual’s health status) 
are different [6-8]. To test whether PFI value can be 
used as a predictor of an individual animal’s BA, 
polynomial regression of order 3 was fit to the data 
using a stepwise regression approach.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The best fitting models were given as:  
 
PFI=0.00684+0.0034ൈBA for males and 
FI=-0.67372+0.04277ൈCA-0.00057899ൈCA2 

+0.00000263 ൈCA3 for females.    
 
Next, we used these equations to calculate BA of each 
individual animal based on its PFI. Fig. 1C presents 
results of this analysis showing high degree of 
variability of estimated BA within the group of 
chronologically age-matched male and female mice. 
Overall these data indicate that our scoring system 
allows for an unbiased and reliable quantitation of age-
related accumulation of deficits. They also suggest that 
PFI may be used as a tool for evaluating health status of 
an individual animal and determining its BA. This tool 
may be applied for quantitative assessment of the 
effects of various environmental, nutritional and 
pharmacological interventions on healthspan.  
 
Sex-dependent effect of high fat diet on PFI and 
longevity  
 
To validate our approach for assessing animal’s BA, we 
subjected them to two treatments known to cause 
detrimental (feeding high fat diet, HFD) or beneficial 
(administration of rapamycin) effects on health and 
longevity. Fifty two week old male and female NIH 
Swiss mice were randomly assigned to four groups.    
Group 1 remained on regular chow and drinking water; 
group 2 remained on regular chow but started receiving 
rapamycin in drinking water. Group 3 started receiving 
HFD in combination with normal drinking water and 
group 4 was fed HFD in combination with rapamycin.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. (continued) 
Age, weeks NE % MO % RBC (M/μl) HB (g/dl) HCT % MCV(fl) MCH (Pg) MCHC 

(g/dl) 
26 24.16+4.04 3.02+0.30 8.91+0.41 13.09+0.69 39.60+2.20 44.27+0.72 14.66+0.23 32.90+0.29 
52 26.01+2.09 6.03+0.57 7.97+0.46 11.83+0.73 37.85+2.37 47.34+0.69 14.81+0.21 31.28+0.30 
78 34.18+2.12 3.83+0.48 9.94+0.59 15.23+0.87 49.20+2.60 49.71+0.98 15.33+0.22 30.91+0.27 
104 18.10+3.16 8.78+1.41 6.6+0.63 9.50+0.97 34.01+3.23 51.73+1.00 14.33+0.0.16 27.77+0.45 

GS – grip strength; Dia – diastolic pressure; Mean – mean pressure; NE – neutrophils; LY – lymphocytes; MO – monocytes; RBC – red blood 
cells count; HB – hemoglobin; HCT – hematocrit; MCV – mean corpuscular volume; MCH – mean corpuscular hemoglobin; MCHC – mean 
corpuscular hemoglobin concentration 

Table 1. Physiological parameters used to create PFI in male NIH Swiss mice. Data is presented as mean +SEM.

Age, weeks GS, g Dia Mean Flow NE (K/μl) LY (K/μl) MO (K/μl) KC (pg/ml) 
26 76.96+3.42 79.28+3.98 88.93+3.49 15.81+2.17 1.45+0.12 3.24+0.30 0.19+0.02 595.9+57.22 
52 72.17+3.42 76.95+2.24 85.63+2.17 22.07+1.56 1.02+0.17 2.52+0.30 0.217+0.02 905.07+234.12 
78 78.74+4.14 72.70+4.16 84.17+4.36 15.86+1.7 2.65+0.56 4.32+0.77 0.309+0.10 372.10+39.58 

104 49.92+3.15 88.75+3.33 97.81+3.34 21.04+1.6 0.55+0.14 2.25+0.82 0.271+0.08 705.93+94.94 
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It is well established that HFD-induced obesity has a 
detrimental effect on health increasing the risk of 
diabetes, heart disease, high blood pressure and cancer 
[9]. As shown in Fig. 2A, feeding HFD results in 
significant increase in body weight in both males and 
females (40% and 30% for males and females 
respectively). Nevertheless, effect on longevity was 
very different. Whereas feeding HFD reduced lifespan 
of male NIH Swiss mice from 121.1+9.2 to 91.5+5.9 
weeks (p=0.008, Kaplan-Meier log-rank test), it had no 
effect on longevity of female mice (109.6 +6.9 and 
104.9+7.7 weeks for mice fed regular or high fat chow 
respectively; Fig. 2B).  This result is consistent with 
previous studies showing that female mice are protected 
against HFD-induced metabolic changes by maintaining 
an anti-inflammatory environment in the intra-
abdominal adipose tissue, whereas HFD-fed male mice 
develop adipose tissue inflammation, glucose into-
lerance, hyperinsulinemia, and islet hypertrophy [10]. 
 
To further test whether reduction in lifespan in males 
correlates with an increase in accumulation of health 
deficits, after 26 weeks of feeding HFD (at the age of 78 
weeks) we created PFI for each individual animal.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Consistent with longevity data, feeding HFD significant- 
ly increased PFI in male but not in female mice (Fig. 
2C). These data indicate that HFD-induced obesity 
produces stronger damaging effect in male mice 
affecting both their longevity and health status and that 
our approach can reliably detect overall health decline 
in a quantitative manner.  
 
Chronic treatment with rapamycin increases the 
lifespan of female NIH Swiss mice without affecting 
their health status 
 
To further validate our method, we decided to test 
whether we can reliably measure the beneficial effects 
of lifespan increasing approaches on animals’ health. 
For this we chose to use rapamycin, which has been 
shown to extend lifespan of inbred and genetically 
heterogeneous mice [11, 12] as well as of mice that 
develop syndrome of premature aging [13]. Several 
studies performed in cancer-prone animal models 
suggest that rapamycin extends lifespan by delaying 
tumor development and progression [11, 14, 15].  In our 
previous work, we successfully used nanoformulated 
water soluble rapamycin (rapatar), which  can  be  admi- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Sex‐specific effects of HFD on lifespan and health of NIH Swiss mice. (A) HFD‐induced body weight gain in male and
female mice. Feeding HFD results in 40% and 30% increase in body weight in males and females respectively (p<0.001, Student’s t‐test).
Since mortality is usually preceded by rapid weight loss, data is shown for the initial period of treatment before the first case of death
in each group was recorded. Blue line – regular diet; green line – HFD. (B) Feeding HFD reduces lifespan of male mice from 121.1+9.2 to
91.5+5.9 weeks (p=0.008, Kaplan‐Meier log‐rank test) but had no effect on longevity of female mice (109.6 +6.9 and 104.9+7.7 weeks
for mice fed regular or high fat chow respectively). Blue line – regular diet; green – HFD. Red arrow indicates the period of time when
mice received HFD. Black arrow  indicates time when PFI was measured  (at the age of 78 weeks).  (C) PFI created at 78 weeks of age
using 16 or 18 parameters for male and female mice respectively. Feeding HFD significantly increases PFI of male (p=0.019, Student’s t‐
test) but not female mice. RDW ‐ regular diet in combination with water (group 1), HFDW – HFD in combination with water (group 3).   
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nistered with drinking water and demonstrated high 
bioavailability [14]. In concurrence with the previous 
study, chronic administration of rapatar did not cause 
any toxicity as both male and female mice in control 
and experimental groups maintained similar body 
weight (Fig. 3A).  However, there was a significant 
difference in the effect of rapamycin on longevity 
between the sexes. Chronic rapamycin treatment had no 
effect on longevity of male mice (mean survival 
113.91+6.98 and 100.8+6.96 weeks for control and 
rapamycin-treated mice respectively) whereas in 
females, it increased lifespan from 110.09+7.12 to 
131.23+8.29 weeks (p=0.05, Kaplan-Meier log-rank 
test; Fig. 3B). Surprisingly, this effect was not 
translated into improved health status between the 
groups as monitored by PFI (Fig. 3C). Thus, our data 
provides an additional support for the concept that 
chronological and biological aging may not be 
intrinsically identical and that other factors besides time 
may affect the pace of age-dependent functional decline.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Rapamycin alleviates detrimental effect of high fat 
diet on male mice longevity and healthspan 
 
Our data show that HFD-induced obesity shortens 
lifespan and deteriorates health status of NIH Swiss 
male mice (Fig. 1). It has been previously demonstrated 
that in rodents HFD-induced obesity increases 
activation of mTOR pathway in liver and skeletal 
muscle [16]. Therefore, we hypothesize that treatment 
with rapamycin can ameliorate detrimental effects of 
HFD. Comparison of the dynamics of body weight 
change showed that chronic treatment with rapamycin 
did not affect HFD-induced obesity in male mice but 
did prevent it in females (Fig. 4A). Longevity was not 
affected in mice of both sexes (Fig. 4B) constituting 
91.45+5.87 and 100.55+6.26 weeks for male (p=0.26) 
and 105.01+7.74 and 110.50+7.58 weeks for female 
mice (p=0.6). Strikingly, rapamycin administration 
significantly alleviated detrimental effects of HFD in 
male mice as judged  by  a  significant  decrease  in  PFI  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  3.  Sex‐specific  effects  of  rapamycin  on  lifespan  and health  of NIH  Swiss mice. (A)  Animals  receiving  rapamycin  in
drinking water maintain  their  body weights  comparable  to  control mice.  Blue  line  –  normal  drinking water;  red  line  – water with
rapamycin.  (B)  Kaplan‐Meier  survival  curves  for  mice  fed  regular  chow  in  combination  with  normal  drinking  water  (blue  line)  or
rapamycin  (red  line). Chronic administration of  rapamycin has no effect on  longevity of male mice  (mean  survival  is 113.91+6.98 and
100.8+6.96 weeks  for  control  and  rapamycin‐treated mice  respectively.  In  females,  rapamycin  administration  increases  lifespan  from
110.09+7.12  to 131.23+8.29 weeks  (p=0.05, Kaplan‐Meier  log‐rank  test). Red arrow  indicates  the period of  time when mice  received
rapamycin. Black arrow  indicates  time when PFI was measured.  (C) PFI created at described above. No effect of  rapamycin on health
status was detected in male and female mice fed regular chow. RDW – regular diet in combination with normal drinking water (group1);
RDR – regular diet in combination with rapamycin (group 2).   
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(Fig. 4C). Thus, whereas chronic treatment with 
rapamycin had no effect on lifespan and health status of  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

male mice under standard diet conditions, it did prevent 
development of HFD-induced decline in health.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Chronic treatment with rapamycin ameliorates HFD‐induced health decline  in male mice.  (A) Rapamycin prevents
HFD‐induced weight gain  in female but not  in male mice (p<0.01, Student’s t‐test). Green – HFD given with normal water, orange – HFD
given in combination with rapamycin. (B) Kaplan‐Meier survival curves for mice fed HFD in combination with normal drinking water (green
line) or rapamycin (orange line). Chronic administration of rapamycin has no effect on longevity of both male (mean survival is 91.5+5.9 and
100.5+6.26 weeks) and female mice (mean survival is 104.9+7.7 and 110.5+7.6 weeks for control and rapamycin‐treated mice respectively).
Red arrow indicates the period of time when mice received rapamycin. Black arrow indicates time when PFI was measured. (C) PFI created
at 78 weeks of age using 16 or 18 parameters  for male and  female mice  respectively. Chronic administration of  rapamycin ameliorates
detrimental effect of HFD and brings the PFI values down to the normal range characteristic for this age (p=0.014, Student’s t‐test). HFDW –
high‐fat diet in combination with regular drinking water (group 3), HFDR – high‐fat diet in combination with rapamycin (group 4).  

Table 2. Physiological parameters used to create PFI in female NIH Swiss mice. Data is presented as mean +SEM

Age, weeks BW, g GS, g Dia Flow WBC (K/μl) NE (K/μl) NE % LY % MO % 
26 26.61+0.31 76.96+3.42 79.28+3.98 15.81+2.17 5.19+0.27 0.86+0.07 16.56+0.96 77.82+0.81 4.90+0.37 
52 32.20+1.15 72.17+3.42 76.95+2.24 22.07+1.56 4.41+0.46 1.28+0.14 30.50+4.22 61.90+4.27 7.06+0.66 
78 37.17+1.86 78.74+4.14 72.70+4.16 15.86+1.7 7.47+0.91 2.57+0.42 34.23+3.36 59.59+3.90 4.01+0.29 
104 35.71+1.17 49.92+3.15 88.75+3.33 21.04+1.6 6.55+2.32 1.57+0.50 22.86+3.69 63.99+4.12 7.90+0.83 

Table 2. (continued) 
Age, 

weeks EO% RBC 
(M/μl) HB (g/dl) HCT % MCV(fl) MCH (Pg) MCHC 

(g/dl) PLT MPV 

26 0.11+0.02 9.86+0.25 14.95+0.19 49.05+2.13 49.47+1.34 14.72+0.15 30.15+0.86 1134.53+28.53 4.83+0.04 
52 0.50+0.1 11.21+0.27 16.33+0.31 61.13+1.43 54.65+1.16 14.60+0.31 26.75+0.37 706.00+97.92 4.76+0.11 
78 1.70+0.58 10.11+0.42 15.39+0.76 49.12+2.45 48.44+0.77 15.16+0.20 31.35+0.19 1285.09+134.26 5.26+0.09 

104 3.95+0.67 9.63+1.07 9.50+0.97 33.49+3.65 48.15+1.05 13.83+0.30 28.72+0.22 876.25+96.58 5.57+0.19 
WBC – white blood cells, NE – neutrophils; LY – lymphocytes; MO – monocytes; EO – eosinophils; RBC – red blood cells count; HB – 
hemoglobin; HCT – hematocrit; MCV – mean corpuscular volume; MCH – mean corpuscular hemoglobin; MCHC – mean corpuscular 
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To further illustrate the complex effects of diet and 
rapamycin on animal’s health, we calculated projected 
biological age of each 78 week old male and female 
mouse based on their PFI. Results of this analysis are 
presented in Fig. 5. Similar to our data for 
chronologically aged mice, we observed a significant 
individual variability within each experimental group 
of age-matched animals. The data showed that feeding 
HFD increases mean BA of male mice by 34 weeks 
(from 62.7+13.3 to 96.4+8.8 weeks; p=0.03,  Student’s  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

t-test; Fig. 5A). Chronic treatment with rapamycin 
improves animals’ health status and reduces their BA 
to values characteristic for control group (from 
96.4+8.8 to 71.5+9.6 weeks (p=0.04, Student’s t-test; 
Fig. 5B).   No difference between groups was detected 
in female mice, in which BA was very close to their 
CA in all groups. Slight reduction of BA in rapa-
mycin treated group from 71.8+7.8 to 62.6+7.0 weeks 
was not statistically significant (p=0.3 Student’s t-
test).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Sex‐specific effects of detrimental (HFD) and beneficial (rapamycin) factors on BA of NIH Swiss mice. Feeding
HFD accelerates aging of NIH Swiss male mice whereas  rapamycin counteracts  this process.   Projected biological age of  individual
mice (shown by circles) and mean BA for the group (black marker) were calculated from the corresponding FI value using the fitting
model predictions. Red line designates chronological age of all mice at the time of testing (78 weeks). Data show that projected BA of
all mice that received HFD (green circles) is significantly higher that their actual chronological age and mean BA age for control group
on  regular  diet  (62.7+13.3  and  96.4+8.8  weeks  for  RDW  and  HFDW  groups  respectively  (p=0.03,  Student’s  t‐test).  Chronic
administration of rapamycin reduces BA of males fed HFD to values characteristic for control group (from 96.4+8.8 to 71.5+9.6 weeks;
p=0.04, Student’s t‐test).     No difference between groups was detected  in female mice,  in which BA was very close to their CA. Slight
reduction in BA in rapamycin treated group from 71.8+7.8 to 62.6+7.0 weeks was not statistically significant (p=0.3 Student’s t‐test).  

Figure  6.  Rapamycin  prevents  development  of  HFD‐induced  hepatic  steatosis  in male mice.  (A)  H&E  staining  of
representative liver sections graded from the least affected (left) to the worst affected (right) within each group. (B) Representative
oil‐red O stained sections of livers. HFDW – mice fed with HFD; HFDR – mice received HFD in combination with rapamycin. 
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To confirm the preventive role of rapamycin in the 
development of diet-induced obesity, at completion of 
the experiment we performed hematoxylin-eosin and 
Oil Red O staining of livers of male mice fed HFD in 
combination with either normal water or rapamycin. 
Fig. 6A shows examples of H&E staining that were 
graded from the best to the worst within each group 
demonstrating larger and more lipid droplet 
accumulation in liver parenchyma in high-fat diet group 
and significant improvement of hepatic steatosis by 
rapamycin administration. These conclusions were 
consistent with the results of the Oil Red O staining 
(Fig. 6B).  Taken together, these data suggest that our 
approach for frailty assessment allows for reliable and 
quantitative evaluation of animal’s health status both 
during normal aging process as well as after various 
interventions. 
 
DISCUSSION 
 
Aging is characterized by accumulation of deficits and 
increased frailty, which in turn increases vulnerability 
of an older organism to various stressors. In clinical 
gerontology two major tools were developed to evaluate 
frailty in elderly: the phenotype model and FI (reviewed 
in [17]). The phenotype model describes frailty as a 
phenotype that can be scored using 5 criteria of 
patient’s physical performance [18]. In contrast, FI 
represents cumulative score of a degree of deviation that 
multiple behavioral, physical and physiological 
parameters developed with age compared to normal 
values characteristic to healthy young individuals [3]. 
Since FI was introduced to human gerontology, it was 
used in many epidemiological and clinical studies to 
evaluate the risk of adverse health events in elderly. 
These include a decline in overall activity, reduced 
muscle strength, bone degeneration, osteoporosis, an 
increase in inflammation, vascular calcification, hair 
loss, cataracts, cognitive decline, etc.  
 
The strategy of estimating FI as a measurement of 
health status has been also applied to the mouse models 
[19, 20]. However, the majority of frailty assessment 
tools use multiple observational approaches such as 
recording and scoring of visible pathologies (eye 
inflammation or cataracts, high respiratory rate, visible 
tumors, alopecia, dermatitis, distended abdomen etc.), 
or behavioral signs (circling behavior, reduced or 
excessive grooming, etc.). Although informative, this 
approach has some significant limitations and 
researcher bias.  First, these parameters are subjective 
by nature and require scoring by several independent 
raters in consistent manner [21-23]. Secondly, many 
health problems start a lot earlier than could be detected 
by their visual manifestation. Therefore, the goal of our 
study was to develop a reliable, quantitative scoring 

system, physiological frailty index (PFI) that would be 
based on non-invasive quantitative measurements of 
various physiological parameters, which could be 
repetitively used in the same animal during the course 
of its entire lifespan and would represent its overall 
health status.   
 
Several previous studies suggest that the more diverse 
variables are used for creating the FI, more reliable FI 
value is [24]. At the same time to optimize the 
robustness of the procedure in order to make it 
applicable to a large number of animals, we were 
inclined to minimize the number of variables. This 
rationale was supported by several previous studies, 
which reported good correlation between FI calculated 
with 8 and 31 items [24]. Therefore, after measuring 29 
diverse physiological parameters including physical 
(body weight and grip strength), blood cell composition, 
metabolic, and immune, we selected those that show 
statistically significant change with age. These 
parameters were used to create PFI of individual mice 
of different chronological age. The observed gradual 
increase in mean PFI values with age suggests that our 
approach can reliably detect the scale of age-dependent 
health deterioration in a quantitative manner.  
 
Interestingly, the dynamics of deficit accumulation 
appeared to be very gender-specific. Thus, in male NIH 
Swiss mice increase in PFI can be approximated by 
linear function suggesting that health deficits are evenly 
accumulated with age. In females the dynamics of 
increase in PFI is more complicated with sharp increase 
observed between 26 and 52 weeks of age followed by a 
period of almost no change (between 52 and 78 weeks) 
and a second increase after 78 weeks. This is an 
important observation that has to be considered in both 
pre-clinical and clinical studies. First, it points to 
fundamental sex-related differences in the process of 
aging and consequently, has to be taken into account 
when developing strategies for treatment of aging and 
age-related diseases. Second, our data provide an 
additional explanation for numerous examples of sexual 
dimorphism in response to life-extending genetic or 
pharmacological interventions. Although clear mecha-
nistic details of this phenomenon are still not 
understood, most of the previous reports linked it to 
interactions of the interventions with sex hormones, sex 
differences in immune function or in distribution of 
adipose tissue  and accordingly differences in the effects 
of its secretory activity (reviewed in [25]).  Our results 
suggest that in addition to basic gender differences, 
females’ response to treatments may vary depending on 
the age at which it is applied. Thus, based on observed 
sex-related differences in the pattern of deficits 
accumulation, the lack of effects of both detrimental 
and beneficial interventions on the health status of 
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female mice may be explained by the fact that 
treatments started at 52 weeks of age (beginning of “no-
change” period in females) and the FI was measured at 
the end of this phase (78 weeks).   
 
Our results in the experiment with chronic rapamycin 
treatment showing an increase in lifespan of female 
NIH Swiss mice without improvement in their health, 
underscores the importance of using health status as the 
major metrics in development of anti-aging 
therapeutics. These data are consistent with previous 
observations made in different model systems 
demonstrating that increase in longevity is not 
necessarily accompanied by improved health status. 
Such as, caloric restriction extends lifespan in 
Drosophila without improving their cognitive function 
[26]. Long-lived calorie-restricted mice and IGF-1 
knockout mice develop multiple health deficits [27, 28]. 
Recent work in C. elegans, which measured 
simultaneously worms’ longevity and health status,   
demonstrated that four different long-lived mutants that 
were used in the study increased the proportion of time 
spent in a frail state [29].  Altogether, we suggest that 
our approach allows for unbiased and reliable 
assessment of healthspan by quantitation of age-related 
accumulation of deficits during chronological aging 
than may serve as a valuable tool in a variety of pre-
clinical aging studies. Importantly, experimental 
validation of this approach demonstrated its ability to 
quantitatively evaluate detrimental effect of HFD on 
animal’s health as well as the ability of rapamycin to 
mitigate it, thereby providing an alternative age-
accelerated model for testing the effects of various 
environmental, nutritional and pharmacological 
interventions on healthspan.  
 
MATERIALS AND METHODS 
 
Animals 
 
Male and female Cr:NIH(S) Mice (NIH Swiss) mice 
were purchased from Charles River at the age of 6-8 
weeks and were allowed to age at the RPCI Animal 
Facility. During this time mice were housed 1-3 per 
cage and were fed ad lib with standard chow (Tekland 
Global 18% Pretein Rodent Diet). To quantitatively 
evaluate age-dependent decline in animals’ health, FI 
was created for individual male and female mouse at 26, 
52, 78 and 104 weeks of age as described below using 
cross-sectional experimental design (10-14 mice per 
group). In a separate experiment, male and female mice 
(9-14 per group) were randomly assigned to four 
groups. Group 1 remained on regular chow and drinking 
water; group 2 remained on regular chow but started 
receiving rapamycin in drinking water. Group 3 started 
receiving high fat diet (Harlan Laboratories, TD.03584, 

35% Lard Diet) in combination with normal drinking 
water and group 4 received HFD in combination with 
rapamycin.  Rapamycin was delivered in the form of 
Rapatar (polymeric formulation developed by Everon 
Biosciences as previously described [14] at a 
concentration of 125 mg/L (corresponds to 2.5 mg/L 
rapamycin).  Based on the assumption that mice drink 
3-5ml water per day, we estimated that in average each 
animal received 7.5-12.5 µg rapamycin daily. To 
preserve rapamycin stability in was delivered in non-
acidified water in light-protected water bottles, which 
were replaced twice/week. When mice were 78 weeks 
of age FI was created for each individual animal as 
described below. Mice remained on their designated 
feeding/water schedules for the rest of the experiments 
and their longevity was recorded. Data for males and 
females were analyzed separately. All animal studies 
were conducted in accordance with the regulations of 
the Committee on Animal Care and Use at Roswell 
Park Cancer Institute.  
 
Grip strength measurement 
 
Fore limb grip strength measurements were performed 
using Animal Grip Strength System (San Diego 
Instruments). Five measurements were recorded for 
each individual animal and the average value was 
assigned.  
 
Non-invasive measurement of hemodynamic 
parameters 
 
Non-invasive measurement of hemodynamic parameters 
was performed using CODA apparatus (Kent Scientific) 
according to manufacturer’s protocol. Mice were placed 
into cylinder-shaped restraint devices and allowed to 
acclimate for 5 min on a heating platform before blood 
pressure measurements begin.  Body temperature was 
continuously monitored by observation of animal 
behavior, tail blood volume and an infrared thermo-
meter. Recorded hemodynamic parameters include 
systolic, diastolic and mean blood pressure, heart rate, 
tail blood flow and tail blood volume.  
 
Blood samples collection 
 
To evaluate age-dependent changes in blood 
composition, blood samples were collected using the 
least invasive method that does not require anesthesia or 
restraining. Twenty µl of blood was collected from a 
single submandibular vein bleed into EDTA-treated 
Vacutainer tubes (BD) and used for whole blood cell 
counts and glucose measurements. Another 75ul of 
blood was collected into Li-Heparin treated plasma 
separator tubes; plasma was purified by centrifugation 
at 5000 x g for 5 min and used for measuring con-
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centration of circulating pro-inflammatory cytokines 
and triglycerides.  
 
Whole blood cell counts, blood chemistry and 
inflammatory cytokines 
 
Whole blood cell analysis was performed in 20 µl  of 
blood using Hemavet 950 Analyzer (Drew Scientific). 
The following parameters were measured: while blood 
cell counts (WBC), neutrophil (NE), lymphocyte (LY), 
monocyte (MO) and eosinophil (EO) counts and 
percentage,  red blood cell (RBC) counts, hemoglobin 
(Hb), hematocrit (HCT), mean corpuscular volume 
(MCV), mean corpuscular hemoglobin (MCH), mean 
corpuscular hemoglobin concentration  (MCHC), red 
cell distribution width (RDW), platelet (PLT) counts 
and mean platelet volume (MPV). Plasma concentration 
of chemokine (C-X-C motif) ligand 1(CXCL1/KC) was 
measured using ELISA kit (R&D) according to 
manufacturer’s protocol. Plasma concentration of tri-
glycerides was measured using triglyceride 
quantification Kit (Abcam) according to manufacturer’s 
protocol. In both assays reactions were run in duplicates 
and concentrations were calculated from a calibration 
curve generated for each experiment. Glucose con-
centration was measured using AlphaTRAK 2 Blood 
Glucose Monitoring Kit (Abbott Laboratories). 
 
Creating physiological Frailty Index  
 
Frailty Index was created for each individual mouse as 
previously described [20] using 26 week-old group as a 
“young mouse” reference. For each parameter mean 
value and standard deviation were calculated. Animals 
differing in more than one standard deviation (STDEV) 
from mean value in any single parameter were excluded 
from the reference group. Value for each parameter 
measured for mice of older ages (52, 78 and 104 weeks) 
was compared with corresponding value for the 
reference group and assigned a score. Values that differ 
less than 1 STDEV were assigned the score of 0 (no 
deficit, within the range of the reference group). Values 
that were different for one STDEV were scored as 0.25 
(minimal deficit). Values that differ from the 
corresponding values in the reference group by 2 STDEV 
were scored as 0.5 and those that differ by 3 STDEV 
were scored as 0.75. If the value is above 3 STDEV it 
was scored as 1 (extreme deficit). The number of deficits 
the individual mouse is expressed was calculated as a 
ratio of total number of parameters measured and was 
referred to as Physiological Frailty Index (PFI).  
 
Histological evaluation 
 
After completion of the experiment mouse livers were 
fixed in 10% neutral formalin for 24 h. For 

morphological observations samples were transferred to 
70% ethanol and processed in an automated processor 
(Leica ASP 300) and embedded in paraffin using 
LEICA EG 1150H embedding unit according to 
manufacturer’s protocols. Five micron sections were 
obtained using rotary microtome (LEICA RM 2235) 
and stained with hematoxylin and eosin (H&E). Neutral 
lipids were revealed by Oil Red O staining according to 
standard protocol on 12 micron cryo-sections prepared 
from formalin-fixed material using CM1900 cryostat. 
Histopathological examination was performed using 
Zeiss AxioImager A1 with Axiocam MRc digital 
camera. 
 
Statistics 
 
Survival curves were generated using Kaplan-Meier 
estimators and compared using the log-rank test. 
Continuous data are expressed as mean + SEM. 
Statistical analyses were performed using one or two-
way ANOVA with Tukey post hoc tests for multiple 
comparisons, ANOVA on ranks with Dunn’s tests or 
Student’s t-test where appropriate. P-values <0.05 were 
considered significant. To generate a trend line that 
would best describe age-dependent increase in FI, a 
cubic regression was fit regressing the PFI on chrono-
logical age (CA), CA2 and CA3.  A stepwise selection 
procedure was then used to eliminate unnecessary terms 
for any or all of the higher order polynomial terms. The 
models were fit individually by sex. 
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INTRODUCTION 
 
Despite aggressive treatment with operation and 
combination with chemotherapy, the prognosis of liver 
cancer remains poor. Most liver cancers are of rich 
blood supply and there is the close correlation between 
angiogenesis and tumor progression [1−2]. Recently, 
anti-angiogenesis has been proved to be the hopeful 
strategy for liver cancer treatment [3−4].  
 
VEGF is the significant angiogenic factor and plays its 
roles by interacting with its receptors including Flt-1 
(Fms-like tyrosine kinase-1) and Flk-1 /KDR (fetal liver 
kinase-1/kinase insert domain containing receptor). 
sFlt1 is a spliced form of the Flt1 receptor and it comes 
from the Flt1 transmembrane domain. sFlt1 binds to 
VEGF as a part of the full-length receptor and this 
binding blocks signal transduction. Importantly, Flt1 
protein is expressed in liver cancer cells [5-8]. 
 
Reports have shown that transferring of sFlt1 into tumor  

 

can inhibit tumor angiogenesis and growth [9−10]. MSCs 
can be engineered to express genes and are known to 
infiltrate into tumor tissues [11-14]. Therefore, MSCs 
may provide an avenue for sFlt1 delivery in liver cancer.  
 
Doxorubicin leads to DNA damage and cell apoptosis in 
a lot of cancer cells .Doxorubicin has also the distinct 
antitumor effect for liver cancer cells. In this study, we 
used the treatment of continuous low-dose doxorubicin 
combination with MSC.sFlt1 to demonstrate the 
additive inhibition of liver cancer cells growth and anti-
angiogenesis in vitro and in vivo. 
 
RESULTS 
 
sFlt1 is expressed by MSCs and released into 
the culture media 
 
To measure transient expression of sFlt1 in MSCs, 24 
hours after adv-sFlT1 transduction into MSCs, sFlt1 
protein (100.0±18.7mg7/ml) was found from cell 
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ABSTRACT 
 
One  important  process  in  liver  cancer  growth  and  progression  is  angiogenesis. Vascular  endothelial  growth
factor  (VEGF) has  the significant  role  in  liver cancer angiogenesis. sFlt1  (soluble Fms‐like  tyrosine kinase‐1)  is
the  promising  inhibitor  of  VEGF  and  can  be  used  as  the  new  method  of  inhibiting  angiogenesis.  MSCs
(Mesenchymal  stem  cells)  can  infiltrate  into  tumor  tissue  and  function  as  the  efficient  transgene  delivery
mediator. Here, we engineered murine MSCs to express sFlt1 and examined the anti‐tumor effect of MSC‐ sFlt1
in  combination  with  continues  low‐dose  doxorubicin  treatment. We  found  that  this  combination  therapy
significantly inhibited liver cancer cells proliferation. Above all, HepG2 xenografts treated with this combination
therapy went  into  remission.  It  is of  note  that  this  inhibition  effect was not p53  binding  and  by  increasing
caspase8. This study suggests that this combination treatment has novel therapeutic potential for liver cancer
because of significantly inhibiting cancer cells growth and anti‐angiogenesis in vitro and in vivo. 



www.aging‐us.com  3521  AGING (Albany NY) 

culture supernatant and the expression of sFlt1 was 
detected for more than 7 days (Figure 1). 
 
Endothelial cells are sensitive to low dose 
doxorubicin treatment 
 
Since most endothelial cell assays utilize HUVEC 
(human umbilical vein endothelial cells) [15], we tested 
the sensitivity of HUVEC cells to doxorubicin which is 
widely used in liver cancer chemotherapy. Our data 
suggested that HUVEC cells proliferation were 
significantly more inhibited at low-dose doxorubicin 
(0.02μM) than HepG2 cells (Figure 2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Combination treatment had more inhibitory effect 
on HUVEC cells functions  
 
To prove that sFlt1 engineered MSCs can inhibit the 
growth of HUVEC cells, we investigated the effect of 
sFlt1 and/or low-dose doxorubicin on HUVEC cells 
functions in vitro. The results showed single-agent 
sFlt1(concentrated conditioned medium) or low 
concentration doxorubicin inhibited the migration and 
proliferation of HUVEC cells. Interestingly, the 
combination therapy exerted a significant enhanced 
inhibitory effect on HUVEC cells proliferation and 
migration (Figure 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  2.  Growth  inhibition  of  HUVEC  and  HepG2  cells  at  different  concentration  of
doxorubicin. Data from 3 independent experiments are shown. *p < 0.05, n.s. not significant, vs 0.02μM. 

Figure  1.  The  content  of  sFlt1  in  supernatant  increased  significantly  in MSCs‐sFlt1  group  as
compared  with  day‐matched  MSCs‐adv  group  or  MSCs  group.  Data  from  3  independent
experiments are shown. *P<0.05 versus MSC‐sFlt1 group. 
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Figure 3. (A) The combination therapy enhanced the proliferation inhibition of HUVECs cells in vitro. 

Figure 3. (B) Wound healing assays were performed. The amount of migrating cells of sFlt1 (1.5 ml of
concentrated conditioned medium) plus  low‐dose doxorubicin group were much  lower than control.
Magnification,  200×.  Picture  of  one  representative  experiment  of  3  is  shown.  Data  from  3
independent experiments are shown. *p < 0.05 , vs sFlt1 plus low‐dose doxorubicin group. 
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Combination therapy of doxorubicin and sFlt1 leads 
to additive apoptosis induction 
 
Because low-dose doxorubicin (0.02μM) alone was not 
efficient to inhibit HepG2 cells, we began to test sFlt1 -
based treatment utilizing combination with low-dose 
doxorubicin. We treated HepG2 cells with sFlt1 (1.0 ml 
of  concentrated  conditioned  medium)  plus  0.02  μM  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

doxorubicin for 48h before we measured cell 
apoptosis. This combination therapy resulted in 
37±0.6% apoptosis as compared with 2.6±0.4% (sFlt1 
group) and 10.5± 0.4% (low-dose doxorubicin group). 
Apoptosis could be inhibited by zVAD (carbobenzoxy-
valyl-alanyl-aspartyl- [O-methyl] -fluoromethylketone), 
showing that apoptosis was correlate with caspase 
(Figure 4A).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  4.  HepG2  cells  can  be  sensitized  to  low‐dose  doxorubicin  inducing  by  MSC.  sFlt1. (A)
Apoptosis measurement was conducted after the combination treatment. Addition of zVAD to the HepG2 cells
before combination treatment can inhibite apoptosis. (B) Mixing HepG2 cells with MSC.sFlt1 (in a ratio of 10:1)
plus  0.02μM doxorubicin  treated  for  48 h  showed  significantly  increased  apoptosis  as  compared with other
group. Data from 3 independent experiments are shown. *p < 0.05 , vs sFlt1 plus low‐dose doxorubicin group. 
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One important step for clinical use of sFlt1 is effective 
delivery and sufficient bioavailability in carcinoma. The 
carcinoma-infiltrating properties of MSCs could be used 
to deliver sFlt1. We had to determine whether MSCs 
could effectively deliver sFlt1. To test this in vitro, we 
mixed MSC.sFlt1 with HepG2 cells for 48 h. This gave 
rise to apoptosis levels significantly (Figure 4B).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Combined therapy of MSC.sFlt1 plus continuous 
low-dose doxorubicin is efficacious and safe in vivo 
 
We established HepG2 xenografts in immune-deficient 
Balb/c mice. Although the tumors in saline group , grew 
almost exponentially, xenografts either treated with 
continuous low-dose doxorubicin or MSC.sFlt1 showed  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Treatment with continiuous low‐dose doxorubicin plus MSC.sFlt1  leaded to tumor remission
and was safe in vivo. (A) Animals bearing HepG2 xenografts began treatments when tumor diameters reached 5
mm as described in "Materials and Methods." Arrows: days on which treatment was administered. Results are given
as mean tumor volume of 7 mice /group. *p < 0.05 , vs MSC.sFlt1 plus continuous low‐dose doxorubicin group. (B) HE
staining was to examine general tumor tissue morphology from saline group, continuous low‐dose doxorubicin group,
MSC.sFlt1 group and MSC.sFlt1 plus continuous low‐dose doxorubicin group. Magnification, 200×. 
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obvious growth inhibition. Surprisingly, xenografts 
treated with combination therapy went into remission 
(Figure 5A). Nonencapsulated tumor with cancer cells 
infiltration was found in sample sections of saline group 
by HE analysis. In contrast, MSC.sFlt1 plus continuous 
low-dose doxorubicin group clearly showed cellular 
necrosis and fibrosis instead of cancer cells (Figure 5B). 
Moreover, PCNA (nuclear proliferating cell nuclear 
antigen) protein was detected by immunohisto-
chemistry. PCNA levels decreased significantly from 
the combination therapy group compared with other 
group (Figure 5C). To determine whether combination 
therapy inhibit tumor angiogenesis, tissue specimens 
were immunostained with CD31 mAb to count 
microvessels density (MVD). The data showed MVD 
was significantly lower in combination therapy group 
than other group (Figure 5D).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Then, we detected the safety of combination therapy on 
MSCs. We incubated MSCs with 0.02μM doxorubicin 
plus sFlt1 (concentrated conditioned medium) for 48h. 
MSCs were resistant to the single treatment as well as to 
the combination therapy by detecting apoptosis (Figure 
5E). 
 
Moreover, we detected the liver tissue of mice that had 
treated with combination therapy and could not detect 
any signs of tissue damage showing that this treatment 
is safe relatively (Figure 5F). 
 
The molecular mechanism of the combination 
therapy is not p53 binding  
 
To further improve sFlt1-based combination treatments, 
the  better  knowing  of   the  molecular  mechanisms  is  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  5.    (C)  Immunohistochemical  detection  of  PCNA  protein  expression  (brown  color)  of  saline  group,
continuous  low‐dose  doxorubicin  group, MSC.sFlt1  group  and MSC.sFlt1  plus  continuous  low‐dose  doxorubicin
group. Combination therapy enhanced the  inhibition of tumor cell proliferation  in vivo. Magnification, 200×. Data
from 3 independent experiments are shown. *p < 0.05 , vs MSC.sFlt1 plus continuous low‐dose doxorubicin group. 
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necessary. First, caspase8 was tested which is the 
important molecular event in the apoptosis pathway. 
Caspase8 activation is markedly increased in sFlt1 
treated group compared to saline group. Additionally, 
caspase8 level increased further in sFlt1 plus low-dose 
doxorubicin group compared with other groups. In order 
to further testify that the sFlt1 sensitization effect is by 
caspase8, we cloned stable cell lines of caspase8 
knockdown, named HepG2.shc8 (Figure 6A) 
.HepG2.shc8 were treated with 0.02μM doxorubicin 
plus sFlt1 for 48 h, then the apoptosis was measured. 
Results showed that the apoptosis of HepG2.shc8 was 
decreased, showing that caspase8 is the initiator in this 
process (Figure 6B). Next, we want to prove the 
apoptosis induced by the combination treatment is p53 
independent. We found that low-dose doxorubicin plus 
sFlt1-triggered   apoptosis   reached  the  same  level  in  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
HepG2 p53-/-cells as in HepG2 cells. To test that 
combination treatment-induced apoptosis is not cell 
specific, we also analyzed huh7 cells, which express 
p53 mutation, and found that huh7 cells could exhibit 
increased apoptosis in response to combination 
treatment (Figure 6C). 
 
DISCUSSION 
 
As a lot of tumor growth are correlate on angiogenesis, 
antiangiogenic therapy shows the great promise for 
tumor treatment. 
 
Recently, scientists found that blocking VEGF/VEGFR 
signaling pathway can inhibit tumor growth [16, 17]. As 
we all know, human liver cancer cells produce lots of 
proangiogenic   factors  including  VEGF/ VEGFR   that  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure  5.  (D)  Immunohistochemical  analysis  for  MVD  in  HepG2  xenografts  and  combination
therapy enhanced the inhibition of tumor angiogenesis in vivo. Magnification , 200×. *p < 0.05 , vs
MSC.sFlt1 plus continuous low‐dose doxorubicin group. 
.
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may serve as therapeutic targets. For example, some 
synthesized drugs in the market by targeting VEGF 
receptors can suppress the proliferation of liver cancer 
cells [18-21].  
 
But all of these drugs have many side effects and with 
only moderate therapeutic activities. The possible 
explanation is that these drugs have the short half time 
or limited accessibility to liver cancer tissue.  
 
Tumor-targeted therapy is one of the major strategies 
for pharmacotherapy of cancer today. sFlt1 is the potent  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

antagonist of VEGF. sFlt1 could selectively incorporate 
with VEGF and inhibit VEGF activity [22, 23].  
 
As MSCs can infiltrate into tumor tissue, they have 
been applied in cancer treatment [24-26]. In this study, 
we successfully constructed sFlt1 engineered MSCs as 
verified by ELISA assay (Figure 1) and explored the 
potential of MSC-sFlt to target tumor angiogenesis and 
growth.  
 
Previous reports showed that withdrawal of neutralizing 
anti-VEGF antibody treatment resulted in  tumor  recur- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. (E) Apoptosis was measured after exposure of MSCs or HepG2 cells to 0.02μM doxorubicin plus
sFlt1 (1.0 ml of concentrated conditioned medium) for 48 h. *p < 0.05 , vs sFlt1 plus low‐dose doxorubicin
group.  (F) HE staining of  liver sections  from mice  treated with saline, continuous  low‐dose doxorubicin,
MSC.sFlt1 and MSC.sFlt1plus continuous low‐dose doxorubicin, respectively. Magnification, 200×. 
.
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rence [16-17]. These experiments proved that 
antiangiogenic therapy is insufficient and combination 
with chemotherapy is needed. Antiangiogenic-schedule 
chemotherapy is recommended because this kind of 
chemotherapy enable clinicians to give lower doses of 
drugs and has less side effects [27-28]. This novel 
strategy is explored as anti-tumor treatment effectively 
[29-31]. 
 
Doxorubicin has the significant anti-tumor effect for 
human liver cancer, either as a single agent or in 
combination with other cytotoxic agents [32]. Our data 
prove that low-dose doxorubicin inhibited HUVEC cells 
growth significantly more than HepG2 cell growth 
(Figure 2).  And low  dose  doxorubicin  plus  sFlt1  can  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

inhibit proliferation and migration of HUVEC cells 
more efficiently in vitro (Figure 3). Moreover, we 
observed the direct inhibition effect of this combination 
treatment on proliferation of HepG2 cells in vitro 
(Figure 4).  
 
Next, we conducted animal experiments to test whether 
MSC.sFlt1 plus continuous low dose doxorubicin 
treatment can induce growth retardation or remission of 
xenografts with less side effects.  
 
Our data showed that this combination treatment 
inhibited the growth of HepG2 xenografts in nude mice 
and had no toxicity as represented by liver histology 
examination (Figure 5). To prove whether the inhibitory  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.  (A) Western  blot  of  Caspase8  that HepG2  cells were  either  treated with  saline,  0.02μM  doxorubicin,  sFlt1,  or
0.02μM doxorubicin plus sFlt1 for 48 h. Pro‐caspase bands are marked by an (*), whereas Caspase8 are  labeled by arrows.
(B)Caspase8 knockdown clone (HepG2.shc8) and control clone (HepG2.shctrl) were treated with doxorubicin plus sFlt1 before
the apoptosis was measured. The apoptosis of HepG2.shc8 was decreased. *p < 0.05, vs sFlt1 plus 0.02μM doxorubicin group. 



www.aging‐us.com  3529  AGING (Albany NY) 

effect was related with anti-angiogenesis, we tested 
MVD in tumor samples and found this combination 
treatment led to significant decreasing in MVD 
compared with other group (Figure 5).The mechanisms 
of anti-tumor growth of MSC.sFlt1 plus continuous low 
dose doxorubicin includes the elevated apoptosis of 
cancer cells and endothelial cells (Figure 4, 5).  
 
HepG2 cells express wild p53 but many kinds of liver 
cancer cells express p53 mutated and/or dysfunctional. 
Hence, in order to evaluate the combination treatment, 
we analyzed huh7 p53 mutated cells and HepG2 p53-/-

cells. We observed the increased apoptosis following 
the combination treatment in both cancer cell lines. 
These results proved that the therapy is effective in 
cancer cells expressing p53 mutated and/or dysfunc- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

tional (Figure 6). Subsequently, we want to clarify 
the mechanism in this progress to improve the MSC. 
sFlt1 system. Silencing of caspase8 resulted in the 
apoptosis inhibition of huh7 p53 mutated cells or 
HepG2 P53-/- cells. This result showed that the 
inhibition of cancer cells was correlate with caspase8 
(Figure 6).  
 
In conclusion, MSC.sFlt1 plus low-dose doxorubicin 
therapy effectively suppressed the progression of liver 
cancer cells with less side effects in the mice xenograft 
model. The mechanism lies in its anti-angiogenesis 
and anti-cancer cells effect. This treatment might be 
more practical for clinical application and can be of 
the development of the targeted therapy for liver 
cancer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6. (C) Apoptosis measurements in HepG2 p53_/_ cells or huh cells after treatment with 0.02μM doxorubicin
plus  sFlt1  (concentrated  conditioned medium)  for  24h  and  for  48h. HepG2  p53‐/‐cells  and  huh7  cells  exhibited
increased apoptosis in response to combination treatment *p < 0.05 , vs sFlt1 plus low‐dose doxorubicin group. 
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METHODS 
 
Materials and reagents 
 
Recombinant adenovirus (adv-sFlt) was provided by Dr. 
S Luo (Zhongsan University, Guangdong, China). Adv-
sFlt contained the 1–3 Ig-like domains of Flt according 
to the sequence information from GenBank (accession 
No. X51602) [33]. Cell lines HepG2, huh7 and HUVEC 
were obtained from Chinese national human genome 
center (Shanghai, China). With regard to P53 status, 
HepG2 cells carry wild-type P53 and huh7 cells carry 
mutation P53 [34] . HepG2 cells were maintained in 
MEM and huh7 cells in DMEM containing 100U/ml of 
penicillin and 100 g/ml of streptomycin in a 
humidified chamber at 37°C in 5% CO2. HUVEC cells 
were cultured in DMEM with 10% fetal bovine serum, 
100 unit/ml heparin, and 75 μg/ml of endothelial cell 
growth supplement (ECGs; SIGMA, Saint Louis, MI) in 
5% CO2 at 37°C. MSCs from 4 to 6 week old female 
BALB/c nu/nu mice were prepared based on the method 
of Peister et al [37]. The cells were grown in 
Dulbecco’s modified Eagle’s medium (DMEM)–low 
glucose with 100 U/ml penicillin, 100ug/ml 
streptomycin and 10% fetal bovine serum. The mice 
bone marrow mesenchymal stem cells (BMMSCs) are 
generally referred to as MSCs throughout the text. 
 
Generation of secreted MSC-sFlt1 and ELISA 
 
The adenovirus hosting sFlt was introduced into the 
MSCs at a multiplicity of infection (MOI) of 100 in 
DMEM for 24 hours with 8μg/mL polybrene. After 
24hours, the collected supernatant was concentrated by 
a centrifugal filter (Millipore, Schwalbach, Germany) at 
4000 rpm for 30 min at 4°C.The concentrated 
conditioned medium (CM) was then filtered through 0.2 
µm filters and stored at −80°C for further use. MSCs 
were infected with adv-sFlt for 24 hours, then washed 
twice and the culture supernatant containing secreted 
sFlt was examined for 7 days. sFlt1 expression was 
verified via ELISA using a commercial kit (Invitrogen 
,USA ) according to the instructions provided by the 
manufacturer. The sFlt1 concentration in the cell 
supernatant samples was calculated based on the 
standard curve. 
 
Cell proliferation assay 
 
Cell proliferation were examined by MTT assay [35] . 
20 ml of MTT solution (5 mg/ml in PBS) (Aqueous One 
Solution Assay, Promega , USA ) was added to each 
well, and the cells were incubated for 4 h at 37°C. Then, 
absorbances were measured at 595 nm using a 
microtitre plate reader (Titertek Multiskan MCC, USA). 
The percentage of cell proliferation was calculated by 

defining the absorption of cells not treated with 
doxorubicin (control) as 100%. A total of three 
independent experiments were performed, and the 
means were used to depict the survival curve. 
 
Apoptosis assay 
 
Apoptosis was measured as previously described [36] . 
In brief, 3 × 104 HepG2 cells were cultured in a 24-well 
plate for 24h. We treated HepG2 cells with sFlt1 (1.5 ml 
of concentrated conditioned medium, CM) plus 0.02μM 
doxorubicin for 48h, then we measured cell apoptosis. 
Cells were collected by trypsinization and washed twice 
with cold 1× PBS. Then, Nicoletti buffer (Sodium 
citrate 0.1 % containing 0.1 % Triton X-100) and 
propidiumiodide (50g/ml) was added to the cell pellets. 
Tubes were vortexed for 10s at medium speed and left 
for 5 h in the dark (4°C). The fluorescence intensity was 
then measured in a flow cytometer (BD, USA). 
 
Wound healing assay 
 
3 × 104 HUVEC cells were cultured in a 24-well plate 
for 24 h. After a tight cell monolayer was formed, the 
cells were incubated with serum-free medium for 24 h 
and the cell monolayer was wounded with a plastic 
pipette tip [37] . The remaining cells were washed twice 
with fresh medium to remove cell debris, and further 
incubated with 1.5ml CM for 12h, purified recombinant 
human VEGF165 (R&D Systems, Minneapolis, USA) 
at 10 ng/ml was added to HUVEC cells, which were 
assayed for migratory ability. After 24h, the migrant 
cells at the wound front were photographed with a 
microscope . 
 
Mixture of MSC-sFlt with liver cancer cells  
 
Tumor cells were plated in six-well plates at 1×106 cells 
per well and left overnight to adhere. Then, HepG2 cells 
were treated with 1×105 MSC.sFlt1 and doxorubicin 
(0.02μM) for 48h (in a ratio of 10:1). Then cells were 
collected for apoptosis assays.  
 
Animal studies 
 
The animal study was performed to verify the effects of 
MSC.sFlt1 plus continuous low-dose doxorubicin in 
inhibiting the growth of liver tumors in vivo. Balb/c 
nu/nu mice (4-6 weeks old, 18-20 g body weight) were 
purchased from the experimental animal center of 
Shanghai, Chinese Academy of Sciences (Shanghai, 
China) and kept at a specific pathogen-free facility.  
 
The nude mice were implanted subcutaneously with 
1×106 HepG2 cells. When the tumor diameters reach 
5mm, the animals were intraperitoneally injected with 
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doxorubicin (1 mg/kg, American Pharmaceutical 
Partners, USA ). Doxorubicin was administered every 3 
days for a total of eight dosages (continuous low-dose 
schedule dosage). 1×105 MSC.sFlt1 were delivered 
intravenously to the mice 24hrs after MSC transduction 
with adv-sFlt1. The injections with 1×105 MSC.sFlt1 
were repeated two weeks later. Combined treatment 
consisted of at the beginning of 1×105 MSC.sFlt1 
treatment，1 mg/kg doxorubicin given once every 3 
days for a total of eight times. 
 
The animals were randomly assigned into four groups 
(n=12/group): (i) saline group (ii) continuous low-dose 
doxorubicin group (iii) MSC.sFlt1group (iV) 
MSC.sFlt1 plus continuous low-dose doxorubicin 
group. Tumor diameters were measured with a caliper 
and tumor volumes were calculated by using the 
equation V(mm3)=0.5×a×b2, where a=length, b=width. 
All procedures with animals were reviewed and 
approved by the Instructional Animal Care and Use 
Committee at Xuzhou Medical University. 
 
The mice were sacrificed 42 days after HepG2 cells 
injection. The tumors were excised. A section of the 
tumor was fixed in paraformaldehyde (4%) and 
paraffin-embedded, and HE was performed. Tissue 
specimens were also used for immunohistochemical 
analyses. The animal study was repeated independently 
once. 
 
Immunohistochemistry for expression of PCNA and 
microvessel density (MVD) 
 
Tumor tissue sections (5 μm) were prepared for 
immunohistochemistry following reports [38]. Mouse 
anti-PCNA monoclonal antibody (1:100) (Leica 
Biosystems, UK) or goat anti-mouse CD31 polyclonal 
antibody (1:100) (Santa Cruz, USA) were used as 
primary antibodies. PBS instead of primary antibody 
was used as a negative control. The intensity of PCNA 
immunostaining was quantified using a computerized 
imaging system with 5 randomly selected fields at 200 
times magnification. Staining was considered negative 
when the percentage of cells positive for PCNA staining 
was less than 10%. For MVD quantitation, 5 fields 
containing CD31 staining were selected and the number 
of CD31 positive cells in a field was quantified.  
 
Western blot 
 
Western blots were principally carried out as described 
previously [35]. In brief, the protein lysate was mixed 
with loading buffer, boiled for 5 mins, and loaded into 
sodium dodecyl sulfate-polyacrylamide gels (SDS-
PAGE) with equal amounts of protein. The gel was run 
at 200 V for 60mins, followed by transfer to nitro-

cellulose membrane (Amersham Biosciences, USA) at 
100 V for 30 min at room temperature and incubation 
with primary antibodies. The primary antibodies include 
anti-caspase8 (1:100), anti-wtP53 (1:100) (Santa Cruz 
Biotechnology, CA).The secondary antibodies, anti-
goat/rabbit/mouse immunoglobulin G (IgG)-HRP, were 
purchased from Zhongshan Company (Beijing, China). 
The protein expression levels were detected by 
chemiluminescence (ECL system, Amersham, UK) and 
quantified using Quantity One software (Bio-Rad). The 
expression level of the genes of interest were 
normalized using -actin. 
 
pSUPER-siRNA constructs and stable cell lines 
generation 
 
The caspase8 siRNA and wtP53 siRNA hairpin oligos 
were designed by Ambion website (www.ambion.com) 
and synthesized by Shanghai SBS Genetech. Inc. 
(Shanghai, China). The  sense strand oligo sequences 
were: caspase8: 5´-GGGTCATGCTCTATCAGAT-3’ 
and wtP53: 5’-TCTGTGACTTGCACGTACTTT-
3’.The synthesized siRNA specific to the caspase8 or 
wtP53 gene was inserted into pSUPER vector according 
to our previous procedures[39] , which was co-
transfected with pSUPER-caspase8-siRNA or pSUPER-
P53-siRNA and pEGFP vectors using Lipofectamine 
2000 (Invitrogen, USA) to generate the HepG2- 
caspase8-siRNA or HepG2- P53-siRNA cell line. 
Clones that did not show a knock-down were used as 
controls. 
 
Statistical analysis  
 
The results were expressed as means ± standard error of 
means of at least 3 independent experiments, unless 
stated otherwise. Experimental values are expressed as 
mean value ±SD. For significance analyses, analysis of 
variance (ANOVA) between groups was used (SAS 
6.12, SAS Institute, USA).*P<0.05 was considered 
significant. 
 
Abbreviations 
 
BCA, Bicinchoninic acid; FBS, Fetal bovine serum; 
PBS, Phosphate buffered saline; PVDF, Polyvinylidene 
difluoride; HE, Hematoxylin and eosin; MTT 3, 4,5- 
dimethylthiazol‐2yl)‐2,5-diphenyltetra-zoliumbromide; 
VEGF, Vascular endothelial growth factor; Flk-1 /KDR, 
fetal liver kinase-1/kinase insert domain containing 
receptor; MSCs, Mesenchymal stem cells; HUVEC, 
human umbilical vein endothelial cells; Zvad, 
carbobenzoxy -valyl- alanyl-aspartyl- [O-methyl] - fluo-
romethylketone; PCNA, nuclear proliferating cell 
nuclear antigen; MVD, microvessels density; CM, 
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concentrated conditioned medium; sFlt1,soluble Fms-
like tyrosine kinase-1. 
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ABSTRACT 
 
It has been well established that nuclear factor kappa‐B (NF‐κB) activation  is  important for tumor cell growth
and  survival.  RelA/p65  and  p50  are  the most  common NF‐κB  subunits  and  involved  in  the  classical NF‐κB
pathway. However, the prognostic and biological significance of RelA/p65 is equivocal in the field. In this study,
we assessed RelA/p65 nuclear expression by immunohistochemistry in 487  patients with de novo diffuse  large 
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INTRODUCTION 
 
Diffuse large B-cell lymphoma (DLBCL), the most 
common form of aggressive non-Hodgkin lymphoma, 
accounts for nearly 40% of non-Hodgkin lymphomas 
[1]. Although most cases of DLBCL are curable with 
the standard immunochemotherapy regimen, rituximab 
plus cyclophosphamide, hydroxydaunomycin, vincris-
tine, and prednisone (R-CHOP), 30-40% of patients 
have drug-resistant disease or recurrence [2]. DLBCL is 
a highly heterogeneous disease. Based on gene 
expression profiling (GEP), DLBCL can be classified 
into two molecular subtypes: germinal center B-cell–
like (GCB) and activated B-cell–like (ABC) DLBCL 
[3]. The ABC subtype of DLBCL typically exhibits 
constitutive activation of the nuclear factor-kappaB 
(NF-κB) pathway [4, 5] and patients have inferior 
clinical outcomes compared with patients with GCB-
DLBCL [6, 7]. Recent studies have shown that NF-κB 
expression is not limited to ABC-DLBCL but also can 
occur in GCB-DLBCL [8-10]. 
 
The NF-κB/Rel family contains five transcription 
factors: RelA (p65), NF-κB1 (p50; p105), NF-κB2 
(p52; p100), RelB, and c-Rel. Only RelA/p65, RelB, 
and c-Rel had transactivation domains [11]. NF-κB 
activity is controlled by inhibitors of NF-κB (such as 
IκBα which inhibits p65/p50 dimers) that keep NF-κB 
inactive in the cytoplasm. Constitutive activation of NF-
κB in ABC-DLBCL is caused by chronic activation of 
B-cell-receptor (BCR) signaling and elevated IκB 
kinase (IKK) activities which phosphorylate IκBα. As a 
result, IκBα is degraded releasing homo- or hetero-
dimers of NF-κB to enter the nucleus where NF-κB 
activates gene transcription [4, 12-14]. In vivo the most 
abundant NF-κB dimers are p50/p65 heterodimers 
which are ubiquitously expressed in mammalian tissue 
[11, 15-17], consistent with the highest level of nuclear 
p50/p65 in DLBCL samples among all NF-κB subunits 
by our previous studies [10, 18]. Detection of p65/p50 
nuclear expression in tumor cells has been considered as 

a surrogate marker of NF-κB activation through the 
canonical pathway [9]. p65 also can form p65/p65  
 
 
 
 
 
 
 
 
 
 
 
homodimers with distinct DNA-binding modes and 
functions [19-21].  
 
NF-κB activation suppresses apoptosis and promotes 
tumor cell survival and proliferation, leading to 
treatment resistance. Different NF-κB subunits had 
distinct and overlapping functions [22-24]. In addition, 
transcriptional and functional crosstalk between 
antiapoptotic NF-κB and proapoptotic p53 (an essential 
tumor suppressor) plays a critical role in determining 
the fate of tumor cells [25, 26]. The p65 subunit of NF-
κB and p53 counteract each other’s function in 
regulating cell proliferation, metabolism and apoptosis 
[25, 27-29]. p65 increases MDM2 levels, which 
decrease the stabilization of p53 and cell death induced 
by cytotoxic chemotherapy [25]. However, cooperation 
between p65 and p53 has been also reported [30-33], 
making interactions between p65/NF-κB and p53 much 
more complicated. Both p53 and p65 were unexpectedly 
found necessary for either p53 or NF-κB-directed gene 
transcription under replicational stress or atypical and 
classical stimuli for NF-κB. Induced p65 in stimulated 
cancer cells by pro-inflammatory tumor necrosis factor 
α (TNF-α) binds to p53 and the p65/p53 complex 
transcriptionally activates NF-κB target genes 
(survivin/BIRC5, BCL2, BCL-XL, and FASL) [32]. 
Moreover, p65 and p53 co-regulate induction of 
proinflammatory genes in monocytes and macrophages 
[33]. 
 
Despite the well-established role of NF-κB signaling in 
lymphoma pathogenesis and treatment resistance, 
conflicting results on the prognostic significance of NF-
κB and RelA/p65 expression (as a surrogate marker of 
NF-κB activation) in DLBCL have been reported by 
previous clinical studies [8, 9, 34-36]. To help clarify 
the prognostic effect of RelA/p65 nuclear expression, in 
this study we evaluated nuclear expression of RelA/p65 
by immunohistochemistry (IHC) in a large cohort of 
DLBCL treated with R-CHOP, and studied the prog-
nostic effects  and  gene  expression  profiles  associated 

B‐cell lymphoma (DLBCL), and studied the effects of molecular and pharmacological inhibition of NF‐κB on cell
viability.  We  found  RelA/p65  nuclear  expression,  without  associations  with  other  apparent  genetic  or
phenotypic  abnormalities,  had  unfavorable  prognostic  impact  in  patients  with  stage  I/II  DLBCL.  Gene
expressionprofiling analysis suggested immune dysregulation and antiapoptosis may be relevant for the poorer
prognosis associated with p65 hyperactivation  in germinal center B‐cell–like  (GCB) DLBCL and  in activated B‐
cell–like (ABC) DLBCL, respectively. We knocked down individual NF‐κB subunits in representative DLBCL cells in
vitro, and found targeting p65 was more effective than targeting other NF‐κB subunits in inhibiting cell growth
and survival.  In summary, RelA/p65 nuclear overexpression correlates with significant poor survival  in early‐
stage DLBCL patients, and therapeutic targeting RelA/p65 is effective in inhibiting proliferation and survival of
DLBCL with NF‐κB hyperactivation. 
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with p65 nuclear expression. Moreover, we inactivated 
individual NF-κB subunits in vitro and investigated 
their differential effects on proliferation and apoptosis 
of DLBCL cells which highlighted the important 
therapeutic value of RelA/p65. 
 
RESULTS 
 
p65 hyperactivation has significant adverse 
impact in early-stage DLBCL 
 
p65 expression was evaluable in 487 DLBCL patients, 
including 287 men and 200 women. GCB/ABC ratio 
was close to 1 (243 GCB and 239 ABC). The median 
age of the patients in the study group was 63 years, and 
58% of the study cohort had elderly age (≥60). 
Immunohistochemical results showed that 58% of 
DLBCL samples had p65 nuclear expression indicative 
of p65 activation at various levels (Fig. 1A) with a 
mean level of 14%. p65 nuclear expression was not 
specific for ABC-DLBCL. In fact, the GCB-DLBCL 
group had a slightly higher mean level of p65 nuclear 
expression (16.1%) than the ABC-DLBC group (12.6%) 
(Fig. 1A). Table 1 showed the clinical and pathological 
features of the study cohort. 
 
Low levels (10-40%) of p65 nuclear expression did not 
have significant prognostic impact in DLBCL (Fig. 1B). 
However, high p65 nuclear expression (p65high, ≥50% 
tumor cells with p65 positive nuclei) correlated with 
significantly shorter PFS and OS durations in patients 
with stage I/II DLBCL and in patients with an 
International Prognostic Index score (IPI) ≤2 (Fig. 1B, 
Fig. 2A). In contrast, in patients with stage III/IV 
DLBCL or an IPI >2, p65 expression was not 
prognostic. p65high patients with stage I/II DLBCL had 
similar survival rates compared with p65high patients 
with stage III/IV DLBCL (Fig. 2B). 
 
When analyzed individually in GCB and ABC subtypes, 
in GCB-DLBCL only, the p65high group frequently had 
large (≥ 5cm) tumors (65% vs. 37%, P = 0.011) (Table 
1), and significantly decreased PFS (P = 0.04, Fig. 2C) 
and OS (P = 0.015) rates than other patients (p65low 
group, IHC <50%). However, the unfavorable 
prognostic effect  manifested in GCB-DLBCL was 
limited in stage I/II (Fig. 1C) and minimal in stage 
III/IV GCB-DLBCL (P = 0.95 for PFS and P = 0.60 for 
OS); also, in stage I/II ABC-DLBCL patients, p65high 
expression also significantly correlated with worse PFS 
(Fig. 1C).  
 
p65 nuclear expression correlates with p50 nuclear 
expression in DLBCL  
 
We found high p65 nuclear expression was significantly  

associated with p50+ and p50high nuclear expression in 
overall DLBCL, GCB-DLBCL, and ABC-DLBCL 
(Table 1), suggesting the predominance of p65/p50 
dimer activation via the canonical NF-κB pathway [9]. 
Significant association with c-Rel+ nuclear expression 
was also found in overall DLBCL and GCB-DLBCL 
(p50/c-Rel is another dimer activated via the canonical 
pathway [37, 38]). No significant association was 
observed between p65high and RelB+. p65high showed 
significant association with p52+ in overall DLBCL but 
not in either GCB or ABC subset.  
 
Nuclear expression of p50, p52, and c-Rel did not show 
further prognostic effects among the p65high patients. 
We did not observe associations of p65high with any 
other adverse biomarkers such as TP53 mutations, 
MYC/BCL2 translocation, and Myc/Bcl-2 over-
expression which may confound the prognostic effects 
[39-42]. In contrast, in the GCB but not the ABC 
subgroup, p65high compared with p65low patients less 
frequently had Bcl-2 overexpression (18% vs. 40%, P = 
0.036). 
 
p65 hyperactivation has significant adverse impact 
in patients with wild-type TP53 
 
Cases of DLBCL with wild-type TP53 (WT-TP53) had 
significantly lower levels of RELA mRNA (P = 0.018, 
Fig. 1D) and a trend toward lower nuclear p65 levels (P 
= 0.11) than those with mutated TP53 (MUT-TP53), 
suggesting that wild-type p53 suppressed RELA NF-κB 
expression. Conversely, p65 antagonized p53 function 
as suggested by survival analysis: in WT-TP53 DLBCL, 
patients with p65high expression correlated with 
significantly decreased PFS (P = 0.0076, Fig. 2C) and 
OS (P = 0.0082) rates than patients with p65low tumors, 
independent of GCB and ABC cell-of-origin. However, 
when subdivided cohorts by disease stages, we found 
the prognostic impact was only significant in patients 
with stage I/II disease (P < 0.0001 for PFS, P = 0.0004 
for OS). Also in MUT-TP53 patients with stage I/II 
DLBCL, positive p65 nuclear expression was associated 
with significant poorer survival; in contrast, opposite 
trends were observed in MUT-TP53 patients with stage 
III/IV DLBCL (Fig. 1E).  
 
Multivariate survival analysis 
 
Multivariate survival analysis (Cox regression) for high 
p65 nuclear expression with adjustments for clinical 
variables confirmed that p65high was an independent 
adverse prognostic factor in patients with GCB-DLBCL 
and in patients with WT-TP53 DLBCL, but not in the 
overall study group, the ABC-DLBCL subgroup, or the 
MUT-TP53 DLBCL subgroup (Table 2).  
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Figure 1. Nuclear expression of p65 and  its effect on progression‐free  survival  (PFS)  in diffuse  large B‐cell  lymphoma
(DLBCL)  (A)  Representative  immunohistochemical  analysis  (IHC)  and  histograms  for  p65  nuclear  expression  in  DLBCL.  The  mean
expression of nuclear p65 was significantly higher in the germinal center B‐cell–like (GCB) subtype than in the activated B‐cell–like (ABC)
subtype. (B) In overall DLBCL, high p65 nuclear expression (p65high, ≥50% nuclear expression) was associated with a trend towards worse
PFS. In patients with stage I/II DLBCL, p65high correlated with significantly shorter PFS. In patients with stage III/IV DLBCL, p65high did not
show  signficant prognostic  impact.  (C) p65high correlate with  significantly  shorter PFS  in patients with  stage  I/II DLBCL  independent of
GCB/ABC subtypes. (D) TP53 mutation status was significantly associated with higher RELA mRNA expression. (E) In patients with stage I/II
DLBCL, p65high correlate with significantly shorter PFS independent of TP53 mutation status although more significant in patients with wild‐
type TP53 (WT‐TP53). In patients with mutated TP53 (MUT‐TP53) and stage III/IV DLBCL, p65high was associated with a trend of better PFS. 
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Table 1. Clinical characteristics of 487 patients with de novo diffuse large B‐cell lymphoma (DLBCL).  

 DLBCL  GCB-DLBCL  ABC-DLBCL  WT-TP53  MUT-TP53  

 p65high p65low P  p65high p65low P p65high p65low P p65high p65low  P p65high p65low P 

Characteristics N (%) N (%)  N (%) N (%)  N (%) N (%)  N (%) N (%)  N (%) N (%)  

Patients 41 446  28 215  13 226  26 312  12 84  

Age (years)                

<60 21 
(51) 

183 
(41) 0.21 16 (57) 106 

(49) 0.44 5 (39) 74 (33) 0.67 13 
(50) 124 (40) 0.31 7 (58) 30 (36) 0.13 

≥60 20 
(49) 

263 
(59)  12 (43) 109 

(51)  8 (61) 152 (67)  13 
(50) 188 (60)  5 (42) 54 (64)  

Gender                

Female 8 (20) 192 
(43) 0.003 6 (21) 95 (44) 0.022 2 (15) 95 (42) 0.057 6 (30) 130 (42) 0.063 2 (17) 38 (45) 0.06 

Male 33 
(80) 

254 
(57)  22 (79) 120 

(56)  11 
(85) 131 (58)  20 

(70) 182 (58)  10 (83) 46 (55)  

Stage                

I/II 19 
(46) 

203 
(47) 0.90 15 (54) 114 

(56) 0.84 4 (31) 86 (39) 0.54 11 
(42) 141 (48) 0.60 6 (50) 39 (46) 0.82 

III/IV 22 
(54) 

226 
(53)  13 (46) 91 (45)  9 (69) 133 (61)  15 

(58) 155 (52)  6 (50) 45 (54)  

B-symptoms                

No 25 
(61) 

272 
(64) 0.67 18 (64) 141 

(70) 0.55 7 (54) 127 (59) 0.73 16 
(61) 196 (66) 0.61 7 (58) 54 (68) 0.53 

Yes 16 
(39) 

151 
(36)  10 (36) 61 (30)  6 (46) 89 (41)  10 

(39) 99 (34)  5 (42) 26 (33)  

LDH levels                

Normal 14 
(34) 

161 
(40) 0.51 8 (29) 86 (44) 0.12 6 (46) 74 (36) 0.44 10 

(39) 121 (43) 0.65 3 (25) 28 (36) 0.46 

Elevated 27 
(66) 

247 
(60)  20 (71) 109 

(56)  7 (54) 134 (64)  16 
(61) 160 (57)  9 (75) 50 (64)  

Extranodal sites (n)               

0–1 35 
(85) 

327 
(77) 0.22 23 (82) 160 

(80) 0.75 12 
(92) 163 (74) 0.15 21 

(81) 231 (79) 0.79 11 (92) 64 (78) 0.27 

≥2 6 (15) 98 (23)  5 (18) 41 (20)  1 (8) 56 (26)  5 (19) 63 (21)  1 (8) 18 (22)  

Performance status               

0–1 34 
(87) 

329 
(83) 0.53 23 (85) 158 

(86) 0.87 11 
(92) 166 (80) 0.33 22 

(85) 231 (85) 0.93 10 (91) 69 (90) 0.89 

≥2 5 (13) 66 (17)  4 (15) 25 (14)  1 (8) 41 (20)  4 (15) 40 (15)  1 (9) 8 (10)  

Size of largest tumor               

<5cm 14 
(44) 

192 
(58) 0.11 8 (35) 97 (63) 0.011 6 (67) 93 (54) 0.47 8 (38) 146 (62) 0.035 5 (50) 33 (49) 0.96 

≥5cm 18 
(56) 

137 
(42)  15 (65) 58 (37)  3 (33) 78 (46)  13 

(62) 91 (38)  5 (50) 34 (51)  

IPI risk 
group                

0–2 29 
(71) 

267 
(62) 0.25 21 (75) 144 

(71) 0.82 8 (61) 118 (54) 0.78 17 
(65) 189 (63) 1.0 10 (83) 47 (57) 0.12 

3-5 12 
(29) 

162 
(38)  7 (25) 60 (29)  5 (39) 102 (46)  9 (35) 109 (37)  2 (17) 43 (35)  

Therapy response               

CR 29 
(71) 

343 
(77) 0.37 17 (61) 166 

(77) 0.057 12 
(92) 172 (76) 0.18 17 

(65) 257 (82) 0.034 9 (75) 49 (58) 0.27 

Non-CR 12 
(29) 

103 
(23)  11 (39) 49 (23)  1 (8) 22 (24)  9 (35) 55 (18)  3 (25) 35 (42)  

Primary origin               

Extranodal 20 
(49) 

149 
(34) 0.058 14 (50) 68 (32) 0.063 6 (46) 79 (36) 0.44 14 

(54) 102 (33) 0.035 4 (33) 26 (32) 0.91 

Nodal  21 
(51) 

289 
(66)  14 (50) 143 

(68)  7 (54) 143 (64)  12 
(46) 204 (67)  8 (67) 56 (68)  
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Cell-of-
origin                

GCB 28 (68) 215 
(49) 0.022 - - - - - - 18 

(69) 143 (46) 0.039 9 (75) 49 (58) 0.35 

ABC 13 (32) 226 
(51)  - -  - -   8 (31) 165 (54)  3 (25) 35 (42)  

p50 nuclear expression               

<20% 15 (40) 278 
(67) 0.002 12 (46) 149 

(74) 0.005 3 (27) 129 (60) 0.05 9 (41) 188 (65) 0.037 6 (50) 57 (71) 0.18 

≥20% 22 (60) 138 
(33)  14 (54) 52 (26)  8 (73) 85 (40)  13 

(59) 102 (35)  6 (50) 23 (29)  

p52 nuclear expression               

– 21 (55) 300 
(71) 0.043 14 (54) 142 

(71) 0.11 7 (58) 157 (72) 0.33 14 
(58) 208 (71) 0.25 5 (46) 59 (74) 0.078 

+ 17 (45) 120 
(29)  12 (46) 58 (29)  5 (42) 61 (28)  10 

(42) 86 (29)  6 (54) 21 (26)  

c-Rel nuclear 
expression               

– 17 (46) 297 
(72) 0.002 11 (44) 147 

(74) 0.004 6 (50) 150 (70) 0.20 9 (41) 207 (73) 0.003 7 (58) 55 (67) 0.53 

+ 20 (54) 117 
(28)  14 (56) 52 (26)  6 (50) 64 (30)  13 

(59) 78 (27)  5 (42) 27 (33)  

Bcl-2 expression               

<70% 27 (66) 229 
(52) 0.10 23 (82) 127 

(60) 0.036 4 (31) 99 (44) 0.40 17 
(65) 164 (53) 0.31 7 (58) 40 (48) 0.55 

≥70% 14 (34) 208 
(48)  5 (18) 83 (40)  9 (69) 125 (56)  9 (35) 143 (47)  5 (42) 44 (52)  

Abbreviations: p65high, high levels of nuclear p65; p65low, low levels of p65 nuclear expression; LDH, lactate dehydrogenase; IPI, international 
prognostic index; CR, complete remission; PR, partial response; GCB, germinal center B‐cell–like; ABC, activated B‐cell–like; WT‐TP53, wild‐
type TP53; MUT‐TP53, mutated TP53. Some of the clinicopathologic data were not available. Percentages are calculated among cases with 
specific data available.  Significant P values in bold. 

Table 2. Multivariate analysis of clinicopathologic parameters for survival of patients with diffuse large B‐cell 
lymphoma (DLBCL) treated with R‐CHOP. 
 

  Overall survival Progression-free survival
 HR 95% CI P HR 95% CI P
DLBCL (n = 497)   

IPI > 2 2.41 1.70–3.42 < 0.001 2.29 1.64–3.19 < 0.001
Female sex 1.03 0.72–1.49 0.86 0.99 0.70–1.41 0.98

Tumor size ≥ 5 1.28 0.91–1.81 0.16 1.23 0.89–1.71 0.21
B-symptoms 1.35 0.94–1.94 0.099 1.31 0.93–1.85 0.12

p65high 1.56 0.91–2.68 0.11 1.44 0.85–2.42 0.18
GCB-DLBCL  (n = 243)   

IPI > 2 2.47 1.40–4.38 0.002 2.39 1.39–4.09 0.002
Female sex 1.00 0.55–1.82 1.00 0.98 0.56–1.71 0.95

Tumor size ≥ 5 1.30 0.88–1.91 0.19 1.40 0.82–2.40 0.22
B-symptoms 1.44 0.80–2.58 0.22 1.34 0.77–2.33 0.31

p65high 2.30 1.14–4.62 0.02 2.01 1.06–3.82 0.034
WT-TP53 DLBCL  (n = 338)   

IPI > 2 2.54 1.66–3.88 < 0.001 2.33 1.57–3.46 < 0.001
Female sex 0.98 0.63–1.53 0.92 0.99 0.65–1.51 0.96

Tumor size ≥ 5 1.20 0.79–1.84 0.39 1.09 0.73–1.63 0.18
B-symptoms 1.59 1.04–2.43 0.034 1.57 1.05–2.33 0.028

p65high 1.91 1.04–3.52 0.037 1.94 1.08–3.48 0.026

Abbreviations: R‐CHOP, rituximab with cyclophosphamide, doxorubicin, vincristine, and prednisone; HR, hazard ratio; CI, 
confidence  interval;  IPI,  International Prognostic  Index; p65high, high  levels of nuclear p65; GCB, germinal center B‐cell–
like; ABC, activated B‐cell–like; WT‐TP53, wild‐type TP53. *Significant P values in bold. 
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GEP analysis suggests different signaling pathways 
activated in GCB- and ABC-DLBCL  
 
To gain insight into the molecular mechanisms 
underlying the prognostic effects of p65 hyperactivation 
in DLBCL, we compared gene expression profiles of 
p65high and p65low tumors. p65high patients showed GEP 
signatures compared with other DLBCL including p65− 
DLBCL patients (IHC <10%), stronger in GCB-
DLBCL than in ABC-DLBCL subset (Fig. 3A, Fig. 4, 
Tables 3-4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In line with the unfavorable prognosis of patients with 
p65high DLBCL, GEP analysis found that JUN and 
PTPRD (involved in cell cycle progression) were 
upregulated (1.43-fold and 1.31-fold respectively) 
whereas pro-apoptotic NOXA/PMAIP1 and BTG3 which 
negatively regulates proliferation and cell cycle 
progression were downregulated (1.62-fold and 1.45-
fold, respectively) in p65high DLBCL compared with 
p65low DLBCL. RBMS1 which transactivates MYC was 
upregulated (1.48-fold) in p65high compared with p65low 
GCB-DLBCL  (Table  3).  Paradoxically,  antiapoptotic  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  2.  Prognosis  for  p65  hyperactivation in diffuse  large  B‐cell  lymphoma  (DLBCL).  (A)  In  overall  DLBCL,  high  p65
nuclear expression (p65high, ≥50% nuclear expression) was associated with unfavorable progression‐free survival (PFS). The adverse
prognostic impact was significant in patients with an international prognostic index score (IPI) ≤2. (B) In patients with stage I/II DLBCL,
p65high correlated with significantly poorer PFS. Among p65high DLBCL patients, disease stages did not show further prognostic impact.
(C) p65high correlated with significantly poorer PFS in patients with GCB‐DLBCL and patients with wild‐type TP53 (WT‐TP53).  
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BIRC6, MCM10 (involved in the initiation of eukaryotic 
genome replication), CARS (cysteinyl-tRNA synthetase) 
and PA2G4 (involved in growth regulation) were 
downregulated in p65high patients, and TENC1 (which 
inhibits AKT1 signaling) was upregulated in p65high 
DLBCL.  
 
When analyzed in GCB and ABC subtypes individually, 
we found such paradoxical  association  was  limited  in  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

the GCB subset. RNF130 involved in apoptosis showed 
1.81-fold upregulation in p65high GCB-DLBCL patients. 
In contrast, in p65high ABC-DLBCL, antiapoptotic 
BIRC5 and BCL2L2 were significantly upregulated 
whereas pro-apoptotic NOXA/PMAIP1 was significantly 
downregulated (Fig. 3B-C), in addition to the 
proliferative signatures (such as upregulation of genes 
involved in replication, transcription, translation, and 
metabolism) in ABC-DLBCL (Table 3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3. Differentially expressed (canonical activation) genes between p65high vs. p65low patients with diffuse 
large B‐cell lymphoma (DLBCL).  
 
  p65high vs. p65low    
Functional 
categories 

In overall DLBCL 
(FDR <0.30)  In GCB-DLBCL (FDR 

<0.05)  In ABC-DLBCL (FDR 
<0.20) 

Signaling, ion 
channels 

TNFRSF1A ↑ FYN ↑ LCP2 ↑ 
PTPRD ↑ GTPBP2 ↑ PROCR 
↑ TENC1 ↑ ITPR3 ↑ TEK ↑ 
CACNA2D1 ↑ AGTRAP ↑ 
LPAR3 ↓ 

 MT1X ↑ MT1G ↑ 
SERPING1 ↑ PSEN1 ↑  ARHGEF2 ↑ FGFBP1 ↑ 

EPHA1 ↑ MS4A3 ↑  

Immune 
responses, 
inflammation 

  CD163 ↑ FCER1G ↑ CYBB 
↑ GRN ↑ CD84 ↑ LILRB1 ↑  DEFB4 ↑ 

Cell cycle, DNA 
metabolism, 
transcription and 
translation 
regulation 

JUN ↑ MLLT10 ↑ GATAD2A 
↑ HOXD10 ↑ NFRKB ↑ 
ZWINT ↓ MCM10 ↓ HMGB1 ↓ 
PPP2CA ↓UHRF1 ↓ BTG3 ↓ 
ZNF254 ↓ CARS ↓ PA2G4 ↓ 
SERBP1 ↓ 

 RBMS1 ↑ ANKRD11 ↑ 
FAM89B ↑  ESRP1 ↑ DPPA4 ↑  

Apoptosis PMAIP1 ↓ BIRC6 ↓  RNF130 ↑   

Metabolism SULT1A1 ↑ SPTLC2 ↑ 
SLC25A16 ↑ SLC9A9 ↑  GLUL ↑ SERINC1 ↑ CAT ↑ 

SLC9A9 ↑  S100A16 ↑ SLC9A5 ↑ 

Transport, 
trafficking, 
protein folding, 
chaperone 

CPNE8 ↑ DNAJC5 ↑ RHD ↑ 
AGFG2 ↑  SLC8A1 ↑ NPC2 ↑ VAMP5 

↑ DNAJC5 ↑   

Cell adhesion, 
cytoskeleton, 
collagen, 
extracellular 
matrix 

SH3D19 ↑ ITGA6 ↑ MYLK ↑ 
COL6A1 ↑ UTRN ↑ FMOD ↑  UTRN ↑   CCDC151 ↑ KRT13 ↑ 

ANTXR2 ↑ COL17A1 ↑ 

Degradation, 
ubiquitination RNASE1 ↑  SCARB2 ↑ CTSB ↑ UBA7 ↑  PSMB1 ↑  

IncRNA genes, 
unknown 
function 

NCRNA00185 ↑ C19orf6 ↑ 
PLEKHO2 ↑ FAM124A ↑  MT1P2 ↑ ZDHHC20 ↑ 

PLEKHO2 ↑  FAM105B ↓ CG030 ↑ 
NCRNA00185 ↑ IQCG ↑  

Abbreviations:  p65high,  p65  immunohistochemistry  results:  ≥50%  nuclear  expression;  p65low,  p65  immunohistochemistry 
results:  <50%  nuclear  expression; GCB,  germinal  center  B‐cell–like;  ABC,  activated  B‐cell–like;  FDR,  false  discovery  rate. 
*Upregulated genes in bold. 
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Figure 3. Gene expression profiling analysis.  (A) Heatmaps  for comparisons between DLBCL patients with p65high expression  (IHC
≥50%) and those without p65 nuclear expression (IHC <10%) in the overall and GCB‐DLBCL cohorts (FDR <0.15 and FDR <0.05, respectively).
(B) BIRC5/survivin and BCL2L2 were  significantly upregulated  in p65high ABC‐DLBCL.  (C) NOXA/PMAIP1 was  significantly downregulated  in
p65high ABC‐DLBCL. (D‐E) BTK and TNFRSF13B were significantly upregulated in the p65high group in ABC‐DLBCL but not in GCB‐DLBCL. (F‐
H) MAP3K14/NIK, MYD88, and TNFRSF13C were significantly upregulated in the p65high group in GCB‐DLBCL but not in ABC‐DLBCL.  
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GEP suggested that in GCB-DLBCL, instead of 
antiapoptotic mechanisms, dysregulations in immune 
responses and tumor microenvironment may be relevant 
for the poor prognosis associated with p65high. Such 
immune signatures included FCER1G (Fc fragment of 
IgE high affinity I receptor for gamma subunit), 2.21-
fold upregulation, CYBB (critical component of 
phagocytes generating superoxide), 1.77-fold 
upregulation, granulin gene GRN, 1.63-fold up-
regulation, LILRB1 (a MHC class I receptor resulting in 
immunosuppression), 1.49-fold upregulation, CD163 
(an antigen exclusively expressed in monocytes and 
macrophages),  2.46-fold  upregulation,  and  CD84  (an  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

adhesion molecule involved in regulating receptor-
mediated signaling in immune cells), 1.55-fold up-
regulation. In the GEP comparison in overall DLBCL, a 
few immune-related genes were also found up- or 
down-regulated in p65high DLBCL compared with 
p65low DLBCL, including upregulation of LCP2 
(lymphocyte cytosolic protein 2, involved in T cell 
receptor signaling, 1.27-fold) and TEK (anti-
inflammatory, 1.21-fold), and downregulation of 
UHRF1 (an epigenetic regulator promoting proliferation 
of immunosuppressive Treg cell, 1.48-fold down-
regulation) [43] in p65high DLBCL (Table 3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Gene expression analysis for p65 hyperactivation in diffuse large B‐cell lymphoma (DLBCL). (A) Heatmaps
for gene differentially expressed between p65high (IHC ≥50%) and p65low (IHC <50%) patients  in DLBCL overall and  in ABC‐DLBCL
(false discovery rate <0.30 and <0.20, respectively).  (B) Heatmaps for genes differentially expressed between p65high (IHC ≥50%)
and p65low (IHC <50%) patients and between p65high (IHC ≥50%) and p65intermediate (IHC 10‐40%) patients with germinal center B‐
cell–like DLBCL (false discovery rate <0.05 and <0.20, respectively).  
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These data indicated that the antiapoptotic and pro-
proliferation function of p65 was primarily activated in 
ABC-DLBCL, whereas immune dysregulation might be 
more relevant for the significantly adverse impact of 
p65 hyperactivation in GCB-DLBCL. We further 
analyzed the expression of p65-activating upstream 
signals in GCB- and ABC-DLBCL. TNFRSF1A en-
coding a TNF-α receptor which can activate NF-κB by 
degrading inhibitory IkBα (canonical activation), was 
upregulated in the overall p65high group than in the 
overall p65low group (P = 0.0001). LPAR3 which 
encodes a receptor for lyso-phosphatidic acid/LPA was 
downregulated in p65high DLBCL. In the ABC-DLBCL 
subset only, PSMB1, which encodes a 20S core beta 
subunit of the proteasome B-type family, was 
upregulated in p65high compared with p65low patients 
(suggesting canonical activation of NF-kB). Bruton 
tyrosine kinase gene BTK which plays an important role 
in BCR signaling activation (canonical activation), and 
TNFRSF13B which encodes  the  tumor  necrosis  factor 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
receptor for APRIL and BAFF were significantly 
upregulated in p65high ABC-DLBCL but not in p65high 
GCB-DLBCL (Fig. 3D-E). In comparison, in GCB-
DLBCL but not in ABC-DLBCL, TNFRSF13C which 
encodes the receptor specific for BAFF (non-canonical 
activation), MYD88 which encodes an adapter protein 
essential for the Toll-like receptor (TLR) and 
interleukin-1 receptor signaling pathways, and 
MAP3K14/NIK which is involved in non-canonical 
activation of NF-κB were significantly upregulated in 
the p65high compared with p65low group (Fig. 3F-H).  
 
Targeting NF-κB in DLBCL cells 
 
Molecular inhibition of constitutive NF-κB activation 
in DLBCL cell lines 
 
First, we examined whether specific inhibition of NF-
κB was sufficient to block cell survival by over-
expressing a super repressor mutant form of IκBα 

Table 4. Differentially expressed genes between p65high vs. p65− patients with diffuse large B‐cell 
lymphoma (DLBCL) in the overall cohort and in the germinal‐center‐B‐cell‐like subgroup. 
 
Functional categories  p65high vs. p65− DLBCL (FDR 

<0.15) 
p65high GCB vs. p65− GCB (FDR 
<0.05) 

Signaling, ion channels IL10RA ↑ GPS2 /// D4S234E ↑ 
NOTCH3 ↑ VAV1 ↑  

FAM26F ↑ MT1X ↑ MT1G ↑ 
MT2A ↑  MT1F ↑ CFLAR ↑ 
CLEC7A  ↑ 

Immune responses, inflammation GRN ↑ CD163 ↑ GRN ↑ FCER1G ↑ CD84 
↑ CYBB ↑ 

Cell cycle, DNA metabolism, 
transcription and translation 
regulation 

JUN ↑ PRDM1 ↑ GATAD2A ↑ 
TCF25 ↑ MLLT10 ↑ EP400 ↑ 
HOXD10 ↑ TAF1B ↓ ZNF254 ↓ 
RPL37A ↓ UHRF1 ↓ MCM10 ↓ 
BTG3 ↓ 

JUN ↑ GATAD2A ↑ RBMS1 ↑ 

Apoptosis TMBIM6 ↑ RNF130 ↑ BIRC6 ↓ RNF130 ↑ 

Metabolism, redox regulation 
SLC9A9 ↑ ATP6V0C ↑ 
SLC25A16 ↑ SAT1 ↑ SMPD1 ↑ 
C10orf58 ↑ HNMT ↑ GTPBP2 ↑

CPD ↑ GLUL ↑ SAT1 ↑  FTL ↑  
ANKRD11 ↑ SLC9A9 ↑ 

Transport, trafficking, protein 
folding, modification 

NPC2 ↑ WASH3P ↑ FTL ↑ GM2A 
↑ KDELR1 ↑ SLC39A7 ↑ CTSD ↑ 
CALU ↑ 

SLC8A1 ↑ GM2A ↑ DNAJC5 ↑ 
BCAP31 ↑ NPC2 ↑ 

Cell adhesion, cytoskeleton, 
collagen, extracellular matrix 

ITGB2 ↑ MYLK ↑ CD84 ↑ FMOD 
↑  

IQGAP1 ↑ UTRN ↑ 

Degradation CTSZ ↑ IDS ↑  
IDS  ↑ 

IncRNA genes, other function 

PLEKHO2 ↑ LOC100288142 /// 
NBPF1 /// NBPF10 ↑ CCHCR1 ↑ 
IGLJ3 ↑ DLEU2 /// DLEU2L ↓ 
NOL10 ↓ 

MT1P2 ↑ PLEKHO2 ↑ ZDHHC20 
↑ 

Abbreviations:  p65high,  high  p65  nuclear  expression  (immunohistochemistry  results:  ≥50%);  p65−,  negative  p65 
nuclear expression (immunohistochemistry results: <10%); FDR, false discovery rate. *Upregulated genes in bold. 
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(pCMV-IκBαM) in a representative DLBCL cell line, 
MS, that has been previously shown to have constitutive 
NF-κB activation [44]. IκBαM binds to NF-κB subunits 
but cannot be phosphorylated on the basis of alanine 
substitution for serines 32 and 36, acting as a dominant 
negative (DN) and thereby preventing the NF-κB 
subunits from translocating  into  the  nucleus. Transient  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

transfection (70-80 efficiency and 75% viability) of a 
DLBCL-MS cell line with the DN-IκBαM leads to the 
induction of IκBα protein level while suppressing 
constitutive NF-κB activation (Fig. 5A). In addition, 
cells over-expressing the DN-IκBαM are prone to 
apoptosis as demonstrated by Annexin V binding assays  
(Fig. 5B).  This  result suggests  that constitutive  NF-κB  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Molecular  targeting of NF‐κB  in diffuse  large B‐cell  lymphoma  (DLBCL) cell  lines.  (A) DLBCL‐MS
cells were transfected with empty control vector or a pCMV‐ΙκBαM vector  for 24 hrs.   Nuclear extracts  (10 μg) were
analyzed for NF‐κB expression by EMSA. Cytoplasmic extracts were assessed for ΙκBα and actin protein expression by
Western blotting. (B) Transfected cells from part A were also assessed for apoptosis after 24 hours of incubation using
annexin V assays. (C) MS cells were transfected with plasmids expressing the p52, RelB, p65, c‐Rel, or a non‐specific (NS)
shRNA. Forty‐eight hours post‐transfection, proteins were extracted and analyzed  for NF‐κB component  inhibition by
Western  blot.  (D)  Indicated  DLBCL  cell  lines were  transfected with  the  validated  green  fluorescent  protein  (GFP)‐
plasmid–based shRNA for each of the NF‐κB subunits. After 16 hours, GFP–positive cells were sorted and assessed using
proliferation  assays.  Data  represent  two  independent  experiments  with  triplicate  samples.  Abbreviations:  GCB,
germinal center B‐cell–like; ABC, activated B‐cell–like, DN, dominant negative. 
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activation is required for the  survival  of  this  cell  line. 
To determine the functional significance of each NF-κB 
subunit on growth and survival regulation in DLBCL, 
we used specific validated shRNAs to selectively 
silence each NF-κB component individually in four 
representative DLBCL cell lines (two GCB-DLBCLs, 
two ABC-DLBCLs). These validated shRNAs inhibited 
endogenous NF-κB by more than 70% (Fig. 5C). 
Except for p52, downregulation of p65, c-Rel, and RelB 
protein expression with individual shRNAs inhibited 
DLBCL cell growth (thymidine incorporation assay), 
and inhibition of p65 was most effective (Fig. 5D), 
particularly in cell lines with mutated p53 (MS, LP and 
HB).  
 
Pharmacological targeting of constitutive NF-κB 
activation in DLBCL cells 
 
To evaluate the effects of pharmacological inhibition of 
NF-κB activation on transcription activities of NF-κB 
subunits and DLBCL cell growth and survival, we select- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ed the proteasome inhibitor bortezomib (BZ), and the 
small molecule NF-κB inhibitor BAY 11-7082 (BAY-
11) that selectively inhibits the phosphorylation and 
degradation of IκBα [45-47] in MS (GCB-DLBCL) 
cells.  
 
To ascertain whether BZ or BAY-11 has an effect on 
constitutive NF-κB activation in DLBCL cells, we 
performed EMSA with nuclear extracts purified from 
BZ- or BAY-11-treated GCB-DLBCL cell line (MS). 
After BZ or BAY-11 treatment, NF-κB DNA-binding 
activity (Fig. 6A) and the level of phosphorylated-IκBα 
(Fig. 6B) gradually declined in a dose-dependent 
manner in the MS DLBCL cell line. Confocal 
microscopy analysis also demonstrated that BZ or 
BAY-11 treatment inhibits the nuclear accumulation of 
p50 and p65 NF-κB subunits, leading to DNA 
fragmentation, indicative of cells undergoing apoptosis 
(Fig. 6C). Next, we evaluated the effects of BZ or 
BAY-11 on DLBCL cell viability using in vitro 
proliferation assays in four  representative  DLBCL cell  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6. Pharmacological inhibition of constitutive NF‐κB activation in DLBCL cells. (A‐B) DLBCL cells
(MS) were cultured in the presence of bortezomib (BZ, 25 nM) or BAY‐11 (1 µM) for the indicated time points
(hours).  Nuclear  extracts  were  purified  and  subjected  to  EMSA  analyzed  for  NF‐κB  DNA  binding  activity;
cytoplasmic extracts were subjected to  immunobloting for pIκBa and actin. (C) DLBCL‐MS cells cultured  in the
presence of bortezomib  (BZ, 25 nM) or BAY‐11  (1 µM)  for 24 hours and  then analyzed  for p50  (red) and p65
(green) protein expression by confocal microscopy analysis.  Topro‐3 (blue) serves as a nuclear staining marker.
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lines (two ABC, two GCB). Both BZ and BAY-11 
inhibited cell proliferation in  the  representative  DLBC  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

cell lines in a dose-dependent manner (Fig. 7A). BZ and 
BAY-11  inhibit NF-κB by different mechanisms, as we  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.  Inhibition of NF‐κB in DLBCL cells leads to cell growth inhibition, G0/G1 cell cycle arrest, and apoptosis.
(A)  Representative  ABC‐  and  GCB‐DLBCL  cell  lines  were  treated  with  bortezomib  (BZ)  or  BAY‐11  for  48  hours  and  cell
proliferation was measured  using  3H‐thymidine  incorporation  assays.  The  percentages  of  growth  inhibition  of  treated  cells
relative to untreated (control cells) were plotted. The data shown are the means and ranges of triplicate cultures from three
independent experiments.  (B) DLBCL‐MS  cells were  cultured  in  the  absence or presence of bortezomib  (BZ) or BAY‐11  and
subjected to a 20S proteasome assay. Purified 20S proteasome was used as a positive control. Abbreviations: RLU, relative light
unit; 20S pro, 20S proteasome, Neg Cont., negative control. (C) DLBCL‐MS cells were cultured in the absence or presence of BZ
(50 nM) or BAY‐11 (1 µM) and analyzed for cell cycle profile. The percentages of cells in G0/G1, S, and G2M phases are shown.
(D) DLBCL‐MS cells were cultured in the absence or presence of BZ (50 nM) or BAY‐11 (1 µM) for the indicated time points and
then analyzed for apoptosis using annexin V assays. (E) DLBCL‐MS cells were cultured in the presence of BZ (50 nM) or BAY‐11
(1 µM) and  in some cases with the caspase 3  inhibitor DEVD or the caspse 1  inhibitor VAD.   Caspase 3 activity was measured
after 24 hours of treatments. Caspase 3 activity was observed after 12 hours of treatment. Abbreviations: RLU, relative  light
units. (F) DLBCL‐MS cells were cultured in the presence of BZ (50 nM) or BAY‐11 (1 µM) for the indicated time points and cell
extracts were subjected to Western blotting for a known caspase substrate, poly‐(ADP‐ribose) polymerase (PARP) cleavage. 
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analyzed the cell lysates from BZ-treated and BAY-11-
treated DLBCL-MS cells to a 20S proteasome 
proteolysis assay, and found proteasome activity was 
substantially inhibited (>50%) after 3 hours of BZ 
treatment, whereas BAY-11 treatment did not affect 
proteasome activity in a similar time points (Fig. 7B). 
To determine whether the cell growth inhibition effects 
of BZ and BAY-11 involve their activity in the cell 
cycle regulation, we analyzed the cell cycle profile. As 
shown in Fig. 7C, in a representative DLBCL cell line 
(MS), both BZ-and BAY-11-treated DLBCL cells 
accumulated in the G0/G1 phase of the cell cycle, while 
cells in G2M and S phases were decreased. In addition,  
BZ or BAY-11 treatments in MS DLBCL cell line 
resulting in cells undergoing apoptosis in a time-
dependent manner (Fig. 7D). To verify that these cells 
had actually undergone apoptosis, we measured the 
generation of caspase 3 activities. DLBCL cells treated 
with BZ or BAY-11 activated caspase 3 activity after 12 
hours of treatment, which can be block with a caspase 3 
inhibitor (DVED) but not with a caspase 1 inhibitor 
(VAD) (Fig. 7E). In addition, a known caspase 
substrate, poly-(ADP-ribose) polymerase (PARP), was 
cleaved after BZ or BAY-11 treatment (Fig. 7F). These 
experiments provide additional and interesting insights 
into the putative role of NF-κB in DLBCL cell 
proliferation and viability maintenance. 
 
DISCUSSION 
 
In this study we studied the significance of RelA/p65 NF-
κB in DLBCL by two ways. In the first part of this study, 
we evaluated the prognostic significance of RelA/p65 
nuclear expression in a large cohort of de novo DLBCL 
treated with R-CHOP (n = 487). Although p65 nuclear 
expression may not be a strong prognostic marker in 
overall DLBCL, we found p65 hyperactivation (IHC 
≥50%) had significant adverse impact on survival of 
patients with stage I/II DLBCL independent of cell-of-
origin and TP53 mutation status, even though it was not 
associated with apparent genetic or phenotypic 
abnormalities, such as TP53 mutations, MYC/BCL2 
translocation, and Myc/Bcl-2 overexpression.  
 
The adverse prognostic significance of p65 
hyperactivation was also seen in the GCB-DLBCL 
subtype overall and in the subset with wild-type TP53, 
but not in the subsets with strong unfavorable factors 
including advanced stages, TP53 mutations, and ABC 
cell-of-origin. In addition, lower levels (10-40%) of p65 
nuclear expression did not have significant prognostic 
impact in DLBCL. This limited significance of p65 
expression in DLBCL may reflect different signaling 
transductions pathways activating p65, different p65 
NF-κB dimers, and complicated p65 functions 
influenced by other factors including p53 in different 

stimulatory signals. For example, NF-κB p65 activation 
induced by cytotoxic stimuli promotes apoptosis in 
mouse embryo fibroblasts, which contrasts with the 
prosurvival function of p65 induced by inflammatory 
cytokines [30]. In various cancer cell lines, p65 and p53 
formed p65/p53 complex and bound to DNA targets; 
the function of p65 and fate of tumor cells are 
significantly affected by p53 and stress levels [32]. 
Others have shown that there is transcriptional and 
functional crosstalk between NF-κB and p53. p53 can 
negatively regulate NF-κB activation by regulating 
IKK1 expression [29] and suppressing glycolysis [28]; 
NF-κB and p53 antagonize each other’s function in 
apoptosis, proliferation and tumor invasion that appears 
to depend on cellular context. Overall the results in this 
study suggested that p65 and wild-type p53 counter-
acted each other in DLBCL, and that the inhibition of 
p53 tumor suppressor function by p65 hyperactivation 
had a significant adverse impact on clinical outcomes. 
 
GEP suggested that BCR, TNF, TLR, and mitogen-
activated protein kinase signaling pathways were all 
implicated in p65 hyperactivation in DLBCL. These 
upstream pathways were activated preferably in ABC-
DLBCL or GCB-DLBCL, and correspondingly, 
resulting in different downstream pathways in ABC and 
GCB subtypes. In ABC-DLBCL, p65high GEP 
signatures were featured by proliferation and anti-
apoptosis, whereas in GCB-DLBCL in which subgroup 
p65 hyperactivation showed significant adverse 
prognostic impact, p65high expression was accompanied 
with upregulation of some pro-apoptosis genes as well 
as many immune genes. Upregulation of LILRB1 and 
CD163 in p65high patients suggested immune suppres-
sion and dysregulation, which may contribute to the 
associated poor prognosis.  
 
In the second part of this study, we tested whether NF-
κB p65 subunit in particular is a potential molecular 
target by the proteasome inhibitor bortezomib and the 
small molecule NF-κB inhibitor BAY-11 in vitro. 
Previous studies have shown that proteasome inhibitors 
have better antitumor efficacy in patients with ABC-
DLBCL than in patients with GCB-DLBCL, probably 
due to higher p65 expression in the ABC subtype [45, 
48, 52]. Consistently, our GEP analysis also found the 
proteasome gene PSMB1 was upregulated in ABC-
DLBCL. Our in vitro experiments found that these anti-
NF-κB agents can effectively inhibit p65 protein 
expression and DNA binding activity, leading to cell 
cycle arrest, decreased cell proliferation, and apoptosis 
induction in both GCB and ABC types of p65-
overexpressing DLBCL cell lines. Intriguingly, 
representative DLBCL cell lines with mutated p53 are 
more sensitive to p65 shRNA targeting approach as 
compared to a cell line with wild-type p53, opposite the 
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prognostic effects observed in the DLBCL study cohort. 
These findings may suggested that although p65 subunit 
only manifested prognostic significance in certain 
DLBCL subsets due to the complexity of NF-κB dimers 
and activating mechanisms, in vitro experiments 
nonetheless demonstrated that NF-κB overexpressing 
DLBCL cells were addictive to NF-κB and vulnerable 
for NF-κB inhibitors. This vulnerability of DLBCL cells 
was also apparent in the context of mutated p53; p65 may 
have an important role in the oncogenic activities of 
mutated p53 in DLBCL. Importantly,  in vitro p65 
subunit stood out as a critical factor in controlling cell 
growth and survival and showed the most sensitivity to 
molecular and pharmacological inhibition of NF-κB 
activation. Therefore, our current study in both patient 
samples and DLBCL cell lines provided additional 
insights into the putative roles of NF-κB p65 in immune 
regulation, DLBCL cell proliferation, and viability 
maintenance, and the utility of p65 as a biomarker to 
stratify DLBCL patients to receive alternative therapeutic 
regimens including agents targeting NF-κB [52]. 
However, these findings warrant further investigation and 
validation in more representative DLBCL cell lines as 
well as primary DLBCL cells.  
 
In summary, we provide clinical and experimental data 
that RelA/p65 NF-κB has prognostic and therapeutic 
value in DLBCL. High p65 nuclear expression is a 
significant adverse biomarker in patients with early-
stage (I/II) DLBCL. Pharmacological p65 inactivation 
effectively inhibited cell growth and survival in both 
GCB-DLBCL and ABC-DLBCL cell lines with p65 
hyperactivation. 
 
METHODS 
 
Patients 
 
The study cohort included 487 patients with de novo 
DLBCL treated with R-CHOP, as part of the 
International DLBCL R-CHOP Consortium Program. 
All patients were diagnosed as DLBCL between 2001 
and 2012 according to the World Health Organization 
classification criteria, and did not have a history of low-
grade B-cell lymphoma, primary mediastinal, 
cutaneous, central nervous system DLBCL, or human 
immunodeficiency virus infection. Informed consent 
was obtained from all patients. This study was 
conducted in accordance with the Helsinki Declaration 
and was approved by the Institutional Review Boards of 
all participating centers. GCB/ABC subtype 
classification by GEP or immuno-histochemistry 
algorithms [49], and TP53 mutation detection using p53 
AmpliChip [39] have been described previously. 
Overall survival (OS) was calculated from the date of 

diagnosis to the date of death from any cause or the date 
of last follow-up for censored patients. Progression-free 
survival (PFS) was calculated from the date of diagnosis 
to the date of disease progression, recurrence, or patient 
death from any cause. Survival analysis was performed 
using the Kaplan-Meier method and the log-rank 
(Mantel-Cox) test. The clinical features of DLBCL 
patients with high or low levels of p65 at the time of 
presentation were compared using the chi-square test. 
Univariate survival analysis was performed using the 
GraphPad Prism 6 (GraphPad Software, San Diego, 
CA). Multivariate survival analysis was performed 
using the Cox regression model and SPSS software 
(version 19.0; IBM Corporation, Armonk, NY). P 
values ≤0.05 were considered statistically significant. 
 
Immunohistochemical staining 
 
Immunohistochemistry for p65 and other NF-κB 
subunits using specific antibodies (Abcam, Cambridge, 
MA) was performed on tissue microarrays of formalin-
fixed, paraffin-embedded lymphoma samples using 
methods described previously [10, 49]. The immuno-
histochemical stains were assessed in 10% increments 
by three pathologists blinded to the clinical outcomes. 
Disagreements about the percentage of positive cells 
were resolved by joint review at a multi-headed 
microscope.  
 
Gene expression profiling 
 
GEP was performed using the Affymetrix GeneChip 
Human Genome U133 Plus 2.0 array (Santa Clara, CA) 
and CEL files were deposited in the NCBI Gene 
Expression Omnibus repository (GSE#31312) [49]. 
GEP were available for 444 DLBCL patients of this 
study cohort with high or low levels of p65 nuclear 
expression. The P values for differential expression 
obtained via multiple t-tests were corrected for false 
discovery rates using the beta-uniform mixture method.  
 
In vitro studies 
 
Cell lines 
 Human DLBCL cell lines MS (mutated TP53) and DB 
(wild-type for p53) (GCB subtype), as well as LP 
(mutated TP53) and HB (mutated TP53) (ABC subtype) 
were previously characterized and described [44, 50]. 
The DLBCL cells were cultured in Roswell Park Memo-
rial Institute medium (Life Technologies, Carlsbad, CA) 
containing 15% fetal calf serum and 1% penicillin/ 
streptomycin (HyClone Laboratories, Logan, UT).   
 
Antibodies and small hairpin RNA plasmids 
The following primary antibodies were used: p50, p65, 
c-Rel and p52 (Millipore, Billerica, MA), and RelB 
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(Santa Cruz Biotechnology, Santa Cruz, CA). The 
SureSilencing small hairpin RNA (shRNA) green 
fluorescent protein (GFP)–based plasmids for the NF-
κB subunits p52, p65, c-Rel, and RelB were purchased 
from SuperArray Biosciences (Frederick, MD). pCMV-
IκBαM and control vectors were purchased from 
Clontech Laboratories (Mountain View, CA).  
 
Transfection 
Transfection experiments in DLBCL cells with 
validated green fluorescent protein (GFP)-shRNAs were 
performed in vitro in representative transfectable 
DLBCL cells, using the Neon transfection system from 
Invitrogen (Life Technologies Corporation, Grand 
Island, NY) as described previously [44], and were 
repeated at least twice to verify reproducible 
experimental results. Twenty-four hours after 
transfection, GFP+ cells were sorted by a fluorescence-
activated cell sorter (FACS) flow cytometer and plated. 
Cell proliferation was measured 96 hours after sorting 
by thymidine incorporation assays, while some cells 
were lysed for Western blot analysis for NF-κB subunit 
inhibition. A set of four shRNA plasmids for each NF-
κB subunit was tested and the optimal (>75%) gene 
knock-down shRNA plasmid was selected.   
 
Therapeutic NF-κB inhibition experiment 
DLBCL cells were treated with increasing doses of 
bortezomib (0–50 nM), or organic compounds BAY 11-
7082/BAY-11 (1µM) for 6-48 hours and subjected to 
cell proliferation assays, electromobility gel shift assay 
(EMSA), immunofluorescence, apoptosis detection 
assay, and cell cycle analysis according to the 
manufacturer's instructions or procedures as previously 
described [51]. Data are representative of three 
independent experiments.  
 
Thymidine incorporation assays 
In vitro thymidine incorporation proliferation assays 
were performed as described previously 1. Briefly, cells 
were plated (in triplicate) at 4.0 × 104 cells/well in 200 
μl of RPMI 1640 with 10% FCS and the indicated 
reagents in a 96-well plate and incubated in 5% CO2 at 
37°C. After 72 h, each well was pulsed with 0.5 μCi/10 
μl of [3H]thymidine (Amersham, Arlington Heights, IL) 
for 16 h. Cells were harvested and the radioactivity was 
measured. 
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INTRODUCTION 
 
Cellular senescence, an essentially irreversible arrest of 
cell proliferation, can be triggered when cells 
experience a potential risk for malignant transformation 
due to the activation of oncogenes and/or DNA damage 
[1-7]. While eliminating aged or damaged cells by 
inducing senescence is an effective barrier to 
tumorigenesis, the accumulation of senescent cells 
(SCs) over time compromises normal tissue function 
and contributes to aging and the development of age-
associated diseases [6, 8, 9]. Often, SCs secrete a broad 
spectrum of pro-inflammatory cytokines, chemokines, 
growth factors, and extracellular matrix proteases, a 
feature collectively termed the senescence-associated 
secretory phenotype. These factors degrade the local 
tissue environment and induce inflammation in various 
tissues and organs if SCs are not effectively cleared by 
immune system [6, 8-11].  

 

 
Studies have shown that the genetic clearance of SCs 
extends the lifespan of mice and delays the onset of 
several age-associated diseases in both progeroid and 
naturally-aged mice [12-15]. It has also been shown that 
rapamycin and metformin increase lifespan in mice and 
marmoset monkeys, by suppressing the induction of 
senescence [16-20]. These findings support the 
hypothesis that SCs play a causative role in aging and 
age-associated diseases [6, 21, 22] and, importantly, 
highlight the tremendous therapeutic potential of 
pharmacologically targeting SCs [23, 24]. Consistent 
with these findings, we have shown that ABT-263 
(navitoclax), an inhibitor of the antiapoptotic Bcl-2 
family proteins, acts as a potent senolytic agent to 
deplete SCs in vivo and functionally rejuvenates 
hematopoietic stem cells in both sublethally irradiated 
and naturally-aged mice [25]. Complementary studies 
from other labs have confirmed that the Bcl-2 protein 
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ABSTRACT 
 
Accumulating evidence  indicates that senescent cells play an  important role  in many age‐associated diseases.
The  pharmacological  depletion  of  senescent  cells  (SCs)  with  a  “senolytic  agent”,  a  small  molecule  that
selectively kills SCs, is a potential novel therapeutic approach for these diseases. Recently, we discovered ABT‐
263, a potent and highly selective senolytic agent, by screening a library of rationally‐selected compounds. With
this screening approach, we also identified a second senolytic agent called piperlongumine (PL). PL is a natural
product  that  is  reported  to have many pharmacological effects,  including anti‐tumor activity. We  show here
that  PL  preferentially  killed  senescent  human WI‐38  fibroblasts when  senescence was  induced  by  ionizing
radiation,  replicative  exhaustion,  or  ectopic  expression  of  the  oncogene  Ras.  PL  killed  SCs  by  inducing
apoptosis, and this process did not require the induction of reactive oxygen species. In addition, we found that
PL  synergistically killed SCs  in combination with ABT‐263, and  initial  structural modifications  to PL  identified
analogs with  improved potency and/or selectivity  in  inducing SC death. Overall, our studies demonstrate that
PL is a novel lead for developing senolytic agents. 
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family is a promising molecular target for the 
development of senolytic drugs [26, 27]. These studies 
further establish the concept that the pharmacological 
depletion of SCs is a promising, novel approach for 
treating age-associated diseases [28].   
 
ABT-263 was identified by screening a small library of 
structurally diverse, rationally-selected small molecules 
that target pathways predicted to be important for SC 
survival [25]. By titrating their cytotoxicity against 
normal human WI-38 fibroblasts and ionizing radiation 
(IR)-induced senescent WI-38 fibroblasts, this targeted 
screen also identified the promising senolytic agent 
piperlongumine (PL, Fig. 1A); PL is a natural product 
isolated from a variety of species in the genus Piper [29]. 
Here, we report the characterization of PL as a potential 
novel lead for the development of senolytic agents. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

RESULTS 
 
Piperlongumine is a potential senolytic agent 
 
Because we identified PL as a potential senolytic agent 
by screening a library of rationally-selected compounds 
with IR-induced senescent WI-38 fibroblasts, we tested 
its ability to selectively kill senescent human WI-38 
fibroblasts induced by different means. PL exhibited 
moderate selectivity in reducing the viability of IR-
induced WI-38 SCs (IR-SCs) compared to non-
senescent WI-38 cells (NCs) (Fig. 1B and Table 1), and 
PL induced cell death in a time-dependent manner (Fig. 
1C). We also assessed the survival of WI-38 cells in 
which senescence was induced by replicative exhaus-
tion or by ectopic expression of the oncogene Ras (Fig. 
1B).  Replicative  WI-38  SCs,  which  were  previously  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  1.  Senolytic  activity  of  piperlongumine  (PL).  (A)  Structures  of  PL,  2,3‐dihydro‐PL,  and  7,8‐dihydro‐PL.  (B)
Quantification of viable WI‐38 non‐senescent cells (NC), IR‐induced senescent cells (IR‐SC), replication‐exhausted senescent
cells (Rep‐SC), or Ras‐induced senescent cells (Ras‐SC) 72 h after treatment with increasing concentrations of PL (n = 3). (C)
Quantification of viable IR‐SCs over time after treatment with 10 µM PL (left) or after incubation with 10 µM PL, removal of
the drug, and further culture for 72 h (right) (n = 3). (D) Quantification of viable WI‐38 NCs and IR‐SCs 72 h after treatment
with increasing concentrations of 2,3‐dihydro‐PL or 7,8‐dihydro‐PL (n = 3). Data are represented as the mean ± SEM. 
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shown to be more resistant to ABT-263 [25], were 
slightly more sensitive to PL (Fig. 1B) than IR- and 
Ras-induced SCs. The mechanisms underlying the 
difference of SCs induced by different stimuli have yet 
to be elucidated.  
 
 
 
 
 
 
 
 
 
 
Structurally, PL contains two electrophiles, the C2-C3 
and C7-C8 α,β-unsaturated imides, both of which are 
important for the toxicity of PL in cancer cells [30]. 
Thus, we investigated whether the integrity of the two-
electrophile system was also important for the ability of 
PL to kill SCs. Consistent with the findings in cancer 
cells, 2,3-dihydro-PL and 7,8-dihydro-PL (Figure 1A), 
in which the C2-C3 olefin or the C7-C8 olefin was 
saturated, respectively, showed little or no senolytic 
activity toward IR-SCs (Fig. 1D).  
 
Piperlongumine induces apoptosis in SCs 
 
Next, we investigated the mechanism by which PL 
selectively kills SCs. Because PL induces apoptosis in 
cancer cells [31-41], we hypothesized that the same is 
true for SCs. We used Annexin V and propidium iodide 
staining and subsequent fluorescence-activated cell 
sorting to detect apoptosis, respectively, in senescent 
WI-38 cells. PL treatment increased the number of 
Annexin-V-positive cells in SCs by 5.5-fold when 
compared to the vehicle group (Fig. 2A). To further 
confirm that PL killed cells by apoptosis, we treated IR-
induced WI-38 SCs with the pan-caspase inhibitor Q-
VD-OPh (QVD) [42] to inhibit apoptosis. Ten µM 
QVD, in the presence of PL, significantly reduced 
apoptosis and partially rescued SCs from PL-induced 
death (Fig. 2A, B). In addition, western blot analysis 
showed elevated levels of activated caspase-3 and 
degradation of poly(ADP-ribose) polymerase (PARP) in 
PL-treated IR-SCs (Fig. 2C), confirming the apoptotic 
cell-death mechanism. Furthermore, PL had no effect 
on the levels of receptor-interacting protein kinase 1 and 
3 (RIP1 and RIP3), indicating that PL did not induce 
necroptosis in IR-SCs (Fig. 2D) [43]. 
 
Piperlongumine kills senescent cells through an 
ROS-independent mechanism 
 
Initially, PL has been proposed to selectively induce 
cancer cell death by increasing reactive oxygen species 

(ROS) production, based on the observation that PL 
elevates cellular ROS levels in various cancer cells, but 
not in normal cells [31]. However, structural 
modifications to PL have revealed that there is no 
correlation between a PL analog’s ability to increase 
ROS and its toxicity toward cancer cells, leading to the 
conclusion that ROS-independent mechanisms are also 
involved in cancer cell death [30]. We hypothesized that 
the same scenario is true for the PL-induced killing of 
SCs. We used the non-fluorescent ROS indicator 
dihydrorhodamine 123 (DHR 123), which can passively 
diffuse across membranes where it is oxidized to green 
fluorescent rhodamine 123 in the presence of ROS, and 
flow cytometry to determine if PL increased ROS in IR-
SCs.  Treatment with 10 μM PL for 6 or 24 h 
significantly elevated ROS levels in IR-SCs compared 
to vehicle-treated IR-SCs or non-senescent WI-38 cells 
with PL treatment, whereas IR-SCs have a higher 
baseline level of ROS (Fig. 3A). In addition, similar to 
the results obtained in cancer cells [31, 33-35, 41, 44-
47], co-treatment with 2 mM N-acetyl-L-cysteine 
(NAC), an antioxidant, fully reversed PL-induced ROS 
elevation and cell death (Fig. 3B), suggesting that the 
selective induction of ROS in SCs may be the basis for 
the senolytic activity of PL. However, a number of 
small molecules, including hydrogen peroxide, part-
henolide, arsenic trioxide, phenethyl isothiocyanate, 
auranofin [a thioredoxin reductase inhibitor], buthionine 
sulfoximine [a γ-glutamylcysteine synthetase inhibitor], 
and decyl-triphenylphosphonium, that were previously 
shown to kill cancer cells by inducing oxidative stress 
were not able to selectively kill IR-SCs [25].  This 
finding suggests that ROS elevation alone is insufficient 
to selectively kill SCs. Interestingly, it has been 
reported that PL can chemically react with the 
sulfhydryl group of methyl thioglycolate to form the 
product of conjugate addition at C3 [30]. Based on this, 
we hypothesized that NAC, rather than acting as an 
ROS scavenger, inactivates PL through a similar 
reaction in cell culture media. In support of this 
hypothesis, we observed that PL (10 µM) disappeared 
within 2 h after co-incubation with NAC (2 mM) in cell 
culture media under conditions mimicking a cell 
viability assay (Fig. 3C), forming the corresponding 
hetero-conjugated product, NAC-PL (Fig. 3C). NAC-
PL was isolated from this reaction, and it exhibited 
diminished toxicity toward IR-SCs (Fig. 3C). To 
further investigate the role of ROS in PL-induced SC 
death, we treated IR-SCs with PL in the presence of a 
different, potent antioxidant, γ-tocotrienol (GT3, 5 
µM) [48]. GT3 did not decrease PL-induced cell death 
in IR-SCs, although GT3 reversed the PL-induced 
increase in ROS (Fig. 3D). These data suggest that 
ROS were not involved in the SC death induced by 
PL. 

Table 1. EC50 values and selectivity of PL in 
WI‐38 cells 

Cell types EC50 (μM) EC50 Ratio (NC/SC) 

NC 20.28 - 
IR-SC 7.97 2.54 
Rep-SC 6.24 3.25 
Ras-SC 7.09 2.86 
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To determine if PL-based senolytic agents with 
increased potency/selectivity could be developed, we 
synthesized a series of PL analogs that have been 
reported as potent anti-cancer agents. No obvious 
correlation between ROS induction and senolytic 
potency was observed in these analogs. Specifically, 
BRD4809 [49], an abbreviated PL analog (Fig. 3E), and  
PL-DI [30], a PL dimer (Fig. 3F), showed unchanged or 
increased potency against IR-SCs, respectively, 
compared to PL; however, these analogs did not affect 
ROS levels in SCs at concentrations near their EC50 
values for SC viability (Table 2). On the other hand, 
PL-FPh [30], which contains an alkenyl substituent at 
C2 of PL, selectively induced ROS production in IR-
SCs and had increased potency and selectivity in killing 
these SCs when compared to PL (Fig. 3G). Finally, PL-
7 [30], a PL analog with an enlarged ring, inhibited 
ROS production, yet retained the senolytic potency of 
PL  toward  IR-SCs  (Fig.  3H).  Taken  together,   these  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
results further confirm that PL and its analogs kill SCs 
in an ROS-independent manner. 
 
 
 
 
 
 
 
 
 
 
 
 
The synergistic senolytic effect of piperlongumine 
and ABT-263 
 
PL has been tested for its synergistic anti-tumor effect 
in combination with TNF-related apoptosis-inducing 

Figure 2. PL kills SCs by apoptosis. (A) Representative flow cytometric plots to measure apoptotic WI‐38 IR‐SCs at 48 h after
treatment with vehicle (Veh), 10 µM PL, 10 µM Q‐VD‐Oph (QVD), or the combination of PL and QVD. (B) Quantification of the
percentage of viable (gate II: PI− Annexin V−) and apoptotic (gates III and IV: PI− Annexin V+ and PI+ Annexin V+) (right) IR‐SCs 48 h
after treatment as  in (A) (left), and quantification of the percentage of viable  IR‐SCs 72 h after treatment as  in (A) (right). (C)
Representative western blot and quantitative analysis of cleaved‐poly(ADP‐ribose) polymerase (cPARP), procaspase‐3 (Procasp‐
3), cleaved caspase‐3 (cCasp‐3), and β‐actin in NCs and WI‐38 IR‐SCs 24 h and 48 h after incubation with Veh or 10 µM PL. (D)
Representative western blot analysis of RIP1, RIP3, and β‐actin in WI‐38 NCs and IR‐SCs 24 h after incubation with Veh or 10 µM
PL. A cell lysate of etoposide‐treated Jurkat cells was used as a positive control. Data are represented as the mean ± SEM. 

Table 2. EC50 values and selectivity of PL 
analogs in WI‐38 cells 

PL 
analogs 

EC50 (μM) EC50 ratio 
(NC/IR) NC IR 

BRD4809 35.7 9.7 3.68 
PL-DI 1.53 0.76 2.01 
PL-7 12.96 8.85 1.46 
PL-FPh 5.87 1.11 5.29 
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ligand [46], ataxia telangiectasia and Rad3-related 
protein inhibition [50], or a chemotherapeutic agent, 
such as cisplatin [33, 34], paclitaxel [34], docetaxel 
[51], and gemcitabine [39]. Thus, we investigated the 
synergistic senolytic effect of PL and ABT-263 on IR-
SCs. We tested 1.25 µM ABT-263 with 5 or 10 µM PL 
and 10 µM PL with 0.08-1.25 µM ABT-263; the ABT-
263 concentrations were selected based on our recent 
studies [25]. The combination of 10 µM PL with 1.25 
µM ABT-263 did not induce significant toxicity in non- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

senescent WI-38 cells (Fig. 4A). When the 
combinations were applied to IR-SCs, however, we 
observed significant synergistic effects (Fig. 4B-C). For 
example, treatment of SCs with 10 µM PL or 1.25 µM 
ABT-263 individually resulted in cell viability of 30.4% 
and 25.8%, respectively. However, the combined 
treatment with PL and ABT-263 killed almost all IR-
SCs (Fig. 4C). The coefficient of drug interaction (CDI) 
method [52] was then used to evaluate the effects of PL 
and ABT-263; Table 3 gives the  CDI  values  for  these  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Effect of PL and its analogs on ROS production and senolytic activity in WI‐38 IR‐SCs. (A) Representative flow
cytometric  analysis  of  ROS  production  in  NCs  and  IR‐SCs  24  h  after  incubation with  or without  PL  by  DHR  (left)  (MFI, mean
fluorescence  intensity) and quantification of the  fold  increase of ROS  levels  in WI‐38 NCs and WI‐38  IR‐SCs cells at the  indicated
times (middle and right) after incubation with 10 µM PL. As a positive control, cells were treated with 100 µM of H2O2 for 2 h, the
H2O2 was removed, and cells were cultured for an additional 24 h (n = 3). (B) Quantification of the fold  increase  in DHR‐123 MFI
(left) in WI‐38 IR‐SCs 24 h after treatment with Veh, 10 µM PL, 2 mM NAC (pretreatment overnight), or the combination of PL and
NAC,  and  (right)  the  percentage  of  viable WI‐38  IR‐SCs  72  h  after  treatment with  Veh,  10  µM  PL,  2 mM  NAC  (pretreatment
overnight), or the combination of PL and NAC (n = 3). (C) Structure of PL‐NAC and (Left) quantification of viable WI‐38 NCs and WI‐
38 IR‐SCs 72 h after treatment with  increasing concentrations of PL‐NAC (n = 3). (Right) Percentage of 10 µm PL remaining  in the
culture medium vs. time with or without 2mM NAC. (D) Left panel: quantification of the fold increase in DHR MFI (left) of WI‐38 IR‐
SCs 24 h after treatment with Veh, 10 µM PL, 5 µM γ‐tocotrienol (GT3, pretreatment overnight), or the combination of PL and GT3;
and  right  panel:  the  percentage  of  viable WI‐38  IR‐SCs  72  h  after  treatment with  Veh,  10  µM  PL,  5  µM  GT3  (pretreatment
overnight), or the combination of PL and GT3 (n = 3). (E‐H) Quantification of the fold increase in DHR‐123 MFI after 24 h treatment
(left) and viability of WI‐38 NCs and WI‐38 IR‐SCs 72 h treatment (right) after they were treated with increasing concentrations or
(E)10 µM BRD4809, (F) 0.5 µM PL‐DI, (G) 0.625 µM PL‐FPh, and (H) 5 µM PL‐7 (n = 3). Data are represented as the mean ± SEM. 
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combinations. An additive effect for the combination of 
10 µM PL and 0.08 µM ABT-263 (CDI = 0.99) was 
observed. The CDI values for the other combinations 
ranged from 0.02-0.41, indicating that PL and ABT-263 
exerted a strong synergistic senolytic effect on IR-SCs. 
It is worth noting that, in our previous studies, 
increasing the concentration of ABT-263 from 1.25 µM 
to 5 µM did not increase cell killing in WI-38 SCs. PL 
appeared to eliminate the subpopulation of IR-SCs that 
was resistant to ABT-263. 
 
 
 
 
 
 
 
 
 
 
 
 
 
DISCUSSION 
 
Selective depletion of SCs is a potentially novel anti-
aging strategy that may prevent cancer and various 
human diseases associated with aging and rejuvenate 
the body to live a longer, healthier life. As such, several 
senolytic agents, including ABT-263, have been 
identified recently [23, 25-27], demonstrating the 
feasibility of pharmacologically targeting SCs. 
However, ABT-263 induces thrombocytopenia [53], 
and it remains to be determined whether ABT-263 can 
be used to safely treat age-related diseases, since 
individuals may require long-term treatment with a 
senolytic drug. Thus, it is necessary  to  identify  a  safer  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

senolytic drug. In the present study, we evaluated PL as 
a novel senolytic agent. PL induced caspase-mediated 
apoptosis in SCs and effectively killed SCs induced by 
IR, replicative exhaustion, or ectopic expression of the 
oncogene Ras. Similar to the observations in cancer 
cells versus normal cells, PL elevated ROS levels in IR-
SCs, but not in non-senescent WI-38 cells.  
 
Because NAC blocks PL-induced ROS elevation in 
cancer cells and abolishes the anti-tumor effect of PL, it 
has been proposed that induction of ROS production is 
a key mechanism of PL-induced cancer cell apoptosis 
[31, 33-35, 41, 45-47]. Indeed, we showed that co-
treatment of IR-SCs with PL and NAC fully reversed 
the senolytic effect of PL. However, we found that PL 
was chemically inactivated by NAC in culture media 
through a conjugated addition reaction between the 
sulfhydryl group of NAC and the C2-C3 α,β-
unsaturated imide group of PL; the resulting adduct, 
NAC-PL, was not senolytic. Based on these findings, 
caution is warranted when using NAC or similar 
compounds that contain a nucleophilic sulfhydryl 
group, such as dithiothreitol [54], as an ROS scavenger 
to study ROS inducers such as PL. In contrast, GT3, a 
potent ROS scavenger that does not react with PL, 
effectively blocked PL-induced ROS elevation but had 
no inhibitory effect on PL-induced SC death. In 
addition, through evaluation of PL analogs, we found 
that there is no correlation between senolytic potency 
and ROS-induction in IR-SCs. These results led us to 
conclude that the senolytic activity of PL is ROS 
independent.  
 
Unlike ABT-263, the precise mechanism of action 
(MOA) by which PL induces SC apoptosis remains 
unclear. PL modulates the activity of many cell 
signaling and survival pathways in cancer cells [31], 
and a number of studies have investigated  the  MOA by  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  4.  PL  synergistically  and  selectively  kills  SCs  in  combination  with  ABT‐263.  (A)
Quantification of NC viability 72 h after the cells incubation with vehicle, 1.25 µM ABT‐263, 10 µM PL, or
the  combination  of  ABT‐263  and  PL  (n  =  3).  (B)  Quantification  of WI‐38  IR‐SC  viability  72  h  after
incubation with vehicle, 1.25 µM ABT‐263, 5 or 10 µM PL, or the combination of ABT‐263 and PL (n = 3‐
5). (C) Quantification of WI‐38 IR‐SC viability 72 h after incubation with vehicle, 10 µM PL, 0.08‐1.25 µM
ABT‐263, or the combination of ABT‐263 and PL (n = 3‐6). Data are represented as the mean ± SEM. 

Table 3. CDI values for the combination of 
PL and ABT‐263 
ABT-263 (μM) PL (μM) CDI 
0.08 10 0.99 
0.156 10 0.20 
0.313 10 0.05 
0.625 10 0.02 
1.25 10 0.38 
1.25 5 0.41 
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which PL induces apoptosis in these cells [30, 35-40, 
45, 54-69]. Data from these studies may be translatable 
to PL-induced SC apoptosis because SCs and cancer 
cells share some common pro-survival pathways [23]. 
In addition, mass spectrometry-based proteomic 
approaches using probes derived from PL could be used 
to identify direct molecular target(s) of PL in SCs. In 
this regard, novel anti-senescent protein target(s) and 
MOAs could be identified, making it possible to 
develop promising novel classes of senolytic agents. 
Importantly, PL appears to be safe; the maximum 
tolerated dose in mice is very high, and it maintains 
high bioavailability after oral administration [31]. 
Furthermore, our initial structural modifications to PL 
demonstrate that we can develop PL analogs with 
increased potency and selectivity toward SCs (Fig. 3), 
supporting the use of PL as a lead for further drug 
discovery and development. 
 
Another potential use of PL and its derivatives is in 
combination with ABT-263, or other inhibitors of Bcl-2 
family proteins, for a synergistic senolytic effect. 
Although ABT-263 is a highly specific senolytic agent, 
it causes transient thrombocytopenia and neutropenia in 
patients [70]; this results from its inhibitory effect on 
Bcl-xL, which is important for platelet survival [71, 72]. 
We showed that PL had a strong synergistic effect on 
the senolytic activity of ABT-263 in vitro, potentially 
reducing the dose of ABT-263 needed to effectively 
deplete SCs. We expect this therapeutic approach would 
significantly reduce ABT-263-induced thrombocytope-
nia, making senolytic treatment with ABT-263 safer.  
 
Although clearance of SCs with a senolytic drug may be 
used to treat some age-related diseases, it is well 
recognized that cellular senescence is also functionally 
linked to many beneficial physiological processes, such 
as wound healing, tissue remodeling, and embryonic 
development [73]. Attempt to clear SCs in certain 
situations may produce some side effects. Therefore, we 
should proceed with caution to use senolytic drugs to 
treat age-related diseases before we have a better 
understanding of their risks. 
 
MATERIALS AND METHODS 
 
Cells, induction of senescence, and senolytic agents 
 
Human WI-38 fibroblasts (WI-38, catalog no. CCL-75, 
American Type Culture Collection, Manassas, VA) 
were cultured in a complete cell culture medium (CM) 
(Dulbecco’s Modified Eagle Medium supplemented 
with 10% Fetal Bovine Serum, FBS; catalog no. 
16000044, Thermo Fisher Scientific, Waltham, MA) 
supplemented with 100 U/ml penicillin and 100 µg/ml 
streptomycin (purchased from Atlanta Biologicals, 

Norcross, GA) in a 37°C, humidified incubator with 5% 
CO2.  
 
Low-passage WI-38 (< 25 passages) cells were used as 
controls or for the induction of senescence.  
 
Replicative senescence 
To induce replicative senescence (Rep-SC), WI-38 cells 
were subcultured until they stopped dividing and 
became senescent (after approximately 38 passages for 
WI-38). 
 
 Ionizing radiation-induced senescence 
To induce senescence with ionizing radiation (IR), WI-
38 cells, roughly 70% confluent, were exposed to 15 Gy 
of IR in a J.L. Shepherd Model Mark I 137Cesium Ƴ-
irradiator (J.L. Shepherd, Glendale, CA) at a dose rate 
of 1.080 Gy/min. Three days after irradiation, cells were 
passaged once at a 1:3 dilution. WI-38 cells became 
fully senescent 10 d after irradiation.  
 
Ras-induced senescence 
WI-38 cells were made senescent by ectopically 
expressing the oncogene Ras (Ras-SC), as previously 
described [25].  
 
PL was purchased from Biovision (catalog no. 1919-10; 
Milpitas, CA). ABT-263 was purchased from 
Selleckchem (catalog no. S1001; Houston, TX). The PL 
analogs 2,3-dihydro-PL, 7,8-dihydro-PL, BRD4809, 
PL-DI, PL-FPh, and PL-7 were synthesized according 
to reported methods, with minor modifications [30, 49]. 
PL-NAC was obtained by incubating equal volume of 
20 μM PL with 4 mM NAC in culture media at 37°C for 
30 min, followed by extraction with methylene chloride 
and silica gel column purification. The structure of PL-
NMR was characterized by NMR and MS: 1H NMR 
(400 MHz, CDCl3) δ 7.59 (d, J = 15.6 Hz, 1H), 7.28 (d, 
J = 15.6 Hz, 1H), 6.86 (br, 1H), 6.76 (s, 2H), 4.68 (s, 
1H), 3.99 (m, 1H), 3.88–3.75 (m, 9H), 3.63 (m, 1H), 
3.27 (m, 1H), 3.13–2.87 (m, 3H), 2.69–2.44 (m, 1H), 
2.25 (m, 1H), 2.04 (s, 3H), 1.81 (m, 1H) ppm; ESI-MS 
m/z 479.2 [M-H]+. 
 
Cell viability assays 
 
Cell viability was measured with flow cytometry, as 
previously described [25].  
 
Calculation of EC50 values 
 
Dose-response curves were generated for each senolytic 
agent, and the half-maximal effective concentrations 
(EC50 values) were calculated with GraphPad Prism 6 
software. 
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ROS assay 
 
Control, non-senescent WI-38 cells were plated in 24-
well plates (60,000 cells/well). IR-induced WI-38 
senescent cells (10 d after 15 Gy IR) were plated in 6-
well plates (50,000 cells/well) and allowed to recover. 
Cells were incubated overnight with NAC (2 mM; 
catalog no. 138061, Sigma-Aldrich, St. Louis, MO) and 
GT3 (5 µM; isolated from annatto oil). The next day, 
the cells were treated with dilutions of compounds in 
DMSO and incubated for 24 h, or as indicated. The 
medium was then replaced with pre-warmed DMEM 
(no supplements) containing 1 µM dihydrorhodamine 
123 (DHR 123, catalog no. D632, Thermo Fisher 
Scientific), and the cells were incubated at 37°C for 30 
min. The cells were then harvested with trypsin and 
washed twice with PBS. Mean fluorescence intensity 
(MFI) was determined with a BD LSR II flow 
cytometer (BD Biosciences, San Jose, CA).  
 
Apoptosis assay 
 
WI-38 cells were pretreated with vehicle or 10 µM Q-
VD-Oph (QVD, catalog no. A1901, APExBIO, 
Houston, TX) for 4 h. Cells were then treated with 10 
µM PL for the indicated time. The cells were harvested 
and washed twice with Annexin V binding buffer and 
then stained with Alexa Fluor 647-Annexin V (1: 50, 
catalog no. 640912, BioLegend, San Diego, CA) and 
propidium iodide (PI, 10 µg/ml, catalog no. P4170, 
Sigma-Aldrich), according to the manufacturer’s 
instructions (Biotium, Hayward, CA). All of the stained 
cells were analyzed with the BD LSR II flow cytometer. 
 
Western blot analysis 
 
Cells were lysed in RIPA buffer with EDTA and EGTA 
(catalog no. BP-115DG, Boston BioProducts, Ashland, 
MA), supplemented with 1% Phosphatase Inhibitor 
Cocktail 3 (catalog no. P0044, Sigma-Aldrich) and 1% 
Protease Inhibitor Cocktail (catalog no. P8340, Sigma-
Aldrich). An equal amount of protein (15-30 µg/lane) 
from each cell extract was resolved on a 12% SDS-
PAGE gel. Proteins were blotted to a NOVEX PVDF 
membrane (catalog no. LC2002, Life Technologies) by 
electrophoresis. The membranes were blocked with 
TBS-T blocking buffer (5% nonfat milk in 25 mM Tris-
HCL, pH 7.4; 3 mM KCl; 140 mM NaCl; and 0.05% 
Tween) and probed with primary antibodies (at a 
predetermined optimal concentration) overnight at 4°C 
or for 1 h at room temperature. After extensive washing 
with TBS-T, the membranes were incubated with an 
appropriate peroxidase-conjugated secondary antibody 
(Jackson ImmunoResearch Europe, Suffolk, UK) for 1 
h at room temperature. After three washes with TBS-T, 
the proteins of interest were detected with ECL Western 

Blotting Detection Reagents (catalog no. WBKLS0100, 
EMD Millipore, Newmarket, Suffolk, UK) and 
recorded with autoradiography (Pierce Biotech, 
Rockford, IL, USA). The primary antibodies included 
cleaved-Poly (ADP-ribose) polymerase (catalog no. 
9541, Cell Signaling Technology, Boston, MA), 
Procaspase-3 (catalog no. 9662S, Cell Signaling 
Technology), cleaved-caspase 3 (catalog no. 9664S, 
Cell Signaling Technology), RIP1 (D94C12, catalog no. 
3493S, Cell Signaling Technology), β-actin (catalog no. 
SC-1615, Santa Cruz Biotechnology, Dallas, TX), and 
RIP3 (catalog no. IMG-5846A, IMGENEX, San Diego, 
CA). 
 
Statistical analysis 
 
The data displayed normal variance. The data were 
analyzed by analysis of variance (ANOVA) with 
Graphpad Prism from GraphPad Software (San Diego, 
CA). In the event that ANOVA justified post hoc 
comparisons between group means, the comparisons 
were made with Neuman-Keuls or Tukey’s multiple-
comparisons test. P < 0.05 was considered to be 
significant. CDI was calculated as: CDI = AB/ (A × B). 
AB represents the percent of viable cells remaining after 
the treatment with the combined drugs, while A and B 
represent the percent of viable cells remaining after the 
treatment with each drug independently. CDI < 1 
indicates a synergistic effect, CDI = 1 indicates an 
additive effect, and CDI > 1 indicates antagonism. CDI 
< 0.7 indicates that the drugs are significantly 
synergistic. 
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INTRODUCTION 
 
The first gene mutation found to extend longevity in an 
animal was in the age-1 gene of Caenorhabditis elegans 
[1], which was later shown to encode the catalytic 
p110alpha subunit of class I phosphatidylinositol-4,5-
bisphosphate 3-kinase (PI3Kα) [2]. PI3Kα mediates the 
signaling of numerous factors, being insulin and insulin-
like growth factor 1 (IGF1) of special relevance. Indeed, 
partial genetic reduction of the insulin and IGF1 
signaling (IIS) pathways at different levels extends 
longevity in worms, flies and mice [3]. For example, 
similar to worms, heterozygous inactivation of the gene 
encoding PI3Kα  also extends longevity in mice [4]. 
Despite the strong link between PI3K down-modulation 
and longevity, it remains unclear which of its multiple 
physiological consequences are responsible for the 
beneficial effects on health and aging. A  main  function  
of the PI3K pathway is to activate anabolism and nutrient 

 

 
storage and, conversely, a consistent observation in a 
variety of genetic mouse models with partial PI3K 
down-modulation is their higher energy expenditure and 
protection from obesity [5]. Therefore, the beneficial 
metabolic effects of reduced PI3K signaling could 
explain, at least in part, the improved healthspan and 
delayed aging. Furthermore, inhibition of the PI3K 
downstream effector mTOR by rapamycin also 
increases longevity [6] and reduces body weight [7]. 
 
The above-described genetic evidences make very 
attractive the possibility that moderate inhibition of 
PI3K with small chemical compounds could have 
beneficial health effects. Indeed, two selective inhibitors 
of PI3Kα, PIK75 and A66, reduce body weight in 
normal lean mice but present negative effects including 
reduced locomotor activity [8]. On the other hand, we 
have shown that a chemical PI3K inhibitor with good 
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ABSTRACT 
 
Partial  inhibition  of  PI3K  is  one  of  the  best‐validated  and  evolutionary  conserved manipulations  to  extend
longevity.  The  best  known  health  beneficial  effects  of  reduced  PI3K  are  related  to metabolism  and  include
increased  energy  expenditure,  reduced  nutrient  storage,  and  protection  from  obesity. We  have  previously
shown that a dual chemical inhibitor of the alpha and delta PI3K isoforms (CNIO‐PI3Ki) reduces obesity in mice
and monkeys, without evident toxic effects after  long‐term treatment. Here, we dissect the role of the alpha
and delta PI3K isoforms by making use of selective inhibitors against PI3Kα (BYL‐719 also known as alpelisib) or
PI3Kδ (GS‐9820 also known as acalisib). Treatment of mice with the above mentioned inhibitors indicated that
BYL‐719  increases  energy  expenditure  in normal mice  and  efficiently  reduces body weight  in obese  (ob/ob)
mice, whereas these effects were not observed with GS‐9820. Of note, the dose of BYL‐719 required to reduce
obesity was 10‐times higher  than  the equivalent dose of CNIO‐PI3Ki, which  could  suggest  that  simultaneous
inhibition of PI3K alpha and delta is more beneficial than single inhibition of the alpha isoform. In summary, we
conclude that inhibition of PI3Kα is sufficient to increase energy expenditure and reduce obesity , and suggest
that concomitant PI3Kδ  inhibition could play an auxiliary role. 
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oral bioavailability and pharmacokinetics, named 
CNIO-PI3Ki, can efficiently reduce adiposity in obese 
mice and in obese Rhesus monkeys in the absence of 
detectable toxicities [9]. Of note, CNIO-PI3Ki not only 
inhibits PI3Kα but also PI3Kδ [9]. PI3Kδ is one of the 
four class I PI3K isoforms [10] and is mainly involved 
in the regulation of immune cells [11]. Interestingly, 
there is a strong association between inflammation of 
the adipose tissue and the pathological manifestations of 
obesity [12]. Based on this, it is conceivable that the 
inhibition of PI3Kδ could also contribute to the 
beneficial metabolic effects of CNIO-PI3Ki.  
 
In this report, we use selective inhibitors of PI3Kα and 
PI3Kδ in mice to determine their efficacy in reducing 
obesity and elevating energy expenditure. 
 
RESULTS 
 
Differential effects of PI3K inhibitors on obesity 
in ob/ob mice 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To dissect the relative contribution of PI3Kα and 
PI3Kδ inhibition in the reduction of obesity, we treated 
obese hyperphagic ob/ob mice with a selective PI3Kα 
inhibitor, BYL-719 [13], or with a selective 
PI3Kδ inhibitor, GS-9820 (also known as CAL-120) 
[14]. Remarkably, BYL-719 reduced body weight after 
15 days of treatment to a similar extent as CNIO-PI3Ki, 
whereas GS-9820 had no significant effect at the same 
doses as BYL-719 (Figure 1A and 1B). It should be 
noted that 10 mg/kg of GS-9820 is sufficient to reduce 
the growth of multiple myeloma xenografts in mice 
[15]. Interestingly, CNIO-PI3Ki at 1 mg/kg was as 
effective as BYL-719 at 10 mg/kg. The higher efficien-
cy of CNIO-PI3Ki may be due to a number of reasons, 
such as for example a better pharmacokinetics, but it 
could also reflect a contribution of PI3Kδ inhibition in 
the reduction of obesity in the context of simultaneous 
PI3Kα inhibition. We conclude that inhibition of PI3Kα 
is sufficient to reduce obesity, but we cannot exclude an 
additional auxiliary benefit due to the concomitant 
inhibition of PI3Kδ. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Differential effects of PI3K inhibitors on obesity in ob/ob mice. (A) Body weight change relative to
day 0 during daily dosing of the  indicated PI3K  inhibitors (n=10 per group, ob/ob males, 20 weeks old). The vehicle
treated group is the same for the three graphs. (B) Relative body weight change at the end of the treatment (day 15
or 16) of the same experimental groups shown in panel A. Values correspond to average ± s.d. Statistical significance
was determined by the two‐tailed Student’s t‐test relative to vehicle controls: *p < 0.05, ** p <0.01, *** p <0.001. 
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On-target effects of PI3Kα inhibition in ob/ob mice 
 
PI3Kα is involved in the signaling of insulin and, 
therefore, hyperglycemia is an expected on-target effect 
of PI3Kα inhibitors. In this regard, we have previously 
reported that, in lean mice, CNIO-PI3Ki at 15 mg/kg 
produces a moderate glycemic excursion, within 
physiological range (up to 150 mg/dl of serum glucose), 
and reversible within 8 h [9]. Obese ob/ob mice are 
insulin resistant and therefore their glycemic excursions 
were severe (up to 500 mg/dl) in the case of the two 
PI3Kα inhibitors, CNIO-PI3Ki and BYL-719, whereas 
GS-9820 had a comparatively minor effect (Figure 2A). 
It is important to note that the hyperglycemia produced 
by 1 mg/kg CNIO-PI3Ki was less severe than the one 
produced by 10 mg/kg BYL-719 (Figure 2A), being 
both treatments equally efficient in reducing obesity 
(Figures 1A and 1B). The hyperglycemic peaks were in 
all cases fully normalized after 24 h (Figure 2A). 
Furthermore, in mice that had been treated daily with 
the  PI3K  inhibitors   for  7  days,  glucose  levels  were  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
also normal 24 h after the last administration of inhibitors 
(Figure 2B). The severe hyperglycemia produced in 
ob/ob mice was also reflected by their increased water 
intake, a compensatory response to reduce hyperglycemia 
(Figure 2C). Finally, we observed a modest increase in 
food intake in mice treated with GS-9820 or with high-
dose CNIO-PI3Ki (Figure 2C). 
 
Inhibition of insulin signaling not only affects glucose 
homeostasis but also lipid metabolism. Therefore, 
another anticipated on-target effect of PI3Kα inhibition 
in the white adipose tissue is a reduction in the uptake 
of dietary triglycerides (TG) and an increase in lipolysis 
that results in elevated serum free fatty acids (FFA) 
[16,17]. These effects are recapitulated by treatment 
with rapamycin, which inhibits mTOR, a key down-
stream effector of PI3K [18]. In agreement with this, 
mice treated for 15 days with BYL-719 or CNIO-PI3Ki 
presented increased serum TG (Figure 3A) and FFA 
(Figure 3B), while GS-9820 had no detectable effect on 
serum lipids. 

Figure  2.  On‐target  effects  of  PI3Kα  inhibition  in  ob/ob mice.  (A)  Glucose  serum  excursions  after  a  single
administration of vehicle, BYL‐719 (5 or 10 mg/kg), GS‐9820 (5 or 10 mg/kg) or CNIO‐PI3Ki (1 or 5 mg/kg) by oral gavage
(n=10 per group, ob/ob males, 20 weeks old). Treatments and measurements were done under ad  libitum  feeding.  (B)
Glucose serum excursions measured 7 days after  the beginning of  the  treatment  in  the same mice as  in Figure 2A.  (C)
Relative  food and water  intake  in the same mice as  in Figure 1A. The results correspond to the average daily food and
water  intake from days 7 to 12. Values correspond to average ± s.d. Statistical significance was determined by the two‐
tailed Student’s t‐test relative to vehicle controls: * p < 0.05, ** p <0.01, *** p <0.001. In Figures 2A and 2B, significant
differences were found from 0.5 h to 6 h post‐gavage, except for acalisib that is significant only at 1 h, indicated with # (1h).  



www.aging‐us.com  2750  AGING (Albany NY) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Partial down-modulation of PI3K has been reported to 
reduce serum lactate levels due to increased 
mitochondrial oxidative phosphorylation [19] and this 
effect has also been observed upon treatment with 
rapamycin [20]. Interestingly, mice treated for 15 days 
with 1 mg/kg CNIO-PI3Ki had a significant reduction 
in serum lactate, whereas this was not observed with 
BYL-719 or with GS-9820 at 10 mg/kg (Figure 3C). All 
together, we validate that BYL-719 and CNIO-PI3Ki 
are inhibiting PI3Kα in vivo by using a number of on-
target readouts (hyperglycemia, increased serum lipids, 
and reduced serum lactate), whereas these effects are 
absent upon treatment with GS-9820. 
 
Differential effect of PI3K inhibitors in energy 
expenditure 
 
The PI3K pathway is a major inducer of anabolism and, 
therefore, genetic down-modulation of PI3K by PTEN 
or treatment of mice with CNIO-PI3Ki elevates energy 
expenditure [19,21]. We used lean wild-type mice to 
test the effect of a single dose (15 mg/kg) of each of the 
three PI3K inhibitors on energy expenditure. 
Interestingly, BYL-719, but not GS-9820, elevated 
energy expenditure during 7 h after oral administration 
in a similar way as CNIO-PI3Ki (Figure 4A).  No  chan- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ges in locomotor activity were observed in any of the 
treated mice (Figure 4B). Normal locomotor activity 
suggests the absence of severe toxic effects, and also 
excludes the possibility that increased physical activity 
could be the underlying reason for the increased energy 
expenditure. We conclude that PI3Kα, but not PI3Kδ, 
regulates energy expenditure in mice. 
 
DISCUSSION 
 
Previous work by us has shown that a dual PI3Kα and 
PI3Kδ inhibitor, namely CNIO-PI3Ki, reduces obesity 
and elevates energy expenditure in mice. Here, we have 
used selective inhibitors of PI3Kα and PI3Kδ and we 
have concluded that PI3Kα is the main isoform 
responsible for these beneficial metabolic effects. These 
observations are in agreement with the reported 
protection against aging-associated obesity of mice with 
reduced expression of PI3Kα [4]. It should be noted that 
CNIO-PI3Ki seems more efficient that BYL-719 in 
reducing obesity. Although the differential efficacy of 
the two inhibitors can have several explanations, one 
possibility is that PI3Kδ inhibition, although not 
sufficient by itself, contributes to reduce obesity in the 
context of simultaneous PI3Kα inhibition.   

Figure 3. Biochemical serum profile of ob/ob mice after treatment with PI3K inhibitors. (A) Serum triglycerides (TG) in
the  same mice as  in Figure 1A measured 3‐4 hours after  the  last dosing at  the end of  the  treatment  (always under ad  libitum
feeding).  (B)  Serum  free  fatty  acids  (FFA)  as  in  panel  A.  (C)  Serum  lactate  as  in  panel  A.  Values  correspond  to  average  ±  s.d.
Statistical significance was determined by the two‐tailed Student’s t‐test relative to vehicle controls: * p< 0.05, ** p <0.01, *** p



www.aging‐us.com  2751  AGING (Albany NY) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In addition, we have validated some on-target effects of 
PI3Kα inhibition produced as a consequence of reduced 
insulin signaling, including elevated levels of serum 
glucose, and serum lipids. In contrast, PI3Kδ inhibition 
by GS-9820 did not produce any of these effects even 
administered at a dose that was shown to have anti-
tumoral effectiveness [15], thereby confirming its minor 
role in insulin signaling. The most dramatic on-target 
effect of PI3Kα inhibition was hyperglycemia, which in 
the case of the ob/ob mice was severe due to their 
diabetic condition. However, it is important to note that 
in normal lean mice, the glycemia induced by PI3Kα 
inhibition is within physiological range [9]. In 
summary, we conclude that moderate pharmacological 
inhibition of PI3Kα is sufficient to elicit the metabolic 
beneficial effects of reduced PI3K signaling. Our 
results, however, leave open the possibility that 
inhibition of PI3Kδ could also contribute to these 
effects in the context of concomitant PI3Kα inhibition. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
MATERIALS AND METHODS 
 
Ethics statement 
 
All animal procedures were approved by the CNIO-
ISCIII Ethics Committee for Research and Animal 
Welfare (CEIyBA) and the Community of Madrid, and 
conducted in accordance to the recommendations of the 
Federation of European Laboratory Animal Science 
Associations (FELASA) and the institutional guidelines.  
 
Mouse experimentation 
 
Mice were housed under specific pathogen free (SPF) 
conditions, at 22°C, and with 12 hours dark/light cycles 
(light cycle from 8 am to 8 pm). Mice were fed with 
standard chow diet (Harlan Teklad 2018, 18% of fat-
based caloric content). Ob/ob C57BL6J mice were 
purchased from Charles River Laboratories. Wild-type 
C57BL6J/Ola.Hsd mice were purchased from Harlan. 

Figure 4. Energy expenditure and activity of wild‐type mice after  treatment with PI3K  inhibitors.  (A)  Left,
energy expenditure (EE). Right, mean EE. Calorimetry of male WT mice, under ad libitum feeding, after a single oral dose
of 15 mg/kg of the indicated PI3K inhibitors (n=7‐8 per group, C57BL6 males, 20 weeks old). The line and asterisks indicate
that CNIO‐PI3Ki and BYL‐719 are significantly different  relative  to   vehicle at  these  time points.  (B) Left, activity. Right,
mean activity. Activity was measured  in  the same mice as  in panel A. Values correspond  to average ± s.e.m. Statistical
significance was determined by the two‐tailed Student’s t‐test relative to vehicle controls: * p < 0.05, ** p <0.01.
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All mice used were males of 20 weeks of age. PI3K 
inhibitors were administered daily by oral gavage 
during 15 or 16 days as follows, BYL-719 (5 and 10 
mg/kg) and GS-9820 (5 and 10 mg/kg), CNIO-PI3Ki (1 
and 5 mg/kg), dissolved in PEG-300 (Sigma) and 10% 
N-methyl-2-pyrrolidone (Sigma).  
 
Serum analyses 
 
For glucose excursions (Figure 2 A and B), mice under 
ad libitum feeding were treated with a single dose of the 
indicated PI3K inhibitors by oral gavage (at 10:00 am) 
and blood was collected from the tail tip for the 
determination of glucose (Glucocard strips; A. 
Meranini). For all the other serum analyses, mice at the 
end of their corresponding daily treatments for 15-16 
days received a final dose of treatment and were 
sacrificed 3-4 h later (always under ad libitum feeding). 
Blood was collected from post-mortem heart puncture. 
Serum free fatty acids were quantified by a colorimetric 
assay (BioVision #K612-100). Triglycerides and lactate 
levels were measured using the ABX PENTRA 400 
clinical chemical analyzer (Horiba ABX Diagnostics). 
 
Indirect calorimetry and activity 
 
Indirect calorimetry was performed following standard 
methods using Oxylet System metabolic chambers 
(Panlab Harvard Apparatus). Acclimatization of mice to 
the measurement cages was three days prior to data 
recording. Mice under ad libitum feeding were treated 
with a single dose of 15 mg/kg for each PI3K inhibitor 
(BYL-719, GS-9820 and CNIO-PI3Ki) by gavage. The 
volumes of consumed O2 (VO2) and eliminated CO2 
(VCO2) were recorded every 24 min (8 simultane-ous 
metabolic chambers) for the following 7 hrs. Room 
temperature was constantly kept at 21°C. Energy 
Expenditure (EE) was calculated as EE=3.815+(1.232x 
(VCO2/VO2)) x VO2 x 1.44. Mouse activity was 
recorded in time intervals of 20 min during the whole 
measurement period. 
 
Statistical analyses  
 
Values are expressed as mean ± s.d. (Figures 1 to 3) or 
mean ± s.e.m (Figure 4). Statistical analyses were 
performed using unpaired two-tailed Student´s t-test and 
differences with P values of <0.05 were considered to 
be statistically significant (* p<0.05, ** p<0.01, *** 
p<0.001). Statistical analyses were performed using 
Excel or GraphPad Prism software.  
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INTRODUCTION 
 
Mitochondrial autophagy, or mitophagy, is a key 
cellular pathway for mitochondrial quality  control  that  
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functions to clear mitochondria [1-4]. Because the 
selective autophagosome-based mitochondrial 
degradation process eliminates unwanted or 
dysfunctional mitochondria after cell stress [5-9], 

  www.impactaging.com         AGING, July 2016, Vol 8 No 7

Mitophagy‐driven mitochondrial rejuvenation regulates stem cell fate
 

Alejandro Vazquez‐Martin1, Chris Van den Haute2, Sílvia Cufí3, Bruna Corominas‐Faja4,  Elisabet
Cuyàs4,  Eugeni  Lopez‐Bonet5,  Esther  Rodriguez‐Gallego6,  Salvador  Fernández‐Arroyo6,  Jorge
Joven6, Veerle Baekelandt2, and Javier A. Menendez4,7     
 
1Cancer Research Group, Latvian Biomedical Research & Study Centre, Riga, Latvia 
2Laboratory for Neurobiology and Gene Therapy, Department of Neurosciences, Katholieke Universiteit Leuven, 
Leuven, Flanders, Belgium 
3Josep Carreras Leukemia Research Institute, Stem Cell Lab, Barcelona, Spain 
4Molecular Oncology Group, Girona Biomedical Research Institute (IDIBGI), Girona, Spain 
5Department of Anatomical Pathology, Dr. Josep Trueta Hospital of Girona, Girona, Catalonia, Spain 
6Unitat de Recerca Biomèdica, Hospital Universitari Sant Joan, Institut d'Investigació Sanitaria Pere Virgili (IISPV), 
Universitat Rovira i Virgili, Reus, Spain 
7ProCURE (Program Against Cancer Therapeutic Resistance), Metabolism and Cancer Group, Catalan Institute of 
Oncology, Girona, Spain 
 
Key words: mitophagy, mitochondria, stem cells, pluripotency, cancer, epigenetics  
Received: 02/11/16; Accepted: 05/30/16; Published: 06/13/16 
Correspondence to: Javier A. Menendez, PhD; Veerle Baekelandt, PhD; Alejandro Vazquez‐Martin, PhD   
E‐mail:  jmenendez@idibgi.org; veerle.baekelandt@med.kuleuven.be; jandraes@yahoo.es 
 
Abstract:  Our  understanding  on  how  selective mitochondrial  autophagy,  or mitophagy,  can  sustain  the  archetypal
properties of  stem  cells  is  incomplete. PTEN‐induced putative  kinase 1  (PINK1) plays a  key  role  in  the maintenance of
mitochondrial morphology and function and  in the selective degradation of damaged mitochondria by mitophagy. Here,
using embryonic fibroblasts from PINK1 gene‐knockout (KO) mice, we evaluated whether mitophagy is a causal mechanism
for the control of cell‐fate plasticity and maintenance of pluripotency. Loss of PINK1‐dependent mitophagy was sufficient
to  dramatically  decrease  the  speed  and  efficiency  of  induced  pluripotent  stem  cell  (iPSC)  reprogramming. Mitophagy‐
deficient iPSC colonies, which were characterized by a mixture of mature and immature mitochondria, seemed unstable,
with a strong tendency to spontaneously differentiate and form heterogeneous populations of cells. Although mitophagy‐
deficient iPSC colonies normally expressed pluripotent markers, functional monitoring of cellular bioenergetics revealed an
attenuated glycolysis in mitophagy‐deficient iPSC cells. Targeted metabolomics showed a notable alteration in numerous
glycolysis‐  and  TCA‐related  metabolites  in  mitophagy‐deficient  iPSC  cells,  including  a  significant  decrease  in  the
intracellular levels of α‐ketoglutarate ‐a key suppressor of the differentiation path in stem cells. Mitophagy‐deficient iPSC
colonies  exhibited  a notably  reduced  teratoma‐initiating  capacity, but  fully  retained  their pluripotency  and multi‐germ
layer  differentiation  capacity  in  vivo.  PINK1‐dependent mitophagy  pathway  is  an  important mitochondrial  switch  that
determines  the  efficiency  and quality of  somatic  reprogramming.   Mitophagy‐driven mitochondrial  rejuvenation might
contribute  to  the  ability  of  iPSCs  to  suppress  differentiation  by  directing  bioenergetic  transition  and  metabolome
remodeling  traits.  These  findings  provide  new  insights  into  how mitophagy might  influence  the  stem  cell decisions  to
retain pluripotency or differentiate in tissue regeneration and aging, tumor growth, and regenerative medicine.  
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abnormal mitophagy has a deleterious impact on cell 
homeostasis and may lead to cell death, which causally 
contributes to the pathogenesis of degenerative 
disorders [10-16]. Although our knowledge of 
mitophagy in somatic cell physiology is extensive, the 
role of mitophagy in the physiology of stem cells, which 
have the unique ability to self-renew and differentiate 
into various cell types, is less understood. Thus, while 
mitophagy is believed to play a pivotal role in stem cell 
functions during aging, tissue regeneration, and cancer 
[17-24], our current understanding on how mitophagy 
can sustain the archetypal properties of stem cells is 
rudimentary. 
 
Mitochondria appear to play crucial roles during 
stemness factor-mediated nuclear reprogramming of 
somatic cells into induced pluripotent stem cells 
(iPSCs), a convenient “in a dish” model that allows a 
comprehensive understanding of stem cell biology. 
Functional metamorphosis of somatic oxidative 
phosphorylation into glycolytic metabolism plays a 
causal role in enabling the reprogramming process of 
acquisition and maintenance of stemness to occur [25-
35]. It is also apparent that the intrinsic metabolic 
demands that drive reprogramming to stemness involve 
substantial structural mitochondrial reorganization, 
transforming mitochondria into a cristae-poor, immature 
phenotype [36-45]. Paradoxically, the establishment of 
induced pluripotency requires a transient and early 
energy-demanding metabolic state characterized by 
increased mitochondrial oxidative phosphorylation and 
hyperactive mitophagy [46, 47]. Because the unique 
metabolic state required to achieve cell plasticity is 
accompanied by significant temporal changes in 
mitochondrial function, composition, structure, and 
maturation, it might appear elementary to suggest that 
mitophagy is a prerequisite of induced pluripotency. 
Nonetheless, recent studies have shed light on how 
interlinked processes critical for mitochondrial health, 
including mitochondrial fragmentation and mito-
chondrial fission/fusion, significantly alter the 
efficiency and speed of induced pluripotency [48-51], 
but little information is available on the role of 
mitophagy in the acquisition and maintenance of 
stemness.  
 
PTEN-induced putative kinase 1 (PINK1) encodes a key 
mitochondrial protein that specifically identifies and 
commits mitochondria to degradation via selective 
autophagy [52-63]. Using embryonic fibroblasts from 
PINK1 gene-knockout (KO) mice, we here tested the 
hypothesis that mitophagy is a pivotal mechanism of 
cell-fate plasticity by converting functionally mature 
mitochondrial networks into immature states and vice 
versa during nuclear reprogramming to stemness and 

commitment to differentiation, respectively. By 
examining the ability of mitophagy to causally 
modulate cell fate decisions during the entry to and exit 
from pluripotency, we have identified a hitherto 
unrecognized role of the mitophagy pathway as a 
critical mitochondrial switch that directs bioenergetic 
transition and metabolome remodeling traits to 
ultimately determine the efficiency and quality of 
nuclear reprogramming and stemness transition in 
somatic cells.   
 
RESULTS 
 
PINK1-mediated mitophagy is necessary for efficient 
nuclear reprogramming of somatic cells into iPSCs 
 
Because the initial stages of reprogramming trigger a 
stress response involving repression of mitochondrial 
functions and oxidative stress [36-45, 66], we 
hypothesized that the critical ability of PINK1 to 
identify and selectively trim impaired mitochondria 
from the mitochondrial network might determine the 
efficiency of reprogramming. To test whether PINK1-
KO mouse embryonic fibroblasts (MEFs) constitute a 
useful model to dissect the role of mitophagy in the 
establishment of induced pluripotency, we first 
mimicked mitochondrial damage by experimentally 
depolarizing mitochondria with the uncoupler carbonyl 
cyanide m-chlorophenylhydrazone (CCCP) and then 
monitoring loss of MitoTracker staining after 
mitophagy stimulation [62, 67]. Collectively, our 
findings show that PINK1 is necessary to efficiently 
drive the mitophagic digestion of damaged 
mitochondria (Supplemental data; supplemental Fig. 1).  
 
We then used PINK1-/- MEFs to explore whether 
PINK1-mediated mitophagy might constitute part of the 
molecular roadmap facilitating reprogramming. To do 
this, we compared iPSC generation in early-passage 
PINK+/+ and PINK-/- MEFs using a three-factor 
induction protocol (Oct4, Sox2, and Klf4, hereafter 
referred to as OSK). We transduced MEFs with OSK at 
a 1:1:1 ratio on day 0 and repeated the transduction up 
to four times (one infection every 12 h using the same 
batch of all three retroviruses), after which the regular 
media was replaced with standard mESC media 
supplemented with the knockout serum replacement 
(KSR). As early as 7 days after transduction, clearly 
recognizable flat, packed, tight colonies characteristic of 
ES-like cells appeared in OSK-transduced PINK1+/+ 
MEF cultures (Fig. 1A). Conversely, OSK-transduced 
PINK1-/- MEFs mostly failed to display the typical 
compact ES cell colony morphology (Fig. 1A). Indeed, 
using a parallel live cell-imaging 96-well-plate-based 
screening assay to rapidly assess the expression of the 
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pluripotency-associated surface marker Ssea-1 during 
reprogramming, we found that the appearance of Ssea-
1+ clusters was delayed by 3-4 days in PINK1-/- MEFs 
compared with PINK1+/+ isogenic counterparts (data not 
shown). We combined the observations of ES cell-like 
morphological changes (e.g., defined boundaries and 
high nucleus-to-cytoplasm ratio within individual cells) 
with alkaline phosphatase (AP) activity, a commonly 
used pluripotency indicator, to quantify bona fide iPSC 
colonies. From 50,000 PINK1+/+ MEFs transduced, 
150±10 colonies were AP-positive at day 14 after 
transduction, resulting in an iPSC generation  efficiency  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

of 0.3% (Fig. 1A). In contrast, only 30±4 colonies were 
generated from an equivalent number of PINK1-/- 
MEFs, equivalent to an iPSC generation efficiency of 
0.06% (Fig. 1A). Concerning the transduction 
efficiency, we did not observe any significant 
differences between the two groups (data not shown), 
thus confirming that the observed decrease in 
reprogramming efficiency is due to the absence of 
PINK1. These findings show that loss of PINK1-
dependent mitophagy is sufficient to dramatically 
decrease the speed and efficiency of nuclear re-
programming.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Mitophagy deficiency  is  a  reprogramming barrier.  (A)  Early  passage  PINK1+/+  and  PINK1‐/‐ MEFs were  transduced with
retroviral vectors encoding for Oct4, Sox2, and Klf4 and cultured in ES medium. Phase‐contrast microphotographs of representative PINK1+/+

and  PINK1‐/‐ MEFs  at  day  7  (D7)  after  the  initial  transduction with OSK  are  shown  (white  arrows  indicate  emerging  iPSC‐like  colonies).
Representative photographs of colonies of AP‐stained OSK‐transduced PINK1+/+ and PINK1‐/‐ MEFs. The number of AP+ colonies was counted
14 days after  the  initial  infection and  represent  reprogramming efficiency  relative  to PINK1+/+ MEFs  (x‐fold)  (n=6  for each condition). **,
P<0.01. (B) Individual iPSC‐like colonies were randomly selected from each PINK1 subtype, cultured on 6‐well plates coated with MEF feeder
layers,  and  stained  either  for  AP  activity  (left)  or with  antibodies  against Oct3/4,  Nanog,  Sox2,  and  Ssea‐1  (right),  as  indicated  in  the
“Methods” section. Nuclear staining was performed with Hoechst 33258. Panel depicts  representative  images of  iPSC colonies  that were
captured using different  channels  for Oct3/4  (green), Nanog  (green), Sox2  (green), Ssea‐1  (green), or Hoechst 33258  (blue), as  specified.
Representative Western blots for Oct3/4 and Sox2 protein expression in PINK1+/+‐ PINK1‐/‐‐iPSCs are shown (middle; n = 2).  
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Loss of PINK1-mediated mitophagy destabilizes the 
undifferentiated state in iPSCs 
 
To verify that loss of PINK1-driven mitophagy 
dampens the reprogramming process, we picked 
random colonies from the previous experiment and 
established PINK1+/+-iPSC and PINK1-/--iPSC clonal 
cell lines on pre-seeded MEF feeder layers, which are 
known to encourage induced stem cells to remain in an 
undifferentiated state. Immunofluorescence staining 
analysis of early-passage iPSCs failed to reveal major 
differences in the expression level of Oct3/4, Nanog, 
Sox2, and Ssea-1 of individual cells within PINK1-/-- 
and PINK1+/+-iPSC colonies (Fig. 1B, right). Indeed, 
immunoblotting procedures demonstrated a similar 
expression profile of the pluripotency markers Oct3/4 
and Sox2 in early-passage PINK1-/-- and PINK1+/+-
iPSCs (Fig. 1B, middle). Both early- and late-passage 
PINK1+/+-iPSC colonies were large and well-rounded 
and stained strongly for AP, reflective of a high 
percentage of non-differentiated cells (Fig. 1B). The 
majority of relatively late-passage PINK1-/--iPSC 
colonies, however, were slightly smaller upon colony 
expansion, with very few showing a smooth, circular 
and distinct edge, and in many cases displaying 
irregular morphologies and undefined edges. Indeed, 
late-passage PINK1-/--iPSC colonies tended to rapidly 
lose AP activity and failed to stably retain the compact 
colony morphology typical of undifferentiated iPSCs 
[50, 68] (Fig. 1B, right).  
 
Given that the apparent destabilization of the 
undifferentiated state of PINK1-/--iPSCs occurred 
without drastic changes in the expression of several 
pluripotency markers, we explored whether loss of 
PINK1-driven mitophagy significantly altered the well-
known ability of nuclear reprogramming to transform 
the mitochondrial infrastructure and induce iPSC-
associated bioenergetic transition and metabolome 
remodeling traits [30]. 
 
Mitophagy deficient-iPSCs cannot “rejuvenate” the 
morphological characteristics of the mitochondria 
network 
 
We first confirmed that loss of PINK1 induces a 
moderate mitochondrial fragmentation in MEFs [52] as 
well as a more prominent accumulation of 
mitochondrial aggregates due to impaired mitophagy 
(Fig. 2A). Given that cell reprogramming leads to 
mitochondrial structural and functional alterations 
described as “rejuvenation” [36-42, 44, 45, 66], we used 
transmission electron microscopy (TEM) to examine 
whether the decreased capacity of PINK1-/--iPSCs to 
maintain their undifferentiated state involves alterations 

in the morphology of the mitochondrial network. 
Although we could detect a small decrease in the length 
and area of mitochondria in PINK1-/- MEFs, together 
with an increase in the number of mitochondria per cell 
(Fig. 2B), the majority of mitochondria in both MEF 
populations had a similar morphology characterized by 
mature mitochondrial networks with tubular structures 
and densely-packed cristae (Fig. 2B).  
 
PINK1+/+-iPSC mitochondria exhibited a dramatically 
decreased long diameter and increased short diameter 
relative to PINK1-/- MEFs (Fig. 2B). Interestingly, 
though nuclear reprogramming of PINK1+/+-iPSCs led 
to the acquisition of an immature mitochondrial 
phenotype characterized by a rounded morphology with 
sparse cristae, it was noteworthy that reprogramming 
failed to fully reset the mitochondrial morphology of 
PINK1-/- MEFs to a bona fide embryonic-like state. 
Con-sequently, PINK1-/- iPSCs accumulated larger, 
irregular mitochondria containing different inclusions 
and more cristae (Fig. 2B). These findings, altogether, 
strongly suggest that mitophagy deficient-iPSCs fail to 
fully rejuvenate the morphological characteristics of the 
mitochondrial network.  
 
Loss of PINK1-driven mitophagy impairs the 
bioenergetic transition associated with nuclear 
reprogramming 
 
Mitochondrial rejuvenation is a key mechanism to 
protect cells from reprogramming factor-induced 
oxidative stress and reactive oxygen species (ROS) 
accumulation, a well-known roadblock to re-
programming [36-42, 44, 45, 66]. We therefore 
speculated that blockade of PINK1-driven mitophagy 
might lead to a detrimental accumulation of ROS during 
the initial stages of reprogramming (Supplemental data; 
supplemental Fig. 2). Only when forced expression of c-
Myc, which can override the cell cycle checkpoints 
imposed in response to ROS accumulation [69-71], was 
combined with the exogenous addition of vitamin C 
PINK1-/- MEFs reached reprogramming efficiencies 
equivalent to those observed in OSK-transduced 
PINK1+/+ MEFs in the absence of this antioxidant 
(Supplemental data; supplemental Fig. 2). Because the 
incapacity of the ROS scavenger and epigenetic 
regulator vitamin C [72-75] to fully bypass the 
reprogramming roadblock imposed by the loss of 
PINK1 suggested that mitophagy-driven remodeling of 
the mitochondria network into an immature state might 
constitute a critical barrier during somatic reprogram-
ming, we performed a multimodal metabolic 
characterization of PINK1-/- and PINK1+/+ iPSCs at the 
level of cellular bioenergetics and intracellular 
metabolome. 
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First, a well-validated extracellular flux technology was 
employed to establish functional monitoring of cellular 
bioenergetics in PINK1-/- and PINK1+/+ iPSCs. 
Measurement of the extracellular acidification rate 
(ECAR) enabled real-time assessment of the glycolytic 
phenotype associated with iPSCs  (Fig. 3A).  Sequential  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
supplementation of the glycolytic fuel glucose, the ATP 
synthase complex V mitochondrial inhibitor oligo-
mycin, and the competitive inhibitor of glucose 2-
deoxy-glucose (2-DG), dissected key parameters of 
glycolytic function, including glycolysis (i.e., the ECAR 
rate reached by iPSCs after the addition of saturating 

Figure 2. Mitophagy deficiency  impedes the rejuvenation of mitochondria networks  in  iPSCs.    (A) Loss of
PINK1  induces moderate mitochondrial  fragmentation and aggregation  in MEFs  (MT: MitoTracker). Bar chart depicts
the average percentages of cells showing fragmentation and/or aggregation (n=3). *, P<0.05. (B) Representative TEM
images of mitochondria in all cell lines. PINK1+/+ and PINK1‐/‐ MEFs display a preponderance of tubular and cristae‐rich
mature  mitochondria.  PINK1+/+  iPSCs  display  a  preponderance  of  “rejuvenated”  spherical  cristae‐poor  immature
mitochondria,  whereas  PINK1‐/‐  iPSCs  display  an  impaired  “rejuvenation”  characterized  by  an  assortment  of
mitochondrial configurations including round (immature) and more enlarged mitochondria with disorganized cristae. 

 

  
www.impactaging.com                  1334                                           AGING, July 2016, Vol. 8 No.7



amounts of glucose), glycolytic capacity (i.e., the 
maximum ECAR rate reached upon blockade of 
oxidative phosphorylation), and glycolytic reserve 
(i.e., the capability of iPSCs to respond to an energetic 
demand). PINK1-/--iPSCs were found to be 
significantly   less   glycolytic   than   PINK1+/+-iPSCs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(Fig. 3A), suggesting that the reduced capacity of 
mitophagy deficient-iPSCs to efficiently drive mito-
chondrial metamorphosis translate into a reduced 
capacity to bioenergetically transitioning from somatic 
cellular respiration to glycolysis during iPSC 
derivation [30].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Mitophagy deficiency  impairs the bioenergetic transition associated with nuclear reprogramming.  (A)
Calculated  glycolysis  (maximum  rate  measurement  before  oligomycin  injection  –  Last  rate  measurement  before  glucose
injection  [1]),  glycolytic  capacity  (maximum  rate measurement  after  oligomycin  injection  –  Last  rate measurement  before
glucose injection [2]), and glycolytic reserve (glycolytic capacity – glycolysis [3]) were calculated with normalized ECAR values in
PINK1+/+‐ and PINK1‐/‐  ‐iPSCs (n = 2). (B) Two‐dimensional PLS‐DA models to view the separation of the two groups (PINK1+/+‐
and PINK1‐/‐  ‐iPSCs)  following GC‐EI‐QTOF‐MS‐based metabolomic profiling.  (C) Metabolites  in PINK1+/+‐iPSCs were extracted
and  quantitatively  analyzed  by  GC‐EI‐QTOF‐MS  and  compared  with  metabolites  from  PINK‐/‐‐iPSCs  (n  =  2).  Significantly
increased and decreased metabolites are shown using yellow‐red and  light blue‐dark blue color scales, respectively  (see also
T bl 1)
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Loss of PINK1-driven mitophagy impairs the 
metabolome remodeling associated with nuclear 
reprogramming 
 
We utilized our recently developed targeted 
metabolomics platform coupling gas chromatography 
with quadrupole time-of-flight mass spectrometry and 
an electron impact source (GC-EI-QTOF-MS), which 
allows the simultaneous measurement of selected 
metabolites representative of the catabolic and anabolic 
status of key metabolic nodes. These metabolites 
include not only representatives of glycolysis and the 
mitochondrial tricarboxylic acid (TCA) cycle, but also 
other biosynthetic routes such as pentose phosphate 
pathway, amino acid metabolism and de novo fatty acid 
biogenesis [76, 77]. Metabolite-based clustering 
obtained by partial least squares-discriminant analysis 
(PLS-DA) model revealed a clear and significant 
separation between PINK1-/--iPSCs and PINK1+/+-
iPSCs in two-dimensional (2D) score plots (Fig. 3B). 
Profiling of the intracellular metabolome supported a 
PINK1-/- iPSCs signature distinct from the PINK1+/+ 
iPSCs counterpart, which apparently involved a notable 
decrease in a majority of the measured glycolysis- and 
TCA-related biochemicals (Fig. 3C).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Heatmap visualization, commonly used for 
unsupervised clustering, likewise revealed distinct 
segregation of metabolites in PINK1-/--iPSCs and 
PINK1+/+-iPSCs groups, pointing to an altered 
metabolic signature associated with the loss of PINK1-
dependent mitophagy in iPSCs (Fig. 4). Unsupervised 
hierarchical clustering of all pairwise comparisons 
among individual metabolites revealed several “hot 
spots” of highly correlated metabolites in a correlation 
matrix (Fig. 4). When VIP scores ≥ 1 in the PLS-DA 
model were used to maximize the difference of 
metabolic profiles between PINK1-/-- and PINK1+/+ -
iPSCs, the TCA metabolite α-ketoglutarate was the 
metabolite majorly impacted in mitophagy-deficient 
PINK1-/--iPSCs (Fig. 5). Quantitative assessment of 
metabolite concentrations confirmed that PINK1-/--
iPSCs significantly accumulated > 3-fold less α-
ketoglutarate than PINK1+/+-iPSCs (Table 1), 
suggesting that the reduced capacity of mitophagy 
deficient-iPSCs to efficiently drive mitochondrial 
metamorphosis during nuclear reprogramming translate 
into a reduced capacity to achieve the embryonic stem 
cell-like metabolome that characterizes generated 
iPSCs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Mitophagy deficiency  impairs  the metabolome  remodeling associated with nuclear  reprogramming.
Left.  Heatmap  to  view  the  agglomerative  hierarchical  clustering  of  the  PINK1+/+‐  and  PINK1‐/‐  ‐iPSCs  groups  analyzed with
MetaboAnalyst’s data annotation tool [103]. Rows: metabolites; columns: samples; color key  indicates metabolite expression
value  (blue:  lowest;  red:  highest).  Right.  Heatmap  of  correlations  between  iPSCs metabolites.  Each  square  represents  the
Spearman’s correlation coefficient between the metabolite of the column with that of the row. Metabolite order is determined
as in hierarchical clustering using the distance function 1‐correlation. Self‐self correlations are identified in dark brown.  
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Table 1. Concentration (in μM/mg protein) and fold‐change of bioenergetic metabolites  in 
PINK1‐/‐‐ vs PINK+/+‐iPSCs cells.  
 

Metabolite PINK1+/+ iPSCs PINK1-/- iPSCs 

  
  

Fold-change 

3-phosphoglycerate* 136.079 ± 16.415 77.173 ± 15.581 -1.76 

6-P-Gluconate* 11.045 ± 3.159 5.715 ± 0.397 -1.93 

α-ketoglutarate* 0.364 ± 0.111 0.116 ± 0.005 -3.14 

Alanine 2.435 ± 1.029 1.415 ± 0.335 -1.72 

Aspartate 102.883 ± 11.692 106.727 ± 3.873 1.04 

Citrate 4.533 ± 0.531 5.104 ± 1.146 1.13 

Fructose 1,6-BisP* 144.329 ± 29.863 80.327 ± 20.233 -1.80 

Fructose 6-P* 12.079 ± 2.511 5.499 ± 0.759 -2.20 

Fumarate* 1.814 ± 0.389 1.130 ± 0.116 -1.61 

Glucose* 40.668 ± 7.493 20.546 ± 6.196 -1.98 

Glucose 6-P* 9.085 ± 1.600 5.877 ± 0.587 -1.55 

Glutamate* 338.181 ± 2.622 322.962 ± 0.710 -1.05 

Glutamine 5.122 ± 0.630 5.643 ± 1.159 1.10 

Glyceraldehyde 3-P 54.602 ± 5.824 55.356 ± 7.668 1.01 

Isoleucine 24.623 ± 7.773 25.745 ± 5.453 1.05 

Lactate 212.007 ± 24.712 182.187 ± 18.347 -1.16 

Leucine* ULOQ 4.693 ± 1.384 - 

Malate* 10.379 ± 3.172 4.824 ± 0.693 -2.15 

Malonyl-CoA 24.615 ± 3.858 25.290 ± 2.881 1.03 

Phosphoenolpyruvate* 0.315 ± 0.124 0.541 ± 0.134 1.72 

Pyruvate 2.245 ± 0.946 2.136 ± 0.443 -1.05 

Ribose 5-P* 6.136 ± 1.768 4.286 ± 0.499 -1.43 

Serine* 36.239 ± 1.181 22.870 ± 0.448 -1.59 

Succinate 35.714 ± 3.785 34.638 ± 5.498 -1.03 

Succinyl-CoA 1.142 ± 0.296 1.044 ± 0.341 -1.09 

Valine* 2.943 ± 0.001 3.856 ± 0.761 1.31 

Data are expressed as mean ± SD. 
* Metabolite statistically significant (p<0.005). ULOQ: under limit of quantitation 
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Mitophagy-deficient iPSC colonies exhibit a 
significantly reduced teratoma-initiating capacity 
 
The ability to derive the three germ layers generated 
during development, (ectoderm, mesoderm and 
endoderm), is the gold standard for determining 
whether potential iPSC candidates are fully pluripotent 
[78-80]. We thus examined the teratoma initiating and 
differentiation potential of PINK1+/+- and PINK1-/--
iPSCs in vivo. To exclude the possibility that any 
uncoupling of pluripotent capacity from tumorigenesis 
might be dose-dependent, i.e., with differentiation 
occurring at lower cell doses but tumors forming at 
higher cell doses, we injected 4- to 5-week-old 
athymic nude mice subcutaneously either with 5 x 105 
undifferentiated iPSCs or with 2 x 106 cells, the latter 
being a saturating concentration to ensure the 
development of teratoma masses within a few weeks 
[64, 81].  We  then  analyzed  efficiency,  latency,  and  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
histology of teratoma composition. The rate of teratoma 
formation in PINK1+/+-iPSCs was 100% (6/6 mice in 
each group) regardless of the number of cells injected 
(Fig. 6A). In contrast, we observed a cell number-
independent reduction in the rate of teratoma formation 
following the injection of PINK1-/--iPSCs (60%; 4/6 
mice in each group). Thus, the time required for 50% of 
animals to develop palpable teratomas was lengthened 
by 161% (from 26 to 68 days) upon injection of 5 x 105 
PINK1-/--iPSCs, and by 166% (from 21 to 56 days) 
upon injection of 2 x 106 PINK1-/--iPSCs in (Fig. 6A). 
Indeed, injection of PINK1-/--iPSCs resulted in 
drastically smaller teratomas than those observed upon 
injection of PINK+/+-iPSCs, i.e., the lesions in PINK1-/--
iPSC-injected mice were 15-fold smaller in size 
compared to the mean teratoma size observed in the 
PINK+/+-iPSC group (78 mm3 versus 1166 mm3, 
respectively) (Fig. 6B).  

Figure 5. α‐ketoglutarate  is the most  impacted metabolite  in mitophagy deficient‐iPSCs.
VIP  rank‐score  of  quantified  metabolites  in  the  PINK1+/+‐  and  PINK1‐/‐‐iPSCs  groups.  Green  box
indicates metabolites that achieved VIP scores above 1.0.  
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Mitophagy-deficient iPSC colonies retain 
pluripotency and multi-germ layer differentiation 
potential 
 
Given the above results, it might be argued that 
blockade of  teratoma  formation  upon  loss  of  PINK1- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
dependent mitophagy was due to the failure of PINK1-/--
iPSCs to differentiate into primitive tissues representing 
all three germ layers. To question this, we carried out an 
ultrastructure analysis of teratomas from both groups of 
mice. Despite the lower efficiency in teratoma 
formation and the longer latency, tissue composition of 

Figure 6. Mitophagy deficiency reduces tumorigenicity of iPSC colonies. Athymic mice were injected with 5 x 105 or 2 x
106  cells obtained  from PINK1+/+‐iPSC or  PINK1‐/‐‐iPSC  colonies.  Teratoma  growth  rate was  calculated by measuring  teratoma
volume. (A) Kaplan‐Meier plots show the percentage of mice that remained teratoma‐free after subcutaneous injection of iPSCs
obtained as described in Fig. 2. (B) Mean teratoma volumes obtained at the end of the experiment (left) as well as representative
images of animals bearing PINK1+/+‐iPSC‐ and PINK1‐/‐‐iPSC‐derived teratomas after  injection with 2 x 106 cells (right). Note that
teratomas formed from PINK1+/+‐iPSCs present a dramatically higher growth rate that those derived from PINK1‐/‐‐iPSCs.  
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PINK1-/--teratomas was not noticeably different from 
equivalent PINK+/+-teratomas at the histological level. 
Hematoxylin-eosin staining showed various tissue 
derivatives of the three germ layers, including neural 
rosettes (ectoderm), gut-like epithelial tissues 
(endoderm), and smooth muscle, adipocytes, bone, and 
cartilage (mesoderm), in both teratoma groups (Fig. 7), 
confirming the full pluripotency and multi-germ layer 
differentiation potential of the iPSCs regardless of the 
PINK1-mediated mitophagy status. These findings, 
together with the fact that PINK1-/--iPSCs normally 
expressed pluripotent markers confirmed that 
mitophagy-deficient iPSCs re-established pluripotency 
at the molecular and cellular level.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Although PINK1+/+- and PINK1-/--iPSCs gave rise to 
teratomas composed of various recognizable tissue 
elements, we observed striking differences in the 
embryonal carcinoma (EC)-like component of poorly 
differentiated, primitive-appearing, blast-like 
teratocarcinoma stem cells. Accordingly, the large 
teratomas originating from PINK1+/+-iPSCs displayed 
extensive areas of undifferentiated tissue, e.g., abundant 
embryonic-appearing neuroepithelium with a high 
number of mitotic figures, which were considered as 
malignant based on the examination by a pathologist 
(Fig. 7). Conversely, PINK1-/--iPSCs developed 
teratomas consisting almost exclusively of fully 
committed adult tissues,  forming  very  small,  morpho- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7. Mitophagy deficiency preserves  the pluripotency of  iPSCs. Histological analyses of PINK1+/+‐ and
PINK1‐/‐‐iPSC‐derived  teratomas.  Representative  photographs  of  teratomas  (circled  with  white  dotted  lines)  are
shown. PINK1+/+‐iPSC‐derived  teratomas:  (a) Primitive neural  tissue,  (b) Primitive neural  tissue and  skeletal muscle
tissue, (c) Squamous epithelium,  immature neural and glial tissue, (d) Mature nervous tissue, squamous keratinized
epithelium, skeletal muscle tissue, mucinous glands, (e) Squamous keratinized epithelium, skeletal muscle tissue, (f)
Mature nervous tissue, (g) Squamous keratinized epithelium, skeletal muscle tissue, respiratory epithelium. PINK1‐/‐‐
iPSC‐derived teratomas; (a’) Whole‐tumor section with dark areas of primitive neuroepithelium mixed with skeletal
muscle tissue and seromucinous glands, (b’) Mature nervous tissue, (c’) Skeletal muscle tissue, (d’) Mature nervous
tissue,  squamous  keratinized  epithelium,  skeletal  muscle  tissue,  mucinous  glands,  (e’)  Mature  nervous  tissue,
squamous  keratinized  epithelium,  skeletal muscle  tissue,  (f’) Mature  nervous  tissue,  (g’) Mature  nervous  tissue,
mucinous glands, osteoid substance. Note that teratomas from PINK1+/+‐iPSCs and PINK1‐/‐‐iPSCs similarly show mixed
tissues apparently derived from the three germ layers, i.e., ECT: Ectoderm, MS: Mesoderm, and END: Endoderm.  
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logically benign, mature, and well-differentiated cystic 
lesions. Using TEM, we found that the cytoplasm of the 
extensive undifferentiated regions in PINK1+/+-iPSC-
generated teratomas exhibited a simple architecture 
typical of embryonic-like cells in the early stages of 
development. Consequently, these regions were devoid 
of most organelles except for the presence of numerous 
ribosomes, a well-developed Golgi apparatus, and rough 
endoplasmic reticulum (Fig. 8). These regions contained 
few mitochondria and, when found, presented a globular 
shape with poorly developed cristae and electron-lucid 
matrix, and perinuclear localization, all indicative of 
functionally  immature   mitochondria.  Conversely,  tera- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

tomas from PINK1-/--iPSCs generated tissues with 
conspicuous and numerous mitochondria, possessing a 
complex morphology with well-developed cristae, denser 
matrix, and elongated or branched appearance (Fig. 8).  
 
Although it might be argued that, because mitophagy-
deficient iPSC colonies tended to rapidly differentiate in 
vitro and exhibited a significantly reduced teratoma-
initiating capacity, the percentage of fully 
reprogrammed cells might be significantly lower within 
PINK1-/--iPSC colonies, these findings are also 
consistent with a more rapid differentiation of 
mitophagy-deficient iPSCs in vivo.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure  8.  Mitophagy‐deficient  iPSC  colonies  are  prone  to  direct  differentiation  in  vivo.  Left.  Analyses  of
histopathological  features  associated with  the malignant  behavior  of  iPSC‐derived  teratomas  including  the  presence  of
neural rosettes/primitive neural tissues and embryonal carcinoma. Note that small PINK1‐/‐‐iPSC‐derived teratomas lack all
the malignant features of iPSCs, which were highly abundant in PINK1+/+‐iPSC‐derived teratomas. “‐“ means that no features
are present, “+” a small number present, “++” a medium number, and “+++” a  large number. Right. Representative TEM
images of mitochondria  in PINK1+/+‐ and PINK1‐/‐‐iPSC‐derived teratomas. While the mitochondria  in many tissue sections
from  PINK1+/+‐iPSCs‐derived  teratomas  were  characterized  by  a  punctate,  perinuclear  arrangement,  an  electron‐lucid
matrix and poorly developed cristae, mitochondria  in the majority of tissue sections from PINK1‐/‐‐iPSC‐derived teratomas
formed more developed networks, had an electron‐dense matrix and developed cristae. (Nu: Nucleus).  
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DISCUSSION 
 
Here we provide the first demonstration that mitophagy 
is a necessary mechanism for the conversion of somatic 
cells to a pluripotent cell fate with maximum efficiency. 
Our discovery that mitophagy-driven mitochondrial 
rejuvenation is required for induction and maintenance 
of stem cell pluripotency and that the mitophagy 
pathway plays a critical mitochondrial switch that 
determines the efficiency and quality of somatic 
reprogramming, illustrates how mitophagy can play a 
pivotal role in stem cell functions during aging and 
tissue regeneration.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

We first addressed the question of whether mitophagy is 
a crucial process during nuclear reprogramming. Our 
findings reveal that the sole loss of PINK1-dependent 
mitophagy was sufficient to dramatically decrease the 
efficiency (∼80% reduction) and speed of the nuclear 
reprogramming process (Fig. 9). Deficiency of PINK1-
regulated mitochondrial quality control constitutes a 
previously unrecognized barrier to reprogramming. This 
fact, taken together with recent studies showing that 
whereas activation of DRP1-driven mitochondrial 
fragmentation contributes to the acquisition and 
maintenance of stem cell pluripotency [48, 50], 
deficiency of  mitofusins  Mfn1  and  Mfn2  (which  co- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9. Mitophagy‐regulated nuclear reprogramming of somatic cells into pluripotent stem cells. Mitophagy
is part of the roadmap during nuclear reprogramming of somatic cells to pluripotency and, as such, its blockade is sufficient
to dramatically alter the speed and efficiency of  iPSC reprogramming by “elevating” the “reprogramming barriers” of the
epigenetic  landscape and decreasing  the size of  the stem cell state basin of attraction, which  results  in  the deceleration
(i.e.,  lower efficiency  and  slower  kinetics) of  the nuclear  reprogramming process.  This  conceptual  figure  represent  cells
stabilized  in  an  initial  non‐pluripotent,  somatic  attractor  and  how  nuclear  reprogramming  can make  cells  exceed  the
“reprogramming  barriers”,  represented  as  a wall  of  interlocking  bricks,  easier  or  harder  in  the  presence  or  absence  of
PINK1‐dependent mitophagy,  respectively, and  fall down  in a  final attractor of  fully  reprogrammed,  induced pluripotent
stem cell states. The cellular reprogramming process is presented as a colored line from the initial to the final cellular state. 
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ordinately regulate mitochondrial fusion) instead elicits 
mitochondrial metabolic reprogramming to pluripotency 
[49], bolsters the notion that the ability of mitochondrial 
fission/fusion and mitophagy to restructure mito-
chondrial dynamics is central for the control of cell-fate 
plasticity. Accordingly, it was reported that a restricted 
2-day burst of autophagy (causing mitophagy) at the 
early stages of reprogramming was vital for iPSC 
generation [47].  
 
We next focused on whether mitophagy is the driving 
mechanism for the conversion of functionally mature 
mitochondria to an immature state and vice versa, 
during reprogramming to stemness and commitment to 
terminal differentiation, respectively. The fact that loss 
of PINK1-dependent mitophagy impeded the full 
rejuvenation of the mitochondrial network during 
reprogramming indicates that mitophagy operates as a 
key mechanism in generating the immature 
mitochondrial structure commonly found in stem cells. 
Because a high level of mitophagy has recently been 
found to be a requisite for the high quality of 
mitochondria required for the stem cell state [82], and 
given that the number of AP+ colonies during early 
stages of reprogramming is used as an initial indicator 
of successful reprogramming of cells, the fact that cells 
within PINK1-/- iPSC colonies appeared to inherit a 
mixture of mature (“old”) and immature (“young”) 
mitochondria when compared with PINK1+/+-iPSCs 
colonies whose cells almost exclusively inherited 
immature mitochondria might suggest that the ratio of 
fully reprogrammed colonies among AP+ colonies is 
significantly lower in the absence of PINK1-dependent 
mitophagy. Furthermore, because AP expression levels 
is a less sensitive measure to differentiate between 
undifferentiated and early differentiating cells, the fact 
that mitophagy-deficient iPSC colonies normally 
expressed the pluripotent markers Oct4 and Sox2 
together with their strong tendency to spontaneously 
differentiate and form heterogeneous populations of 
cells strongly suggest that PINK1-dependent mitophagy 
might be necessary for the iPSCs to remain in 
undifferentiated state. Indeed, with growing evidence 
for remodeling of energy metabolism in cell fate 
decisions, the fact that functional monitoring of cellular 
bioenergetics revealed an attenuated glycolytic capacity 
in mitophagy-deficient iPSC cells strongly suggest that 
the mitophagy pathway is an operating mechanism of 
mitochondrial switching that directs bioenergetic 
transition from somatic oxidative in somatic cells to 
glycolysis in iPSCs.  While mitophagy might ultimately 
determine the efficiency and quality of nuclear 
reprogramming and stemness transition in somatic cells 
by participating in the bioenergetic conversion for 
establishing functional pluripotency, it remains to be 

unambiguously defined whether the ultimate role of 
mitophagy in stem cells is to regulate the preferential, 
asymmetric apportion of younger mitochondria during 
self-renewal [82].    
 
The main characteristics of iPSC mitochondria are their 
rounded morphology with condensed cristae and their 
poor oxidative activity due to the low membrane 
potential [36-45, 65]. Given that mitophagy is triggered 
by mild oxidative stress in a mitochondrial fission-
dependent manner [83], we hypothesized that abnormal 
mitophagy might lead to the accumulation of “old”, 
ROS-generating mitochondria, and this, in turn, might 
impair the efficiency of reprogramming. Our results 
showed that the mitophagy deficiency-imposed 
roadblock for reprogramming is bypassed, in part, by 
the ROS scavenger vitamin C upon the inclusion of 
oncogenic c-Myc, which is a key inducer of glycolytic 
reconfiguration [31, 84]. Interestingly, c-Myc also 
functions as the major contributor of reprogramming-
mediated oxidative stress [38, 85]. Therefore, while it 
seems likely that ROS partially contribute to the lower 
reprogramming efficiency of PINK1-/- MEFs, other 
ROS-independent mitochondrial changes imposed by 
the loss of PINK1-driven mitophagy seem to operate as 
a dominant roadblock during reprogramming. Because 
histone demethylases have been shown to be the direct 
downstream effectors of vitamin C-dependent 
enhancement of cell reprogramming, in addition to its 
antioxidant activity [72-75], it is possible that 
mitophagy deficiency might impede reprogramming by 
inhibiting histone demethylation. In this regard, it was 
noteworthy that the iPSC metabolite majorly impacted 
by loss of PINK1-dependent mitophagy was α-
ketoglutarate, a key mitochondrial metabolite that is 
siphoned from the TCA cycle to support rapid cell 
proliferation via lipid and amino acid biosynthesis that 
can exit also the mitochondria to function as a cofactor 
for dioxygenase enzymes including Jumonji-family 
histone demethylases, TET-family DNA hydroxylases, 
and prolyl hydroxylases [86-88]. Indeed, the 
intracellular α-ketoglutarate levels have been shown to 
contribute to the maintenance of cellular identity and 
have a mechanistic role in the transcriptional and 
epigenetic state of stem cells [89]. Further research, 
however, is needed to evaluate the precise epigenetic 
modifications associated with mitophagy-related 
changes in mitochondrial biogenesis, structure, and 
function, i.e., how mitophagy might drive the 
acquisition and maintenance of stemness by meta-
bolically regulating the epigenetic landscape of the 
nuclear genome [90-92].  
 
The fact that PINK1-/--iPSCs possessed a normal 
capacity to differentiate into mature tissue confirmed 
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that deficiency of PINK1-driven mitophagy does not 
interfere with the pluripotent quality of iPSCs. Because 
the kinetics of teratoma formation is dependent on the 
number of remaining pluripotent stem cells during the 
differentiation procedure [93-98], it might be tempting 
to suggest that loss of PINK1-driven mitophagy 
facilitates the depletion of residual undifferentiated 
pluripotent cells (teratocarcinoma-initiating cells) 
during in vivo teratoma formation. Moreover, because 
the retention of the embryonal character is considered 
the basis for continuous and progressive growth of 
malignant teratomas, loss of biological aggressiveness 
in PINK1-/--iPSC-derived teratomas apparently suggest 
that mitophagy deficiency impedes the retention of 
undifferentiated pluripotent stem cells by promoting 
their differentiation and inhibiting potential 
dedifferentiation of committed cells. Accordingly, the 
highly significant more active mitochondrial state of 
tissues from PINK1-/- teratomas might be indicative of 
rapid, most committed differentiation of otherwise 
pluripotent PINK1-/--iPSCs. Conversely, it might be 
argued that these findings reflect that the percentage of 
fully reprogrammed cells might be significantly lower 
within mitophagy-deficient PINK1-/--iPSC colonies. 
Forthcoming studies should evaluate whether rapidly 
differentiating, mitophagy-deficient heterogeneous 
colonies of PINK1 KO-iPSCs might illuminate new 
mitochondria-centered mechanisms aimed to restore or 
stimulate a differentiation checkpoint capable of 
limiting the aberrant self-renewal of life-threatening 
cancer stem cells in tumor tissues.  
 
We are beginning to dissect the roles of mitochondria in 
the establishment and homeostasis of stemness, which 
may help to uncover novel insights into our 
understanding of a wide variety of degenerative 
diseases, aging, and aging-related diseases including 
cancer. Although we are still far from a comprehensive 
understanding of the physiological functions of 
mitochondria in stem cells, our findings extend previous 
studies into the causal mechanism behind the well-
recognized metabolic switch during the establishment of 
pluripotency, which is accompanied by significant 
changes in mitochondrial function, composition, 
structure, maturation, and signaling. Mitophagy appears 
to be a crucial cellular process for the conversion of 
functionally mature mitochondria to an immature state 
and vice versa during reprogramming and 
differentiation, respectively. In this regard, mitophagy 
may ensure a metabolic transition to meet the specific 
energetic and anabolic demands of the stemness state, 
e.g., mitophagy-induced repression of mitochondrial 
functions including mitochondrial clearance might 
accelerate the onset of the glycolytic metabolism [99]. 
Furthermore, mitophagy-driven mitochondrial rejuvena-

tion might contribute to the ability of stem cells to 
suppress differentiation by orchestrating the 
mitochondria function as signaling organelles of diverse 
biological functions [100, 101], including not only 
bioenergetic transitions but, perhaps more importantly, 
metabolome remodeling traits connecting mitochondrial 
metabolites with epigenetics [100-102]. Further studies 
are warranted to determine the causal role of 
mitophagy-driven mitochondrial rejuvenation as part of 
the mechanism involved in the maintenance and 
asymmetric transmission of the pluripotency and 
differentiation fate of stem cells. Our discovery that 
mitophagy-controlled mitochondrial quality is a critical 
director of cell-fate plasticity and stem-cell fate should 
provide new insights into how mitophagy might 
influence the stem cell decisions to retain pluripotency 
or differentiate in tissue regeneration and aging, tumor 
growth, and regenerative medicine. 
 
MATERIALS AND METHODS 
 
PINK1-knockout mouse embryonic fibroblasts.  PINK1-
knockout mice were generated by targeted deletion of 
exon 1 as described [52]. Loss of Pink1 mRNA 
expression in primary embryonic fibroblasts (MEFs) 
was confirmed by quantitative RT-PCR [52]. 
 
Generation of iPSCs. Mouse primary iPSCs were 
created by transducing MEFs deficient for PINK1 
(PINK1-/-) and wild-type (PINK1+/+) counterparts with 
the pMXs-based retroviruses that individually encode 
the mouse transcription factors Oct3/4, Sox2, and Klf4 
following a previously-described protocol [64, 65]. 
Characterization of iPSC-like colonies was carried out 
by analyzing pluripotent marker expression by alkaline 
phosphatase (AP) staining using the StemTAG™ 
Alkaline Phosphatase Staining and Activity Assay Kit 
(Cell Biolabs, Inc. Cat. No. CBA-302) and the 
expression of Oct3/4, Nanog, Sox2, and Ssea-1 by 
immunofluorescence (see below).  
 
To generate feeder-free iPSC cultures for teratoma 
assays, culture plates were coated with 0.3 mg/mL 
Matrigel (growth factor-reduced, BD Biosciences, San 
Jose, CA) at 4oC overnight. Unbound Matrigel was 
aspirated, and the cells were washed with DMEM/F12 
medium. iPSCs were seeded on Matrigel-coated plates 
in MEF-conditioned ES cell medium supplemented with 
leukemia inhibitory factor (LIF) and bFGF (4 ng/mL). 
The medium was changed every day.  
 
Immunofluorescence staining. High-content confocal 
imaging was performed in 96-well clear bottom 
imaging tissue culture plates (BD Biosciences) 
optimized for automated imaging applications. Triton® 

  
www.impactaging.com                  1344                                           AGING, July 2016, Vol. 8 No.7



X-100 permeabilization and blocking, primary antibody 
staining, secondary antibody staining using Alexa 
Fluor® 488 goat anti-rabbit/mouse IgG (Invitrogen, 
Molecular Probes, Eugene, OR) and counterstaining 
(Hoechst 33258; Invitrogen) were performed following 
BD Biosciences protocols. Images were captured in 
different channels for Alexa Fluor® 488 (pseudocolored 
green) and Hoechst 33258 (pseudocolored blue) on a 
BD PathwayTM 855 Bioimager System (BD 
Biosciences) with 20× or 40× objectives (NA 075, 
Olympus). Merged images were obtained according to 
the Recommended Assay Procedure using BD 
AttovisionTM software. 
 
Reactive Oxygen Species (ROS) detection. Cells were 
incubated for 60 min with 10 μmol/L 2’,7’-dihydro-
dichlorofluorescein-diacetate (H2DCF-DA) (Invitrogen, 
Molecular Probes) at 37˚C. Cellular green fluorescence 
was then measured by flow cytometry. Cell-permeant 
non-fluorescent H2DCF-DA, upon cleavage of the 
acetate moiety by intercellular esterases and oxidation 
by ROS, is converted to strongly fluorescent DCF and 
thus reports the ROS abundance. 
 
Immunoblotting. Equal concentration of proteins (50 
μg) was loaded into a 10% SDS-polyacrylamide gel and 
then electrotransferred. After blocking (5% nonfat 
powder milk in TBS plus 0.1% TritonX100 for 1 h at 
room temperature), the nitrocellulose membranes were 
incubated for 16-20 h at 4oC with the primary antibody 
(Oct3/4, Abcam ab-1985, 1:600; Sox2, Abcam ab-
97959, 1:1000; β-actin, Santa Cruz sc-47778; 1:500). 
The detection of the immune complexes after 
incubation with the appropriate peroxidase-conjugated 
secondary antibody (Cell Signaling #7074, 1:1000; 
Calbiochem #401215, 1:5000) was performed with the 
Clarity™ Western ECL Substrate (Bio-Rad).  
 
Extracellular flux bioenergetic assays. Extracellular 
acidification rates were measured using an XF 
Extracellular Flux Seahorse Analyzer (Seahorse 
Bioscience). XFp Glycolysis Stress tests were performed 
in accordance with manufacturer’s instructions. Each 
plotted value is the mean of at least 6 replicates and was 
normalized to Hoechst signal in each well.  
 
Targeted metabolomics and data analysis.  Measurements 
of bioenergetics metabolites obtained from PINK1+/+-
iPSC and PINK1-/--iPSC clonal cell lines were performed 
by employing a previously described simple and 
quantitative method based on gas chromatography 
coupled to quadrupole-time of flight mass spectrometry 
and an electron ionization interface (GC-EI-QTOF-MS) 
[76, 77].  
 

Raw data were processed and compounds were detected 
and quantified using the Qualitative and Quantitative 
Analysis B.06.00 software (Agilent Technologies), 
respectively. MetaboAnalyst 3.0 
(http://www.metaboanalyst.ca) was used to generate 
scores/loading plots, Heatmaps, and correlation maps 
[103]. 
 
Teratoma assays. To form teratomas, iPSCs were 
harvested from Matrigel-coated culture dishes and 
injected subcutaneously (s.c.) into the dorsal flank of 
female athymic nude mice (four- to five-weeks-old, 23-
25g; Harlan Laboratories, France). Mice were weighed 
once per week. Teratomas were measured daily with 
electronic calipers and tumour volumes were calculated 
using the formula: volume (mm3) = length × width2 × 
0.5. General health of the mice in response to teratoma 
development (e.g., subcutaneous teratomas cause 
ulceration on the skin) was monitored daily by a 
specialized veterinarian. Teratomas were carefully 
dissected and removed in entirety, fixed in 10% 
phosphate buffered formalin (3.6% formaldehyde) for 
24 hours, and paraffin-embedded. For histopathological 
analysis, consecutive sections (4 μm) were cut and 
stained with haematoxylin and eosin according to 
standard procedures. 
 
The Institutional Animal Care and Use Committee 
(IACUC) of the Institut d’Investigació Biomèdica de 
Bellvitge (IDIBELL; Animal Use Protocol #6302 
authorized by the Animal Experimental Commission 
from the Catalan Government, Barcelona, Spain) 
approved the experiments. 
 
Transmission electron microscopy. Small pieces of 
teratomas were fixed in a 2% glutaraldehyde solution in 
0.1 M cacodylate buffer, pH 7.4. Samples were then 
post-fixed in 1% osmium tetroxide (OsO4) for 2 h and 
dehydrated through a graded series of acetone prior to 
impregnation in increasing concentrations of resin in 
acetone over a 24 h period. Semi-thin sections (500 nm) 
were stained with 1% toluidine blue. Ultrathin sections 
(70 nm) were subsequently cut using a diamond knife, 
double-stained with uranyl acetate and lead citrate, and 
examined with a transmission electron microscope 
(Hitachi, Tokyo, Japan). 
 
Statistical analysis. The results are presented as the 
mean ± SD of at least three repeated individual 
experiments for each group. The analyses were 
performed using XLSTAT 2010 (AddinsoftTM). A P-
value ≤ 0.05 was considered statistically significant. 
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Liposarcoma (LPS) is rare malignant tumor of fat cells 
in deep soft tissue that affects adults between the ages 
of 40 and 60 [1]. This tumor is extremely aggressive 
with high morbidity and mortality. World Health 
organization classifies LPS into five subtypes: well-
differentiated (WDLPS)/Atypical lipomatous tumors 
(ALT); dedifferentiated (DDLPS); myxoid (MLPS); 
pleomorphic (PLPS); and mixed type LPS [2]. Most 
common modality of treatment is surgical removal of 
tumor followed by radiation and chemotherapy. The 
five year survival rate of LPS patients vary from 56%-
100% based on different subtypes [3]. Previous genetic 
studies have focused either on a subset of target genes 
or one subtype of LPS. Till now no reports have 
provided a detailed genomic analysis of LPS which 
included all different subtypes of LPS. Therefore, 
recently we defined the genomic landscape of LPS 
using SNP array and whole exome sequencing and 
identified a spectrum of altered genes and pathways in 
different subtypes of LPS patients and cell lines [4].  
WDLPS and DDLPS subtypes have a characteristic 
feature of amplified region of chromosome 12q13-15 
containing several well-known oncogenes such as 
MDM2, CDK4 and HMGA2 [5]. SNP array analysis of 
LPS patients and cell lines identified recurrent 
amplification of Carboxypeptidase M (CPM) gene only 
in WDLPS and DDLPS subtypes. We studied in detail 
CPM gene in vitro and in vivo and showed its 
involvement in liposarcomagenesis. CPM is a 
membrane bound enzyme and we found it expressed on 
the cell surface of LPS cells suggesting it as a potential 
therapeutic target. Carboxypeptidase activity of CPM is 
known to regulate the processing of EGF [6]. We found 
downregulation of CPM expression leads to reduced 
EGFR signalling and induces apoptosis of LPS cells. 
Future studies are ongoing detailing further role of 
enzymatic activity of CPM in EGFR signaling and 
enhancement of tumor growth. Further, we are 
developing both a quantitative PCR assay and an 
ELISA to measure CPM activity in the serum to 
develop a biomarker to measure minimal residual 
disease which might aid in monitoring therapy. Specific 
and selective inhibitors of CPM are not available in the 
market; therefore, we are also aiming to do screening to 
find selective  and  specific  small  molecules  to  inhibit  
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CPM enzymatic activity. We proposed CPM as 
potential therapeutic candidate which could be used as 
targeted approach to manage CPM amplified WDLPS 
or DDLPS patients.  
Next, whole exome sequencing and targeted exome 
sequencing identified various known cancer related and 
novel genes recurrently mutated in different subtypes of 
LPS. MAPK, ErbB, JAK-STAT, Wnt, apoptosis, cell 
cycle, DNA replication and repair and axon guidance 
pathways were found to be potentially involved in 
liposarcomagenesis. We identified recurrent mutations 
in previously unidentified genes in LPS associated with 
DNA damage repair pathways. LPS tumors with DNA 
repair mutations could be completely dependent on 
other backup repair pathways for the survival which 
may be exploited to induce synthetic lethality as 
therapeutic approach in these tumors.  
Interestingly, we reported for the first time multi-region 
genomic analysis of single LPS patient’s tumor 
signifying intra-tumor mutational and copy number 
heterogeneity. The current basis for most of the 
personalized medicine approaches depends on the 
genomic landscape of a single tumor biopsy sample. 
Due to the frequent large size of LPS tumors compared 
to other solid tumors, intra-tumor heterogeneity will 
lead to difficulties in identifying biomarkers and 
therapeutic targets. Our preliminary analysis of intra-
tumor heterogeneity mandates the need for future 
detailed studies exploring the evolution of LPS tumors 
leading to progression. 
In summary, our recent work gave insights into global 
genomic spectrum of LPS cohort for development of 
novel therapeutic strategies and for understanding the 
pathogenesis this deadly disease. 
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INTRODUCTION 
 
Apoptosis, the programmed cell death, is finely 
regulated at gene level resulting in the orderly and 
efficient removal of damaged cells such as those 
occurring following DNA damage or during 
development [1]. The machinery of apoptosis is 
complex and involves many signaling pathways. 
Apoptosis can be triggered in a cell through either the 
caspase-mediated extrinsic or intrinsic pathways. Both 
pathways converge to activate the effector apoptotic 
caspases resulting ultimately in morphological and 
biochemical cellular alterations, characteristics of 
apoptosis [2]. Usually, the balance between the pro-
apoptotic   and  anti-apoptotic  protein  regulators   is   a  
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critical key point to determine if a cell undergoes 
apoptosis. The induction of apoptosis as result of DNA 
damage in precancerous lesions can remove potentially 
harmful cells, thereby blocking tumor growth. 
Deregulation of this death process is associated with 
unchecked cell proliferation, development and 
progression of cancer and cancer resistance to drug 
therapies [3,4]. For that reason, deregulation of 
apoptosis is considered one of the hallmarks of cancer 
[5]. Therapeutic strategies targeting molecules involved 
in apoptotic resistance therefore represent a valid 
approach to be pursued in order to restore cancer cells 
sensitivity to apoptosis and overcome the ineffectiveness 
of the treatments [6,7]. This article focuses on the 
mechanisms of apoptosis, how defects along the 
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Abstract: Apoptosis  is a  form of programmed cell death  that  results  in  the orderly and efficient  removal of damaged
cells, such as those resulting from DNA damage or during development. Apoptosis can be triggered by signals from within
the  cell,  such as genotoxic  stress, or by extrinsic  signals,  such as  the binding of  ligands  to  cell  surface death  receptors.
Deregulation  in apoptotic cell death machinery  is an hallmark of cancer. Apoptosis alteration  is responsible not only for
tumor development and progression but also for tumor resistance to therapies. Most anticancer drugs currently used  in
clinical oncology exploit  the  intact apoptotic  signaling pathways  to  trigger cancer cell death. Thus, defects  in  the death
pathways may  result  in  drug  resistance  so  limiting  the  efficacy  of  therapies.  Therefore,  a  better  understanding  of  the
apoptotic cell death signaling pathways may improve the efficacy of cancer therapy and bypass resistance. This review will
highlight  the  role of  the  fundamental  regulators of  apoptosis  and how  their deregulation,  including  activation of  anti‐
apoptotic factors (i.e., Bcl‐2, Bcl‐xL, etc) or inactivation of pro‐apoptotic factors (i.e., p53 pathway) ends up in cancer cell
resistance to therapies. In addition, therapeutic strategies aimed at modulating apoptotic activity are briefly discussed. 
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apoptotic pathway contribute to cancer development and 
drug resistance and, briefly, how apoptosis can be used as 
a vehicle of targeted treatment in cancer. 
 
Morphological and biochemical changes in apoptosis 
 
From the morphological point of view apoptotic cells 
show a characteristic cytoplasmic cell shrinkage, budding 
of plasma membrane, membrane exposure of 
phosphatidylserine (PS) on extracellular side, chromatin 
condensation and DNA fragmentation [8,9]. The plasma 
membrane is intact throughout the total process. The 
expression of PS in the outer layers of the cell membrane 
allows early recognition of dead cells by macrophages, 
resulting in phagocytosis without the release of 
proinflammatory cellular components [10]. At the later 
stage of apoptosis some of the morphological features 
include membrane blebbing, ultrastructural modification 
of cytoplasmic organelles and loss of membrane integrity 
[11]. Usually phagocytic cells engulf apoptotic cells 
before apoptotic bodies occur [12]. Apoptosis is 
primarily executed by a family of proteases known as the 
caspases (cysteinyl, aspartate-specific proteases) [13]. 
Caspases are central to the mechanism of apoptosis as 
they are both the initiators (caspase-2, -8, -9 and -10, 
primarily responsible for the beginning of the apoptotic 
pathway) and the executors (caspase-3, -6 and -7, 
responsible for the definite cleavage of cellular 
components) of cell death [14]. After being produced as 
inactive proteins (zymogens or pro-caspases), the initiator 
caspases auto-activate through auto-proteolysis, a process 
that is facilitated by their interaction with specific adapter 
molecules [15]. Once activated, the initiator caspases 
cleave off the executors caspases that perform critical 
cleavage of specific cellular substrates resulting in the 
final apoptotic cell death [16]. This caspases activity is 
responsible of the apoptotic hallmarks, such as chromatin 
condensation, plasma membrane asymmetry and cellular 
blebbing. The extensive and irreversible proteolytic 
activity mediated by executor caspases represents the 
ultimate outcome of both the extrinsic and the intrinsic 
apoptotic pathways (see below). Thus, both pathways 
converge on caspases-3, 6, or -7 that allow disruption of 
DNA and cellular components inducing the typical 
morphological changes in apoptosis [17]. Of note, 
caspases activity has been also extended to non-apoptotic 
functions such as cell differentiation/maturation 
suggesting that the caspase cascade may become 
activated independently of– or without inducing- an 
apoptotic cascade [18-20]. 
 
Extrinsic apoptotic pathway 
 
The extrinsic apoptotic pathway (death receptor-
dependent) is initiated by the interaction of cell surface 

exposed death receptors, belonging to the superfamily 
of tumor necrosis factor receptor (TNFR), with their 
respective protein TNF family ligands [21]. Death 
receptors are structurally defined by an intracellular 
protein-protein interaction domain, called the death 
domain (DD), which is critically involved in apoptosis-
inducing signalling [22]. The more broadly 
characterized signaling systems of death receptor-
ligands include TNFR1-TNFα, FAS (CD95, APO-1)-
FasL, TRAILR1 (DR4)-TRAIL, TRAILR2 (DR5)-
TRAIL. Upon death receptor stimulation by its 
corresponding ligand, the same receptor undergoes 
oligomerization and a conformational change to reveal 
its cytoplasmic DD to support homotypic interactions 
with other DD-containing proteins [21]. The role of 
adapter proteins (FADD/TRADD) is to sequester, at 
level of this protein complex, the initiator pro-caspase-8 
and/or -10 resulting in the formation of the so-called 
death-inducing signaling complex (DISC), increasing 
the local concentration of pro-caspase and promoting 
the mutual auto-activation [23]. The activation of 
initiator caspases results in the processing of the 
downstream effector caspases-3, -6 and -7 whose 
activation leads to the cleavage of essential substrates 
for cell viability, inducing cell death (Figure 1) [17]. 
Some cells do not die in response to the extrinsic 
pathway alone and require an amplification step that is 
induced by caspase-8. In this situation, capase-8 targets 
the BH3-only protein Bid (BH3-interacting-domain 
death agonist) for cleavage and generate the activated 
fragment t-Bid; t-Bid then directly activates pro-
apoptotic multi-domain proteins to induce 
mitochondrial outer membrane permeability (MOMP), 
so this co-engages the intrinsic pathway [3] (Figure 1) 
(see below). 
 
Intrinsic apoptotic pathway 
 
The intrinsic apoptotic pathway (mitochondria-
dependent) is mediated by intracellular signals that 
converge at the mitochondrial level in response to 
different stress conditions (i..e, irradiation, treatment 
with chemotherapeutic agents, etc.) [24]. Internal 
stimuli such as irreparable genetic damage, hypoxia, 
extremely high concentrations of cytosolic Ca+ and 
severe oxidative stress are some triggers of the initiation 
of the intrinsic mitochondrial pathway [25]. Subsequent 
activation of pro-apoptotic BH3-only members of the 
Bcl-2 family (Bax, Bak) neutralizes the antiapoptotic 
proteins Bcl-2, Bcl-xL, and Mcl-1, leading to disruption 
of mitochondrial membrane outer membrane 
permeability (MOMP) so that proteins normally 
confined in the intermembrane space spread into the 
cytosol. These proteins include the so-called apopto-
genic factors, such as cytochrome-c, which plays a 
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crucial role in activating the mitochondrial-dependent 
death in the cytosol [26]. Cytochrome-c binds to the 
cytosolic Apaf-1 (apoptosis protease activating factor-1) 
and triggers the formation of a complex named 
apoptosome, which recruits initiator pro-caspase-9 to its 
caspase recruitment domain (CARD), allowing auto-
activation and then proteolysis. The process in turn 
activates downstream executor caspases-3, -6 and -7 for 
cleavage of cellular substrates leading to apoptotic cell 
death (Figure 1) [27,28]. 
 
The B-cell lymphoma 2 (Bcl-2) family proteins 
 
The intrinsic pathway is closely regulated by the B-cell 
lymphoma 2 (Bcl-2) family of intracellular proteins. 
This proteins family regulates both pro-apoptotic and 
anti-apoptotic intrinsic pathways controlling the 
alteration of MOMP [29]. Therefore, by  mediating  per- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

meabilization of the mitochondrial membrane, the Bcl-2 
proteins serve as an “apoptotic switch” [30]. The Bcl-2 
proteins are classified into three subgroups, one group 
with anti-apoptotic and two with pro-apoptotic function, 
depending on the composition of typical BH (Bcl-2 
Homology) domains, listed from BH1 to BH4 [31,32] 
(Figure 2). Whereas the BH1 and BH2 domains of bcl-2 
are required for dimerization with pro-apoptotic 
proteins, BH3 domain is crucially important to the 
interaction between pro-apoptotic and anti-apoptotic 
proteins and is contained by all family members. The 
amino-terminal BH4 domain is mainly found in the bcl-
2 family members with death-repressing activity, but is 
also present in some pro-apoptotic molecules. The anti-
apoptotic multi-domain group includes Bcl-2, Bcl-xL, 
Bcl-W, Mcl-1, A1, and Bcl-B, containing from three to 
four BH domains; the pro-apoptotic multi-domain group 
includes Bax, Bak and  Bok  proteins,  containing  three  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure  1.  Intrinsic  and  extrinsic  apoptotic  pathways.  The  intrinsic
(mitochondrial) and the extrinsic (ligands/death receptors) cell death pathways
and their convergence through t‐Bid are depicted (see text for details). 
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BH-domains (BH1, BH2 and BH3); and the pro-
apoptotic BH3-only proteins group includes Bid (BH3 
interacting-domain death agonist), Bim (Bcl-2-like 
protein 11), Bad (Bcl-2-associated death promoter), 
Puma (p53 upregulated modulator of apoptosis), 
Noxa, BMF, HRK and BIK (Figure 3) [33]. While the 
anti-apoptotic proteins regulate apoptosis by blocking 
the mitochondrial release of cytochrome-c, the pro-
apoptotic proteins act by promoting such release.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The balance and protein-protein interactions between 
Bcl-2 family members is required to determine whether 
a cell undergoes cell survival or apoptosis. The 
activation of Bax (cytosolic protein that translocates 
into mitochondria during induction of apoptosis), and 
Bak (integral membrane protein located in the 
mitochondria and endoplasmic reticulum) involves 
conformational changes that trigger the formation of 
homo-oligomeric protein complexes that end up altering  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure  3. Bcl‐2 protein  subgroups.  The  Bcl‐2  proteins  are  classified  into  three  subgroups,  one 
group with anti‐apoptotic and two with pro‐apoptotic function, depending on the composition of the 
typical BH domains, listed from BH1 to BH4. Representative members of each subfamily are shown. 

Figure 2. Bcl‐2 family members domain composition and function. Typical BH (Bcl‐2
Homology) domains, listed from BH1 to BH4, are shown. TM: transmembrane domain. 
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the mitochondrial membrane permeability [34,35]. The 
pro-apoptotic BH3-only proteins act upstream of this 
event binding with high affinity to anti-apoptotic Bcl-2 
family members thereby allowing Bax/Bak to elicit 
MOMP and activation of the caspase cascade [36,37]. 
Anti-apoptotic multidomain members of the Bcl-2 
protein family not only counteract the pore-forming 
activity of Bax and Bak by engaging in direct inhibitory 
interactions, but also prevent the generation of pro-
apoptotic cytosolic Ca2+ waves either by reducing 
capacity of endoplasmic reticulum (ER) Ca2+ storage, 
an effect that is antagonized by Bax and Bak or by 
interacting with inositol 1,4,5- trisphosphate (IP3) 
receptor [38,39]. Other apoptotic factors that are 
released from the mitochondrial intermembrane space 
into the cytoplasm include apoptosis inducing factor 
(AIF), second mitochondria-derived activator of caspase 
(Smac), direct IAP Binding protein with Low pI 
(DIABLO) and Omi/high temperature requirement 
protein A (HtrA2) [40]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The inhibitors of apoptosis proteins (IAPs) 
 
Considering that proteolysis is an irreversible process, 
strict control of caspases-mediated proteolytic cleavage 
is imperative to prevent inappropriate cell destruction 
[41]. Negative regulation of caspases function is 
achieved by IAP proteins family whose principal 
members in humans are NAIP (BIRC1), cIAP1 
(BIRC2), cIAP2 (BIRC3), X-linked IAP (XIAP, 
BIRC4), Survivin (BIRC5), Apollon (BRUCE, BIRC6), 
Livin/ML-IAP (BIRC7), and IAP-like protein 2 (ILP2 – 
BIRC8) [42]. Their characteristic BIR (baculovirus IAP 
repeat) domain mediates the interaction with various 
proteins and gives them the ability to bind and 
inactivate caspases [43]. The activities of IAPs, 
however, may be suppressed by mitochondrial proteins, 
such as Omi/HtrA2 and Smac/DIABLO, released into 
the cytosol during apoptosis (Figure 4). These 
endogenous IAPs antagonists are able to bind to the 
BIR domain of IAPs reducing their ability to interact 
with caspase-3 or -9 thereby restoring their activity 
[44]. XIAP is the best characterized IAP so far and is 
generally recognized as the most potent endogenous 
caspase inhibitor. XIAP anti-apoptotic activity involves 
inhibition of active executor capsases as well as 
prevention of initiator caspase-9 activation [45]. 
 
Alterations of the apoptotic pathways 
 
There are many ways through which both the extrinsic 
and the intrinsic apoptotic pathways may be altered, 
resulting in reduction of apoptosis or acquisition of 
apoptosis resistance. They include impaired death 
receptor signaling, disrupted balance between pro-
apoptotic and anti-apoptotic proteins, reduced caspase 
function and impaired p53 function (Figure 5). 
Alteration of extrinsic apoptotic signaling has been 
associated with different types of human tumors, 
underscoring how the loss of activity of Fas-FasL 
system [46] or the aberrant expression of cytosolic 
components of this death receptor apoptotic pathway 
(i.e., FADD) [47] can contribute to the tumor 
transformation. Several genetic defects have been 
proven to contribute to the resistance of tumor cells to 
Fas-mediated apoptosis. Fas transcriptional silencing is 
a common oncogenic event in the epithelial 
transformation, while its mutation has been often 
associated with B-cell germinal center-derived 
lymphomas [48]. In acute myelogenous leukemia 
(AML) reduced or absent expression of FADD has been 
frequently observed, resulting in resistance to 
chemotherapy and poor patient prognosis [47,49]. 
Moreover, in several cancers including neuroblastoma, 
medulloblastoma, and small cell lung cancer (SCLC), 
absent or reduced expression of caspase-8 was reported 

Figure  4.  Function  of  inhibitors  of  apoptosis
proteins  (IAPs).  IAPs  are  often  overexpressed  in
cancer and they have the ability to bind and inactivate
caspases 9 and 3. The activities of  IAPs, on  the other
hand, may  be  suppressed  by mitochondrial  proteins,
such  as  Omi/HtrA2  and  Smac/DIABLO,  released  into
the cytosol during apoptosis. 
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[50-52]. Another resistance mechanism reported in a 
variety of human tumors is the overexpression of anti-
apoptotic protein c-Flip, recruited at the DISC level, 
that prevents the pro-caspase-8 auto-activation thereby 
rendering cell resistant to death receptor-mediated 
apoptosis [53-55]. 
 
As for the extrinsic pathway, alteration of some 
components of the intrinsic apoptotic pathway can play a 
fundamental role in the development of resistance to 
chemotherapy in different types of tumors. Disruption in 
the balance of anti-apoptotic and pro-apoptotic members 
of the Bcl-2 family results in deregulated apoptosis in the 
affected cells. This can be due to overexpression of one 
or more anti-apoptotic proteins or downregulation of one 
or more pro-apoptotic proteins or a combination of both. 
Anti-apoptotic Bcl-2 over-expression has been reported 
in several human cancers, including prostate cancer, 
diffuse large B-cell lymphoma (DLBCL), melanoma, etc. 
[56-58], resulting in protection of cancer cells from 
apoptosis or inhibition of TRAIL-induced apoptosis 
[59,60]. Overexpression of Bcl-xL has also been reported 
in colorectal cancer and Kaposi's  sarcoma  [61,62].  Such  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

overexpression confers a multi-drug resistance phenotype 
in tumor cells and prevents them from undergoing 
apoptosis [63]. Thus, high expression levels of anti-
apoptotic proteins Bcl-2 and Bcl-xL have been reported 
to correlate with cisplatin resistance and tumor recurrence 
in different cancers including non-small cell lung cancer 
(NSCLC), head and neck, ovarian, and breast [64-68]. 
On the other hand, mutations in the pro-apoptotic Bax 
gene have been reported in colorectal cancers and 
contribute to resistance to anticancer treatments [69]. 
Increased Bcl-2/Bax ratio has been reported in chronic 
lymphocytic leukaemia (CLL) patients. [70]. Other 
examples of alteration of the intrinsic pathway include 
reduced expression of the basic component of the 
apoptosome, Apaf-1, in melanomas [71,72], as result of 
promoter aberrant methylation. In addition, tumor cells 
resistance to apoptosis also occurs as a result of alteration 
of mediators that control the intrinsic apoptotic pathway 
downstream from the apoptosome formation, i.e. acting 
on caspase activity. In this regard, high level of IAPs 
expression has been found in different types of cancers, 
and this evidence is considered a marker of poor 
prognosis for patients [73,74]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5. Mechanisms leading to deregulation of apoptosis. Schematic representation
of  the different ways  through which both  the extrinsic and  the  intrinsic apoptotic pathways
may be altered, resulting in reduction of apoptosis or acquisition of apoptosis resistance. 
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Pharmacological targeting of the apoptotic pathways 
 
Based on this evidence, restoration of apoptotic 
pathway by drugs targeting both apoptotic pathways 
constitutes a promising anticancer therapeutic approach. 
Regarding the extrinsic pathway, the down-regulation 
of c-Flip by metabolic inhibitors and the promotion of 
caspase-8 activation by interferon, are some examples 
of strategies aimed at making tumors responsive to 
death receptor-induced apoptosis, and more generally, 
to chemotherapy-induced apoptosis [55,75,76]. The 
therapeutic importance of inducing apoptosis through 
the extrinsic pathway also extends to cancer cells that 
do not show defects in components of that pathway. 
Indeed, inducing the apoptosis by stimulating the 
extrinsic pathway can overcome the resistance to 
therapeutic agents that act by causing DNA damage, as 
death receptor-dependent apoptosis may occur 
regardless of the stress response. An example of such 
therapeutic strategy is represented by the ligand TRAIL 
known to induce apoptosis in different tumor cell lines 
[77]. The preferential destructive effect against tumor 
cells and the apparent absence of systemic toxicity 
through TRAIL-induced apoptosis, led to the 
development of antibodies with agonistic activity 
against the TRAIL death receptors (DR4 and DR5) or 
soluble recombinant derivatives of TRAIL (sTRAIL) as 
promising chemotherapeutic agents [78]. An attractive 
strategy to sensitize resistant malignancies to TRAIL-
induced cell death is the design of small molecules that 
target and promote caspase-8 activation. Through an in 
silico screening some authors successfully found a 
small molecule activator of caspase-8 [79]. 
Experimental validation performed in multiple cell 
lines, such as leukemic and prostate cells, revealed that 
CaspPro small molecule promotes caspase-8 activation, 
caspase-3 activation and PARP cleavage, in the 
presence of TRAIL, leading to cell death [79]. Owing to 
its different toxicity for transformed as opposed to 
normal cells, Apo2/TRAIL shows promise as potential 
cancer therapy agent [80,81]. 
 
As in the extrinsic pathway, mediators of the intrinsic 
pathway involved both in tumorigenesis and chemo-
resistance, are targeted for therapeutic approaches. 
These anticancer strategies attempt to develop drug-
designed inhibitors of anti-apoptotic proteins typically 
overexpressed in cancer cells, such as Bcl-2, Bcl-xL and 
IAPs [82]. Efforts to target Bcl-2 proteins involve the 
development of agents that disrupt Bcl-2 complexes. 
BH3 mimetics bind to the hydrophobic groove of 
antiapoptotic proteins mimicking the action of BH3-
only proteins in binding to pro-survival proteins, 
leading to the release of BH3-only proteins from 
complexes and activation of BAX and BAK. So far, 

nearly a dozen BH3 mimetics are under investigation as 
Bcl-2 inhibitors in different phases of human clinical 
trials such as AT-101 (R-(-)-gossypol) [83,84], ABT-
199 (venetoclax) [85], ABT-737 [86], ABT-263 
(navitoclax, orally available derivative of ABT-737) 
[87,88], GX15-070 (obatoclax) [89,90] and TW37 [91]. 
The field of inhibitors of Bcl-2 family members is in 
continuous development [92,93], underscoring the 
importance of these molecules as potent anticancer 
agents. Moreover, targeting the specific BH4 domain of 
Bcl-2 is also emerging as a novel strategy for anticancer 
therapy [94]. Thus, Bcl-2, via its BH4 domain, 
cooperates with numerous proteins regulating different 
cellular pathways involved in tumor progression and 
chemoresistance such as hypoxia and angiogenesis [95-
97]. Recently, a small molecule namely BDA-366 was 
discovered as a potent and effective BH4 domain 
antagonist, displaying remarkable anticancer activity in 
vitro and in vivo, thus providing the proof-of-concept of 
this approach [98]. Another innovative approach to 
inhibit Bcl-2 comes from the evidence that human bcl-2 
gene contains a GC-rich sequence located in its 
promoter with the potential to form G-quadruplex 
structures [99] and functions as a transcriptional 
repressor element. Therefore, G-quadruplex-specific 
ligands can regulate the transcription of bcl-2 through 
stabilization of quadruplex structure [100,101]. 
 
Interestingly, it has been shown that the tumor 
suppressor p53, at least in part by transcription 
independent mechanisms, contributes to cell death 
induction by BH3 mimetic inhibitors of BCL-xL. In 
addition to mildly facilitating the ability of compounds 
to derepress BAX from BCL-xL, p53 also provides a 
death signal downstream of anti-apoptotic proteins 
inhibition that is independent from PUMA, as enhanced 
p53 can substitute for PUMA to promote BAX 
activation in response to BH3 mimetics [102]. It is thus 
of particular relevance that p53, even when expressed 
constitutively under conditions where it does not 
influence the expression of its pro-apoptotic 
transcription targets, enhances cell death induced by 
BCL-xL inhibition [102]. Such results suggest on one 
hand that BH3 mimetics may not totally substitute for 
the lack of an active p53 tumor suppressor in cancer 
cells; on the other hand, they imply that healthy tissues 
may be more harmed than anticipated when BCL-xL 
inhibitors are combined with chemotherapeutic agents 
that even mildly affect p53. 
 
Among the therapeutic strategies targeting IAPs two 
approaches have being developed, that is the use of 
antisense oligonucleotides and of small-molecule 
inhibitors. The XIAP down-regulation through 
administration of antisense agents carried by an 
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adenoviral vector has been proven effective in inducing 
apoptosis in chemoresistant ovarian cancer cells [103] 
and sensitizing lung cancer cells to the radiation 
treatment [104]. Similarly, the inhibition of XIAP 
expression with specific oligomers has been shown to 
induce caspase-3 activity, boosting the apoptotic effect 
of cisplatin and TRAIL in human prostate androgen-
insensitive cancer cells [105]. Moreover, preclinical 
studies have shown that Smac mimetics can directly 
trigger cancer cell death or sensitize tumor cells to 
various cytotoxic therapies, including conventional 
chemotherapy, radiotherapy, or novel agents. They 
promote activation of caspases by neutralizing XIAP-
mediated caspase inhibition [106]. Therefore, the 
success of each therapeutic strategy depends mainly on 
the ability of the therapeutic tool to induce apoptosis 
either by targeting the overexpressed anti-apoptotic 
proteins or by stimulating the expression of the pro-
apoptotic molecules. 
 
However, it is worth to mention that the cancer genetic 
background may induce failure of apoptosis by drugs. 
In this regard, KRAS and the PI3K/AKT/mTOR 
pathway are frequently dysregulated in cancer and, for 
such reason, are the most critical targets in clinical 
oncology. Thus, direct targeting of KRAS has not been 
successful so far and, similarly, inhibition of the 
PI3K/AKT/mTOR pathway often results in apoptosis 
resistance. Using a panel of 20 human KRAS-mutant 
NSCLC (non-small cell lung cancer) cell lines Hata and 
collaborators show that most human KRAS-mutant cell 
lines fail to undergo marked apoptosis in response to 
AZD6244 (Selumetinib, a potent, selective, and ATP-
uncompetitive inhibitor of MEK1/2 kinases) [107] in 
combination with GDC-0941 (an orally bioavailable 
inhibitor of class I PI3K) [108], thus suggesting that 
failure to induce apoptosis may limit the efficacy of 
combined MEK and PI3K inhibition for KRAS-mutant 
NSCLCs. This differential apoptotic response induced 
by MEKi/PI3Ki is not simply explained by variable 
inhibition of RAS effector pathways but results from 
differential ability of the MEK and PI3K pathways to 
modulate the BCL-2 family of apoptotic regulatory 
proteins [109]. Another recent study reveals that Bcl-xL 
upregulation is an important mechanism of apoptosis 
resistance in mutant KRAS cells. Concurrent induction 
of pro-apoptotic Noxa/Bik and antagonism of Bcl-xL 
have been shown to synergistically interact to overcome 
KRAS-mediated apoptosis resistance [110]. These 
findings highlight a promising therapeutic strategy to 
overcome apoptosis resistance in KRAS-mutant 
colorectal cancer cells. Moreover, Corcoran and 
collaborators identified, by a pooled shRNA-drug 
screen, a synthetic, lethal interaction of combined Bcl-
xL and MEK inhibition to promote tumor regressions in 

KRAS mutant cancer models [111]. Therefore, a dual-
targeted or multitargeted strategy may be more efficient 
to overcome the resistance due to cancer genetic 
background. 
 
Oncosuppressor p53 and apoptosis 
 
The tumor suppressor p53 is a transcription factor that, 
upon DNA damage, is activated to induce sequence-
specific target genes involved in either cancer cell 
growth arrest or apoptosis [112]. Activation of wild-
type (wt) p53 occurs in response to genotoxic stress 
essentially through posttranslational modifications, such 
as acetylation and phosphorylation, resulting in protein 
stabilization (by escape from proteasome-mediated 
degradation) and nuclear localization leading to binding 
to sequence-specific promoters of target genes as final 
outcome of its function as transcription factor [113]. 
The induction of apoptosis by p53 in response to 
cellular stress is its most conserved function and is 
crucial for p53 tumor suppression [114]. The apoptotic 
activation of p53 is central not only for preventing 
tumor transformation but also for efficient response to 
therapies aiming at tumor eradication. In response to 
cellular stress p53 regulates molecules involved in both 
the death receptor (extrinsic) and mitochondria-
dependent (intrinsic) apoptotic pathways [115]. In 
response to multiple chemotherapeutic drugs two pro-
apoptotic members of the TNFR superfamily, Fas/Apo1 
and Killer/DR5, are regulated in a p53-dependent 
manner [116,117]. In addition to stimulating Fas 
transcription, activated p53 may enhance levels of Fas 
at the cell surface promoting trafficking of the Fas 
receptor from the Golgi [118]. Another membrane-
bound protein that was identified as a p53 target gene is 
p53 apoptosis effector related PMP-22 (PERP), 
although the precise mechanism by which its induction 
occurs has not being fully elucidated [119] (Figure 6). 
Regarding the apoptotic function of the intrinsic 
pathway, p53 seems to play a pivotal role because it 
modulates both pro-survival and pro-apoptotic Bcl-2 
family members. Indeed, a key subset of the Bcl-2 
family genes are p53 targets, including Bax, Noxa, 
PUMA and Bid [120-122] (Figure 6). PUMA gene is 
extremely effective in inducing apoptotic cell death 
within few hours and, more importantly, knockout 
experiments in human colorectal cancer cells showed 
that PUMA is required for p53-induced apoptosis [123]. 
Moreover, p53 appears to promote the convergence of 
the intrinsic and extrinsic pathways through Bid 
regulation. Indeed, Bid gene has been found to be 
transcriptionally induced by p53 in response to γ-
irradiation [124]. Interestingly, cellular chemo-
sensitivity to the DNA-damaging agents doxorubicin 
and 5-fluorouracil appears to be critically dependent  on  
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the presence of wtp53 and Bid. Therefore, the induction 
of Bid by p53 helps to sensitize the cells to the toxic 
effects of chemotherapeutic drugs [124]. While the 
induction of some p53 target genes appears to be 
sufficient to initiate apoptosis, another class of p53 
target genes (i.e., Apaf-1, caspase-6, and Bid) does not 
efficiently induce apoptosis per se but rather sensitizes 
cancer cells to the effects of chemotherapeutic agents, 
improving the apoptotic outcome [124-127]. Moreover, 
p53 also participates in apoptosis induction in a 
transcription-independent way by acting directly at 
mitochondria [128]; mechanistically, p53 interacts with 
anti-apoptotic Bcl-xL as well as pro-apoptotic Bcl-2 
family proteins resulting in releasing of the pro-
apoptotic effectors Bax/Bak that elicit cytochrome-c 
release and procaspase-3 activation [129]. 
 
Waking up the guardian: p53 as a druggable target 
 
Because of its critical antitumor function, p53 is 
frequently targeted for inactivation and suffers disabling 
mutations or deletions in about 50% of all malignant 
tumors. The other half of human cancers express wild-
type p53 protein that, however, can be inactivated by 
deregulation of regulatory proteins [130]. Stimulation of 
disabled p53 pathways has been suggested as a valuable 
anticancer strategy and, interestingly, activated wtp53 
may target cancer cells though sparing the normal ones 
[131] which is an important concern in clinical studies. 
The p53 oncosuppressor protein is normally kept at low 
level because subject to negative regulation by MDM2-
dependent proteasome degradation [132]; in response to 
genotoxic stress, however, p53 undergoes post-
translational modifications that allow the protein to 
escape MDM2 control, accumulate,  and become  active  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[133]. The mdm2 gene is amplified in a significant 
proportion of human tumor types, thereby contributing 
to tumor development by efficiently reducing the 
availability of a functional p53 protein [134]. The 
MDM2-negative regulation of p53 protein can be 
neutralized by specific protein modifications such as 
serine 46 (Ser46) phosphorylation [135], a key 
determinant in shifting the p53 pro-apoptotic 
transcription in response, for instance, to UV irradiation 
and chemotherapy [136,137]. In particular, p53-Ser46 
phosphorylation by kinase HIPK2 is able to neutralize 
MDM2-mediated p53 inhibition rescuing p53 
transcriptional activity of pro-apoptotic factors such as 
p53AIP1, PIG3, Bax, Noxa, Puma and Killer/DR5 [138-
142]. The interaction between p53 and MDM2 is a 
promising target in anticancer therapy [143]. To this 
aim, various peptidomimetic small molecules have been 
developed as protein-protein interaction blockers [144]. 
Among these is Nutlin-3, an imidazoline-based MDM2 
antagonist that potentially inhibits the p53/MDM2 
interaction though maintaining MDM2 E3 ligase 
activity [145]. The pharmacological action of Nutlin-3 
is through both the transcription-dependent and -
independent p53 apoptotic pathways [128,146,147]. 
MDM2 can also trigger, in response to low genotoxic 
damage, the downregulation of p53 apoptotic activator 
HIPK2 [148]. In agreement, the use of Nutlin-3 has 
been shown to mainly induce mitotic arrest rather than 
apoptosis [149]. Interestingly, co-treatment of cancer 
cells with zinc ion in the presence of Nutlin-3 can 
interfere with the interplay between HIPK2, p53 and 
MDM2 favoring HIPK2 stabilization and induction of 
p53 apoptotic activity through inhibition of MDM2 
ligase activity [150]. In addition, p53 apoptotic 
activation can be achieved by zinc combination with 

Figure 6. p53‐mediated apoptosis. Role of p53  in both  the extrinsic and
the intrinsic pathway and their convergence through t‐Bid. 
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low-dose doxorubicin (ADR) that used alone does not 
achieve such effect; mechanistically, zinc 
supplementation reduces the p53 binding to MDM2, 
improving the low-dose drug-induced cytotoxic effect 
and cancer cell apoptosis [151]. Additionally, zinc ion 
restores the HIPK2/p53 apoptotic pathway that is 
inhibited by hypoxia [152]. Co-treatment with Nutlin-3 
and Bcl-2 inhibitor ABT-737 has been shown to greatly 
enhance the sensitivity to apoptosis of cancer cells with 
high MDM2 levels [153], suggesting that the combined 
inhibition of MDM2 and Bcl-2 could be a multi-target-
based anticancer strategy to trigger tumor death [154]. 
Some p53 activators as small-molecules MDM2 
antagonist are in clinical trials [155] 
(https://clinicaltrials.gov). In contrast with the majority 
of the approaches that target the interaction between 
p53 and MDM2, a new method has been developed 
aimed at inhibiting the activity of the MDM2/MDM4 
complexes by interfering with their heterodimerization 
[156]. The binding of the peptide mimicking the MDM4 
C-terminus tail to MDM2 impairs MDM2-mediated p53 
ubiquitination and activates p53-dependent transcription 
and oncosuppressive activities [156]. MDM4 (also 
known as HDM4, MDMX or HDMX) is a cytoplasmic 
protein with p53-activating function under DNA 
damage conditions. Particularly, MDM4 promotes 
mitochondrial localization of p53 phosphorylated at 
Ser46 through MDM4/HIPK2/p53 cytoplasmic 
assembly, uncovering coordinated repression of 
molecules with anti-apoptotic activity such as Bcl-2, 
release of cytochrome-c and apoptosis [157,158]. The 
existence of nuclear and cytoplasmic complexes able to 
stimulate the same p53 modification, that is Ser46P, 
may indicate the presence of overlapping pathways to 
ensure the proper realization of a crucial process as the 
apoptosis. These findings highlight the potential 
therapeutic value of targeting the MDM2/MDM4 
heterodimers for p53 apoptotic function. 
 
Pharmacological reactivation of mutant (mut) p53 is an 
interesting field of research under continuous 
development aimed at designing new drugs. Some of 
them exploit the intrinsically unstable nature of mutp53 
and therefore the possibility to stabilize the wild-type 
conformation thus restoring wild-type function and 
tumor response to therapies. Numerous findings about 
this subject have been shown and summarized in 
different reviews [159-161]. 
 
MicroRNA and apoptosis 
 
MicroRNAs (miRNAs) are highly conserved, small 
noncoding RNA molecules, which post-
transcriptionally regulate gene expression via inhibition 
of mRNA translation or inducing degradation of target 

mRNAs [162]. They are key regulators of many cell 
processes often deregulated in cancer, including 
apoptosis. Indeed, it is becoming clear that miRNAs 
might act as both anti-apoptotic and pro-apoptotic by 
directly targeting, respectively, pro- or anti-apoptotic 
mRNAs or their positive regulators [163]. The currently 
known apoptosis-regulating miRNAs list is expected to 
expand quickly and hopefully also their therapeutic use; 
therefore, we just highlight here some miRNAs 
involved in apoptosis regulation. Among the 
microRNAs involved in regulating the extrinsic 
apoptotic pathway, miR-20a, miR-21, miR-196b and 
miR-590 were reported as potential modulator of 
Fas/FasL system in different cancer types [164-167], 
while MiR-34a, miR-181c and miR-187 were shown to 
directly target TNF-α mRNA [168-170]. Among the 
microRNAs involved in regulating the intrinsic pathway 
there are the let-7 family, miR-15a, miR-16-1, miR-204, 
and miR-608, just to mention a few. The Let-7 family is 
highly conserved in sequence across animal species and 
is one of the first identified miRNA families. Let-7 
miRNAs have been shown to negatively regulate Bcl-
xL expression in human hepatocellular carcinomas and 
induce apoptosis in cooperation with anti-cancer drug 
targeting Mcl-1 [171]. Bcl-2 mRNA may be targeted by 
miR-204 with consequent increase in cells 
responsiveness to both 5-fluorouracil and oxaliplatin 
treatments and therefore to apoptotic cell death [172]. 
MiR-608 has been reported to target Bcl-xL in 
chordoma malignancy and lung cancer [173]. Notably, 
numerous miRNAs are also transcriptionally modulated 
by wtp53 [174] and among them is miR-34a [175,176], 
a member of the MiR-34 family implicated in cell 
death/survival signaling. MiR-34a is associated with G1 
cell cycle arrest, senescence and apoptosis, thereby 
possessing a tumor suppressor activity. Deregulation of 
MiR-34a has been reported in several types of cancers 
[175,176]. Mutant (mut) p53 was also found to play a 
role in the regulation of miRNA processing. Garibaldi 
and collaborators demonstrate that mutp53 proteins 
modulate the biogenesis of several miRNAs in cancer 
cells directly interfering with Drosha-p72 association 
and promoting cell survival and cell migration [177]. 
They demonstrate a global impact of mutp53 on 
miRNA biogenesis and suggest that miRNAs are 
downregulated by mutp53 in order to inactivate tumor 
suppressive pathways. Of note they found that the 
endogenous wtp53 has an opposite effect on the 
expression of mutp53 repressed miRNAs on colon 
cancer cell lines confirming the contribution of mutp53 
gain of oncogenic function (GOF) on miRNA 
repression [177]. Additional studies on a large scale 
would help in identifying the entire repertoire of 
miRNAs negatively downregulated by different mutp53 
in different tumor models. According to the authors, the 
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characterization of the entire gene-regulatory networks 
governed by mutp53-miRNA cross-talks will offer a 
molecular basis for diagnostic and therapeutic strategies 
based on miRNA biology. In the meanwhile, 
developing strategies to block mutp53 GOF may have 
clinical impact in cancer treatment. 
 
Delivery of miRNAs as synthetic miRNA mimics or 
antagomirs has emerged as a promising approach to 
treat cancer. Although different miRNAs are currently 
in the preclinical stage and ready to enter Phase 1 
clinical trials, to date, only two miRNA therapeutics are 
registered for the treatment of cancers 
[https://clinicaltrials.gov]. The first therapeutic trial 
began in 2013 and is a Phase I, open-label, multicenter, 
dose-escalation study to investigate the safety, 
pharmacokinetics and pharmacodynamics of MRX34 in 
patients with unresectable primary liver cancer or 
advanced/metastatic cancer with or without liver 
involvement or in patients with hematologic 
malignancies (Mirna Therapeutics). MRX34 is based on 
the formulation of miR-34 mimic and the liposomal 
delivery technology SMARTICLES (Marina Biotech). 
The second one, began in early 2015, and is an early 
stage clinical trial of a new therapeutical approach for 
selected patients with malignant pleural mesothelioma 
or non-small cell lung cancer. The trial aims to test 
optimal dose of TargomiRs, an experimental medication 
consisting of three components, that is, miR-16-based 
microRNA mimic, a nanoparticle drug delivery system 
using nonliving bacterial minicells, and an anti-
epidermal growth factor receptor antibody as a targeting 
moiety. The trial is being carried out in three different 
hospitals in Australia and the study is expected to be 
completed in mid 2016. 
 
Concluding remarks 
 
Intensive investigation in the last decades on the 
molecular mechanisms of apoptosis in cancer cells has 
led to the identification of the several molecules 
involved in both the intrinsic and the extrinsic apoptotic 
pathways. This is underscored by the extensive 
literature that those studies have produced in the last 
years. Those findings also reported how the many 
different alterations of key players of the apoptotic 
mechanisms are responsible of evasion from apoptosis 
and therefore of tumor development and resistance to 
therapies. For that reason, evasion from apoptosis is an 
hallmark of cancer and apoptotic proteins are interesting 
therapeutic targets. Therefore, this insight into the 
deregulation of apoptosis has focused the research 
attention towards the development of apoptosis-
reactivating strategies, to be used in the treatment of 
various types of cancer, that hold great promise for the 

benefit of patients, although the mechanisms defining 
their mode of action still need to be unveiled, as 
recently highlighted [178]. Some molecules or 
therapeutic strategies are in preclinical trial, others are 
already in clinical trials, though underscoring the 
usefulness of such discoveries. 
 
However, the study of apoptosis still presents 
challenges that should be addressed in future studies. 
They include, for instance, the study of 3-D cellular 
models, since most of the findings have been so far 
produced in 2-D cell culture systems. Knowing that the 
tumor is a three-dimensional entity and that the 
environment plays a big role in the cross-talk with 
cancer cells, it is likely that more physiological studying 
approach for the manipulation of the apoptotic 
machinery might give us novel insight into the 
mechanisms of tumor development and response to 
therapies. Moreover, additional studies on the 
development of drugs aiming at targeting, for instance, 
IAP proteins or mutp53 should take in consideration 
also the in vivo toxicity and the fact that they should 
selectively induce apoptosis in malignant and not in 
normal cells. In conclusion, there is little doubt that 
drugs that target the deregulated apoptotic pathways 
could have wide application in the treatment of cancer. 
The intense effort devoted lately to target the apoptotic 
pathway is encouraging and supportive for the 
development of new approaches to drug discovery and 
therapy. 
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Tyrosine kinase inhibitors (TKIs), such as Tarceva 
(erlotinib), Iressa (gefitinib), Tykerb (lapatinib), and 
Gleevec (imatinib), are among the most broadly applied 
cancer therapeutics. By blocking the tyrosine kinase 
activity of mutated or overexpressed oncogenes, such as 
Epidermal Growth Factor Receptor (EGFR) and human 
epidermal growth factor receptor 2 (HER2), they 
interfere with signaling cascades which cancer cells are 
frequently “addicted” to, inducing vigorous and 
prolonged clinical responses in responsive patients [1]. 
Nevertheless, particularly in solid cancers, patients will 
sooner or later face relapses due to the emergence of 
resistant cell clones. Thus, strategies to safely increase 
the effectiveness of TKIs, but also reduce their toxicity 
are critically needed.  
Studies show that cycles of prolonged fasting (PF, water 
only for more than two days) or of fasting-mimicking 
diets (FMDs) enhance the activity of chemo- and radio-
therapy in preclinical cancer models [2, 3]. In addition, 
another advantage of administering chemotherapy 
during PF is that its overall tolerability appears to be 
increased [4]. As a result, several clinical trials are 
currently exploring the effects of PF/FMDs in patients 
undergoing chemotherapy (NCT01304251, 
NCT01175837, NCT00936364, NCT01175837, 
NCT01802346, NCT02126449). 
Given this background, it is important to ask whether 
starvation would also be a useful approach to increase 
the efficacy of TKIs [5]. Results show that starvation 
strongly potentiates the antitumor activity of these 
agents both in vitro and in vivo in mice carrying human 
tumor xenografts. This goes along with a marked 
increase in the ability of TKIs to block signaling via the 
pro-tumorigenic mitogen-activated protein kinase 
(MAPK) cascade when they are administered under 
starvation conditions. Gene expression microarrays 
indicated that starvation and crizotinib (a TKI that is 
commonly used in advanced non-squamous non-small-
cell lung cancer with EML4-ALK translocation) lead to 
similar changes in gene expression (primarily affecting 
cell cycle and DNA repair genes), whereas combining 
the two treatments compounds such effects by 
activating E2F6 (a dominant negative inhibitor of other 
E2F family members) and  RB1,  and  by  inhibiting  the  
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cell cycle-promoting transcription factors E2F1 and 
E2F4.  
Overall, this work indicated that PF and FMDs, recently 
shown to be effective in reducing IGF-1 levels in both 
mice and human subjects [6], may not only be effective 
when coupled to standard chemotherapy or to 
radiotherapy, but that they may also find applications in 
patients receiving more modern, molecularly-targeted 
agents, such as TKIs, making them more effective. That 
being said, this study also left several questions open 
and opportunities for investigations. Do PF/FMDs also 
reduce the likelihood of secondary resistance (or delay 
its occurrence), thereby extending progression-free 
survival and overall survival? Can PF/FMDs achieve 
cases of advanced solid cancers cured with TKIs? Do 
PF/FMDs also increase the activity of commonly used 
anti-EGFR and anti-HER2 monoclonal antibodies, such 
as cetuximab or trastuzumab? Last, but not least, can 
PF/FMDs also increase the tolerability of TKIs, as 
much as they do with chemotherapeutics? Indeed, 
although the toxicity of TKIs is typically less severe 
that of chemotherapy, it can still be invalidating and 
lead to dose reductions or treatment discontinuations 
[1]. Reduced toxicity is anticipated considering the 
already demonstrated differential regulation of the 
growth of normal vs. cancer cells by PF/FMDs, which 
would promote entry of many normal cell types into a 
non-dividing and protected mode and make them less 
dependent on tyrosine kinase activity. Thus, if 
PF/FMDs helped spare healthy tissues from the toxicity 
of TKIs, the overall effectiveness of these agents could 
be strongly improved [7]. Answering these questions 
through preclinical and clinical studies is going to be 
crucial to provide a clear frame of usefulness for 
PF/FMDs in oncology. 
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Abstract: The TERT gene encodes for the reverse transcriptase activity of the telomerase complex and mutations in TERT
can lead to dysfunctional telomerase activity resulting in diseases such as dyskeratosis congenita (DKC). Here, we describe
a  novel  TERT mutation  at  position  T1129P  leading  to DKC with  progressive  bone marrow  (BM)  failure  in  homozygous
members of a consanguineous  family. BM hematopoietic stem cells  (HSCs) of an affected  family member were 300‐fold
reduced associated with a significantly impaired colony forming  capacity  in  vitro  and  impaired  repopulation  activity  in 

  
www.impactaging.com                     911                                 AGING, November 2015, Vol. 7 No.11



 
 
 
 
 
 
 
 
 
INTRODUCTION 
 
Telomeres, the protective nucleoprotein structures at 
chromosome ends, shorten upon each cell division due 
to the so-called “end-replication problem” [1, 2]. The 
end-replication problem is compensated for by the 
reverse transcriptase, telomerase, which is active in 
germ cells, cancer cells and, to an extent in somatic 
stem cells [3]. Accelerated telomere shortening leads to 
the premature replicative senescence of cells and can be 
caused by mutations of the telomerase components 
DKC1 (dyskerin), TERC and TERT, among other genes 
involved in telomere maintenance [4-7]. TERC and 
TERT represent the RNA and catalytic protein moieties 
of the telomerase reverse transcriptase, respectively. 
Mutations affecting the function of these genes may 
lead to dyskeratosis congenita (DKC), a disease with a 
highly heterogeneous phenotype [8-11]. Affected 
patients suffer from a variable combination of skin, nail 
and mucosal dystrophies, but also life-threatening 
conditions such as progressive bone marrow failure, 
pulmonary fibrosis and an increased propensity to 
develop malignant tumors [12-16]. Telomere loss has 
been proposed to eliminate cells with a long 
proliferative history, and in this manner, acts as a tumor 
suppressor to limit replicative capacity. Telomere 
attrition also occurs with age and the associated 
accumulation of senescent cells may contribute to the 
aging process [13]. In disease states with reduced stem 
cell replicative reserve, substantially increased stem cell 
turnover or in the absence of telomerase activity short 
telomeres accumulate in hematopoietic stem cells [17]. 
Critically short telomeres are dysfunctional in terms of 
chromosome end protection and hence upon nucleolytic 
processing the DNA damage checkpoint is unleashed, 
thereby driving the onset of replicative senescence [18]. 
Dysfunctional telomeres are also prone to unscheduled 
repair events leading to chromosomal rearrangements. 
Therefore, in the absence of a functional DNA damage 
checkpoint, chronic telomere shortening could also 
potentially lead to pathogenic chromosomal instability.    
 
Current treatment for patients affected by dyskeratosis 
congenita includes the androgen  danazol  [19-21].  The  
 

 
 
 
 
 
 
 
 
 
 
use of androgens can lead to virilization in female 
patients and thereby limits its therapeutic range [22, 23].  
 
Stem cell transplantation to cure the progressive bone 
marrow failure is challenging, and DKC patients have a 
poor tolerance for conditioning regiments and 
frequently suffer from life threatening side effects [24-
26]. Future therapy options include the utilization of 
induced pluripotent stem cells that might be beneficial 
for patients that have defined mutations in telomerase 
components such as TERC [5].  
 
mTOR is a protein kinase that promotes cell growth in 
response to nutrient supplies and growth signals, and 
can be specifically inhibited by rapamycin [27]. As it 
has been shown that inhibiting the mTOR pathway with 
rapamycin reduces the rate of cellular senescence onset, 
we hypothesized that rapamycin might have a 
therapeutic potential for patients suffering from 
mutations of the telomerase complex where senescent 
cells accumulate [28, 29].  
 
In this work we describe a consanguineous Libyan 
family in which we identify a novel T1129P TERT 
mutation leading to progressive bone marrow failure in 
homozygous family members. In order to test our 
hypothesis that rapamycin may rescue or at least 
improve the physiology of TERTT1129P patient cells, we 
analyzed the effect of the mTOR inhibitor rapamycin on 
growth and senescence of skin fibroblasts and on 
hematopoietic stem cells using in vitro cultures and 
xenograft mouse models.  
 
RESULTS 
 
The novel TERT T1129P mutation leads to 
pathological telomere shortening causing progressive 
bone marrow failure in homozygous patients 
 
Progressive bone marrow failure including transfusion 
dependent anemia und thrombocytopenia was first 
diagnosed in patient II-1 at the age of six years in a 
consanguineous Libyan family when a blood count was 
obtained to address symptoms of anemia including weak- 
 

mouse xenografts. Recent data  in yeast suggested  improved cellular checkpoint controls by mTOR  inhibition preventing
cells with short telomeres or DNA damage from dividing. To evaluate a potential therapeutic option for the patient, we
treated her primary skin fibroblasts and BM HSCs with the mTOR inhibitor rapamycin. This led to prolonged survival and
decreased levels of senescence in T1129P mutant fibroblasts. In contrast, the impaired HSC function could not be improved
by  mTOR  inhibition,  as  colony  forming  capacity  and  multilineage  engraftment  potential  in  xenotransplanted  mice
remained severely impaired. Thus, rapamycin treatment did not rescue the compromised stem cell function of TERTT1129P

mutant patient HSCs and outlines limitations of a potential DKC therapy based on rapamycin. 
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Figure 1.Clinical features and telomere length of the DKC family with the novel T1129P TERT mutation. (A) Family tree of
the consanguineous Libyan family. Family members affected by dyskeratosis congenita (son II‐1 (deceased), daughter II‐2, son II‐4) are
indicated  in black. Marked  in red: patient  II‐2 who was analyzed  in detail  in the  following  figures.  (B) Table showing complete blood
counts (WBC=white blood cells (n/nl), ANC= absolute neutrophil count (% of WBC), RBC= red blood cells (n/pl), Hb=hemoglobin (g/dl),
Plt=platelet count, mean corpuscular volume (MCV in fl) and reticulocytes (‰ of RBC) and the respective age dependent normal values
in brackets of the family members I‐1, I‐2, II‐2, II‐3, II‐4 and II‐5 shown  in (A). Family members II‐2 and II‐4 that were diagnosed with
dyskeratosis congenita and were homozygous for the TERTT1129P mutation are highlighted with grey color. Indicated with *: Patient II‐2 was
on a 3‐weekly red cell transfusion regimen and had a red cell transfusion of 15 ml/kg erythrocytes 20 days before the sample was taken;
patient  II‐4  had  no  history  of  red  blood  cell  or  platelet  transfusions.    (C)  Telomere  lengths  of  the  described  family  determined  in
lymphocytes and granulocytes of the peripheral blood. Absolute telomere lengths in kb of lymphocytes and granulocytes of the patient II‐2,
her affected brother II‐4, her siblings II‐3, II‐5 and her parents I‐1 and I‐2 are shown in the context of age‐dependent percentiles (Females:
circle, males: square. Parents: light grey, children: black. Marked in red: patient II‐2 who was analyzed in detail). The solid lines represent
the respective 1%, 50%, 99% percentile curves. The dashed lines represent the 25% and 75% percentile. (D) Schematic representation of
the TERT gene with functional domains and known mutations at the C‐terminus. Our novel T1129P mutation is depicted in red. 
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ness and pallor. There was no history of transfusions in 
the family before. The parents of II-1 were first degree 
cousins and family studies showed similar 
thrombocytopenia and anemia in two of their other 
offspring (II-2 and II-4) (Figure 1 A and B). Normal 
white blood counts, hemoglobin and platelet counts 
were observed from the father (I-1), mother (I-2) as well 
as in the second sister (II-3) and in the third brother (II-
5). No family member showed any indication of nail 
dystrophy or skin alterations.  
 
II-1 died at the age of eight years during conditioning 
regimen for intended stem cell transplantation that was 
performed abroad under the suspected diagnosis of 
aplastic anemia. His aplastic anemia was not diagnosed 
on a molecular basis and blood samples are no longer 
available. 
 
The patient II-2 presented at our center at the age of 12 
years with progressive bone marrow failure including 
transfusion dependent anemia and thrombocytopenia, 
leukopenia (Figure 1B) and hypermenorrhea. Fanconi 
anemia was excluded as normal results were obtained 
for the analysis of DNA breakage. Suspected 
dyskeratosis congenita was confirmed by telomere 
length analysis in lymphocytes and granulocytes as 
determined by Flow-FISH (Figure 1C). The telomere 
lengths in lymphocytes and granulocytes in patients II-2 
and II-4 and the mother I-2 corresponded to less than 
the 1st percentile of age matched controls. Telomere 
length of the father (I-1) in lymphocytes (right panel) 
also corresponded to less than the 1st percentile of age-
matched controls, whereas it was normal in 
granulocytes (left panel). The healthy sibling II-3 also 
displayed a decreased telomere length when compared 
to age matched controls, although not below the 1st 
percentile (Figure 1C). Pulmonary function was normal 
in patient II-2 and not determined in other family 
members.  
 
Whole exome sequencing and validation by Sanger 
sequencing revealed a novel homozygous c. 3385 A>C 
mutation (nucleotide entry NM_198253), resulting in 
the novel p.Thr1129Pro or T1129P mutation (Figure 
1D) of the TERT gene in the 12-year-old patient II-2. 
No other homozygous mutation was found in the 
patient. This mutation was absent from public SNP 
databases (dbSNP, 1000 Genome variant catalogue), 
conserved and was predicted to be damaging using 
SIFT and PolyPhen-2 [30, 31]. The unaffected family 
members were heterozygous carriers of this mutation. 
The 8-year-old brother II-4 was detected with the same 
homozygous mutation by Sanger sequencing from 
peripheral blood.  

The T1129P mutated TERT does not show nuclear 
clustering together with TERC in a ST-cell culture 
model 
 
The novel T1129P mutation is located at the C-terminus 
of TERT altering the 4th last amino acid (Figure 1D). 
This region of normal TERT was shown to bind the 
telomeric protein TPP1, and has therefore been 
suggested to be required for the telomeric localization 
of TERT [32]. To investigate if this novel mutation 
would influence recruitment of the telomerase complex, 
we employed a modified “supertelomerase” assay (ST) 
that used transient, plasmid based expression of the 
central scaffold protein of the telomerase ribonucleo-
protein TERC and hemagglutinin (HA)-tagged TERT in 
HeLa cells [32-35]. As shown in Figure 2, transfection 
of N-terminally HA-tagged TERT into HeLa cells 
resulted in a nucleoplasmic pattern. In line with 
previous findings, expression of TERC together with 
HA-TERT resulted in nuclear clusters that have been 
described as clusters with the telomeres at the 
chromosomal ends (Figure 2A, compare b with e) [32]. 
Interestingly, the mutant HA-TERT T1129P protein 
was detected in the cytoplasm in the absence of co-
expressed TERC. When co-expressed with TERC, a 
nucleoplasmic pattern was observed, but it lacked the 
typical nuclear clustering of wild type TERT (Figure 
2A, compare e to h, k, quantified in B and C) suggesting 
a failure to be recruited to chromosome ends. Taken 
together, these results strongly further support the 
hypothesis that the T1129P mutation impairs the 
recruitment of TERT to the telomerase complex located 
at its site of action at the chromosome ends.  
 
mTOR inhibition with rapamycin influences 
population doublings and senescence of patient skin 
fibroblast cultures 
 
The proliferative capacity of cells can by quantified by 
calculating the population doublings that cells undergo 
during the culturing process as a function of time. 
Population doublings are defined as the number of times 
that the cell number is doubled. As telomeres shorten, 
the proliferative potential decreases. Generally, 
population doublings can be recorded in skin fibroblast 
cultures by plating a specific number of cells and then 
counting those cells after a defined period of growth as 
described in Material and Methods. Skin fibroblasts 
represent an easily accessible cell type that can be 
cultivated over a long time period, and were treated with 
either 5 nM rapamycin or DMSO as a vehicle control. 
Fibroblast cultures obtained from the father (I-1) fulfilled 
criteria of senescence from the beginning, as they did not 
show population doublings within 4 weeks despite 
frequent changes of cell culture media (not shown). 
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Figure  2.  Analysis  of  nuclear  clustering  of  the  TERT  T1129P  mutation  in  a  cell  culture  model.  (A) 
Representative  confocal  images  of  transiently  co‐transfected  HeLa‐cells.  HA‐TERT  or  HA‐TERT  T1129P,  respectively, 
harboring  3  HA‐tag  sequences  in  frame  at  the N‐terminus were  transfected  and  fixed  48h  later. On  the  indicated
pictures e) and k) equal amounts of the TERC minigene was co‐transfected together with the respective TERT minigene. 
The HA‐tag was visualized with a mouse monoclonal anti‐HA antibody and an anti‐mouse secondary antibody linked to 
Alexa 488 as described in Materials and Methods. The nucleus was visualized by DAPI staining. The panels on the right 
represent overlays of  the TERT wild  type or  the T1129P mutations,  respectively, with  the nucleus stained with DAPI.
Cells  depicted  represent  the  subcellular  distribution  pattern  seen  in  >90%  of  the  transfected  cells.  (B)  and  (C) 
Quantification of nuclear accumulation and clustering. For quantification of nuclear accumulation and clustering in the
nuclei, 100 cells each from 3  independent transfections have been assessed and counted visually for the presence of
nuclear staining and/or nuclear clustering. For statistical analysis a student’s unpaired two‐tailed t‐test was used. 

  
www.impactaging.com                     915                                 AGING, November 2015, Vol. 7 No.11



Skin fibroblast cultures of the TERT T1129P 
homozygous patient II-2 but also from the heterozygous 
mother I-2 showed impaired population doublings when 
compared to fibroblasts from a healthy age matched 
control (Figure 3A). Treatment of the control and 
mother (I-2) fibroblasts with rapamycin did not 
influence the proliferative potential measured  by  popula- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

tion doublings over time (Figure 3A).  The fibroblast 
culture of the patient II-2 did not show a comparable 
proliferation potential after day 48 and had no vital cells 
after day 97. In contrast, the rapamycin treated 
fibroblast culture of patient II-2 still divided (albeit 
slowly) after day 97 and showed prolonged survival 
until day 182 (Figure 3A).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Rapamycin treatment of DKC skin fibroblast cultures. (A) Cumulative population doublings of skin fibroblasts.
Fibroblast cultures from the mother I‐2, the daughter II‐2 and a healthy control were trypsinized and viable cells determined by
trypan blue staining. Viable cells remained unstained. Population doublings were calculated using the following equation: PD=X
+ log2(Y/I) where: X = initial PD I = cell inoculum (number of cells plated in the flask) Y = final cell yield (number of cells at the
end of the growth period). Cell were defined as dead (indicated with a cross) if no remaining viable cells were detected. 
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The limited capacity of cells to divide culminates in 
senescence, a status that is characterized by decreased 
viability, enlarged cell size, altered pattern of gene 
expression and expression of pH dependent beta-
galactosidase activity [36-38]. ß-galactosidase activity 
is present only in senescent cells and is not found in 
pre-senescent, quiescent or immortal cells [37]. 
Therefore, we performed ß-galactosidase assays to test 
if the prolonged survival in the rapamycin treated 
fibroblast cultures of the patient (II-2) correlated with 
decreased senescence (Figure 3B and C). We detected 
decreased senescence in the control fibroblasts, 
fibroblasts of the mother I-2 and the affected patient II-
2 at day 30 when treated with rapamycin (Figure 3B and 
C). The same effect was observed at day 41 of this 
experiment. At day 119 the DMSO treated fibroblast 
culture of our patient II-2 did not show any vital cells 
(no viability after day 97). In healthy control fibroblasts 
and the mother’s fibroblasts, the rapamycin treated 
cultures still showed decreased senescence when 
compared to the respective DMSO treated cultures 
(Figure 3B). Taken together, these data reveal a positive 
correlation between proliferative potential and a 
decrease of the senescence marker, beta-galactosidase 
activity, in DC patient cells.  
 
CD34+ HSPCs are reduced more than 300-fold in 
patient bone marrow 
 
Next, we sought to investigate the effect of rapamycin 
treatment on hematopoietic stem and progenitor cells 
(HSPCs), hypothesizing that in line with our previous 
results with fibroblasts (Figure 3), a prolonged survival 
of HSPCs could improve the patient’s blood counts. If 
so, rapamycin might offer a therapeutic treatment to 
reduce transfusion dependence of the affected family 
members. Patient bone marrow derived HSPCs were 
characterized and quantified by flow cytometry and 
functionally characterized in vitro by colony forming 
unit (CFU) assays as well as in vivo by xeno-
transplantation into immunocompromized  NOD/SCID/ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
interleukin 2 receptor γnull (NSG) mice. Rapamycin 
treatment and control groups were included in all 
experiments (Figure 4A). As shown in Figure 4B 
cellularity and HSPC frequency were strongly reduced 
in the bone marrow of patient II-2. Compared to a 
healthy female donor the patient had a 4-fold reduced 
bone marrow mononuclear cell count (1.53x106/ml vs. 
0.4x106/ml) with reduced viability after gradient 
centrifugation (98.1 percent vs. 84.3 percent viable 
cells). A dramatic 300-fold reduction was observed in 
CD34+ HSPCs per ml bone marrow. Only 0.034 
percent of all lineage negative cells were CD34+ in the 
patient II-2 compared to 7.04 percent in the healthy 
control sample, highlighting a severe HSPC depletion 
phenotype (Figure 4B and C). Using magnetic bead 
enrichment for CD34, less than 10,000 CD34+ cells 
could be isolated from 100 ml bone marrow aspirate, 
limiting functional studies with these cells.  
 
Impaired clonogenic growth potential of patient II-2 
HSPCs in vitro was not improved by rapamycin  
 
To evaluate clonogenicity and lineage differentiation 
potential of the patient’s HSPCs and the influence of 
rapamycin treatment we performed colony forming unit 
(CFU) assays (see Figure 4A for experimental design). 
Plating 3,000 CD34+ cells resulted in approx. 80 
colonies per plate in the healthy control. In contrast, the 
patient’s HSPC colony forming potential was 
significantly reduced, revealing on average only 4 
colonies in the DMSO treatment group and 2 colonies 
in the rapamycin treatment group (Figure 5A). Although 
colonies treated with rapamycin were reduced in size in 
both patient and healthy control, this effect was more 
pronounced in the patient HSPCs (Figure 5B). 
Furthermore, patient HSPCs showed no long-term self-
renewing potential as no colonies were detected 
anymore in secondary CFU assays, irrespective of 
rapamycin treatment.  In addition to a reduced 
abundance of HSPCs in the patient’s bone marrow, 
results from the CFU assays indicate a severe functional 

(B) ß‐gal senescence assay of skin fibroblasts. Fibroblasts were cultured in DMEM/10% FCS/1%PenStrep containing either 5nM
rapamycin dissolved  in DMSO or  the equal  volume of DMSO  as negative  control  (equivalent  to  a 1:1,000 dilution).  For  the
indicated  timepoints, cells were  fixed after 24h with 0.1% glutaraldehyde and stained  for ß‐galactosidase  (ß‐Gal) at pH 6 as
described  in  Materials  and  Methods.  Nuclei  were  visualized  by  staining  with  DAPI  (Sigma‐Aldrich),  diluted  1:10,000.
Coverglasses were embedded  in moviol 4‐88  (Carl Roth) on slides. Cells were observed at 20‐fold magnification and pictures
taken at brightfield and fluorescent light with a filter set suitable for DAPI on an Olympus CellR microscope. Depicted overlays
of  brightfield  and  fluorescence  were  merged  in  ImageJ.  Images  are  representative  of  the  indicated  time  points.  (C)
Quantification of ß‐gal assay. ß‐Gal‐positive cells were detected at the indicated time points using a programmed plugin for the
image  editing  program  ImageJ  as  described  in Materials  and Methods.  The  quantified  images were  representative  of  the
indicated time points. 200 cells counted by DAPI staining were analyzed for each time point and measurement. The fibroblasts
were determined as ß‐Gal positive when blue staining in the brightfield reached a defined intensity and surrounding area of the
core that was detected in the fluorescence light (Ex 330‐385, Em LP420 filter set for DAPI detection). 
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impairment including self-renewal potential of mutant 
progenitors. However, in contrast to our observation in 
fibroblasts, rapamycin treatment showed no beneficial 
effect on colony number, size and self-renewal activity. 
 
Xenotransplantation of remaining CD34-negative 
HSPCs from patient II-2 does not result in 
multilineage engraftment 
 
Xenotransplantation of human HSPCs into 
immunocompromized NSG mice is considered the gold 
standard to evaluate hematopoietic stem cell function. 
We have recently shown that co-transplantation of 
mesenchymal stromal cells (MSCs) can enable 
engraftment of functionally impaired and usually non-
transplantable HSPCs derived from Myelodysplastic 
Syndrome patients [39]. Lacking sufficient amounts of 
CD34+ HSPCs and to rule out the possibility that the 
patient’s HSPCs are “hidden” within the CD34-negative 
fraction   we   co-injected   CD34-negative  BM  MNCs  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

together with healthy human MSCs infra-femorally into 
sub-lethally irradiated NSG recipient mice. As control, 
CD34+ healthy HSPCs and MSCs were co-transplanted. 
In addition, 90-day slow release rapamycin or placebo 
pellets were implanted subcutaneously. Engraftment of 
human blood cells was measured by the chimerism for 
human CD45+ cells 90 days after transplantation. 
Expression of human CD19 determined lymphoid lineage 
output, while human CD33 expression was indicative of 
myeloid differentiation. As expected, healthy HSPCs 
reconstituted multi-lineage human hematopoiesis in bone 
marrow (Figure 6A, D), spleen (Figure 6B) and 
peripheral blood (Figure 6C) of recipient mice. Although 
not statistically significant, there was a clear trend 
showing that human CD45+ engraftment was impaired in 
the rapamycin treatment group in all organs analyzed. In 
contrast, patient II-2 derived CD34-negative bone 
marrow MNCs failed to engraft in both rapamycin and 
placebo treated animals as neither myeloid nor lymphoid 
cell engraftment was observed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Analysis of patient II‐2 bone marrow. (A) Experimental setup: Bone marrow mononuclear cells were isolated by
gradient centrifugation from patient II‐2 and healthy control, analyzed by FACS and either plated in colony forming unit assays
(see Figure 5) or transplanted  into NSG females (see Figure 6). (B) Bone marrow characteristics at time of sampling. (C) FACS
plots showing CD34 and CD38 levels gated on live, lineage‐negative cells. Gates show frequencies of CD34+ cells in percent. 
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However, CD3+ T cells, which were present in the 
transplanted CD34-negative cell fraction of patient II-2, 
expanded over the course of 90 days under placebo 
treatment leading to a clinically inapparent graft-versus-
host disease. Rapamycin almost completely suppressed 
T cell expansion in the recipient mice, confirming the 
activity of the rapamycin pellets and being in line with 
its known mode of action as an immunosuppressive 
drug (Figure 6A-D). 
 
Taken together, our experiments with bone marrow 
MNCs from the dyskeratosis congenita patient II-2 
revealed a striking reduction in HSPCs associated with 
a severe functional impairment of stem cell activity that 
could not be improved by rapamycin treatment. 
 
DISCUSSION 
 
Members of the telomerase complex such as TERC, 
TERT or DKC1 play fundamental roles in aging 
processes [4-7]. Mutations in these genes may lead to 
diseases associated with premature aging such as DKC 
and cancers. Therefore, a refined knowledge of the 
effects of these mutations may prove useful for 
understanding pathways that lead to, or mitigate, long-
term health, prevention of cancer and late-stage disease. 
The novel germline T1129P mutation in the TERT gene 
identified in a consanguineous Libyan family leads to 
DKC with progressive bone marrow failure in all homo- 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
zygous individuals. Patients II-2 and II-4 showed 
significantly shortened telomeres below the 1st 
percentile when compared to healthy controls or to 
heterozygous family members. The pronounced 
telomere loss for lymphocytes in comparison to 
granulocytes is consistent with previous findings in 
healthy individuals as well as in patients with reduced 
telomere activity [40, 41]. Only homozygous family 
members showed progressive bone marrow failure. 
Heterozygous family members showed normal blood 
results. Heterozygosity of TERC- and most TERT-
mutations can lead to haploinsufficiency and to the 
clinical phenotype of dyskeratosis congenita, although 
some TERT mutations cause recessive DKC with 
heterozygous carriers showing normal blood counts 
[42]. The heterozygous family members described here 
are phenotypically healthy despite the presence of 
shortened telomeres indicating a recessive mode of 
inheritance of the TERT T1129P mutation. This is 
consistent with the observation that disease severity 
cannot be predicted by telomere length alone [43]. 
However, a late onset of clinical symptoms cannot, of 
course, be ruled out. Strikingly, the phenotype of 
affected, homozygous family members only showed 
progressive bone marrow failure with an absence of 
other DKC related symptoms such as skin or nail 
dystrophy or pulmonary fibrosis. The localization of the 
mutation within the gene does not necessarily predict 
the phenotype, which is highly variable in various muta- 

Figure  5.  Colony  forming  unit  assays.  (A)  Number  of  colonies  in  patient  and  control  CFU  assays  treated  with
rapamycin or DMSO. Cells were plated in duplicates. Student’s t‐test was performed on total number of colonies, n.s.
not significant. (B) Representative pictures of colonies. 
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tions described throughout the TERT gene [4]. Our 
novel autosomal recessive T1129P mutation is in close 
proximity to the previously described mutations at 
positions 1127 and 1130 [43, 44]. When comparing the 
phenotypes and modes of inheritance of  these  two  near- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

by mutations, it is striking that the mutation F1127L 
resembles Hoyeraal-Hreidarsson-syndrome and causes 
autosomal dominant dyskeratosis congenita whereas the 
somatic I1130V mutation leads to non-severe aplastic 
anemia [43, 44].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6. Xenotransplantation experiments.  (A‐C) Frequencies of human engraftment with  respect  to  lineage
differentiation in bone marrow (A), spleen (B) and peripheral blood (C) 90 days after transplantation of patient II‐2 or
healthy bone marrow. Mice were treated either with rapamycin or placebo. n=2 per condition in healthy donor, n=1
per condition  in patient  (D) Representative FACS plots depicting human  (h)CD45 versus mouse  (ms)CD45  for blood
cell  chimerism  (upper  panel),  human  (h)CD19  for  lymphoid  differentiation  and  human  (h)CD33  for  myeloid
differentiation (middle panel) and human (h)CD3 for T cell expansion. Upper panel is gated on live cells, middle and
lower panels are gated on live, hCD45+ cells. Numbers represent percentage of gated events. 
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It still needs to be elucidated how the T1129P TERT 
mutation exerts its effect causing aplastic anemia in 
affected patients. In HeLa cell cultures the T1129P 
mutated TERT did not efficiently enter the nucleus 
without co-transfected TERC (Figure 2A and B). 
Together with the lack of nuclear clustering upon co-
transfection with TERC, this indicates an inefficient 
recruitment of the telomerase complex to telomeres 
within the nucleus for T1129P mutated TERT. As the 
postulated binding site of TPP1 is within the C-
terminus, binding to TPP1 or other members of the 
telomerase recruitment complex might be impaired by 
the novel T1129P mutation. A mutant of the three 
amino acid sequence F1127/K1128/T1129 has been 
shown before to display only slightly compromised 
telomerase catalytic activity in vitro, but its in vivo 
ability to elongate telomeres was highly compromised 
[45]. In another study, this mutant was further analyzed 
for its ability to localize to telomeres and to TPP1. 
While it did not localize to telomeres, it could still 
localize with TPP1 in Cajal bodies, even though the 
association with TPP1 was weaker compared to wild 
type [32].  
 
As androgens harbor various side effects especially for 
female patients with DKC including virilization, there is 
need for substances that are safe and well tolerated 
antagonizing pre-mature aging processes [22, 39]. 
mTOR inhibition, by rapamycin, has been demonstrated 
to extend lifespan in a host of model organisms as well 
as reduce the onset of cellular senescence in cell culture 
[46, 47]. Moreover, recent data obtained in yeast 
suggest that mTOR inhibition by rapamycin can 
strengthen the DNA damage checkpoint and thereby 
increase the likelihood that cell division only occurs 
when damaged chromosomes are repaired [48].  
 
Therefore, rapamycin, a substance well characterized in 
the clinical setting, might be an attractive target to treat 
DKC patients as they harbor increased numbers of 
senescent cells which contain dysfunctional 
chromosome ends. Before administering rapamycin to 
the patient, we assessed its effect on skin fibroblasts and 
on HSPCs – the cells that are most severely affected in 
our patient. Rapamycin had no effect on enhancing the 
proliferation of normal skin fibroblasts but did prolong 
the survival of the fibroblasts from the affected patient 
II-2 (Figure 3A). In our functional analysis, senescence 
of skin fibroblasts of patient II-2 was increased, as 
expected. Rapamycin showed an effect on decreasing 
cellular senescence in treated skin fibroblast cultures of 
patient II-2. Strikingly, cellular senescence was also 
reduced in the fibroblast culture of the mother I-2 and 
the fibroblasts of the healthy control (Figure 3B and C). 
As mTOR inhibition regulates cellular pathways that 

affect senescence and aging, this might show the 
influence of mTOR on fundamental senescence steps 
even in healthy cells [47]. All fibroblast cultures 
showed a higher initial senescence at day 30 when 
compared to day 41. This can be explained by an 
increased senescence of the newly plated cells and later 
a reduced senescence of the increasingly dense cell 
cultures at day 41 that could have been caused by 
contact inhibition of geroconversion [49, 50].  
 
Decreased frequency of HSPCs and severe impairment 
of these cells in functional tests such as colony-forming 
unit assays and xenotransplantation into immuno-
compromized NSG mice highlight a fundamental HSC 
defect in patient II-2 (Figures 4 and 5).  
 
In contrast to fibroblasts, rapamycin treatment did not 
improve HSC function in these assays. The fact that 
rapamycin treatment resulted in a trend towards fewer 
and smaller colonies argues against a possible 
improvement of the patient’s blood counts by inhibiting 
mTOR. However, we cannot exclude that long-term 
rapamycin treatment of CD34+ HSPCs may ultimately 
lead to restoration of HSC function as CFU assays 
cover only a few weeks. Due to limited availability of 
diseased CD34+ HSPCs (only 10,000 CD34+ cells in 
100ml bone marrow aspirate) xenotransplantation had 
to be performed using MNCs not selected for CD34. 
The data thus exclude the possibility that the patient’s 
HSCs in the diseased BM down-regulated CD34 
expression. Even co-transplantation of MSCs, which 
typically enhance engraftment of stem cells usually not 
capable of initiating human hematopoiesis in NSG 
mice, showed no beneficial effect [39].  
 
Interestingly, T cells present in the CD34-negative 
MNCs expanded in the non-treated xenografts, while 
the immunosuppressive agent rapamycin blocked their 
expansion efficiently in the treated animals (Figure 6). 
  
Due to the nature of our biological samples (skin biopsy 
and bone marrow aspirate from patient II-2) repetitive 
sampling was not possible or useful. 
 
Previous studies in yeast demonstrated that rapamycin 
was beneficial for cells with dysfunctional telomeres 
when cells were given the chance to repair the telomeres 
and eventually proliferate in the absence of rapamycin 
[48]. Indeed when telomere dysfunction and rapamycin 
treatment were chronic, there was an initial lag in 
growth and only at very late time points the rapamycin 
treatment appeared to be beneficial (J.K. and B.L 
unpublished results). In the mouse experiments, 
rapamycin was constantly released from the pellets. In 
contrast, rapamycin was added to the fibroblast cultures 
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at the time of the splitting procedure and a possible 
degradation of the drug over time might have limited 
the toxic effects in our fibroblast experiments. Fine-
tuning of rapamycin dosage might therefore be required 
for the anti-senescent effect and to avoid toxic effects 
[51]. Therefore it may be necessary to re-evaluate the 
dosage of rapamycin and the effects of cyclic dosing in 
order to see stronger effects.  
 
The observed difference between fibroblasts and 
hematopoietic cells might also be explained by the 
different growth characteristics of the cell types studied: 
Fibroblasts divide much more slowly than hemato-
poietic cells and it is possible that hematopoietic DKC 
T1129P cells require a stronger therapeutic effect than 
DKC T1129P fibroblasts for an improvement in 
survival. This difference of the effect of this mutation in 
either fibroblast or hematopoietic cells might also be 
reflected by the most severely affected hematopoiesis of 
the homozygous TERT T1129P patients, whereas the 
skin and other epithelial tissues were not clinically 
affected. 
 
Furthermore, the severity of the telomerase mutation 
may render cells completely unable to re-elongate 
telomeres. It should also be considered that continuous 
presence of rapamycin in our experiment might have 
had additional toxic effects preventing cell division.  
 
In summary, we report a novel hereditary T1129P 
TERT mutation that leads to DKC with aplastic anemia 
that can be attributed to a severe reduction and 
functional impairment of CD34+ hematopoietic stem 
cells. Functional analyses to find a therapeutic 
alternative for this serious condition revealed that 
rapamycin treatment prolonged survival and decreased 
levels of cellular senescence in treated skin fibroblasts. 
However, impaired HSC function could not be restored 
by rapamycin mediated mTOR inhibition, as colony 
forming capacity in vitro and multilineage engraftment 
potential in xenotransplanted mice was unchanged in 
the presence of rapamycin. Our data argue against a 
therapeutic use of mTOR inhibitors to treat aplastic 
anemia in DKC patients with TERT mutations. 
 
MATERIALS AND METHODS 
 
Ethics statement. Investigation has been conducted in 
accordance with the ethical standards and according to 
the Declaration of Helsinki and according to national 
and international guidelines and has been approved by 
the authors' institutional review board. 
 
Genotype analysis. EDTA-blood samples of the patients 
and their family were obtained after informed consent 

had been given. DNA was prepared according to 
standard protocols (QIAampDNA Blood Mini Kit, 
Qiagen, Germany). The genebank accession number 
used was NM_198253 for the cDNA and amino acid 
sequences.  
 
Telomere length measurement via flow-FISH. Telomere 
length in lymphocytes and granulocytes from the 
peripheral blood of our patients was analyzed using 
flow-FISH as previously described [40, 52, 53]. Briefly, 
samples were analyzed in triplicates with and without 
Alexa488-(C3TA2) PNA staining (Panagene, Daejeon, 
South Korea). Granulocytes, lymphocytes and cow 
thymocytes were identified based on forward scatter 
and LDS 751 staining. Cow thymocytes with known 
telomere length were used as an internal control to 
calculate telomere length in kilobases. To determine the 
percentiles, linear regression on 104 blood samples 
from healthy donors was carried out [54, 55].  
 
Exome capture and Illumina sequencing. Exome 
capture was carried out with the SureSelect Target 
Enrichment Kit v4 (Agilent, Santa Clara, CA) according 
to manufacturer’s instructions (version 1.7, July, 2014). 
DNA concentration was determined with the Qubit 
fluorometer using the BR dsDNA Assay (Qubit 2.0, 
Invitrogen Life Technologies, Grand Island, NY). 3 μg 
of genomic DNA was sheared using Covaris S2 
instrument (Covaris, Woburn, Mass, USA) to a mean 
size of 150-200bp. 500 ng of the library was subjected 
to hybridization with the SureSelect baits for 16 hours 
at 65 °C. Fragments captured in hybridization were 
indexed, amplified and sequenced in a paired end 100-
bp mode using an Illumina HiSeq2000 deep sequencing 
instrument (v3 sequencing chemistry; Illumina, San 
Diego, CA). 
 
Analysis of the whole exome sequencing data. Single 
nucleotide variant (SNV) calling was performed with 
the Genome Analysis Toolkit (GATK) and SAMtools 
mpileup [56, 57]. For GATK, the data were recalibrated 
with dbSNP v132 and the 1000 Genomes Project Indel 
release from July 5, 2011 (http://1000genomes.org). 
Subsequently, SNVs were called by using GATK's 
Unified Genotyper on the recalibrated data. All GATK 
calls were annotated for strand bias, low mapping 
quality, and SNV clusters. The GATK resulting SNV 
calls were intersected with the SAMtools mpileup SNV 
calls. All SNVs were intersected with information on 
gene coding regions by using the Annotation of Genetic 
Variants framework (ANNOVAR) [58]. By using 
RefSeq gene annotations, the SNVs were classified as 
nonsynonymous SNVs affecting protein-coding regions. 
ANNOVAR was also used to compute the overlap with 
dbSNP v132 (www.ncbi.nlm.nih.gov/projects/SNP), and 
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the October 2011 SNV releases of the 1000 Genomes 
Project (http://1000genomes.org).  Additionally the 
SNVs were filtered using an in-house database, which is 
based on more than 25 deeply sequenced (>30x 
coverage) human genomes and which includes sites that 
are commonly identified as false-positive SNVs by 
using GATK and SAMtools mpileup. Following these 
additional filtering steps, candidate SNVs were 
evaluated computationally to assess the possible effect 
of an amino acid substitution on the structure and 
function of the respective protein by using SIFT and 
PolyPhen-2 [30, 59].  
 
To verify the results obtained by whole exome 
sequencing, the coding regions of the TERT gene were 
PCR-amplified and sequenced (GATC Biotech AG, 
Germany). Primer sequences used for fragment 
amplification and sequencing are available on request. 
 
Plasmid constructs. The 3xHA-TERT in pCDNA-
minigene was kindly provided by Steven Artandi over 
addgene (pCDNA-3xHA-hTERT, addgene plasmid 
#51637) [60]. Functionality of this TERT construct with 
3xHA at the N-terminus has been previously shown by 
immortalization of human fibroblasts that lack TERT 
expression [60]. 
 
The 3xHA-TERT T1129P minigene was constructed 
using the following primers:  
forward primer Asc1Tert: CGGGGGCGCGCCCCGCG 
CGCTCCCCG   
reverse primer Pac1Tert: AGACTTAATTAATCAGTC 
CAGGATGGGCTTGAAGTCTG. 
  
After PCR amplification, the PCR products were 
digested with AscI and PacI and inserted in an AscI and 
PacI digested pCDNA vector. The identity of all 
constructs was confirmed by DNA sequencing (GATC 
Biotech AG, Germany). 
 
The TERC minigene (pBS U3-hTR-500, addgene 
plasmid #28170) was kindly provided by Kathleen 
Collins over addgene [61].  
 
Cell culture and transient transfection. HeLa-cells were 
grown in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% FCS and 1% P/S at 
37°C and 5% CO2. Cells were transiently transfected by 
calcium phosphate precipitation in 6-well plates using 
3µg of the test construct DNA as described before [62].  
 
Immunocytochemistry. For immunocytochemical 
detection of the HA-epitope, transfected cells that had 
been grown on coverslips in 6-well plates were fixed in 
4% paraformaldehyde in phosphate-buffered saline 

(PBS) for 20min at 4°C and pre-treated with 5% FCS in 
PBS+/-T (0.1% Triton X-100 in PBS) for 20min at RT 
to block unspecific antibody binding and to 
permeabilize the cells. The cells were then incubated 
with a mouse monoclonal anti-HA antibody (Sigma-
Aldrich) at 1:1,000 in 3% FCS/PBS. Immunoreactivity 
was visualized by a goat anti-mouse secondary antibody 
conjugated to AlexaFluor488 (CellSignaling) (1.1,000 
in 3% FCS/PBS). Before mounting the coverslips 
upside down in moviol 4-88 (Carl Roth) on slides, cells 
were washed 3x with PBS and nuclei were visualized 
by staining with DAPI (4'-6-Diamidino-2-phenylindole, 
10mg/ml stock solution, Sigma-Aldrich), diluted 
1:10,000 in PBS for 10min at RT. 
 
Microscopy and quantification. Cells were imaged in 
the 405 and 488nm laser channels (DAPI excitation 
405nm, emission 455nm; AlexaFluor excitation 488nm, 
emission 525nm) using a spinning-disk confocal 
microscope (Perkin Elmer ERS-6 with a Hamamatsu 
C9100-50 camera).The system incorporated a Nikon 
Eclipse TE2000-U inverted microscope using a Nikon 
100x objective. Perkin-Elmer Ultraview ERS software 
and Volocity 6.3 software (Improvision, Lexington, 
MA) were used for acquisition. Images were 
subsequently cropped in Adobe Photoshop CS2. 
Cropped images were imported into Corel Draw X5 for 
the final figures presented. 
 
For quantification of nuclear accumulation and 
clustering in the nuclei, 100 cells each from 3 
independent transfections have been assessed and 
counted visually for the presence of nuclear staining 
and/or nuclear clustering. For statistical analysis a 
student’s unpaired two-sided t-test was used. 
 
Patient data and material. Patient data and samples were 
acquired and the patient was treated in accordance with 
the Helsinki Declaration of 1975. 
 
After written consent, the bone marrow sample was 
taken according to standard procedures as a necessary 
routine assessment in bone marrow failure patients to 
determine cellularity and further cytogenetic 
aberrations. 
 
Skin fibroblasts were obtained by standard procedures 
from underarm skin under local anesthesia and grown in 
DMEM (LifeTechnologies) media supplemented with 
10% FCS, 1% P/S and 1% fungizone 
(LifeTechnologies) at 37°C in 5% CO2. 
 
Determination of population doublings in skin fibroblast 
cultures. Monolayers were dissociated with 
trypsin/EDTA and resuspended cells in complete 
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medium. To check for viability, cells were diluted 1:2 
with trypan blue (LifeTechnologies). Viable cells 
remained unstained.  Viability and number were 
determined using a hemacytometer (improved 
Neubauer). Population doublings were calculated using 
the following equation: PD=X + log2(Y/I) where: X = 
initial PD I = cell inoculum (number of cells plated in 
the flask) Y = final cell yield (number of cells at the end 
of the growth period). 
 
Beta-galactosidase (ß-Gal) Staining + DAPI. Fibroblasts 
were cultured in DMEM/10% FCS/1%PenStrep 
containing either DMSO (negative control) or 5 nM 
rapamycin dissolved in DMSO. For several time points 
cells were semi-confluently seeded on 18mm-coverslips 
in DMEM/10%FCS/1%PenStrep at 37°C and 5% CO2. 
Senescence associated ß-Gal staining was performed 
according to a modified published protocol [63]. After 
24h cells were washed twice with PBS and fixed with 
0.1% glutaraldehyde at room temperature for 15 
minutes. Following two washing steps with PBS, 
fibroblasts were stained for ß-galactosidase using a 
0.1%ß-Gal / 5 mM Potassium hexacyano-ferrate (II)/5 
mM Potassium hexacyano-ferrate (III)/2  mM MgCl2 / 
7.4mM Citric Acid / 150 mM  NaCl- solution at pH6 for 
14-16 hours at 37°C. Nuclei were visualized by staining 
with DAPI (4'-6-Diamidino-2-phenylindole, 10mg/ml 
stock solution, Sigma-Aldrich), diluted 1:10,000 in PBS 
for 20min at RT. Two additional washings with PBS 
were performed before embedding coverslips upside 
down in moviol 4-88 (Carl Roth) on slides. Cells were 
observed at 20-fold magnification on an Olympus CellR 
microscope and pictures taken at brightfield and 
fluorescent light (Ex 330-385, Em LP420), respectively. 
Depicted overlays of brightfield and fluorescence were 
merged in Fiji. 
 
Quantification of ß-Gal positive cells. The self-written 
macro Nuclei_PeripheryMeasure was used to count the 
number of cells with a cytosolic signal above a user-
defined threshold within a cell population. As output, 
the number of criteria-matching cell counts with respect 
to the total number of cells is provided. The macro 
works on images or image stacks with at least two 
channels. In short, the macro takes the nuclear signal 
(here DAPI) in one channel as reference for individual 
cells. Segmentation of nuclei is done by intensity 
thresholding. The corresponding nuclear areas are 
registered and used to create binary images as masks. In 
order to measure the cytosolic signal of the second 
channel (here ß-Gal), dilations are performed on the 
binary images in a user-defined manner to match cell 
dimensions. The resulting mask images with intensity 
values 0 (background) and 1 (foreground) are multiplied 
with the images of the second channel to select the areas 

for measurement. For the analysis, the user can specify 
both a general signal intensity threshold and a minimal 
number of pixels required above that threshold for 
positive counts. The software is available as ImageJ 
macro and can be downloaded from 
http://www.zmbh.uniheidelberg.de/Central_Services/Im
aging_Facility/2D_ImageJ_Macros.html [64]. The 
following settings were used to define ß-Gal positive 
cells in the programmed plugin: Find and add nuclei to 
the ROI manger (yes). Substract background (yes), 
maximum nuclei radius 80 pixels, minimum nuclei size 
300 pixels, maximum nuclei size 4000 pixels, minimum 
circularity 0, maximum circularity 1. Clear ROI 
manager (yes). Surrounding analysis: surrounding 
distance (dilation) 5, threshold to detect intensity: 120, 
amount of pixels over threshold: 100. For quantification 
an average number of 200 DAPI stained cells were 
counted. 
 
FACS analysis, CD34+ magnetic bead enrichment and 
colony forming unit assays. Bone marrow mononuclear 
cells were isolated by gradient centrifugation using 
Histopaque-1077 (Sigma) and labeled with APC-
eFluor780-conjugated anti-CD34 (4H11, eBioscience), 
Alexa-Fluor 700-conjugated anti-CD38 (HIT2, 
eBioscience), a cocktail of APC-conjugated lineage 
antibodies consisting of anti-CD4 (RPA-T4), anti-CD8 
(RPA-T8), anti-CD11b (ICRF44), anti-CD20 (2H7), 
anti-CD56 (B159, all BD Biosciences), anti-CD14 
(61D3), anti-CD19 (HIB19) and anti-CD235a (HIR2, 
all eBiocience) and DAPI (Sigma). FACS analysis was 
performed on LSR Fortessa (BD Biosciences). 
 
CD34+ cells from MNC were isolated using MACS 
enrichment columns (Miltenyi Biotec) according to the 
manufacturer’s instructions. CD34+ cells were plated in 
methylcellulose medium (MethoCult H4434; StemCell 
Technologies) with 5nM rapamycin or DMSO. 
Colonies were counted after 14 days and pictures were 
taken with a Nikon Eclipse Ti microscope. 
 
Mouse transplantation and in-vivo rapamycin treatment. 
Animals were housed under specific pathogen-free 
conditions at the central animal facility of the German 
Cancer Research Center (DKFZ). All animal 
experiments were approved by the Regierungspräsidium 
Karlsruhe under “Tierversuchsantrag G210/12”. 
 
Female NSG mice with 8 weeks of age were sub-
lethally irradiated (175 cGy) one day before the cells 
were injected in the femoral bone marrow cavity. For 
the healthy control 105 CD34+ cells were injected along 
with 5 x105 MSCs. For the patient 106 CD34-negative 
MNCs cells were injected along with 5 x105 MSCs. 90 
day slow release implantable pellets (Innovative 

  
www.impactaging.com                     924                                AGING, November 2015, Vol. 7 No.11



Research of America, USA) with 9mg rapamycin/pellet 
or placebo were implanted subcutaneously on the day of 
transplantation. 
 
Recipient mice were analyzed 12 weeks post 
transplantation. Bone marrow cells were labeled with 
PE-conjugated anti-human CD45 (2D1), APC-
eFluor780-conjugated anti-mouse CD45 (30-F11), PE-
Cy5-conjugated anti-human CD3 (UCHT1), APC-
labeled anti-human CD19 (HIB19), PE-Cy7-conjugated 
anti-human CD33 (WM-53, all from ebioscience) to 
assess multilineage human hematopoietic engraftment. 
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INTRODUCTION 
 
Medulloblastoma (MB) is a primitive neuroectodermal 
tumor that arises from granule neuron precursors in the 
cerebellum or from neural stem cells of the rhombic lip 
and is the most frequently diagnosed malignant brain 
tumor in children [1]. Approximately 70% of MB cases 
occur in children under the age of 10.  While less 
common, MB is also seen in patients between 20 and 44 
years of age, with incidences falling off significantly 
thereafter.  A combination of surgery,  radiotherapy,  and  
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chemotherapy has contributed to improved treatment 
outcomes, resulting in a 70-80% five-year disease-free 
patients with medulloblastoma remain significant and 
recurrence is frequently observed. As with many malig-
nancies, disease recurrence is nearly always fatal, and late 
mortality remains a serious health issue in long-term MB 
survivors [2].  Moreover, current therapies result in 
significant negative impacts on neurological, cognitive and 
social development, especially in the youngest affected 
children. Significant efforts are therefore underway to 
develop more effective and less toxic MB treatments. 
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Abstract: Medulloblastoma (MB), a primitive neuroectodermal tumor, is the most common malignant childhood brain
tumor and remains incurable in about a third of patients. Currently, survivors carry a significant burden of late treatment
effects. The p53 tumor suppressor protein plays a crucial role in influencing cell survival in response to cellular stress and
while the p53 pathway is considered a key determinant of anti‐tumor responses in many tumors, its role in cell survival in
MB is much less well defined. Herein, we report that the experimental drug VMY‐1‐103 acts through induction of a partial
DNA damage‐like response as well induction of non‐survival autophagy. Surprisingly, the genetic or chemical silencing of
p53 significantly enhanced the cytotoxic effects of both VMY and the DNA damaging drug, doxorubicin. The inhibition of
p53  in  the  presence  of  VMY  revealed  increased  late  stage  apoptosis,  increased  DNA  fragmentation  and  increased
expression of genes involved in apoptosis, including CAPN12 and TRPM8, p63, p73, BIK, EndoG, CIDEB, P27Kip1 and P21cip1.
These data provide the groundwork for additional studies on VMY as a therapeutic drug and support further investigations
into the intriguing possibility that targeting p53 function may be an effective means of enhancing clinical outcomes in MB. 
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The efficacy of many anti-tumor agents relies on their 
ability to trigger the tumor suppressive activities of p53, 
which leads to the induction of cell death, frequently via 
cellular pathways of apoptosis, senescence or mitotic 
catastrophe. While the activity of the p53 tumor 
suppressor protein is highly complex [3], its expression 
is induced by a broad array of cell stressors including 
DNA-damaging chemotherapeutic drugs and can be an 
excellent target for therapeutic intervention ([4], see 
also [3]). Impairment of p53 signaling by gene mutation 
or gene silencing/loss has been shown to contribute to 
the induction, progression and/or recurrence of many 
tumor types and can confer resistance to tumor therapy.  
p53 plays unique roles in neural development. For 
example, p53 has been directly implicated in 
neurogenesis as well as in neural stem cell self-renewal, 
neurite outgrowth and axonal regeneration (reviewed in 
[5]), and acetylation of p53 is required for the induction 
of neurite outgrowth [6]. Despite this knowledge and 
that related to the role of p53 in many malignancies, the 
function of p53 in MB remains under-explored. For 
example, unlike lung, pancreas and bladder cancers, 
only a minority of primary MB patients present with 
p53 mutation or loss, with reported frequencies between 
7% [7] and 15% [8]. Interestingly, while the frequency 
of p53 mutations increases upon recurrence, the 
percentage of cells with nuclear p53 also increases, 
rising from 26% at diagnosis to 33% at relapse [8], 
suggesting that certain mechanisms underlying p53 
function may still be intact. Importantly, the MAGIC 
consortium identified chromosome 17 deletions, where 
the p53 locus is located, to be associated with 
chromothripsis (chromosomal fragmentation) in Group 
3 MB [9], while reduced expression of p53 was seen in 
Group 4 MB [10]. Collectively, these findings 
highlight the complex and poorly defined role for p53 
in human MB, and support the need for mechanistic 
studies into p53 activity as a possible therapeutic 
effector protein. 
 
The in vitro [11-13] and in vivo [14] anti-tumor 
activities of an experimental CDK inhibitor, VMY-1-
103 (VMY), have previously been described by us in 
both prostate and other solid tumors [11, 13, 15] and in 
MB [12, 14]. Our previous MB studies established that 
the extrinsic apoptotic pathway was induced by VMY, 
as was mitotic catastrophe in a subset of the cells [12]. 
In the present study, we sought to further define the 
molecular and genetic mechanisms by which VMY 
induces MB cell death.  Herein, we show in both p53-
wild type (D556) and p53-mutant (DAOY) MB cells 
lines that treatment with VMY resulted in the 
translocation of p53 into the nucleus, an induction of 
γH2AX, a decrease in MDM2 protein levels and 
activation of non-survival macro-autophagy. 

Interestingly, suppression of p53 function via shRNA 
knockdown or treatment with the p53 inhibitory 
compound Pifithrin-α (Pif) [16] resulted in significant 
increases in cell death following treatment with either 
VMY or doxorubicin. Gene expression analyses 
performed on D556 cells treated with VMY and Pif 
versus VMY alone revealed a significant increase in 
genes associated with apoptosis and necrosis, including 
the calcium pathway signaling genes CAPN12 and 
TRPM8 suggesting alterations in intracellular calcium 
signaling may play a role in enhancing cell death. In 
addition, p63 and its transcriptional target the pro-
apoptotic gene BIK were induced, as were p73 and its 
target, the caspase-independent intranucleosomal 
DNase, Endonuclease-G (Endo-G) [17].  
 
Given the difficulties in effectively treating MB, 
especially recurrent disease, targeting p53 in 
combination with chemotherapy potentially represents a 
new treatment strategy for medulloblastoma. 
 
RESULTS 
 
Treatment of MB cells induces a durable cytotoxic 
effect 
 
We have previously reported that VMY induces MB cell 
death [12, 14]. To test whether VMY’s antiproliferative 
effects were sustained after removal of the compound, 
colony forming assays were performed. D556 cells were 
treated with VMY or its parent compound purvalanol B 
(PVB) for 18 hrs, at which point the media was changed 
and the cells were allowed to recover in the absence of 
the drugs until the control plate reached 80% confluency 
(approximately 3-5 days). VMY treatment resulted in a 
significant reduction in both the number of colonies (Fig 
1A, B, C) as well as the number of cells per colony (Fig 
1D) versus either DMSO- or PVB- treated D556 cells, 
which express wild type p53. The DNA damaging drug, 
doxorubicin (1uM), effectively killed all cells (not 
shown).  
 
VMY induces a partial DNA damage-like response 
in DAOY and D556 MB cell lines 
 
Our previous studies established that the induction of 
cell death in MB cells occurred, at least in part, through 
the extrinsic apoptotic pathway and mitotic disruption 
[12, 14]. To further investigate the mechanisms by 
which VMY impacts cell survival, we interrogated 
proteins involved in DNA damage response and stress 
signaling. Time course studies of VMY treatment were 
performed first in DAOY cells, which express mutant 
p53 (p53C252F). Doxorubicin was used as a positive 
control for induction of a DNA damage response [18],  
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Figure 1. VMY  induced cell death. The durability of effects of VMY on cell viability was determined via colony  forming assays.
D556 cells were treated with DMSO, PVB or VMY for 18 hrs. Fresh media was added and the cells cultured for an additional 3‐5 days.
(A) Cells stained with crystal violet. (B) Colonies as visualized by microscopy. (C) Quantification of colony number. (D) Quantification 
of cells per colony. The data are shown as average + standard deviation.  PVB; purvalanol B, *; p<0.05. 

Figure 2. Effects of VMY on stress related proteins. DAOY cells were treated for 18 hrs with
DMSO, PVB, VMY or doxorubicin at  the concentrations  listed and  immunoblotting was performed
for the proteins shown. β‐actin was used as a loading control. PVB; purvalanol B, Doxo; doxorubicin. 
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and PVB was also tested. Compared to DMSO control, 
treatment with doxorubicin for 18 hours increased the 
levels of phosphorylated isoforms of ATM, Chk2, 
γH2AX, BRCA1 and p38 (Fig. 2) as well as ATR, 
pS46-p53 and Chk1 (Fig 2). A modest increase in 
mTOR was also noted. In contrast, the levels of all of 
these proteins, with the exception of p-γH2AX (Fig 2) 
and to a lesser extent mTOR, were reduced following 
treatment with VMY. Interestingly, PVB  behaved  in  a  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

manner similar to doxorubicin despite the fact that PVB 
is an inefficient inhibitor of MB cell proliferation [12]. 
In contrast to DAOY cells, the levels of total- and 
phospho- p38 remained relatively constant in D556 
cells and phospho-p38 decreased slightly following 18 
hrs of VMY treatment (Fig 3A), however sustained 
induction of γH2AX was confirmed by western blot and 
by immunofluorescence in both DAOY and D556 cells 
(Fig 3A, B). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Effects of VMY on stress related proteins in MB cells. DAOY and D556 cells were treated with PVB or VMY. (A)
Immunoblotting was performed  for  total and phosphorylated p38 and phosphorylated γ‐H2AX  following  treatment  for 6 or 18
hrs. (B) Immunofluorescence microscopy for γ‐H2AX was performed on DAOY cells treated with 1 uM doxorubicin for 18 hrs and
DAOY and D556 cells treated with 10 uM VMY for 18 hrs. DAPI was used to stain the nuclei. PVB; purvalanol B, Doxo; doxorubicin.

Figure 4. Induction of Autophagy by VMY reduces cell
viability.  (A)  D556  cells,  transfected  with  LC3‐GFP,
were  treated with  DMSO  or  VMY  for  4  and  18  hrs.
Autophagic  LC3‐GFP  puncta  were  visualized  by
fluorescence microscopy. Cell nuclei were stained with
DAPI.  (B) D556 and  (C) DAOY  cells were  treated with
VMY for 18hrs  in the presence or absence of 5 uM 3‐
MA  (an  inhibitor  of  early  autophagy)  or  50  uM
chloroquine  (an  inhibitor of acidification of  lysosomes
and autophagosomes), and trypan blue viability assays
were performed to establish cell viability. The data are
shown  as  the  average  +  standard  deviation  of  N=3
separate experiments. *; p<0.05, **; p<0.01, 3‐MA; 3‐
methyladenine, CQ; chloroquine. 
.
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VMY induces autophagy in MB cells 
 
VMY has the ability to block proliferation in prostate 
cancer cells in part through the induction of catastrophic 
autophagy [15]. During autophagy, LC3-I (microtubule-
associated protein 1 light chain 3) becomes lipidated by 
the class III phosphoinositide 3-kinase, Vps34, and re-
localizes from the microtubules to autophagosomal 
membranes (reviewed in Kang, et al. [19]). We 
therefore studied the pattern of subcellular localization 
of LC3-I in MB cells. D556 cells were transiently 
transfected with an LC3-GFP expression vector and 
subjected to fluorescence microscopy as previously 
described [15]. VMY treatment induced LC3-GFP re-
localization and concentration into prototypical 
autophagic puncta (Fig 4A) with an average of 6 puncta 
per VMY-treated, LC3-GFP positive cell at 4 hours and 
7.8 puncta per cell at 18 hrs, versus an average of 2.3 
puncta per cell in control cells (Fig 4A). Our previous 
data established that inhibition of autophagy protected 
against VMY-induced cell death in prostate cancer cells 
[15]. We therefore investigated whether inhibitors of 
early (3-methyladenine, 3-MA) or late (chloroquine, 
CQ) autophagy  influenced  cell  survival.  Using  D556  
and DAOY cells, trypan blue dye exclusion assays 
established that neither 3-MA nor CQ influenced 
survival in control cells, however significant increases 
(p<0.05, N=3 separate experiments) in cell viability 
were seen in both cell lines when treated with VMY and 
the inhibitors (Fig 4B, C). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Regulation of p53 activity is similar in DAOY and 
D556 MB cell lines 
 
Our earlier investigations into the mechanisms by which 
VMY reduced overall cell survival in solid tumors 
clearly established a role for wild type p53 in inducing 
cell death through both apoptosis and catastrophic 
autophagy. For example, in adenocarcinoma cell lines 
with wild type p53, VMY caused a rapid induction of 
p53 protein levels whereas p53 levels remained constant 
in cells harboring p53 mutations [15]. Furthermore, the 
loss of p53 function via deletion, mutation or genetic 
silencing resulted in a complete loss of VMY-induced 
cytotoxicity in a variety of cancers, including prostate, 
breast and pancreas, while re-expression of wild type 
p53 in PC3 cells or treatment of DU145 cells with 
PRIMA1 restored VMY-induced autophagy and cell 
death [11, 15].  
 
We therefore next investigated the effects of VMY on 
p53 expression in DAOY (p53 C242F mutant [20]) and 
D556 cells (p53 wild type). Unlike our previous 
findings in adenocarcinoma cells, p53 levels were high 
in both cell lines and were not affected by treatment 
with VMY (Supplemental Fig. 1). Similar results were 
seen with PVB (Supplemental Fig. 1). The levels of the 
p53-regulatory protein MDM2 were decreased in both 
cell lines (Fig 5A) and immunofluorescence microscopy 
demonstrated that p53 shifted from diffusely cyto-
plasmic with some nuclear positivity in control  cells  to 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. VMY alters the subcellular localization of p53. (A) Immunoblotting for MDM2 following exposure of D556 cells to
PVB and VMY for the times indicated. β‐actin was used as a loading control. (B) Immunofluorescence microscopy for p53 subcelluar
localization was performed on DAOY (left panels) and D556 (right panels). DAPI was used to stain the nuclei. PVB; purvalanol B.  
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predominantly nuclear in both cell lines following 
VMY treatment (Fig 5B). As both the wild type and 
mutant p53 proteins localize to the nucleus following 
exposure to VMY, these data suggest that both proteins 
may retain some functional activity. 
 
The role of p53 in inducing cell death 
 
To determine the role of p53 in regulating MB cell 
survival in the presence of VMY, p53 was genetically 
silenced with the previously validated p53 shRNA [15] or 
chemically inhibited by the p53-inhibitory compound, 
Pifithrin-α (Pif), which we have used in previous 
experiments to investigate p53’s role in regulating 
autophagy [16].  The silencing of p53 by shRNA resulted  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

in up to a 68% decrease in p53 protein levels versus 
pLKO control across all treatment groups in both D556 
and DAOY cells (Fig 6A). Surprisingly, both the genetic 
and chemical silencing of p53 led to significant increases 
in cell death by VMY as measured by colony forming 
assay (Fig 6B). Equally surprising was the observation 
that the loss of p53 failed to protect against cell death by 
doxorubicin (Fig 6B, C). Dose escalation experiments 
performed in D556 cells in the presence and absence of 
Pif established that the heightened chemosensitivity was 
consistent across a broad range of concentrations (Fig 
6D). In addition, experiments performed in DAOY 
showed that cell-survival declined by 33 percent in 
VMY-treated cells with p53 shRNA knockdown com-
pared to VMY-treated pLKO control cells (Sup Fig S2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. Effects of  silencing of p53 on  cell  survival.  (A) Genetic  silencing of p53. D556 and DAOY  cells were  infected with 
p53siRNA or pLKO  lentivirus’. The cells were  left untreated or exposed for 18 hrs to DMSO or 30uM VMY as  indicated, and western 
blots  for  p53  and  β‐actin were  run.  (B)  The  effects  of  p53shRNA  knockdown  (left)  and  Pifithrin  (Pif,  right)  on  cell  viability were
determined via colony forming assays. D556 cells were treated with DMSO, doxorubicin or VMY for 18 hrs. Fresh media was added
and the cells cultured for an addition 3‐5 days, followed by staining with crystal violet. (C) Quantification of the number of colonies in 
(B). (D) Dose response curves of D556 cells treated with VMY at the concentrations shown in the presence and absence of Pifithrin.
The data are shown as average + standard deviation of N=3 separate experiments. 
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Loss of p53 in the presence of VMY alters calcium, 
p63 and p73 signaling pathways 
 
In order to more completely define the mechanism 
underlying the paradoxical effect of p53 silencing, 
RNAseq next generation sequencing was performed on 
D556 cells treated with VMY in the presence or 
absence of Pif. RNA sequence analysis revealed an 
increase in expression of calpain 12 in the VMY/Pif 
treated cells vs. VMY/DMSO control cells (Table 1). In 
addition, elevated expression of the transient receptor 
potential channel subfamily (TRPM8) gene was seen 
(Table 1), collectively suggesting that intracellular 
calcium signaling pathways were affected by p53 
silencing. Dysregulation of the calcium signaling 
pathway downstream of stressors such as excitotoxicity 
can lead to necrotic cell death  in neurons  (reviewed  in  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[21, 22]), with one of the hallmarks of necrosis being 
Endo G induction and intranucleosomal DNA cleavage 
[22]. As both the pro-apoptosis regulatory genes p63 and 
p73 were induced by p53 silencing, as were possible 
downstream targets including Endo-G [23], the pro-
apoptotic BH3-protein, BIK (Bcl-2-interacting killer) and 
CIDEB (cell death-inducing DFFA-like effector B), we 
assessed levels of late stage apoptosis and necrosis by 
flow cytometry, by gating for annexin V-
positive/propidium iodide (PI)-positive cells. D556 cells 
were infected with either pLKO or p53shRNA as 
described above and treated for 18-hours with DMSO, 
30uM VMY or 1uM doxorubicin, after which they were 
analyzed by flow cytometry as previously described [15]. 
While the annexin-/PI+ fraction of cells was unaffected, 
the silencing of p53 increased the proportion of annexin 
V+/PI+ cells following exposure to VMY  or  doxorubicin  

Table 1. Top 25 genes altered in the presence of Pifithrin α plus VMY 
vs. VMY alone. 

Pif + VMY vs. VMY 
Up-regulated Fold Down-regulated  Fold 
EndoG 8.77809E+30 FIGF -6.10476E+11 
CIDEB 1.9687E+12 ANGPT4 -6.017072518 
PRSS54 1299.03 GSK3A -5.35 
BIK 19.44 INCA1 -5.18 
MAP3K9 18.19 TNFSF14 -4.01 
ERBB3 15.17 GDF15 -4.01 
BRAT1 7.48 HGF -3.89 
CISH 6.73 BIRC3 -3.41 
FADD 6.73 LIF -2.85 
TP63 6.63 NTF3 -2.77 
CBX6 6.23 DRD2 -2.75 
SRC 5.98 SNCG -2.67 
CBX7 5.98 MAGEA9 -2.67 
HDAC4 5.24 ZNF385D -2.67 
RASSF4 4.49 CRIP3 -2.67 
TRPM8 4.49 TNFSF15 -2.45 
ERBB2 4.06 NAP1L6 -2.45 
AKT1 3.84 TENC1 -2.33 
UNC5B 3.83 NRCAM -2.23 
TNFRSF10D 3.74 DNAJB7 -2.21 
NLRP12-14 3.74 MAGEB2 -2.19 
TP73 3.74 PPAPDC2 -2.14 
ARHGEF18 3.55 PRSS12 -2.14 
TNFRSF25 3.49 CFLAR -2.07 
FASTK 3.48 GADD45A -2.07 
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(Fig 7A). Finally, similar effects were seen using 
agarose gel electrophoresis assays where 18-hour 
treatment with VMY or doxorubicin plus p53shRNA 
resulted in enhanced DNA degradation, indicative of 
necrosis and apoptosis (Fig 7B). 
 
Taken together, these experiments show that p53 
protects against drug-induced cell death in 
medulloblastoma cells and its genetic- or chemical- 
suppression results in a significant increase in cell 
sensitivity to VMY and doxorubicin, an experimental 
and a clinical drug, respectively.  
 
DISCUSSION 
 
Necrosis, apoptosis and autophagy are activated under a 
variety of cell stress conditions (see references [24, 25] 
among others), however, little is known about how 
these complex and partially overlapping mechanisms 
are induced in medulloblastoma cells. In addition, to 
date, there have been few publications exploring the 
effects in medulloblastoma cells of the synthetic 
modulation of p53 activity during exposure to 
chemotherapeutic drugs. 
  
We have recently shown in prostate cancer cell lines as 
well as in primary prostate cancer cells established 
using our conditional cell reprogramming approach [26, 
27], that the induction of p53 by VMY was a 
prerequisite for inducing both autophagy and apoptosis, 
and that silencing p53 effectively blocked cell death 
[15]. Additionally, our earlier studies on VMY’s effects  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
on MB established that this experimental drug induced 
apoptosis and mitotic catastrophe in vitro [12]. 
Furthermore, while our in vivo studies showed that 20 
mg/kg of VMY administered three times per week for 
more than four weeks was well tolerated and was 
effective at treating a mouse model of SHH-driven 
medulloblastoma [14], a detailed investigation into the 
mechanism of VMY-induced cell death, and the role that 
p53 may play had not been explored. We now show that 
in MB cells, VMY induces the relocalization of p53 into 
the nucleus, an accumulation of γH2AX, a decrease in 
MDM2 protein levels and activation of non-survival 
macro-autophagy. Since the protein levels of key stress-
related proteins were reduced by VMY, the possibility 
existed that components of the CAP-dependent protein 
translation pathway may be inhibited by VMY. MNK1 is 
a target of p38 and MAPK and acts to increase CAP-
dependent translation through the phosphorylation of the 
elongation factor eIF4E [28]. 4E-BP1 is a negative 
regulator of translation and phosphorylation of 4E-BP1 
by mTOR inhibits its repressor function. Thus, if VMY 
negatively regulated CAP-dependent translation, the 
phosphorylation levels of 4E-BP1 and pMNK1 would be 
expected to reduce, however VMY increased the levels 
of these proteins in both D556 and DAOY cells (S.W and 
C.A, unpublished data). Interestingly, rather than 
protecting against chemotherapeutic cell killing, the 
suppression of p53 through shRNA knoc kdown or 
chemical inhibition by Pifithrin-α resulted in a significant 
increase in cell death by either VMY or doxorubicin, 
suggesting that p53 acts as a chemoprotective protein in 
these primitive neuroectoderm-derived cancer cells. 

Figure 7. Effects of p53 knockdown on apoptosis and DNA fragmentation in D556 cells.  (A) The proportion of
cells undergoing apoptotic cell death as a result of p53 shRNA knockdown  in D556 cells treated for 18 hrs with DMSO,
VMY (30uM) or doxorubicin (1uM) as assessed using annexin V and propidium iodide (PI) staining and measured by flow
cytometry. Data are shown as percent change in staining versus pLKO‐control infected cells. (B) D556 cells were infected
with pLKO or p53shRNA and treated with DMSO, VMY or doxorubicin for 18hrs. DNA fragmentation of nuclear DNA was
assessed by ethidium bromide‐agarose gel electrophoresis. 
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Regarding its function in the neuroectoderm, p53 
performs roles different to those found in other tissues. 
In the past decade a role for p53 has emerged in 
neuronal differentiation, axon guidance, neurite 
outgrowth and axonal regeneration [29, 30]. Analysis of 
p53-dependent transcriptional activation in normal 
development in vivo by using a lacZ reporter gene under 
the control of a p53-responsive promoter showed that 
p53 activity was maximal during neuronal 
differentiation and clustered in areas that showed little 
correlation with the apoptosis normally ongoing in the 
developing nervous system [31, 32]. Furthermore, other 
studies have shown that  approximately  one  quarter  of  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

p53-null mice developed exencephaly due to cellular 
overgrowth, rather than decreased apoptosis [33, 34]. 
 
The dependence of neurite outgrowth and elongation on 
p53 has also been shown in the developing cerebellum. 
Gaub et al., 2010 showed that acetylated p53 is required 
for neurite outgrowth in cerebellar granule cell 
progenitors. Conversely, the loss of the function acetyl 
p53 mutant (K-R) inhibits physiological neurite 
outgrowth in those cells [35]. In cultured rat cerebellar 
granule cells, Maruoka et al., 2011, showed a p53-
mediated neuroprotective effect against glutathione 
depletion-induced oxidative stress [36]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8. Proposed mechanisms of enhanced cell death following inhibition of p53. Shown are the effects of p53 suppression on
components of cell death pathways in Pif + VMY vs. VMY treated D556 cells. p53 inhibition by Pifithrin resulted in the induction of p63 and
p73 genes and subsequent enhanced cell death via apoptosis.  Induction of the p63 and p73 genes  leads to the activation of p21CIP1 and
p27KIP1 both of which can indirectly trigger FADD, reducing the expression of BIRC3 (cIAP2). Induction of p73 led to large increases in EndoG
and CIDEB expression  leading to DNA fragmentation while  increased  levels of p63  induced apoptosis though BIRC3 and BIK, the  latter of
which along with TRPM8 can influence intracellular calcium levels. BAD; BCL2‐Associated Agonist Of Cell Death, BIK; BCL2‐Interacting Killer
(Apoptosis‐Inducing), BIRC3; baculoviral IAP repeat containing 3 (cIAP2), BRAT1; BRCA1‐Associated ATM Activator 1, CAPN; Calpain, CALB1;
Calbindin  1,  CDKN2D;  Cyclin‐Dependent  Kinase  Inhibitor  2D  (p19Ink4D),  CIDEB;  Cell  Death‐Inducing  DFFA‐Like  Effector  B,  EndoG;
Endonuclease G, FADD; Fas‐Associated Via Death Domain,  INCA1;  Inhibitor Of CDK, Cyclin A1  Interacting Protein 1, NF‐KappaB; Nuclear
Factor Of Kappa Light Polypeptide Gene Enhancer In B‐Cells, TRPM8, Transient receptor potential cation channel subfamily M member 8. 
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Further validation of the role for p53 in neurite 
outgrowth and neuronal differentiation and maturation 
comes from studies establishing p53 as a downstream 
target of neurotrophic receptors. Loss of function 
experiments of p53 via either gene silencing or 
dominant negative p53 proteins lacking transactivation 
capacity have been shown to block NGF-dependent 
neurite outgrowth and differentiation in PC-12 cells [6, 
37]. Another neurotrophic factor, BDNF, has also been 
shown to stimulate p53 phosphorylation and 
transcriptional activation in primary cortical neurons 
[30]. Activation of signaling molecules downstream of 
NGF or BDNF that are known to induce p53 post-
translational modifications and enhance its 
transcriptional activity has been reported, including 
ERK1 and ERK2, p38MAPK, JNK1-2 (c-Jun N-
terminal kinases 1-2), cytoskeleton remodeling genes, 
such as GAP-43, the actin-binding protein Coronin 1b 
and the RAS family member Rab13 [6, 38]. 
 
Unresolved however is an actual role for p53 in the 
biology of human MB. Frequencies of p53 mutations are 
low in primary MB but increase significantly in 
recurrences, and mutant p53 proteins and Myc may 
collaborate to drive aggressive disease [8]. Additionally, 
modifications of p53 function are required in Myc- [39, 
40] but not Smoothened- based mouse models to drive 
MB.  The genetic silencing of p53 in mice with 
conditional deletion of the BRCA2-interacting protein 
(BCCIP) gene also resulted in MB [41]; however the 
resulting tumor formation was predicated upon the loss of 
the BCCIP knockdown cassette, which restored BCCIP 
expression in the neuroectoderm, supporting a role for 
p53 in neuronal genomic stability. Interestingly, p53 
expression levels are lower in group 4 MB, due to the 
iso-dicentric (17)(p11.2) recombination events frequently 
seen in this group [10]. However, neither the levels of 
p53 expression nor its subcellular localization were 
reported following chemotherapy. It should be noted that 
etoposide induced p53 activity in D283, MEDI and D458 
MB cell lines in vitro [42] and the p53 target miR-34a 
was able to reduce the viability in the p53-impared MB 
cell line, MEB-Med8a [43], however the effects of 
silencing of p53 per se were not reported. Furthermore, 
docosahexaenoic acid and etoposide were found to 
reduce the levels of MDM2 in both p53-mutant DAOY 
cells as well as in p53-wildtype D283 cells [44] and we 
also observe decreases in MDM2 with VMY, along with 
rapid translocation of p53 into the nucleus.  Collectively 
these published studies and our new data suggest that 
components of the p53 pathway remain intact in a variety 
of p53-mutant and p53-wild type MB cells.  
 
It was therefore surprising that rather than causing 
chemotherapeutic resistance, the suppression of p53 

function by either shRNA knockdown or Pif sensitized 
DAOY and D556 cells to both VMY and doxorubicin. 
Mechanistically, the induction of the p63 and p73 and 
their targeted genes by VMY in the Pif-treated cells was 
one of the most prominent features (Table 1 and Figure 
8). These p53 family-member genes, and their various 
splice variants, play both similar and distinct roles in 
development as well as in cancer (reviewed in [45]) and 
can interact with each other with a high degree of 
complexity. There is abundant evidence that modulation 
of p53 function can influence the activity of p63 and 
p73 (reviewed in [46]) and conversely that p63 and p73 
can influence p53 activity in adult neural precursor cells 
[47]. While the mechanism(s) by which the genetic 
knockdown or chemical suppression of p53 regulates 
p63 and p73 expression in MB cells has yet to be 
elucidated, our data suggest that the induction of p63 
and p73 following p53 suppression fundamentally alters 
the pro-apoptotic machinery in MB cells (Fig 8). It is 
also unknown whether the increased sensitivity seen in 
the cell lines tested extends to a broader array of clinical 
samples or to the chemo-radiation interventions 
currently used for treating MB. However as both 
DAOY and D556 cells show similar sensitivities to p53 
functional blockade, the possibility exists that at least a 
subset of the p53 mutations found in MB patients may 
not adversely impact p53-targeting regimens. 
Additional experiments assessing whether the p53 
mutant proteins identified in recurrent MB exhibit 
similar responses to combined p53 suppression and 
exposure to VMY, doxorubicin or other drugs are 
clearly warranted. 
 
MATERIALS AND METHODS 
 
Cell lines and cell culture. The human medulloblastoma 
(MB) cell lines D556 and DAOY were maintained in 
complete DMEM containing 10% FBS, L-glutamine, 
and 100 U/ml Penicillin-Streptomycin as previously 
described [12]. DNA STR fingerprint analyses were 
performed on both cell lines as a quality control 
measure. The DAOY data matched the ATCC database 
for this line, while early and late passage D556 cultures 
were compared with no significant changes observed 
and no matches with the available STR database (not 
shown).  
 
Cell viability and growth. Cell viability was determined 
using trypan blue dye exclusion and viable and total cell 
counting using a hemocytometer as previously 
described [11, 12, 15]. 
 
Colony forming assays. A total of 1000 cells were 
plated in 6 well plates. Cells were allowed to adhere for 
24 hrs before treatment, at which point they were 
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treated with VMY or Doxorubicin for 18 hrs. The media 
was changed after 18hrs and the plates were incubated 
in the absence of drug for 3-5 days to reach 80% 
confluency in the negative control wells. Cells were 
washed with PBS, fixed with 10% neutral buffered 
formalin solution for 15-30 minutes and stained with 
0.5% (w/v) crystal violet for 30-60 minutes. The crystal 
violet was aspirated, cells were washed with PBS and 
dried for one hour before counting. 
 
Flow cytometry. The prostate cells were fixed and 
stained with 20ug/ml propidium iodide (PI) and 5 U 
RNase A, and the DNA content and subG1 DNA 
fragmentation was measured using a FACStar Plus 
system (Becton-Dickson, Franklin Lakes, NJ) as 
previously described [11, 12]. Cellular apoptosis was 
also assessed by APC-Annexin V antibody (Biolegend, 
San Diego, CA) staining immediately after treatment 
with VMY and analyzed using FACStar Plus dual laser 
FACSort system (Becton-Dickson, Franklin Lakes, NJ) 
as previously described by us [11, 12, 48, 49].  
 
Immunoblotting.  Protein extracts were prepared and 
separated on 4-20% Tris-glycine gels and electro-
blotted onto PVDF membranes as previously described 
[11, 12, 50]. Protein levels were assessed using 
antibodies against p53 (Millipore, Bellerica, MA #05-
224), p-ATM (Cell Signaling, Danvers, MA #5883P), 
p-Chk2 (Cell Signaling, Danvers, MA #2661P), p-Chk1 
(Cell Signaling, Danvers, MA #2348P), p38 (Cell 
Signaling, Danvers, MA #8690), histone γ-H2AX (Cell 
Signaling, Danvers, MA #7631), p-histone γH2AX 
(Cell Signaling, Danvers, MA #9718P), p-BRCA1 
(Ser1524) (Cell Signaling, Danvers, MA #9009P), p-
P38 MAPK (Cell Signaling, Danvers, MA #9216S), 
mTOR (Cell Signaling, Danvers, MA #2983), p-ATR 
(Cell Signaling, Danvers, MA #2853P), p-p53 (Cell 
Signaling, Danvers, MA #9286P), p-MNK1 (cell 
signaling, #2111S), p-4E-BP1 (Cell Signaling, Danvers, 
MA #2855S), MDM2 (Santa Cruz Biotechnology, #sc-
965), β-actin (Cell Signaling, Danvers, MA #4967). 
Densitometry was performed using ImageJ analysis 
software (NIH, Bethesda, MD) as previously described 
[11, 12, 50].   
 
Immunofluorescent imaging. Cells were seeded on glass 
coverslips and treated with DMSO or VMY for 4 or 18 
hrs. Cells were washed with PBS and fixed in 10% 
formalin for 10 min. The coverslips were washed three 
times with PBS, the cells were permeabilized with 0.1% 
Triton X-100 and washed three times with PBS. The 
samples were blocked with 1% BSA for 20 minutes and 
washed an additional three times in PBS. The cells were 
exposed to anti-p53 (1:150, Millipore #05-224) or anti- 
γH2AX (1:150, Cell Signaling #7631) antibodies for 1 

hr at room temperature. The slides were washed with 
PBS an additional three times and stained with the 
secondary antibody Alexa Fluor goat 488 anti-mouse 
(1:150, Life Technologies, A-10667) for 30 min at room 
temperature. Slides were then counter-stained with 
DAPI for 5 min. The coverslips were mounted onto 
glass slides with Tris-buffered fluoro-gel (Electron 
Microscopy Sciences). Confocal microscopy was 
performed on a Zeiss (Thornwood, NY) LSM510 Meta 
microscope using a 40x lens.  
 
LC3-GFP. LC3 translocation was detected using the 
green fluorescent protein (GFP)-fused LC3 construct 
that was generously donated by Dr Robert Clarke [51]. 
Briefly, cells were seeded in 6 well plates containing 
glass coverslips and allowed to attach overnight. The 
LC3-GFP expression plasmid (14ug) was transfected 
using Lipofectamine LTX reagent (Life Technologies, 
Carlsbad, CA #15338-100) as previously described by 
us [15]. 24 hours after transfection, the cells were 
treated with VMY or vehicle. After 18 hours, the 
coverslips with attached cells were stained with DAPI 
and rinsed 3 times with PBS and the coverslips 
mounted. Imaging was performed by confocal 
microscopy as previously described [12, 15]. 
 
Autophagy inhibitors. For autophagy inhibition, 3-
methyladenine (3-MA) (Sigma-Aldrich, St Louis, MO 
#M921) was used at 5mM and chloroquine diphosphate 
(CQ) (Sigma-Aldrich, St Louis, MO #C6628) was used 
at 50 µM as previously described [15].  Cells were 
exposed to these inhibitors for 20 minutes prior to 
treatment with either DMSO or VMY [15]. 
 
p53 expression and shRNA knockdown. For lentivirus 
knockdown experiments, the p53shRNA and pLKO 
vectors were purchased commercially (Vector Biolabs, 
Philadelphia, PA, #1854) and used as described by the 
manufacturer as previously described [15]. Briefly, 
293T cells (ATCC, Manassas, VA) were cotransfected 
with shRNA constructs along with the pHR′8.2ΔR and 
pCMV-VSV-G helper constructs. After 24 hours, the 
media was changed and the virus-containing media was 
harvested after an additional 24 hours of incubation. 
The MB cells were seeded at 30% confluency and viral 
infections were performed for 72 hours prior to treatment 
with VMY or DMSO.  Efficiency of the knockdown was 
monitored by p53 immunoblotting and quantification by 
ImageJ as previously described [15, 52, 53].  
 
Chemical inhibition of p53. For chemical inhibition of 
p53, 30uM Pifithrin-α (Sigma-Aldrich, St Louis, MO  
#P4359) was added one hour prior to treatment with 
VMY, doxorubicin or DMSO. 

  
www.impactaging.com                     864                                    AGING, October2015, Vol. 7 No.10



 
DNA fragmentation. D556 cells were infected with 
pLKO or p53shRNA virus’s for 72 hrs prior to 
treatment with VMY or DMSO. Doxorubicin was used 
as a positive control. The genomic DNA was isolated 
after 18 hr treatment with VMY or doxorubicin using 
the DNeasy blood and tissue kit (Qiagen, MD #69506). 
500ng of DNA was run on 1% agarose gel containing 
ethidium bromide with the electrophoresis carried out at 
100V for one hour.  
 
RNAseq and pathway analyses. Total RNA was 
extracted from D556 cells treated with Pif and VMY as 
described above using an RNeasy Plus Mini Kit 
(Qiagen, MD, #74134) and submitted to Otogenetics 
Corporation (Norcross, GA USA) for RNA-Seq assays. 
Sequencing was performed on the Illumina HiSeq 2500 
(20 million reads, Rapid run, Illumina, CA USA) with 
chemistry v1.0 and using the 2×106bp paired-end read 
mode and original chemistry from Illumina according to 
the manufacturer's instructions. The initial data analysis 
was started directly on the HiSeq 2500 System during 
the run. The HiSeq Control Software 2.0.5 in 
combination with RTA 1.17.20.0 (real time analysis) 
performed the initial image analysis and base calling. 
Quality control (QC) was performed using FastQC 
software. All the samples passed the "Basic Statistics", 
"Per Base Sequence Quality", "Per Sequence Quality 
Scores", "Per Base N Content", and "Sequence Length 
Distribution". No specific filtering was done for the 
samples. The final FASTQ files comprising the 
sequence information which was used for all subsequent 
bioinformatics analyses. Sequences were de-
multiplexed according to the 6bp index code with 1 
mismatch allowed. After QC, Tophat2 was used for the 
alignment, and BAM files were obtained. Partek 
Genomics Suite (6.6 version 6.12.0713 software (Partek 
Inc.) was utilized to calculate RPKM as normalization, 
and fold changes were calculated based on the RPKM 
results. The pathways analysis was performed through 
the use of QIAGEN’s Ingenuity® Pathway Analysis 
(Qiagen, Redwood City, CA). 
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Aberrant protein kinase activity promotes tumor 
survival and proliferation, and targeted kinase inhibitors 
that halt growth and promote apoptosis demonstrate 
some cancers are truly kinase addicted. Clinically, this 
is best exemplified by chronic myeloid leukemia 
(CML), driven by the fusion kinase BCR-ABL, where 
tyrosine kinase inhibitor (TKI) therapy can control the 
disease for years, perhaps indefinitely in many patients. 
For other cancers, however, the success of kinase 
inhibition has been more modest. Despite great strides 
in drug design and delivery, resistance invariably 
develops, typically limiting median progression free 
survival (PFS) to a period of months. Development of 
new-generation inhibitors therefore has focused on 
increasing potency, overcoming resistance-conferring 
mutations to the drug target, and hitting parallel 
signaling pathways that bypass the target altogether. 
While sequential treatments and/or combination 
cocktails to circumvent resistance may work in some 
cases, concerns arise regarding toxicity and cost, 
prompting exploration of innovative new strategies to 
prolong PFS. Two recent studies in different cancers 
propose an alternative with a potential to increase the 
duration of tumor control by several already approved 
TKIs. 
Approximately 70% anaplastic large cell lymphoma 
(ALCL) cases are driven by the constitutively activated 
fusion kinase NPM-ALK [1]. To investigate resistance 
mechanisms, our laboratory grew patient-derived NPM-
ALK-driven cell lines in one of two FDA approved 
ALK TKIs, crizotinib or ceritinib, at increasing 
concentrations. Resistance reliably arose due to 
overexpression of NPM-ALK even if resistance-
conferring mutations also began to arise. Strikingly, 
characterization of resistant phenotypes showed 
viability of these cells was actually stimulated by – 
indeed required – continued presence of ALK TKI, as 
drug withdrawal rapidly induced apoptosis. 
Concomitantly we observed massive ALK activation, 
suggesting over-activation provides as much of a fitness 
deficit as inhibition [2]. These results echo the findings 
of a prominent study investigating mutant-BRAF 
inhibition with vemurafenib in melanoma, where 
resistance also arose due to target overexpression [3]. 
As in our study, resistant cells underwent apoptosis in 
response   to    inhibitor   withdrawal.   Oncogene   over- 
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expression in both reports therefore promoted a dual 
phenotype of drug resistance and dependence. 
Both studies demonstrate potential therapeutic 
exploitation of the paradoxically toxic response of 
resistant-dependent cells to drug withdrawal. 
Xenografted resistant cells in both reports underwent 
apoptosis leading to tumor regressions upon 
discontinuation of drug dosing to host animals. After 
time tumors resumed growth, but sampling showed 
drug-target expression had returned to baseline – a 
requirement for their growth without inhibitor. At the 
same time dependence went away, so did resistance, as 
re-initiation of inhibitor dosing to host animals led to 
new rounds of tumor regressions. This suggested 
cycling of drug through discontinuous dosing could 
forestall onset of fatal resistance, and was explored in 
both reports, but especially in the melanoma models [2, 
3]. Here both pre-scheduled and individualized 
intermittent dosing strategies greatly prolonged tumor 
control compared to continuous drug administration. 
Patients at risk of developing resistance due to up-
regulation of some oncogenes may therefore benefit 
from intermittent dosing, a strategy carrying both low 
cost and low toxicity. 
A randomized phase 2 trial comparing intermittent vs. 
continuous inhibitor dosing in melanoma already is 
enrolling patients (NCT02196181), and one is in 
planning for ALK+ ALCL. More preclinical 
assessment, however, also is needed in these and other 
cancers. Supporting the approach, drug holidays already 
may be employed to counter toxicity, and some second 
remissions to the ALK TKI crizotinib have been 
reported in lung cancer patients whose tumors were 
previously resistant [4, 5]. 
Great care must be taken, when determining appropriate 
timing of drug administration and withdrawal with such 
strategies, as the onset of resistance may be 
unpredictable, and drug interruption or re-initiation too 
early could exacerbate the onset of other resistance 
pathways [6]. An intriguing alternative, however, is 
identifying the specific mechanisms by which over-
activity of particular oncogenes promote toxicity, and 
then pharmacologically inducing them as either a direct 
means of cellular toxicity or to prime the cells for other 
therapies. Indeed, a recent study showed pharma-
cological induction of SYK hyper-activation caused 
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BCR-ABL+ acute lymphoblastic leukemia (ALL) cell 
death [7]. Targeted inhibition of several signaling 
pathway targets downstream failed to rescue resistant 
cells from NPM-ALK overdose in our systems 
(unpublished observations), but unbiased approaches 
are ongoing to determine the mechanisms. 
Finally, it is important to keep in mind that intermittent 
dosing is not a cure and drug cycling eventually will 
prove futile. Such strategy gives a patient more time, 
however, delaying the need to change inhibitors, initiate 
combination cocktails, or a move to traditional therapies 
like chemotherapy or radiation, all of which may be 
significantly more toxic. In the ever-expanding arsenal 
of weapons against cancer, strategies exploiting 
oncogene overdose appear to hold promise, and in the 
case of intermittent dosing don’t even require 
development of new drugs. 
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The Hedgehog (Hh) signal transduction pathway has 
been discovered as a central regulator of embryonic 
development, tissue maintenance and repair [1]. 
Moreover, several recent evidences have highlighted its 
key function in tumorigenesis [2]. In some familial 
cancers, such as basal cell carcinoma and 
medulloblastoma, Hh pathway activation represents the 
initial tumorigenic event, whereas in other human 
malignancies, including gastrointestinal, lung, brain, 
breast and prostate cancers, deregulation of Hh 
signaling occurs during tumor progression and 
participates in tumor maintenance. Clinical trials using 
molecular inhibitors targeting Hh pathway components, 
in particular the Smo receptor, have often yielded 
limited clinical benefits unless they are used for the 
treatment of tumors harboring defined genetic mutations 
inactivating tumor suppressors (e.g. Ptch receptor) or 
activating oncogenes (e.g. Smo receptor, Gli 
transcription factor, Shh ligand) within the Hh pathway. 
In these specific cases, promising results led to FDA 
approval of Vismodegig (GDC0449, Genentech), a Smo 
inhibitor, in the treatment of basal cell carcinoma and 
medulloblastoma [3]. Notwithstanding, several clinical 
studies using the same compound in tumors exhibiting 
Hh overactivity without identified Hh mutations have 
resulted in discouraging outcome and discontinuation of 
the trials because of lack of objective response [2]. 
These unexpected results have been related to drug 
resistance due to the presence of activating mutations or 
genetic alterations driving Hh signaling bypassing Smo 
function. These evidences emphasize the need for 
further characterization of Hh signaling in 
tumorigenesis and for a more precise identification of 
the interaction between Hh and other signaling 
pathways involved in tumor development and response 
to therapy.  
Small cell lung carcinoma (SCLC) is a very aggressive 
cancer with extremely poor prognosis, whose genetic 
events, such as oncogenic driver mutations, have not 
been defined yet. Classified as neuroendocrine tumors, 
SCLCs secrete factors of the bombesin (BN)/ Gastrin-
Releasing Peptide (GRP) family and express their 
cognate receptors activating an autocrine loop that 
increases proliferation and survival [4]. The positivity 
for this ligand/receptor pair is considered to be a marker  
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of aggressiveness and unfavorable tumor outcome. 
Recent reports have described the Hh pathway as a key 
regulator of lung embryogenesis and SCLCs 
maintenance, although no mutations in Hh signal 
transduction pathway molecules have been identified, 
suggesting a ligand-dependent pathway activation [5, 
6]. The ligand-dependent activation of Hh signaling can 
occur in an autocrine manner, where cancer cells 
express both the ligand and the receptor, or in a 
paracrine manner, where ligand produced from cancer 
cells is activating Hh signaling in tumor stroma or vice 
versa.  
To characterize Hh function in SCLC and to evaluate 
the therapeutic potential of Hh inhibitors in this cancer, 
we have investigated the possibility of a direct 
interaction between Hh and BN/GRPR signaling 
pathways. According to our initial observations, 
Cyclopamine, an inhibitor of Smo, attenuated BN 
induced cell proliferation. In support of these data, RNA 
interference for Sonic Hedgehog (Shh), upstream 
activator of Smo, reduced BN stimulated growth, 
matrigel spreading and soft agar colony formation [7]. 
Surprisingly, when testing the activation of Gli 
transcription factor upon BN stimulation, we revealed 
the existence of a direct crosstalk between the two 
pathways. In order to dissect the signaling molecular 
events mediating this interaction, we discovered that 
BN, through its G protein coupled receptor (GRPR) 
linked to Gαq/Gα12/13 large G proteins, and their 
downstream target, the Rho small GTPase, was able to 
stimulate NFkB-mediated transcription of Shh, thus 
initiating an autocrine signaling loop that links 
BN/GRPR pathway to production of Shh ligand, and the 
autocrine Hh signaling activation (Figure 1, left panel) 
[7]. 
 
Our findings, besides shedding new light on the 
mechanisms of Hh signaling activation in SCLC, may 
suggest a more general application for other BN/GRPR 
positive tumors over-expressing Shh pathway, such as 
pancreatic cancer, neuroblastomas and glioblastomas. 
Interestingly, use of Hh inhibitors alone in these tumors 
has not reached positive results that may indicate 
existence of functional parallel pathways able to 
counteract the effect of  the  drug.  Moreover,  recent  re- 
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ports have highlighted a role for Hh signaling in tumor-
stroma interactions, with production of Shh ligand from 
cancer cells and stimulation of Gli transcription factor 
in tumor microenvironment (myofibroblasts, endothelial 
cells, and CSC) [8]. In our study, we have investigated 
the existence of an autocrine ligand-dependent Hh 
signaling in SCLC. We certainly believe that it would 
be interesting to study also the paracrine activation of 
Hh signaling, which could have the double effect of 
stimulating proliferation and survival of stroma cells, 
leading to increased angiogenesis and metastasis and, at 
the same time, produce growth factors acting on cancer 
cells to sustain their proliferation, epithelial-to-
mesenchymal transition (EMT), dissemination and 
survival (Figure 1, right panel). Our data connecting 
BN/GRPR and the Hh signaling pathway may therefore 
provide valuable knowledge on the complex interaction 
between tumor cells and cancer microenvironment and 
may offer the scientific basis for developing novel 
therapeutic stategies that, by combining different anti-
tumor approaches, could be more effective than single 
agent treatments. In this case, novel co-targeting 
strategies would target not only cancer cells but also 
other component of tumor microenvironment. 
Moreover, simultaneous targeting of BN/GRPR and Hh 
pathway could help in counteracting mechanisms of 
cell-autonomous and non-cell autonomous (stroma-
dependent) resistance to targeted therapies.  
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Signaling pathways control all phases of tumor 
development and are critical in cancer therapy as they 
are largely responsible for the ability of tumor cells to 
survive or die in response to chemotherapy and 
radiotherapy. The p38 MAPK signaling pathway is one 
of the routes that cells use extensively to interpret 
extracellular signals and orchestrate appropriate 
responses. This pathway was originally characterized as 
a key regulator of stress and inflammatory processes, 
which prompted the development of chemical inhibitors 
mainly targeting the p38α and p38β family members. 
These inhibitors were expected to curtail production of 
inflammatory mediators and be useful for the treatment 
of inflammatory diseases such as rheumatoid arthritis. 
Unfortunately, the available information indicates rather 
disappointing outcomes, sometimes due to toxicity and 
in other cases for lack of efficacy, notwithstanding that 
some clinical trial results are not made public [1]. 
However, recent clinical trials with p38 MAPK 
inhibitors have given promising results for Chronic 
Obstructive Pulmonary Disease [2]. 
Intensive research over the past two decades has 
provided good evidence for the implication of the p38 
MAPK pathway in cellular processes unrelated to stress 
that are important for normal physiology. It is now 
clear, for example, that p38 MAPK can regulate the 
proliferation, differentiation and survival of many cell 
types. In addition, p38 MAPK signaling has been 
implicated in several pathologies including cancer. 
Initial studies performed using cell lines both in culture 
and in mouse xenografts indicated that this pathway can 
suppress tumorigenesis. More recent studies have 
included the use of genetically modified mice to address 
the role of p38 MAPK signaling in different cell types, 
showing that this pathway can regulate tumor 
development at different levels.  
Our group has contributed to the study of how the p38 
MAPK pathway regulates tumor initiation and 
progression in vivo. Using mouse models, we have 
shown an important role of p38 MAPK signaling in 
colon and breast cancer [3, 4]. As reported for other 
tumor types, we provided evidence that the p38 MAK 
pathway suppresses tumor initiation in a mouse model 
of inflammation-associated colon tumorigenesis. 
Unexpectedly, once the tumor is formed, p38 MAPK 
signaling contributes to the proliferation and survival of  
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the malignant cells and inhibition of p38 MAPK 
reduces colon tumor growth [3]. Moreover, genetic and 
pharmacological experiments indicate that p38 MAPK 
inhibition cooperates with chemotherapeutic drugs such 
as cisplatin to kill breast and colon cancer cells in 
culture and to reduce tumor size in vivo in a mouse 
model of breast cancer [4]. Along the same lines, other 
groups have shown that inhibition of the p38 MAPK 
pathway potentiates the anti-tumoral effects of 
doxorubicin and sorafenib in mouse models of lung and 
liver cancer, respectively [5, 6]. Taken together, these 
results strongly suggest that p38 MAPK inhibitors can 
be potentially exploited for cancer therapy in 
combination with chemotherapeutic drugs.  
The results obtained in mouse models of cancer are 
promising but any attempt to modulate p38 MAPK 
activity for therapeutic purposes should be carefully 
evaluated in preclinical models. This is always an 
important validation step but in the case of p38 MAK 
signaling is critical, given the many functions that this 
pathway can perform depending on the cellular context. 
We have started to use patient-derived xenografts 
(PDX) as preclinical models that recapitulate the 
complexity and heterogeneity of the human tumors. 
Using PDX models, we have confirmed that 
pharmacological inhibition of p38 MAPK impairs the 
growth of colon tumors derived from patients [7]. In 
line with the possible therapeutic interest that inhibition 
of p38 MAPK signaling could have for colon cancer 
treatment, p38 MAPK inhibitors either alone or in 
combination with other drugs have been used or are 
currently in clinical trials for different types of cancer 
(https://clinicaltrials.gov).  
It therefore seems that tumor cells may become addicted 
to p38 MAPK signaling, perhaps to be able to tolerate 
homeostatic control deficiencies and the kind of 
permanent stressful conditions in which they have to 
thrive. Considering that sustained activation of the p38 
MAPK pathway in normal cells usually leads to cell 
cycle arrest and apoptosis, it cannot be considered an 
oncogenic route. However, the ability of this pathway to 
perform a variety of functions makes tumor cells to rely 
on it, illustrating a good example of non-oncogene 
addiction.  
In summary, results obtained by our group and others 
support that the p38 MAPK pathway could act as an 
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accessory component of oncogenic networks, which can 
be potentially exploited in combination therapies to 
effectively shut down pro-tumorigenic pathways and 
facilitate tumor cell death. Thus, pharmacological 
inhibitors of p38 MAPK are worth exploring for cancer 
therapy and combined with chemotherapeutic drugs 
could improve current treatments and reduce side 
effects. 
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INTRODUCTION 
 
Aging is a complex multifactorial process, whereby 
organisms undergo major cell degeneration and loss of 
function. During aging, irreversible and deleterious 
processes are triggered by accumulation of damaged 
cellular macromolecules [1, 2]. Several theories have 
been proposed to explain these processes [3, 4], but the 
exact molecular mechanisms behind aging remains 
unknown. Cellular damage may result from oxidative 
stress, toxic metabolic byproducts, endoplasmic 
reticulum stress and mitochondrial unfolded protein 
responses, or exposure to heat stress, among others. 
Several heat shock  proteins (HSP) function as molecular 
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chaperones by preventing misfolding and aggregation of 
other proteins. This induction of cytoprotective responses 
promotes longevity [5, 6]; conversely, aging is associated 
with down-regulation in HSP expression in neuronal 
tissue, skeletal and cardiac muscle, and the liver [7, 8]. 
Stimulation of HSP synthesis has been suggested as a 
viable strategy to counteract the negative effects of aging 
and eliciting a ‘low-grade’ stress response may help 
organisms live longer and improve their survival [9]. 
 
More than 8 decades ago, McCay and colleagues 
observed that severe reduction in calorie intake while 
maintaining sufficient micronutrient levels for optimum 
health resulted in lifespan extension [10]. Since then, 
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Abstract: Caloric restriction (CR) without malnutrition  is one of the most consistent strategies for  increasing mean and
maximal lifespan and delaying the onset of age‐associated diseases. Stress resistance is a common trait of many long‐lived
mutants and life‐extending interventions, including CR. Indeed, better protection against heat shock and other genotoxic
insults have helped explain  the pro‐survival properties of CR.  In  this  study, both  in vitro and  in vivo  responses  to heat
shock were investigated using two different models of CR. Murine B16F10 melanoma cells treated with serum from CR‐fed
rats showed lower proliferation, increased tolerance to heat shock and enhanced HSP‐70 expression, compared to serum
from ad libitum‐fed animals. Similar effects were observed in B16F10 cells implanted subcutaneously in male C57BL/6 mice
subjected to CR. Microarray analysis identified a number of genes and pathways whose expression profile were similar in
both models. These results suggest that the use of an in vitro model could be a good alternative to study the mechanisms
by which CR exerts its anti‐tumorigenic effects.  
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numerous studies have reported that lifelong caloric 
restriction (CR) extends mean and maximum lifespan 
and delays age-associated diseases in a wide variety of 
species [11, 12]. Many of the beneficial effects of CR 
are mediated by altering the expression of several HSPs, 
notably Hsp70, and the activation of heat shock 
transcription factor 1 [13-15]. In this context, our group 
has demonstrated that exposure of HepG2 cells to 
human serum from CR participants conferred 
significant cytoprotection against heat stress [7]. 
Moreover, cells treated with human serum from CR 
volunteers trigger a transcriptional up-regulation of 
numerous genes and pathways implicated in stress 
resistance through activation of the transcription factor 
NF-E2-related factor (NRF2) [16]. NFR2 plays a key 
role in maintaining homeostasis during oxidative stress 
and exposure to carcinogens by coordinately regulating 
the expression of antioxidants and detoxification 
enzymes [17] that boost protection against cancer [18]. 
 
The anti-tumorigenic properties of CR on spontaneously 
arising tumors and in experimental cancer models are 
well-documented [19]. For example, 15 days of 40% CR 
significantly reduces the growth of brain tumors in mice 
by reducing angiogenesis and increasing tumor cell 
apoptosis [20]. The combination of fasting and 
chemotherapy retards the growth of human breast cancer 
tumors in mice [21] and delays the progression of 
pancreatic cancer lesions in a mouse model [22]. The use 
of the mouse as an experimental tool in cancer research is 
cumbersome, time-consuming and expensive, and, 
therefore, has compelled us to explore an alternative 
approach to study anti-cancer therapies. 
 
In this manuscript we present a new approach to 
investigate a central mechanism by which CR activates a 
stress response pathway to combat tumorigenesis. The 
stress response of murine B16F10 melanoma cells 
maintained in culture medium supplemented with serum 
from rats fed CR and ad libitum (AL) diet was evaluated 
and compared to that of mice injected with B16F10 
melanoma cells and maintained on either CR or AL. In the 
latter experimental model, mice were subjected to heat 
stress followed by the monitoring of a melanoma-specific 
Hsp70 reporter expression. These results combined with 
microarray analysis illustrated alteration of a common set 
of cancer-related genes using in vitro and in vivo testing.  
 
RESULTS 
 
Growth rate and heat shock response of B16F10 
melanoma cells maintained in serum from CR-fed 
animals  
 
Proliferation of B16F10 melanoma cells was carried out  

in the presence of serum from rats fed either AL or CR 
diet. A significant reduction in cell growth was 
observed following incubation with CR serum as 
compared to AL serum controls (Fig. 1a). Exposure of 
B16F10 cells to heat stress (45°C) for 1 h caused a 
significant difference in survival depending on whether 
these cells were maintained in CR or AL serum (Fig. 
1b). Our observations that CR serum decreased heat-
dependent cellular cytotoxicity support previously 
published results from this laboratory [23].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reduction in the number and size of tumors in mice 
on caloric restriction 
 
To evaluate the effect of CR on tumor growth in vivo, 
mouse B16F10 melanoma cells that were stably 
transfected with Hsp70-GFP plasmid, were implanted 
subcutaneously in male C57BL/6 mice fed either a CR 
or AL diet. A significant decrease in the size and weight 
of tumors was observed in CR-fed mice along with 
delayed tumor growth both in the periscapular region 
and lower back area (Fig. 2).  

 

Figure 1. Caloric  restriction  slows  cellular  growth  and
improves  response  to heat shock.  (A) B16F10 melanoma
cells were maintained in culture with serum from AL‐ and CR‐
fed  rats  over  a  period  of  96  h.  The  number  of  cells  was
counted at 24‐h  intervals.  (B) Percent of cells  surviving a 1‐h
treatment  at  45°C  when  maintained  in  culture  with  serum
from  either  AL‐  or  CR‐fed  rats. Data  are  represented  as  the
mean ± SEM. *, p< 0.05.  
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Heat stress-mediated induction of Hsp70 expression 
both in in vitro and in vivo models 
  
Changes in HSP expression play an important role in the 
ability of cells to respond to environmental stressors. 
Earlier work has shown an elevation in Hsp70 expression 
in B16F10 melanoma cells cultured with serum from CR-
fed animals [23]. Here, we compared the effects of CR 
alone, heat shock alone or the combination ‘CR + heat 
shock’ using B16F10 melanoma cells stably expressing 
GFP-tagged Hsp70 construct under the control of rat 
hsp70.1 promoter [24]. The results indicate that the heat-
mediated induction of Hsp70 expression was 
significantly higher when B16F10 cells and tumor-
bearing animals were subjected to CR (Fig. 3).  
 
Microarray analysis of B16F10 melanoma cells used 
in in vitro and in vivo settings 
 
DNA microarray analysis was performed to compare 
the global transcriptional effect of CR in B16F10 
melanoma cells either grown in culture or implanted in 
mice. Principal Component Analysis (PCA) revealed 
inherent in vivo and in vitro differences that must be 
taken into account when comparing the impact of CR in 
gene expression profile. Nevertheless, Venn diagram 
indicated that both models shared 55 up-regulated and 
17 down-regulated transcripts, which were significantly 
enriched in the CR versus AL pairwise comparisons 
(Fig. 4a, Supplemental Table 1). Among these shared 
transcripts, MAP Kinase Interacting Serine/Threonine  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure  2.  Caloric  restriction  decreased  melanoma
tumor growth in vivo. In AL‐ and CR‐fed mice, mouse tumor
xenografts  were  formed  by  implanting  B16F10  melanoma
cells,  at  the  periscapular  region  (proximal  area)  and  in  the
lower  back  over  the  hip  (distal  area).  Tumor  area  (mm2)  (A)
and  individual tumor weight (g) (B) were determined after 14 
days.  Data  are  represented  as  the  mean  ±  SEM.  n=10/per
group. *, p< 0.05, **, p<0.01, *** p<0.001. 

 

Figure 3. Caloric restriction improves protection 
against  heat  shock  through  increased 
expression of Hsp70.  (A) B16F10 melanoma  cells 
stably  transfected  with  a  plasmid  encoding  GFP‐
tagged Hsp70 construct were maintained in medium 
supplemented with  10%  serum  from AL‐  or  CR‐fed 
rats and  then subjected or not  to heat shock stress 
for 45 min. Bars represent fluorescence intensity per 
105  cells.  Cell  culture  experiments were  performed 
as  three  or  more  replicates.  (B)  B16F10  tumor 
xenografts  from mice  fed either AL or CR diet were 
subjected  to  heat  shock  stress  for  45  min  and 
sacrificed  after  4h.  Bars  represent  fluorescence 
intensity per mg of tumor proteins; n=10 per group. 
Data, obtained  by  fluorimetery,  are  represented  as 
the means ± SEM. *, p <0.05 vs. AL group; #, p<0.05 
vs.  CR  group.  (C)  Images  of  B16F10  cells  and  (D)
tumor  cells  depicting  GFP  fluorescence  were 
detected by confocal microscopy. White bar, 20 µm.
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Kinase 2 (Mknk2) [25], polo-like kinase 3 (Plk3) [26] 
and LIM Domains Containing 1 (Limd1) [27] are 
implicated in tumorigenesis, whereas Spr and Semp3, 
which encode for Sepiapterin Reductase and 
SUMO1/Sentrin/SMT3 Specific Peptidase 3, are 
involved in stress response [28, 29]. DUSP2 is an 
important member of the dual-specificity protein 
phosphatase subfamily, which is implicated in 
inflammatory response and reported to be upregulated 
both with CR and heat shock [30]. Moreover, there is an 
increased expression of Minpp1, which encodes for 
Multiple Inositol Polyphosphate Phosphatase 1. This 
phosphatase is induced in response to heat shock, 
osmotic and oxidative stress conditions, thereby 
contributing to the regulation of ER stress and apoptosis 

[31]. Finally, upregulation of Smpd1 (Sphingomyelin 
phosphodiesterase 1, also known as ASM) was also 
observed in both experimental models with CR (Fig. 
4b). Its activity is expressed at high levels in cancer 
cells under the control of an inducible expression of 
hsp70.1 protein [32]. Using parametric analysis of gene 
set enrichment, 26 gene sets were identified whose 
expression levels were significantly altered in the same 
direction by CR in both experimental models (Fig. 4c, 
Supplemental Table S2).  
 
DISCUSSION 
 
The aging process involves multiple physiological 
mechanisms and represents one of the main risk factors 
for several human pathologies, such as cancer, diabetes, 
and cardiovascular disease. Dietary CR retards the 
aging process and age-related disease pathogenesis [33, 
34], and many studies have tried to elucidate the exact 
mechanism(s) by which CR acts (reviewed in [35]). Our 
work demonstrates that CR significantly decreases 
tumor cell proliferation, in agreement with previous 
studies [36, 37], and this phenomenon takes place 
whether B16F10 melanoma cells were cultured with 
serum from CR-fed animals or these tumor cells were 
implanted in CR-fed mice. Moreover, the process of 
tumorigenesis was significantly decreased in CR-fed 
animals after heat stress. Hsp70 is one of several heat-
shock proteins implicated in the regulation of cancer 
cell growth. HSPs sustain tumor survival and drive 
tumor growth [38]; however, induction of Hsp70 family 
members results in cellular protection against un-
favorable environmental conditions, including elevated 
temperatures, oxidative stress, exposure to heavy 
metals, proteasome inhibitors, and infection [39]. CR 
has been previously shown to restore the ability of cells 
to mount a heat shock response through increase in 
Hsp70-mediated thermotolerance [40], an observation 
that was confirmed in the present study. Moreover, 
B16F10 melanoma cells subjected to heat shock stress 
showed greater survival when maintained in CR serum 
as compared to serum from AL-fed animals. It would 
appear that heat stress and CR acted cooperatively to 
enhance cell survival, possibly via activation of the 
deacetylase SIRT1 [40, 41]. It is interesting to note that 
the combination of heat stress with CR caused a 
synergistic increase in Hsp70-GFP expression when 
compared to either condition alone both in vitro and in 
vivo.  
 
Microarray results reinforce the idea that despite 
significant genome-wide gene expression variation 
between the two experimental models, the expression 
profile of several transcripts implicated in tumorigenesis 
and stress response exhibited a comparable pattern, 

 

Figure  4.  Gene  expression  profiling  in  response  to
caloric restriction. (A) Venn diagram showing the overlap of
gene  transcripts with  significant  change  in  expression  in  the
CR versus AL pairwise comparisons by both B16F10 melanoma
cells growing  in culture  (in vitro) and as  tumor xenografts  (in
vivo).    (B) Effect of CR on  the expression of a select group of
transcripts. (C) Venn diagram showing the overlap of gene sets
with  significant  change  in  expression  in  the  CR  versus  AL
pairwise comparisons.  
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whether B16F10 melanoma cells were cultured in CR 
serum or implanted in mice fed a CR diet. Although this 
in vitro model is quite distant from a physiological 
setting, it displayed a number of molecular pathways 
similar to the ones observed in vivo. 
 
In conclusion, our findings indicate that the impact of 
CR on the regulation of several pathways implicated in 
tumorigenesis on an in vivo model of heat stress 
response can be replicated in vitro using tumor cells 
incubated with serum from CR-fed animals. The idea 
that hormones and nutrients present in serum, whose 
levels are altered during CR, are involved in 
homeostasis control mechanisms, including the aging 
process, has been suggested [7, 16, 23]. These results 
support the notion that in vitro testing may be well 
suited for the study of molecular aspects of CR that 
have not been elucidated yet.  
 
MATERIALS AND METHODS 
 
Animals and Dietary Manipulation. The mice were 
single-housed in duplex caging in a room maintained at 
a constant temperature (20-22 °C) and humidity (30-
70%) in a light:dark 12:12-h schedule, according to 
established animal protocols and NIH guidelines. Male 
C57BL/6 mice (3 month old) were fed on a standard 
purified mouse diet (NIH-31) ad libitum (AL; n=10) or 
maintained on a 40% calorie restriction regimen (CR; 
n=10) during six weeks. Body weight and food intake 
was recorded weekly (supplemental figure 1 a, b). 
 
Cell culture. B16F10 melanoma cells (ATCC® CRL-
6475™) were purchased from American Type Culture 
Collection (Manassas, VA); they were cultured in 
Dulbecco's Modified Essential Medium (DMEM) 
supplemented with 10% fetal bovine serum and 
penicillin/streptomycin (Gibco, Gaithersburg, MD) 
under standard cell culture conditions. Cells were 
incubated in media with 10% serum from AL- or CR-
fed rats (as described previously [23]). Briefly, serum 
was obtained from overnight fasted, anesthetized 6-
month-old male Fisher 344 rats from three different 
cohorts. The blood collection took place between 7-
11:00 a.m. After a 1-h incubation in a water bath at 
45°C, cells were trypsinized, washed twice with 
phosphate-buffered saline (Invitrogen, Grand Island, 
NY), and then seeded at 1.5x105 cells/well in 96-well 
plates. Cell proliferation assays were carried out 
during 96 h by the addition of a tetrazolium salt 
solution, WST-8, to each well according to the 
manufacturer's protocol (Dojindo, Indianapolis, IN). 
The absorbance of the formazan dye formed was 
measured at 450nm using the Perkin Elmer HTS 7000 
Plus BioAssay reader.   

Heat shock treatment of B16F10 melanoma xenografts 
in vivo. One month into the study, mice were injected 
with 1x106 B16F10 melanoma cells stably transfected 
with a plasmid containing GFP gene linked to rat stress-
inducible hsp70.1 gene promoter [24] in the 
periscapular region (proximal) and in the lower back 
over the hip (distal area). After a two-week period, five 
mice were randomly chosen from each group and 
placed in a tumor hyperthermia induction chamber 
(THIC) constructed in our facility. Mice were 
anesthetized with isoflurane droplets in a closed 
chamber prior to being placed in the THIC and 
maintained under anesthesia for the reminder of the 
experiment. Two membranous tubes filled with pre-
warmed water were placed over the proximal (45°C) 
and distal (27°C) tumors of the anesthetized mice 
(supplemental figure 1 c, d). The water temperature was 
maintained throughout the duration of the experiment. 
After a 45-min heat treatment, the mice recovered for 4 
h and then euthanized by cervical dislocation, according 
to the AAALAC guidelines. 
 
Melanoma tumor growth in vivo. Tumor xenografts 
were formed by implanting murine B16F10 melanoma 
cells at the periscapular region and in the lower back of 
AL- and CR-fed mice. Fourteen days later, animals 
were euthanized and tumors were excised for the 
determination of the tumor area using a caliper. Tumor 
weight was also recorded.  
 
GFP fluorescence detection. Experiments were carried 
out as indicated, using B16F10 melanoma cells stably 
expressing a plasmid encoding GFP-tagged Hsp70 that 
were either maintained in culture or used as tumor 
xenografts in mice. GFP fluorescence was monitored 
using both a confocal microscope (Axiovert-200, Zeiss 
LSM 510) to obtain images and a fluorimeter (Perkin-
Elmer LS-55 and HTS 7000 Plus BioAssay reader) to 
accurately quantify GFP expression levels, which were 
normalized per 105 cells (in culture) or mg of tumor 
proteins.   
 
Microarray analysis. RNA was isolated from B16F10 
melanoma cells maintained in culture and as tumor 
xenografts. For microarray analysis, RNA was 
processed, reverse transcribed, labeled and hybridized 
to Mouse 15K cDNA arrays and read on an Illumina 
BeadArray 500GX reader. Raw data were subjected to 
Z normalization to ensure compatibility using the 
formula: z(raw data)=[ln (raw data) – avg(ln(raw 
data))]/[std dev(ln (raw data))], where ln is natural 
logarithm, avg is the average over all genes of an array, 
and std dev is the standard deviation over all genes of 
an array (Cheadle et al., 2003). The Z ratio (between 
treatment A and B) is given by z(A)-z(B)/std dev. 
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Individual genes with Z ratio > 1.5 in both directions, P 
value < 0.05, and false discovery rate > 0.3 were 
considered significantly changed. All raw data were 
deposited in the NCBI Gene Expression Omnibus under 
accession number GSE67430. 
 
Statistical analysis. Statistical analyses were performed 
using Microsoft Excel software (Microsoft Corp., 
Redmond, WA). Unpaired t-tests were used for all 
analyses. Statistical significance was established at 
p<0.05. Data are expressed as means ± standard error of 
the mean (SEM).  
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INTRODUCTION 
 
Population The role of the microenvironment in the 
pathogenesis of neoplastic disease is increasingly being 
appreciated. Starting from the report of Mintz and 
Illmensee [1], describing the generation of normal 
genetically mosaic mice from malignant 
teratocarcinoma cells, several studies have 
demonstrated that the phenotype of pre-neoplastic and 
neoplastic cell populations can be profoundly 
modulated by external cues emanating from the 
surrounding microenvironment [2-5]. Furthermore, it 
has been documented that specific gene-expression 
profiles in non-cancerous tissue are able to predict 
recurrence and survival in patients with hepatocellular 
carcinoma (HCC), again pointing to the critical role of 
the surrounding microenvironment in the natural history 
of neoplastic disease [6-7]. Along this line, studies from  
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our laboratory have indicated that a growth-
constrained/senescent tissue environment is able to 
generate a powerful driving force for the selective 
expansion of pre-neoplastic hepatocytes in the liver, 
leading to their progression to HCC [8]. Exposure to 
retrorsine (RS), a naturally-occurring pyrrolizidine 
alkaloid, impairs liver regeneration and induces 
extensive hepatocyte senescence in rat liver [9-10]. 
When pre-neoplastic cells isolated from hepatic nodules 
were transplanted in RS-treated livers, they grew 
rapidly and evolved into HCC; however, the same cell 
preparation was unable to expand and progress 
following injection into untreated, syngeneic normal 
hosts [8].  
 
These observations provide a rationale for the 
hypothesis that targeting a neoplastic-prone tissue 
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Abstract: Increasing evidence indicates that carcinogenesis is dependent on the tissue context in which it occurs, implying
that  the  latter  can be a  target  for preventive or  therapeutic  strategies. We  tested  the possibility  that  re‐normalizing a
senescent, neoplastic‐prone  tissue microenvironment would exert a modulatory effect on  the emergence of neoplastic
disease. Rats were exposed  to a protocol  for  the  induction of hepatocellular carcinoma  (HCC). Using an orthotopic and
syngeneic system for cell transplantation, one group of animal was then delivered 8 million normal hepatocytes, via the
portal circulation. Hepatocytes transplantation resulted  in a prominent decrease  in the  incidence of both pre‐neoplastic
and neoplastic lesions. At the end of 1 year 50% of control animals presented with HCC, while no HCC were observed in the
transplanted group. Extensive hepatocyte senescence was induced by the carcinogenic protocol in the host liver; however,
senescent cells were largely cleared following infusion of normal hepatocytes. Furthermore, levels of Il‐6 increased in rats
exposed  to  the  carcinogenic  protocol, while  they  returned  to  near  control  values  in  the  group  receiving  hepatocyte
transplantation.  These  results  support  the  concept  that  strategies  aimed  at  normalizing  a  neoplastic‐prone  tissue
landscape can modulate progression of neoplastic disease.  
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landscape may represent a valuable approach to 
modulate the evolution of carcinogenic process [11-
13]. Recently, we have obtained evidence to indicate 
that orthotopic transplantation of normal hepatocytes 
in animals previously exposed to a carcinogenic 
regimen exerts a delaying effect on the growth of early 
preneoplastic lesions [14]. In the present studies, we 
have extended this observation and explored the 
possible biological and molecular mechanisms 
underlying this phenomenon. Neoplastic process was 
induced in rat liver through sequential exposure to 
diethylnitrosamine (DENA) and RS. Normal 
hepatocytes transplanted following the carcinogenic 
protocol were able to reduce the incidence of 
preneoplastic and neoplastic lesions at the end of 1 
year. This was associated with clearance of RS-
induced senescent hepatocytes by transplanted normal 
cells. 
 
RESULTS 
 
The induction of hepatocellular carcinoma following 
exposure to DENA+RS 
 
As already mentioned, naturally occurring pyrrolizidine 
alkaloids, including RS, are known for their ability to 
promote the growth of early hepatic nodules in initiated 
rat liver [15]. However, no studies have been reported 
to date on the long term effects of these agents in 
animals previously given a carcinogen. In the present 
experiments, rats were administered DENA and RS 
(two single injections, 10 days apart), and they were 
killed 1 year later. As predicted, multiple pre-neoplastic 
and neoplastic hepatocellular lesions, ranging in size 
from a few mm to 2.5 cm in diameter, were observed in 
all animals exposed to this protocol (figure 1, panel A). 
Furthermore,  histological analysis  confirmed  the  pre- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

sence of large, advanced hepatocyte nodules in all liver 
samples in this group, while trabecular HCC was 
diagnosed in 4 out of 8 rats (figure 1, panel B). 
 
Normal hepatocyte transplantation delays the 
emergence of HCC induced by DENA+RS 
 
Based on the above findings, we next considered the 
effect of normal hepatocyte transplantation on the 
incidence of hepatic nodules and HCC following 
exposure to DENA+RS. Results are reported figure 2 
and table 1. Major differences were already evident 
upon macroscopic examination. The liver of 
DENA+RS-treated animals displayed slightly increased 
stiffness compared to normal, with irregular margins 
and finely granular surface; however, these changes 
were largely reversed in rats receiving the infusion of 
normal cells (figure 2, panels A and B). Most notably, 
the presence of large nodular lesions and overall tumour 
burden in the liver were greatly reduced in the latter 
group (figure 2, panel C); only 2 out of 8 rats in this 
group had nodules >5mm in diameter; strikingly, in 2 
animals no macroscopic lesions were observed. 
Histological analysis on H&E stained liver samples 
confirmed and extended these results: overt HCC was 
found in 4 out of 8 animals given DENA+RS, as 
mentioned in the preceding paragraphs; however, no 
HCCs were present in the group receiving normal 
hepatocyte transplantation following the carcinogenic 
protocol (table 1). Proliferating hepatocytes were 
readily observed in hepatic nodules and HCC in animals 
exposed to DENA+RS, as expected (figure 2, panel D); 
however, they were fewer in GST 7-7-positive lesions 
from the group receiving hepatocyte transplantation 
(figure 2, panel E); in the latter group, areas of 
repopulated liver displayed scattered BrdU-positive 
hepatocytes (figure 2, panel F).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  The development of HCC  in  rats exposed  to DENA+RS  and  killed  after one
year. Panel A: macroscopic appearance, with withish‐grey  lesions displaying prominent
vasculature; panel B: trabecular HCC with discrete cellular pleomorphism (100x). 
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Table 1. Incidence of nodules and HCC in the two experimental groups 
 

 Number of animals with: 

 Preneoplastic nodules HCC 
 ≤5mm >5mm  

DENA + RS 8/8 7/8 4/8 

DENA + RS + Tx 6/8 2/8 0/8 

Relative Risk 0.7500 0.2857 0 

P value ns <0.05 <0.05 

 

 

Figure  2.  Analysis  of  liver  lesions. Macroscopic  appearance  of  livers  from  animals  exposed  to  either
DENA+RS (panel A) or DENA+RS followed by hepatocyte transplantation (panel B); both animals were killed 1
year post‐treatment. Note the presence of large lesions in panel A, while the liver in panel B appears normal
and shows only one tiny nodule in the caudate lobe. Panel C shows the size distribution of hepatic lesions in
both experimental groups; note that the largest lesion found in one animal in DENA+RS‐treated group is not
included  in  this  plot.  ***Significantly  different  from  non‐transplanted  animals:  nodules  <4mm,  P<0.005;
nodules 4‐6mm, P<0.001; nodules >6mm, P<0.005. Panels D‐F: immunohistochemical analysis of liver sections
from  animals  exposed  to  either  DENA+RS  (panel  D)  or  DENA+RS  followed  by  hepatocyte  transplantation
(panels E and F); sections were stained for glutathione‐S‐transferase 7‐7 (GST 7‐7, a marker of preneoplastic
nodules), BrdU and DPP‐IV (orange‐rust). Note the presence of BrdU‐labelled hepatocytes (dark blue) in GST
7‐7‐positive lesions (red color, panels D and E) and in areas of repopulated liver (orange‐rust, panel E and F). 
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Normal hepatocyte transplantation results in the 
clearance of DENA+RS-induced senescent hepa-
tocytes 
 
As mentioned in the Introduction, recent findings have 
indicated that exposure to RS induces extensive 
hepatocyte senescence in rat liver [10]. Although cell 
senescence can represent a fail safe mechanism to alt 
neoplastic progression of altered cells [17], it is now 
well established that it can also contribute to the 
emergence of the neoplastic phenotype, possibly 
through secretion of a host of factors, variably referred 
to as senescence-associated secretory phenotype 
(SASP) [18] or senescence-messaging secretome 
(SMS) [19], and comprising cytokines, growth factors 
and proteases. Based on this information, it became 
important to determine the presence of hepatocyte 
senescence in animals treated with DENA+RS or 
DENA+RS+Tx. As reported in figure 3,  markers relat- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ed to cell senescence were highly expressed in animals 
treated with DENA+RS and killed 4 months later; 
these included the senescence-associated β-
galactosidase (SA-β-gal), (panel A); and the 
phosphorylated form of H2A histone family, member 
X (γ-H2AX), which is considered as a marker of 
persistent activation of a DNA damage response and a 
trigger of cell senescence (panel D). However, both 
changes were almost completely reversed in animals 
given DENA+RS followed by hepatocyte 
transplantation. Transplanted hepatocytes were able to 
extensively repopulate the host liver; this effect was 
already prominent at 4 months post-injection (Figure 
3, panel C), and persisted after 1 year (data not 
shown); it was associated with decreased expression of 
both SA-β-gal and γ-H2AX, which were virtually 
absent in repopulated areas of the liver and were only 
detected in residual portions of endogenous 
parenchyma (figure 3, panels B, C, E, F, G and H).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. Hepatocyte transplantation reverses the RS‐induced senescent phenotype. Expression of SA‐
β‐gal (panels A, B, C and G) and γ‐H2AX (panels D, E, F and H), in rat liver exposed to either DENA+RS or DENA+RS
followed by normal hepatocyte transplantations.  Markers of cell senescence were highly expressed in DENA+RS‐
treated  livers  (panels  A,  D),  while  their  levels  were  markedly  reduced  in  animals  receiving  hepatocyte
transplantation (panels B, C, E, F). In the latter group, extensive repopulation of the recipient liver was observed
(panels C, histochemical staining  for DPP‐IV, orange‐rust; panel F,  immunofluorescence staining  for CD26,  red);
note the residual expression of senescence markers in non‐repopulated areas (panel C and F). Panels A, B and C:
magnification 40x; panels D, E and F: magnification 200x. Panels G and H: ***P<0.001; *P<0.05.  
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Hepatocyte transplantation reverses biochemical 
markers of hepatocyte senescence and SASP 
 
An intriguing interpretation of cell senescence 
postulates that this unique phenotype emerges when a 
cell integrates two types of signals: one that reads for 
growth and one that imposes a block in the replicative 
cycle [20,21]. For example, DNA damaging agents do 
not induce senescence in quiescent cells; however, they 
do so if the presence of persistent DNA damage and cell 
cycle arrest is coupled with growth promoting stimuli 
[21]. Under these conditions, cells switch on the 
senescence program and express markers related to both 
cell cycle block and growth stimulation. In line with this 
postulation, both the cyclin-dependent kinase inhibitor, 
p21, and the positive regulator cyclin D1 were found to 
be over-expressed in rats exposed to DENA+RS and 
killed 4 months thereafter (figure 4, panels A and B). 
Furthermore, a main component of SASP/SMS, namely 
the pro-inflammatory cytokine IL-6, was also over-
expressed in DENA+RS-treated animals. Both findings 
were in agreement with those reported following 
exposure to RS alone [10].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Remarkably, these changes were strongly counteracted 
by transplantation of normal hepatocytes: in fact, the 
expression of p21, cyclin D1 and IL-6 returned to near-
control levels in animals receiving normal cells 
following exposure to the carcinogenic protocol. (figure 
4, panels A and B). 
 
DISCUSSION 
 
The results of these studies indicate that transplantation 
of normal hepatocytes in a neoplastic-prone liver 
microenvironment delays the growth of hepatic nodules 
and the emergence of HCC; furthermore, this effect is 
associated with clearance of senescent hepatocytes 
induced by the carcinogenic protocol. 
 
Over a decade ago, we reported that pre-neoplastic 
hepatocytes grew very rapidly and progressed to HCC 
upon transplantation into a host liver pre-treated with 
RS; however, the same cell population was unable to 
expand following implantation into the liver of a 
normal, un-treated recipient [8]. Recent studies, aimed 
at defining the biological and molecular determinants of 

Figure  4.  Hepatocyte  transplantation  reverses  the  RS‐induced  senescent  phenotype.
Expression of cyclin D1, p21 and  IL‐6  in control rat  liver and rat  liver exposed to either DENA+RS or
DENA+RS followed by normal hepatocyte transplantations.   All gene products were highly expressed
in DENA+RS‐treated livers, while their levels  were near control values in animals receiving hepatocyte
transplantation (panels A and B). ***Significantly different from non‐transplanted animals: P<0.005. 
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the RS-induced effect, revealed the presence of 
extensive hepatocyte senescence in rat liver exposed to 
the alkaloid. Based on those findings, it was suggested 
that cell senescence and the associated SASP/SMS are 
possibly involved in the induction of the RS-associated 
neoplastic-prone tissue microenvironment [10]. In fact, 
it is now widely recognized that the senescence 
phenotype, while representing a fail-safe mechanism to 
avoid the risk of malignant transformation in cells 
harbouring damaged DNA or activated oncogenes 
[16,17,22,23], can also foster the emergence of 
premalignant and malignant cells [18,19,24,25], 
including their acquisition of metastatic potential [26] 
and resistance to chemotherapy [27,28]. These effects 
are at least partly mediated by a host of secreted factors, 
referred to as SASP/SMS and comprising cytokines, 
growth factors and proteases [18,19]. Among other 
products, the pro-inflammatory cytokine IL-6 has been 
attributed a prominent role both as a mediator of SASP 
effects and in reinforcing the senescence phenotype 
[24]. Moreover, cell senescence and SASP have been 
linked to chronic inflammation [29], adding yet another 
facet to the complex relationship between cancer, aging, 
and the immune response [30,31]. Interestingly, cell 
senescence has been reported in association with major 
risk factors for human neoplasia, including aging, 
cigarette smoke [32], UV light [33] and liver cirrhosis 
[34]. Indeed, the presence of hepatocyte senescence has 
long been documented during the evolution of chronic 
liver disease [35]. A recent study suggests that 
parameters related to cell senescence predict progression 
in non-alcoholic fatty liver disease (NAFLD) [36]. 
Moreover, a specific role for IL-6, together with TNF, 
has been proposed in the pathogenesis of liver 
inflammation and cancer associated with dietary and 
genetic obesity [37]. Thus, it appears that the tissue 
microenvironment induced by RS in rat liver, which 
strongly promotes the neoplastic process, shares 
intriguing similarities with chronic alterations associated 
with increased risk of liver cancer in humans.  
 
In the present studies we tested the possibility that 
normal hepatocyte transplantation would reverse 
alterations induced by RS in the liver 
microenvironment, thereby modulating its tumour 
promoting potential. To this end, animals were 
sequentially exposed to DENA and RS, followed by 
two injections of hepatocytes freshly isolated from 
normal syngenic donors [14]. At end of 1 year, all 
animals treated with DENA+RS developed large liver 
tumours, with 50% (4/8) incidence of HCC. By 
contrast, the number of nodules were greatly reduced in 
rats receiving normal hepatocyte transplantation; most 
importantly, no animal in this group showed 
histological evidence of HCC (figure 2 and Table 1). 

The liver of transplanted animals was extensively 
repopulated by donor-derived cells, resulting in the 
clearance of DENA+RS-induced senescent hepatocytes. 
Only residual hepatocyes expressing SA-β-Gal or γ-
H2AX were found in these animals, and they were 
confined to areas of non-repopulated liver (figure 3); 
furthermore, the expression of cyclin D1, p21 and the 
SASP-associated cytokine IL-6 were markedly reduced 
to near control values. In summary, normal hepatocyte 
transplantation is able to delay DENA+RS-induced 
carcinogenic process and it is also associated with 
extensive remodeling of the tissue landscape, consisting 
in the massive replacement of resident senescent 
hepatocytes with phenotypically normal cells. It is 
noteworthy that our results are reminiscent of those 
reported by the group of the DeGregori in the 
hematopoietic system: it was observed that 
transplantation of young, normal bone marrow cells was 
able to prevent the clonal expansion and 
leukemogenesis mediated by initiated progenitors in the 
context of an aged or previously irradiated bone marrow 
microenvironment  [38,39]. 
 
In a recent report, Kang et al. described the protective 
effect of immune-mediated clearance of N-ras-
expressing senescent hepatocytes on liver cancer 
development in mice [40]. The effect was attributed to 
the putative preneoplastic nature of oncogene-
transduced senescent cells, whose removal by a T-cell 
specific response was therefore considered as directly 
responsible for the reduced incidence of HCC [40]. 
While any direct involvement of the immune system 
was not investigated in our present study, our findings 
appear difficult to reconcile with the above proposition. 
In fact, there is no evidence that RS-induced senescent 
hepatocytes display any direct pre-neoplastic potential 
[41]; on the other hand, they are able to support the 
growth of transplanted nodular hepatocytes and their 
progression to HCC [8]. Thus, it appears that, under the 
conditions described in our studies, the role of cell 
senescence is to promote the growth of carcinogen-
induced altered cells, possibly through the effect(s) of 
SASP/SMS components, including IL-6 [42]. 
Replacement of senescent hepatocytes by normal 
transplanted cells results in the attenuation of such 
promoting effect and a delay in the emergence of 
preneoplastic and neoplastic lesions. Interestingly, a 
similar paradigm could be applicable to the increased 
cancer incidence associated with aging [43]. 
 
Taken together, these findings reinforce the concept that 
strategies aimed at preserving and/or re-establishing a 
normal tissue microenvironment represent an effective 
approach towards limiting the impact of neoplastic 
disease. Furthermore, they highlight the role of 

  
www.impactaging.com                      31                                       AGING, January 2014, Vol. 6 No.1



senescent cells in fuelling carcinogenesis in a 
neoplastic-prone tissue landscape. 
 
EXPERIMENTAL PROCEDURES 
 
Animals and treatments. Liver carcinogenesis was 
induced using a sequential exposure to diethyl-
nitrosamine (DENA) and retrorsine (RS) [14]. Male 
Fischer 344, rats of 4 weeks of age were injected with 
DENA (160 mg/kg, i.p.), followed by a single dose of 
RS (30 mg/kg, i.p.), given 10 days after DENA 
administration. Two weeks later, animals were divided 
into 2 groups of 12 rats each: group 1 received no 
further treatment, while group 2 was given two 
injections of hepatocytes isolated from a normal 
syngenic donor, containing 4x106 cells each, two weeks 
apart. Animals from each group were killed at either 4 
months (4 rats) or 12 months (the remaining 8 rats) after 
DENA administration. Starting 24 hours before killing, 
animals were given 3 injections of 5‘-bromo-deoxy-
uridine (BrdU, 50 mg/kg, i.p.) every 8 hours. All 
experiments were approved by the University of 
Cagliari Ethical Committee for Animal 
Experimentation; all animals received humane care in 
accordance with NIH Guidelines for the care and use of 
animals. Hepatic lesions were microscopically classified 
according to published criteria [44].  
 
Hepatocyte isolation and transplantation. Hepatocytes 
for transplantation were isolated from a 6-wk old donor, 
according to a two-step collagenase perfusion technique 
[45]. Cell viability, determined by trypan blue exclusion 
at the end of the isolation procedure, was >90%. 
Animals were anesthetized and a small incision (about 1 
cm) was performed in the upper abdominal wall; 
hepatocytes, suspended in PBS (1x107/ml), were then 
delivered through a branch of the mesenteric veins, 
using a syringe with a 26-gauge needle. The fate of 
donor-derived cells in the recipient liver was followed 
using the F344-dipeptidyl-peptidase type IV (DPP-IV)-
deficient model for cell transplantation [46]. Donor 
hepatocytes were isolated from animals expressing the 
marker enzyme (DPP-IV-positive), while DPP-IV-
deficient rats were used as recipients. Since the Fischer 
344 rat is a syngenic strain, no immunosuppression was 
required for successful cell transplantation. 
 
Histochemical and immunohistochemical methods. 
After sacrifice, livers were removed and samples were 
taken from each lobe to be either frozen for cryostat 
sections or fixed in buffered formalin for standard 
histological analysis and immunohistochemistry. In 
animals killed at 12 months, liver lobes were cut into 1-
2 mm-thick slices and were macroscopically examined 
for the presence of hepatic nodules/tumors or any other 

evident lesion. The extent of liver repopulation in 
transplanted animals was monitored in cryostat sections 
stained for DPP-IV expression, using histochemical 
detection methods. Double staining for BrdU (DAKO, 
Glostrup, Denmark) and glutathione-S-transferase 7-7 
(GST 7-7, Santa Cruz, Santa Cruz, CA) was performed 
on frozen sections, previously fixed in cold 1% acetic 
acid/ethyl alcohol and boiled in 0,01M Sodium Citrate, 
pH 6.0. 
 
Staining for SA-β-gal was performed according to 
published procedures [47]. Immediately before staining, 
X-Gal stock solution was prepared by dissolving 
20mg/ml X-Gal (Invitrogen, Carlsbed, CA) in 
dimetylformamide. SA-β-Gal staining solution was 
prepared as follows: 1 mg/ml of X-Gal stock solution 
were dissolved in 40 mM citric acid in sodium 
phosphate, pH 6.0/5 mM potassium ferrocyanide/5 mM 
potassium ferricyanide/150 mM NaCl/2 mM MgCl2. 
Frozen sections of 10-µm thickness were fixed for 5’ in 
4% formaldehyde/0.5% glutaraldehyde at 4°C, washed 
in PBS and incubated in fresh SA-β-Gal staining 
solution for 16h at 37°C. Sections were counterstained 
with Hematoxylin. 
 
Immunofluorescence. Immunoflorescence staining for 
γ-H2AX and CD26 was performed on frozen sections, 
following fixation in acetone. Slides were blocked for 
30’, incubated with primary antibodies (H2AX: Abcam, 
Cambridge, MA; CD26: BD Pharmigen, San Jose, CA) 
for 1 h at RT, then incubated with Alexa 488- and Alexa 
555-conjugated secondary antibodies (Life 
Technologies, Carlsbad, CA). Slides were 
counterstained with DAPI and images were acquired 
with an IX71 fluorescence microscope with CCD 
camera (Olympus, Tokyo, Japan).  
 
Western Blot. Liver tissue samples were homogenized 
in RIPA lysis buffer containing Protease Inhibitors, then 
centrifuged at 12000 rpm for 30’ at 4°C. Protein 
concentration in supernatants was measured using the 
BCA method [48]. Samples (20µg protein) were 
prepared in Laemmli buffer, boiled at 95°C for 5’ then 
loaded into SDS-PAGE precast gels (Biorad, Hercules, 
CA) and run under denaturing conditions. Proteins were 
transferred onto nitrocellulose membranes (GE, 
Fairfield, CT), blocked with 5% non-fat milk for 1 h, 
then incubated with primary antibodies for Cyclin D1 
(Sigma, St. Louis, MO), p21 (Santa Cruz, Santa Cruz, 
CA) NF-κB, TNF-α, IL-6 and β-Actin (Abcam) 
overnight at 4°C. Membranes were washed  and 
incubated for 2 h with the appropriate secondary 
antibody conjugated with HRP. Protein bands were 
detected using a chemoluminescent substrate (Biorad) 
and imaged onto Kodak film. 
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Imaging and Statistical analysis. Relative risk of 
developing preneoplastic/neoplastic lesions was 
calculated for both experimental groups, as shown in 
table 1. Chi-square test was used to evaluate statistical 
significance. Histological images and western blots 
were processed for quantification with Image Pro 
Premier software (Media Cybernetics, Rockville, MD). 
Results are presented as mean±S.E; two-tailed Student t 
test was used to evaluate results, with a lowest level of 
significance of  p<0.05. 
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INTRODUCTION 
 
Radiation exposure to normal brain tissue during 
therapeutic and diagnostic procedures is unavoidable 
and radiation has been shown to affect brain function 
[1-3]. Radiation therapy remains the main mode of 
treatment for both the primary and secondary brain 
tumors and fractionated radiation therapy commonly 
uses a 2 Gy daily dose-fraction [1,4]. Although 
important advances have been made in the field of 
radiation therapy to make it more focused, radiation 
exposure to normal brain tissue is inescapable leading to 
long-term functional  deficit  such  as  cognitive,  visual,  
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and motor impairments. Among the diagnostic 
procedures, computerized tomographic (CT) scan due to 
its multiple exposure sequences exposes tissues to a 
higher radiation doses per scan than a single exposure 
procedures such as x-ray chest. A single head and neck 
CT scan, depending on age, could expose brain to 
radiation doses between 20 and 100 mGy and with 
marked increase in radiation based diagnostic 
procedures [5-7], the cumulative radiation dose to brain 
due to repeated exposure could be high enough to raise 
long-term health concern such as functional decline and 
cancer [8]. Epidemiological studies in atom bomb 
survivors have shown increased cancer risk after 
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Abstract: Despite recent epidemiological evidences linking radiation exposure and a number of human ailments including
cancer,  mechanistic  understanding  of  how  radiation  inflicts  long‐term  changes  in  cerebral  cortex,  which  regulates
important  neuronal  functions,  remains  obscure.  The  current  study  dissects molecular  events  relevant  to  pathology  in
cerebral cortex of 6 to 8 weeks old female C57BL/6J mice two and twelve months after exposure to a γ radiation dose (2
Gy) commonly employed in fractionated radiotherapy. For a comparative study, effects of 1.6 Gy heavy ion 56Fe radiation
on cerebral cortex were also investigated, which has implications for space exploration. Radiation exposure was associated
with  increased  chronic  oxidative  stress,  oxidative DNA  damage,  lipid  peroxidation,  and  apoptosis.  These  results when
considered with decreased cortical thickness, activation of cell‐cycle arrest pathway, and inhibition of DNA double strand
break repair  factors  led us to conclude to our knowledge  for the  first time that radiation caused aging‐like pathology  in
cerebral cortical cells and changes after heavy ion radiation were more pronounced than γ radiation.  
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exposure to radiation dose between 50 and 200 mGy 
and exposure at an early age has the highest risk [9]. 
Cerebral cortex, the outermost layer of the mammalian 
brain, regulates important functions such as awareness, 
motor and sensory functions, memory, language, and 
visual perceptions through its connections to various 
sub-cortical structures such as the thalamus and basal 
ganglia. Therefore, any perturbation in cerebral cortical 
cells caused by radiation exposure would lead to 
impairment of at least some of these neurological 
functions compromising quality of life. Studies in mice 
have shown significant structural alterations of the 
cerebral cortex eight weeks after exposure to four 5 Gy 
fractions of γ radiation [1]. However, long-term follow 
up in vivo data on underlying mechanisms of changes in 
cerebral cortex after exposure to a clinically relevant 
dose of γ radiation is not available in the literature.       
 
Radiation exposure is intimately linked to the 
production of reactive oxygen species (ROS) and due to 
its high oxygen consumption and metabolic rate, the 
brain is more susceptible to ROS and oxidative stress 
than other organs [10]. Increased ROS could react with 
lipids, DNA, and proteins leading to the generation of 
more reactive species and the establishment of a state of 
perpetual oxidative stress in cells compromising 
cerebral cortex function [11,12]. Brain due to its high 
lipid content is particularly vulnerable to oxidative 
stress-induced lipid peroxidation, which not only 
generates lipid-based free radicals but also produces a 
number of highly reactive aldehydes such as 
malondialdehyde and 4-hydroxy-2-nonenal (4-HNE). 
These reactive aldehydes in turn react with cellular 
proteins to form adducts, which have been implicated in 
neurodegenerative diseases including Alzheimer’s 
disease [13]. When produced in excess of cellular anti-
oxidant capacity, ROS are known to induce, apart from 
other damages, DNA double stand breaks (DSB), the 
most lethal form of DNA damage. Experimental 
evidence indicates that unrepaired DSB could induce 
cell death, and misrepaired DSB has the potential of 
causing genomic instability [14,15]. DNA DSB in non-
dividing cells is commonly repaired by non-
homologous end joining (NHEJ) and aging has been 
associated with a decline in Ku70, Ku80, and 
DNAPKcs which are considered major players of the 
NHEJ pathway [16-22].   
 
Persistent induction of DNA damage due to sustained 
ROS production results in a perpetual DNA damage 
response [23,24]. The tumor suppressor gene p53 due to 
its pivotal role in DNA damage response such as cell 
cycle arrest, DNA repair, and cell death induction 
remains an important player in maintenance of cellular 
homeostasis and genomic integrity after radiation 

exposure. Upon radiation-induced ROS generation and 
ensuing DNA damage, p53 is activated leading to 
alterations in the level of its downstream effectors such 
as Bax, Bcl2, and p21 resulting in the induction of 
apoptosis and growth arrest [25]. p53, which is mutated 
in >50% of human cancers, has also been reported to 
play important roles in aging and increased p53 activity 
could usher in premature aging [24,26]. However, 
cellular senescence and aging is a complex process 
involving multiple signaling pathways [27-30] and 
association of the tumor suppressors p16Ink4a and p19Arf 

with senescence is well documented in literature 
[31,32].  
 
Radiation injury to the brain has been shown to 
upregulate intermediate filament proteins such as nestin 
and glial fibrillary acidic protein (GFAP), which are 
also reported to be associated with oxidative stress, 
aging, and neurodegeneration [33,34]. The intermediate 
filament proteins nestin and vimentin are associated 
with the developing central nervous system (CNS) and 
upon terminal differentiation of neural precursor cells to 
astrocytes and neurons, nestin is no longer expressed 
and is substituted by GFAP and vimentin [35]. Re-
expression of embryonic proteins such as nestin and 
upregulation of GFAP, which reflects proliferative 
activation of astroglial cells have been observed in 
radiation-induced CNS injury and increased cellular 
stress in brain [12,35-41]. 
 
Radiation environment in outer space, compared to that 
on earth, mostly consists of high-energy protons and 
heavy ions such as 56Fe, 28Si, 16O, and 12C and 
associated secondary particle radiation [42-44]. While 
solar particle events (SPE) with mostly proton radiation 
are sporadic, the galactic cosmic radiation (GCR) with 
most of its dose equivalent contributed by heavy ion 
radiation is ambient is space. Heavy ion radiation with 
high linear energy transfer (high-LET - deposits more 
energy per unit volume of tissue compared to low-LET 
γ radiation prevalent on earth) characteristics is vastly 
more damaging compared to proton and γ radiation not 
only due to its densely ionizing primary track but also 
due to the greater number of highly ionizing secondary 
delta ray tracks [45-47]. Consequently, from astronauts’ 
health point of view, a major concern for the National 
Aeronautics and Space Administration (NASA) during 
long duration space missions is exposure to heavy ion 
radiation and its consequences on the CNS. 
Additionally, heavy ion radiation therapy of brain 
tumors has been shown to inflict subsequent 
neurological deficits such as cognitive and memory loss 
that are predicted to be in part due to alterations in 
cerebral cortex [48-50]. Also, exposure to high-LET 
neutron radiation has been shown to induce hypoplasia 
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of the cerebral cortex in the developing mouse brain 
[51]. While most of the animal studies involving high-
LET radiation focused on hippocampus [11,52-58], very 
few have dealt with cerebral cortex  and fewer have 
reported underlying mechanisms. The current study 
undertakes long-term follow up investigations of 
molecular events in cerebral cortex associated with γ 
radiation exposure and how these events relate to heavy 
ion radiation exposure. We have shown that there were 
increased oxidative stress and accelerated senescence 
signaling after 2 Gy γ radiation. Importantly, we also 
showed that the effects of oxidative stress and 
accelerated aging were more pronounced in mice 
exposed to heavy ions compared to γ radiation.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

RESULTS 
 
Persistently raised levels of ROS in cerebral cortical 
cells after radiation exposure 
 
ROS levels were distinctly increased in freshly isolated 
cerebral cortical cells two and twelve months after 
exposure to 1.6 Gy (equitoxic to 2 Gy γ radiation; [59]) 
of 56Fe radiation compared to shams and 2 Gy γ-
irradiated samples.  (Figure 1A, B, D, and E). 
Quantification of flow cytometry data demonstrates a 
significant increase in ROS levels after 56Fe exposure at 
both time points relative to control and γ radiation (for 
2-month  post-radiation: p<0.008  compared  to  control  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Increased reactive oxygen species (ROS)  in cerebral cortical cells after 56Fe radiation. (A) Flow cytometry histogram
showing  ROS  level  two months  after  γ  radiation.  (B)  Flow  cytometry  histogram  showing  ROS  level  two months  after  56Fe
radiation. (C) Quantification of ROS  level two months after radiation presented as mean ± standard error of mean (SEM). (D)
Flow cytometry histogram showing ROS level twelve months after γ radiation. (E) Flow cytometry histogram showing ROS level
twelve months after 56Fe radiation. (F) Quantification of ROS level twelve months after radiation presented as mean ± SEM.  
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and p<0.05 compared to γ radiation; for 12-month post-
radiation: p<0.04 compared to control and p<0.01 
compared to γ radiation; Figure 1C and F). There was a 
statistically significant increase in ROS levels two 
month after γ radiation (Figure 1A and C; p<0.03 
compared to control). We did not observe any 
detectable alterations in ROS levels in twelve-month 
post-γ-irradiation groups relative to controls (Figure 1D 
and F). 
 
Increased lipid peroxidation, oxidative DNA damage 
and apoptosis after radiation exposure was 
associated with a decrease in cortical thickness 
 
Persistently elevated levels of 4-HNE indicated by brown 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

coloration visible in the cytoplasm around nuclei both 
two and twelve months after 56Fe radiation were 
observed (Figure 2A and C). Although less than 56Fe 
radiation, we also observed increased 4-HNE levels 
after γ radiation (Figure 2A and C). Quantification of 4-
HNE staining showed significantly more staining in two 
as well as twelve months post-56Fe irradiation samples 
relative to γ radiation and controls (for 2-month 
p<0.0000001 compared to control and p<0.0006 
compared to γ radiation; for 12-month p<0.00000006 
compared to control and p<0.000006 compared to γ 
radiation; Figure 2B and D).  There was also a signifi-
cant increase in 4-HNE staining two- and twelve-month 
post-γ-irradiation relative to controls (for 2-month 
p<0.00003 and for 12-month p<0.02; Figure 2B and D).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Lipid peroxidation in cerebral cortex was greater after 56Fe radiation. (A) Immunohistochemical staining (arrow)
of cerebral cortex for 4‐hydroxy‐2‐nonenal (4‐HNE) two months after radiation. (B) Quantification of 4‐HNE staining two
months after exposure presented as mean ± SEM.  (C)  Immunohistochemical staining  (arrow)  for 4‐HNE  twelve months
after radiation.  (D) Quantification of 4‐HNE staining twelve months after radiation presented as mean ± SEM.  
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Markedly increased 8-oxo-dG staining in cerebral 
cortex twelve months after irradiation was observed 
(Figure 3A). Quantification showed significant 
difference in 8-oxo-dG staining between γ and 56Fe-
irradiated samples (for 56Fe radiation p<0.0001 
compared to control and p<0.04 compared to γ 
radiation; Figure 3B). Although less than 56Fe radiation, 
we also observed significantly more 8-oxo-dG staining 
after γ radiation compared to control (p<0.001; Figure 
3A and B). TUNEL stain indicating cell death also 
showed greater number of positive cells twelve months 
after 56Fe radiation compared to γ radiation and 
quantification showed significant difference between 
the two types of radiation (for 56Fe radiation p<0.0003 
compared to control and p<0.01 compared to γ 
radiation; Figure 3C and D). Small but significant 
increase in TUNEL positive cells was also observed 
after γ radiation relative to control (p<0.01; Figure 3C. 
Measurements of cortical thickness showed 
significantly greater decrease  twelve  months  after  ex- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
posure to 56Fe radiation relative to control and γ radiation 
(p<0.00001 compared to control and p<0.0002 compared 
to γ radiation; Figure 3E). Cortical thickness twelve 
months after γ radiation was also decreased which was 
statistically significant relative to control (p<0.008; 
Figure 3E). Volumetric measurement using magnetic 
resonance imaging (MRI) also showed decreased brain 
volume twelve months after radiation exposure 
(Supplementary figure 1A). While γ radiation showed 
small but statistically significant decrease in brain 
volume ((p<0.05 compared to control), the 56Fe radiation 
showed greater decrease than γ radiation  (p<0.04 
compared to control and γ radiation; Supplementary 
materials and methods and Supplementary figure 1A). 
Physical activity assay performed using a barrier (12” in 
length and width and 3” in height) showed irradiated 
mice taking significantly more time to climb the barrier 
relative to controls and 56Fe irradiated mice needed the 
most time (for γ radiation p<0.004 compared to control 
and for 56Fe radiation p<0.01 compared to control and γ 

Figure  3.  Assessing  oxidative  DNA  damage  and  cell  death  in  cerebral  cortex  twelve  months  after  radiation.  (A)
Immunohistochemical staining of cerebral cortex for 8‐oxo‐dG after exposure to γ and 56Fe radiation. (B) Quantification of
8‐oxo‐dG staining in cerebral cortex presented as mean ± SEM. (C) TUNEL staining of cerebral cortex after exposure to γ and
56Fe radiation. (D) Quantification of TUNEL staining of cerebral cortex after exposure to γ and 56Fe radiation presented as
mean ± SEM. (E) Measurement of cerebral cortex thickness in H&E stained histological sections presented as mean ± SEM. 
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radiation; Supplementary materials and methods and 
Supplementary figure 1B). Additionally, γ irradiated 
mice also showed increased time required climbing the 
barrier relative to controls (p<0.02 compared to control; 
Supplementary figure 1B). 
 
Exposure to radiation decreased DNA repair 
proteins and increased DNA damage response and 
senescence markers in cerebral cortex 
 
Proteins involved in DNA DSB repair, DNA damage 
response,  and  senescence  were  markedly  altered  two  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

and twelve months after radiation exposure (Figure 4A). 
Quantitatively, a significant decrease in DNAPKcs 
level, relative to control and γ radiation, was observed 
after 56Fe radiation at both the time points (Figure 4B 
and C).  Compared to control, Ku70 levels were 
significantly decreased two months after γ and 56Fe 
radiation. However, compared to γ radiation, there was 
greater decrease in Ku70 levels after 56Fe radiation 
(Figure 4B and C).  Although, compared to control, 
Ku70 was decreased significantly in both the radiation 
types, its levels were similar in γ and 56Fe radiation at 
the twelve-month time point (Figure 4B and C).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Assessing DNA repair and senescence markers in cerebral cortex. (A) Immunoblot images of DNA double strand break
repair (Ku70, Ku80, and DNAPKcs), and senescence and DNA damage response (p19, p16, p21, p53, Bax, and Bcl2) proteins two
and  twelve  months  after  radiation.  (B)  Quantification  of  Ku70,  Ku80,  and  DNAPKcs  two  months  after  radiation.  (C)
Quantification of Ku70, Ku80, and DNAPKcs twelve months after radiation. (D) Quantification of p19, p16, p21, p53, Bax, and
Bcl2  two months  after  radiation.  (E)  Quantification  of  p19,  p16,  p21,  p53,  Bax,  and  Bcl2  twelve months  after  radiation.
Quantification data (panel B to E) is presented as mean ± SEM. 
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Compared to controls, the levels of Ku80 were reduced 
in both the radiation types two and twelve months after 
exposure. (Figure 4B and C). At both the time points, 
however, the levels of Ku80 were not different between 
the two radiation types (Figure 4B and C). While 
compared to controls the levels of cell-cycle arrest and 
DNA damage response marker proteins p19, p16, and 
p53 were noticeably increased two and twelve months 
after γ radiation, the levels of these proteins after 56Fe 
radiation showed greater increase than γ radiation 
(Figure 4D and E). Although p21 is decreased at two 
months after γ radiation, its level was increased at 
twelve months post-exposure relative to controls. Bax 
level was increased at two months but decreased at 
twelve months after γ radiation. While Bcl2 level two 
months after γ radiation was similar to control, its level 
relative to control was lowered at twelve months after γ 
radiation (Figure 4D and E). However, after 56Fe 
radiation at both the time points p21 and Bax were 
increased and Bcl2 was decreased relative to control  and 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

γ radiation (Figure 4D and E).  
 
Reactive gliosis was associated with re-expression of 
nestin and upregulation of GFAP  
 
Stressful stimuli in brain are associated with activation of 
astroglial cells resulting in re-expression of nestin and 
upregulation of GFAP [60]. Our observations showed 
that there was a significant enhancement of nestin 
staining in the twelve-month post-56Fe radiation exposure 
samples (for 56Fe radiation p<0.0007 compared to control 
and p<0.003 compared to γ radiation; Figure 5A and B). 
Also, significantly higher expression of GFAP was 
observed in cerebral cortex twelve months after 56Fe 
irradiation (for 56Fe radiation p<0.02 compared to control 
and p<0.05 compared to γ radiation; Figure 5C and D). 
Compared to control, statistically significant increase in 
nestin (p<0.01; Figure 5A and B) and GFAP (p<0.002; 
Figure 5C and D) staining was also observed twelve 
months after γ radiation exposure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure  5.  Assessing  reactive  gliosis  twelve  months  after  radiation  exposure.  (A)  Comparing
immunohistochemical staining of nestin in cerebral cortex after radiation. (B) Quantification of nestin staining in
cerebral cortex presented as mean ± SEM.  (C) Comparing  immunohistochemical  staining of GFAP  in  cerebral
cortex after radiation. (D) Quantification of GFAP staining in cerebral cortex presented as mean ± SEM. 
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DISCUSSION 
 
Radiation exposure on one hand has been reported to 
induce long-term changes in CNS resulting in 
functional impairments such as motor and sensory 
disturbances, and learning and memory deficits [61,62] 
and on the other it has also been associated with risk of 
initiation and promotion of brain tumor [7,8,63].  
However, we still lack a clear mechanistic 
understanding required to comprehend the persistent 
molecular events, which unfold in the brain after 
radiation exposure and has the potential to cause overt 
neurological deficits or tumor later in life. Importantly, 
due to its structural makeup and functional demands, 
the brain is vulnerable to oxidative stress and persistent 
oxidative stress has been implicated in neuro-
degeneration and cancer [64]. Although there are 
reports relating radiation, both γ and 56Fe, to changes in 
the cellular redox status in brain, most of the studies are 
relatively short term [65-68], very few have involved 
cerebral cortex, and fewer had long-term follow up 
investigation   at  the  molecular   level  in  the  cerebral  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
cortex. Here we demonstrated that, relative to control, 
there was persistently higher ROS production after γ 
radiation. We also observed that persistent ROS 
production was markedly more after 56Fe radiation 
relative to control and γ irradiation in cerebral cortical 
cells. While we observed increased lipid peroxidation, 
DNA damage, and apoptosis along with decreased 
cortical thickness and brain volume after γ radiation, 
these effects were more prominent after 56Fe radiation. 
We also demonstrated that there was increased p21, 
p19, and p16, and decreased DNA repair proteins in 
cerebral cortex after radiation exposure suggesting 
premature senescence.  
 
Radiation-induced damage to biomolecules such as 
proteins and DNA has mostly been attributed to 
generation of ROS and consequent oxidative stress, 
which has been implicated in neurodegeneration, aging, 
and cancer [64,69-71]. Indeed, oxidative stress 
associated modifications of biomolecules are known 
hallmarks of the aging brain [11,72] and it is expected 
that heavy ion radiation with its propensity to cause 

Figure 6. Schematic overview of radiation‐induced chronic oxidative stress and accelerated aging.  
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higher oxidative stress and increased damage to 
biomolecules could accelerate changes in brain 
commonly associated with aging. Our results of ROS 
measurement in cerebral cortical cells confirm the 
notion that heavy ion radiation induces higher oxidative 
stress relative to γ radiation and are consistent with our 
earlier results in intestinal epithelial cells [73]. 
Importantly, chronic oxidative stress leading to 
sustained DNA damage and continued activation of p53 
dependent DNA damage response has been reported to 
induce chronic elevation of p21 level that could result in 
continued growth arrest leading to cellular senescence 
and short life span [24,74,75,75-78]. Indeed, our 
immunoblot results showed increased p53 and 
consequent increase in p21 suggesting senescence of 
cortical cells after radiation exposure. Interestingly, 
while persistent elevation of p21 is induced by oxidative 
stress-mediated DNA damage response, its sustained 
higher level is also known to result in the activation of 
signaling events promoting mitochondrial perturbation 
and increased ROS production [79]. Persistent elevation 
of p53 in γ as well as in 56Fe-irradiated mice also 
illustrates a state of perpetual DNA damage response 
(DDR), which is supported not only by elevated p21 but 
also by alterations of other p53 effectors such as Bax 
and Bcl2. Our observations of increased Bax and 
decreased Bcl2 in irradiated mice led us to believe that 
the balance of pro- and anti-apoptotic factors in cerebral 
cortex is in favor of cell death. It has been reported that 
with advancing age there is a gradual decline in normal 
brain volume and in neurodegenerative diseases a 
marked cerebral atrophy with decline in cognitive 
function have been observed [80,81]. Reduction of 
cortical thickness, a hallmark of degenerative changes, 
observed after radiation exposure is probably due to cell 
death (confirmed by our TUNEL assay) mediated by 
p53-induced alterations of Bax and Bcl2 levels. Taken 
together our results in this study demonstrated that 
radiation exposure caused chronic oxidative stress, 
persistent oxidative DNA damage, and such DNA 
damages were associated with increased DDR leading 
to growth arrest as well as cell death in cerebral cortex. 
Considering the fact that ROS generated immediately 
after radiation are due to radiolysis of water molecules 
and are short lived, we believe that the persistent 
oxidative stress in cerebral cortex observed in our study 
is due to metabolically regenerated ROS of which 
mitochondria are the major source [82]. Oxidative 
stress-associated damage to biomolecules such as 
oxidative proteins and DNA damage has been 
implicated in a decline in functional competence of 
cerebral cortex [11,72,83]. Consequently, our results in 
cerebral cortex demonstrated a potential risk of 
developing long-term functional deficit as well as 
cellular transformation after radiation exposure.  

Effects on CNS from heavy ion space radiation 
exposure due to its higher damaging capacity than γ 
radiation is a major health concern for astronauts 
undertaking long duration space missions. 
Apprehension about acute and long-term heavy ion 
radiation exposure risks to CNS is primarily due to lack 
of in vivo data in humans and animal models. However, 
in recent years, substantial work has been published 
which sheds lights on the effects of heavy ion radiation 
on different parts of the brain [11,52-58,84,85]. 
Evidence based on in vivo and in vitro studies has 
demonstrated that high-LET radiation adversely alters 
spatial learning, cognitive, memory, and other CNS 
faculties [11,54,55,85-88]. Our results also suggest that 
heavy ion space radiation with higher oxidative stress 
and greater associated changes has elevated risk of 
developing neuronal deficit and transformation and will 
require additional studies.   
 
Radiation-induced persistently increased ROS and DNA 
damage could lead to sustained cell-cycle arrest 
potentially leading to senescence [89] and the cell’s 
capability to repair DNA damage including DSB have 
been reported to decline with advancing age [17,19-21]. 
Additionally, decreased DSB repair proteins has been 
associated with enhanced cellular senescence and non-
functional DSB repair proteins are known to accelerate 
organismal aging [16-22]. Our results showing 
decreased Ku70, Ku80, and DNAPKcs proteins in 
cerebral cortex, we speculate, is due to sustained higher 
oxidative stress, which could affect transcription, 
translation, and stability of repair proteins. Decreased 
repair proteins leading to reduction in DNA repair, we 
believe, would accelerate the onset of aging after 56Fe 
radiation [90]. Additionally, cellular stress has also been 
reported to consistently upregulate two other well-
characterized aging markers, p19Arf and p16Ink4a, 
heralding stress-induced senescence. Importantly, p19Arf 
is activated in cells under stress including radiation 
exposure and is associated with the augmentation of 
p53-dependent DNA damage response through 
sequestration of MDM2 and thus stabilization of p53 
[91]. Indeed, marked upregulation of p19Arf after both γ 
and 56Fe radiation may have played a prominent role in 
enhanced p53-dependent DNA damage response in our 
experimental setting to affect cellular senescence. 
Although the regulation of p16Ink4a, which is a cyclin-
dependent kinase inhibitor and is progressively 
upregulated with advancing age, is not well understood 
[32], chronic upregulation of both p19Arf as well as 
p16Ink4a further confirms cellular senescence in cerebral 
cortex after radiation exposure. Additionally, decreased 
brain volume in MRI and increased time required to 
climb the physical barrier after radiation exposure 
provided further evidence linking premature senescence 
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and radiation (Supplementary figure 1A and B). 
However, additional functional studies will be required 
to relate observed changes in cerebral cortex after 
radiation to alterations in spatial learning, cognition, 
memory, and other CNS faculties of the organism. 
 
Radiation-induced cellular damage in brain not only 
cause enhanced DNA damage response and senescence, 
but it also triggers repair and remodeling process 
through a proliferative response known as reactive 
gliosis [35,36]. Our results are consistent with previous 
reports relating nestin and GFAP to both γ and heavy 
ion radiation exposure [36,84]. We demonstrated that 
these two embryonic proteins showed higher expression 
in response to both γ and heavy ion radiation exposure 
suggesting activation of astroglial cells in cerebral 
cortex. Upregulation of both nestin and GFAP after 
radiation support a state of reactive gliosis in cerebral 
cortex. However, reactive gliosis denoted by increased 
nestin and GFAP does not support regeneration of 
neurons but instead leads to glial scar formation [36,84], 
which along with apoptosis may have aggravated 
shrinkage of cerebral cortex after radiation exposure. 
Glial scar formation rather than neuronal regeneration is 
further supported by the upregulation of GFAP that 
indicates that radiation-induced activation of astroglial 
proliferative response in cerebral cortex is committed to 
astrocytosis and subsequent scar tissue formation [84]. 
Our study has provided evidence that radiation exposure 
in the mouse brain accelerates the appearance of 
biological indicators of aging at the molecular level 
(Figure 6). Knowledge of adverse long-term sequelae of 
radiation exposure on cerebral cortex will not only 
allow us to assess risk but will also permit us to design 
strategies to minimize the effects of radiation on normal 
tissues. 
 
METHODS 
 
Ethics statement on mice. Six to eight weeks old female 
C57BL/6J mice were purchased from Jackson 
Laboratories (Bar Harbor, ME). Mice were housed at 
the Georgetown University (GU) and Brookhaven 
National Laboratory (BNL) animal care facilities. Both 
the facilities are Association for Assessment and 
Accreditation of Laboratory and Animal Care 
International (AAALACI)-accredited and all animal 
procedures were performed as per protocols approved 
by the Institutional Animal Care and Use Committees 
(IACUC) at the GU and at the BNL. Mice were housed 
in groups of five in autoclaved cages and bedding 
materials in a separate room with 12-h dark and light 
cycle maintained at 22 °C in 50% humidity. All animals 
were provided certified rodent diet (LabDiet #5053, 
Brentwood, MO) with filtered water ad libitum and CO2 

asphyxiation was used for euthanasia. Our research 
followed Guide for the Care and Use of Laboratory 
Animals, prepared by the Institute of Laboratory 
Animal Resources, National Research Council, and U.S. 
National Academy of Sciences. Investigation has been 
conducted in accordance with the ethical standards and 
according to the Declaration of Helsinki and according 
to national and international guidelines and has been 
approved by the authors' institutional review board. 
 
Radiation. Exposure to heavy ion radiation (56Fe; 
energy: 1GeV/nucleon; dose rate: 1 Gy/min) was 
performed at the NASA Space Radiation Laboratory 
(NSRL) at BNL and 137Cs was used as a source of γ 
radiation (dose rate: 1 Gy/min) and control mice were 
sham irradiated. During radiation exposure mice (n=15) 
were placed in small transparent plastic boxes 
(3”x1.5”x1.5”) with holes for ventilation. Mice were 
exposed either to 1.6 Gy of 56Fe or to 2 Gy of γ 
radiation and irradiation experiments was performed 
three times. The 56Fe radiation dose is equitoxic to γ 
radiation and was calculated using a relative biological 
effectiveness (RBE) factor of 1.25 determined earlier 
[59]. For 56Fe irradiation, the NSRL beam physics team 
performed the dosimetry, dose rate, and beam 
uniformity and mice were exposed to constant LET by 
placing them at the entrance plateau region of the Bregg 
peak [92-95]. Mice were shipped directly from the 
vendor to BNL one week prior to radiation and on the 
day after irradiation all the mice were shipped in a 
temperature controlled environment to GU for a same 
day delivery. Mice were followed for up to twelve 
months, brain surgically removed at two and twelve 
months post-exposure, washed and cleaned in 
phosphate buffered saline (PBS), two hemispheres 
separated in the middle, and one half fixed in 10% 
buffered formalin. While immersed in sterile PBS, 
multiple coronal sections of the other half of the brain 
were made and the cerebral cortex was separated from 
the rest of the brain under a dissecting scope (MZ6, 
Leica Microsystem, Wetzlar, Germany) as per protocol 
described earlier [96]. Cerebral cortex was either used 
for preparation of cortical single cell suspension for 
measuring reactive oxygen species (ROS) or flash 
frozen in liquid N2 and stored at -80 °C for 
immunoblots. 
 
Measuring ROS in cerebral cortical cells. Separated 
cerebral cortex (n=5 mice per group) was mechanically 
dissociated into single cell suspensions in Hank’s 
balanced salt solution (HBSS) and filtered through a 
sterile 70 μm nylon mesh (BD Biosciences, Sparks, 
MD) as per protocol described previously [1,97]. Cells 
were centrifuged (200xg) for 10 min at room 
temperature (RT) and supernatant discarded. Cell pellet 
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was resuspended in 1 ml of PBS at RT. A 2 mM 
solution of H2DCFDA (Invitrogen, Carlsbad, CA) was 
freshly prepared in ethanol and 5 μl were added to the 
cell suspension (final concentration 10 μM) and 
incubated at 37 °C for 20 min. Cells were centrifuged at 
200xg for 5 min, supernatant discarded, and cell pellet 
resuspended in 500 μl of PBS. Flow cytometric analysis 
was performed in duplicate using FACSCalibur (BD 
Biosciences) and acquired data were analyzed using 
WinMDI v2.8 software.   
 
Immunoblot analysis. Immunoblots were performed 
using standardized protocol. Flash-frozen cerebral 
cortical samples isolated two and twelve months after 
exposure to 2 Gy γ radiation and equitoxic 1.6 Gy of 
56Fe radiation were used for immunoblots. Cortical 
tissues from 5 mice in each group were pooled and 
homogenized in ice cold lysis buffer (0.5% sodium 
deoxycholate; 0.5% NP-40; 10mM EDTA in PBS and 
protease inhibitor cocktail (Sigma, St. Louis, MO)), 
centrifuged at 12000xg at 4 °C for 15 min, and protein 
concentration was estimated in the supernatant by the 
Bradford method. Equal amount proteins with 
appropriate volume of loading buffer were loaded onto 
SDS-PAGE. Separated proteins were transferred to 
polyvinylidene fluoride (PVDF) membrane, treated with 
5% non-fat milk in tris-buffered saline with 0.1% 
Tween (TBST), and exposed to specific primary 
antibodies for DNAPKcs (Sc-5282; diltion-1:200; Santa 
Cruz Biotechnology, Santa Cruz, CA), Ku70 (Sc-
17789; diltion-1:200; Santa Cruz Biotechnology), Ku80 
(Sc-9034; diltion-1:400; Santa Cruz Biotechnology), 
p53 (Sc-99; diltion-1:500; Santa Cruz Biotechnology), 
Bax (Sc-7480; diltion-1:250; Santa Cruz 
Biotechnology), Bcl2 (Sc-7382; diltion-1:250; Santa 
Cruz Biotechnology), p21 (Sc-6246; diltion-1:500; 
Santa Cruz Biotechnology), p16 (Sc-1661; diltion-
1:200; Santa Cruz Biotechnology), p19 (07-543; diltion-
1:200; EMD Millipore, Billerica, MA), and β-actin (Sc-
47778; diltion-1:2000; Santa Cruz Biotechnology) and 
developed by chemiluminescence (Thermo Scientific, 
Rockford, IL) detection system. Results were recorded 
by autoradiography, images scanned and displayed. We 
used ImageJ v1.46 software for densitometric 
quantification of immunoblot images and band intensity 
of each protein normalized to β-actin is presented in bar 
graphs. 
 
Cerebral cortex histology. Twelve months post-
irradiation brain samples were fixed in 10% buffered 
formalin for 72 hours, paraffin embedded, and 4 μm 
sagittal sections were obtained for further processing. 
For histologic analysis, slides were stained with 
hematoxylin and eosin (H&E) using a standard protocol 

and visualized by bright field microscopy at 4X 
microscopic magnification. Cortical thickness was 
measured using a protocol described previously [1]. 
Briefly, slide images were captured with an Olympus 
DP70 camera on an Olympus BX61 microscope and the 
thickness of the cerebral cortex was measured using 
ImageScope (Aperio Technologies, Vista, CA) software 
and results expressed in μm. For each study group, 
sections from seven mice were measured and three 
sections from each mouse were used. Unstained 
sections were used for terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) assay and 
immunohistochemistry. 
 
TUNEL assay. TUNEL assay on brain sections (6 
sections from 6 separate mouse from each group) was 
performed using ApopTag plus peroxidase in situ 
apoptosis detection kit (Millipore, Billerica, MA) as per 
manufacturer’s instruction. Stained sections were 
visualized under bright field microscopy at 20X 
magnification and twelve random fields per group were 
captured for analysis.  
 
Immunohistochemistry. Anti-8-oxo-dG antibody (clone 
2E2; 4354-MC-050) was purchased from Trevigen 
(Gaithersburg, MD) and immunostaining was 
performed using recommended protocol. Briefly, 
following incubation with primary antibody overnight at 
4 °C and necessary washing steps, sections were 
incubated with HRP-conjugated secondary antibody for 
30 min at room temperature [73]. Diaminobenzidine 
(DAB) detection system (Invitrogen, Carlsbad, CA) was 
used to visualize staining. Bright field microscopy was 
used to capture the images of the cerebral cortex at 10X 
magnification and twelve images from randomly 
selected visual fields were captured from each group. 
For nestin, GFAP, and 4-HNE, immunostaining was 
performed as per protocol described previously 
[73,98,99]. Briefly, sections were deparaffinized, 
antigen retrieval performed, endogenous peroxidase 
activity quenched, and incubated in blocking buffer 
(0.1% bovine serum albumin in PBS). Sections were 
then exposed to anti-nestin (Sc-23927; dilution-1:100; 
Santa Cruz Biotechnology), anti-GFAP (PA5-16291; 
dilution-1:150; Thermo Scientific) and anti-4-HNE 
(Ab-46545; 1:200; Abcam, Cambridge, MA) antibodies 
for 1.5 hr at RT. Signal detection and color 
development was performed using SuperPictureTM 3rd 
Gen IHC detection kit (Cat# 87-9673; Invitrogen) and 
slides were mounted and visualized under bright field 
microscopy and twelve images from randomly selected 
visual fields were captured from each group for 
quantification. Six slides from six mice in each group 
were stained for each protein and a representative image 
from one animal is presented in results. 
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Data Analysis and statistics. Images were analyzed for 
TUNEL, 8-oxo-dG, 4-HNE, nestin, and GFAP positive 
cells using color deconvolution and Image-based Tool 
for Counting Nuclei (ITCN) plug-ins of ImageJ v1.46 
software as per protocol described earlier [73,100,101]. 
Average number of TUNEL (20X), 8-oxo-dG (20X), 
nestin (20X), and GFAP (20X) positive nuclei per 
visual field is presented graphically. Data is presented 
as mean ± standard error of mean (SEM) and statistical 
significance between two groups was determined by 
student’s t-test and p<0.05 was considered significance. 
 
Supplementary methods 
 
Activity tests. Mice (n=5 mice per study group) were 
irradiated with 2 Gy γ or 1.6 Gy of 56Fe radiation and 
twelve months after irradiation each mouse were placed 
inside a barrier (12” in length and width and 3” in 
height) and time taken to come out of the barrier was 
noted in seconds. Results are presented as average time 
(sec) per mouse relative to sham-irradiated controls. 
 
Mouse brain magnetic resonance imaging (MRI). The 
MRI was performed on a horizontal Bruker 7T 
spectrometer with a 20 cm bore run by Paravision 4.0 
software as per protocol standardized in the Preclinical 
Imaging Research Laboratory at the Lombardi 
Comprehensive Cancer Center at the Georgetown 
University. Mice (n=3) were anesthetized and 
anesthesia maintained with 1.5% isoflurane, 30% 
oxygen and 70% nitrous oxide and animals were placed 
on a custom-made stereotaxic animal holder equipped 
with temperature and respiration monitoring and imaged 
in a 35 mm birdcage radiofrequency coil. The sequence 
used to assess brain volume was a 3D RARE, matrix: 
256x256x256, RARE factor: 8, TR: 500 ms, TE: 7.45 
ms, FOV: 3 cm. Volumetric measurement of the brain 
was determined from MRI stacked images using the 
Measure Stack plugin tool (developed by Dougherty RF 
and available at http://www.optinav.com/imagej.html) 
of the ImageJ v1.46 software as per developer’s 
instruction. 
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SUPPLEMENTARY FIGURE 
 
 
 

Supplementary Figure 1. Radiation exposure caused decreased brain volume and  increased
time  to  cross  a  barrier.  A)  Volumetric  measurement  of  brain  performed  using  magnetic
resonance imaging (MRI) showed decrease brain volume after radiation exposure. Brain volume
was  decreased more  after  56Fe  radiation.  B)  Activity  experiment  performed  using  a  physical
barrier  showed  increased  time  required  by  the  irradiated  mice  to  climb  the  barrier.  56Fe
irradiated mice needed more time to come out of the barrier. Data presented as mean ± SEM. 
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INTRODUCTION 
 
The mTOR (mammalian Target of Rapamycin) pathway 
plays a crucial role in the geroconversion from cell 
cycle arrest to senescence (geroconversion) [1]. 
Rapamycin suppresses or decelerates geroconversion, 
maintaining quiescence instead [2-8]. Furthemore, 
inhibition of the TOR pathway prolongs lifespan in 
model organisms, including mice [9-13]. In an 
organism, nutrients activate mTOR [14-16], whereas 
fasting or calorie restriction deactivates mTOR [17-19]. 
Calorie restriction slows down aging [20] and postpones 
tumorigenesis in several animal models [21, 22], 
including p53-deficient mice [23-25].                                                                                  
 
Similar to other tumor suppressors, p53 can inhibit 
mTOR in mammalian cells [26-31]. While causing cell 
cycle arrest, p53 can suppress geroconversion, thus 
preventing  a senescent phenotype in the arrested cells 
[30, 31]. Therefore, it is not suprising  that p53 inhibits 
hyper-secretory  phenotype,  a  hallmark  of  senescence  
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[32] whereas p53-deficiency resulted in pro-
inflammatory phenotype [33, 34]. Noteworthy, the 
activity of p53 is decreased with aging [35]. Lack of 
one  p53-allele (p53+/- ) accelerates carcinogenesis and 
shortens lifespan [36-41]. We propose that rapamycin 
can decelerate cancer development in p53+/- mice. Here 
we show  experimental evidence supporting this 
hypothesis.  
 
RESULTS 
 
Rapamycin (approximate dose, 1.5 mg/kg/day) was 
given in drinking water. 75 mice were divided into two 
groups: control (n=38) and rapamycin-treated (n=37). 
The mean lifespan of animals in control group was 373 
days and the last 10% of survivals lived as long as 520 
days (Fig. 1 A). In rapamycin-treated mice, the mean 
lifespan was 410 days and lifespan of the last 10% of 
survivals could not be determined (Fig. 1 A). Mice in 
both groups were also monitored for tumor 
development. The data presented in Fig. 1B 
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Abstract: The TOR (Target of Rapamycin) pathway accelerates cellular and organismal aging. Similar to rapamycin, p53 can
inhibit the mTOR pathway in some mammalian cells. Mice lacking one copy of p53 (p53+/‐ mice) have an increased cancer
incidence and a shorter lifespan.  We hypothesize that rapamycin can delay cancer in heterozygous p53+/‐ mice.  Here we
show that rapamycin (given in a drinking water) extended the mean lifespan of p53+/‐ mice by 10% and when treatment
started early in life (at the age less than 5 months) by 28%. In addition, rapamycin decreased the incidence of spontaneous
tumors.  This  observation  may  have  applications  in  management  of  Li‐Fraumeni  syndrome  patients  characterized  by
heterozygous mutations in the p53 gene. 
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demonstrate that carcinogenesis was significantly 
delayed in rapamycin-treated mice compared to control 
mice.  
 
Since in our experiments animals started to receive 
rapamycin at different age, we sought to test whether 
this affected the outcome of the treatment.  
 
For this, we further subdivided all mice used into two 
groups: “young” (receiving rapamycin from the age of 5 
months or earlier) and “old” (receiving rapamycin 
starting at 5 months of age or older). Results of the data 
analysis for the “young” group are shown in Figure 1C 
and D.  The mean lifespan in control group was 373 
days, whereas in rapamycin-treated “young” mice the 
mean lifespan reached 480 days, 3.5 months increase 
over the control group. Furthermore, 40% of 
rapamycin-treated “young” mice survived 550 days 
(Fig. 1C) and by this age developed 2 times less tumors 
than control mice (Fig. 1D). In the “old” group the 
difference between control and treated group was 
blunted (data not shown). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Thus, the life-extending effect of rapamycin is more 
pronounced when treatment starts earlier in life.  In 
order to confirm that rapamycin administered with 
drinking water has biological activity in vivo, we 
measured levels of phosphorylated ribosomal protein S6 
(pS6), a marker of the mTOR activity in tissues of 
control and rapamycin-treated mice. After receiving 
rapamycin in drinking water for 2 days, mice were 
sacrificed and the levels of total S6 and pS6 were 
estimated by Western blot analysis and immuno-
cytochemistry (Fig. 2).   
 
As shown in Fig. 2A, levels of pS6 were reduced in the 
heart, kidney and liver of rapamycin-treated mice.  
Also, pS6/S6 ratios were lower in rapamycin-treated 
mice (Fig. S1).  
 
These results were confirmed by immunohistochemical 
staining showing lower levels of pS6 in tissues of 
rapamycin-treated mice (Fig. 2B). The variability of 
pS6 levels among mice may explain the variability of 
biological effects of rapamycin. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  1. Administration of  rapamycin  extends  lifespan  and  delays  carcinogenesis  in  p53+/‐ male mice. (A)
Kaplan Meier survival curve of rapamycin‐treated (red line) and control (blue line) mice. (B) Incidence of tumors in rapamycin‐
treated (red) and control (blue) mice. Animals received rapamycin starting at various ages at 1.5 mg/kg per day  in drinking
water throughout entire life. * p<0.05. (C) Kaplan Meier survival curve of rapamycin‐treated (red line) and control (blue line)
mice that start receiving rapamycin early in life (<5 months). (D) Incidence of tumors in rapamycin‐treated (red) and control
(blue) mice that start receiving rapamycin early in life (<5 months). * p<0.05 toph 
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DISCUSSION 
 
Previously it was shown that rapamycin prolongs 
lifespan in genetically heterogeneous mice [11], [12], 
inbred mice [42] and Her2-expressing mice [13]. In 
normal genetically heterogeneous mice, rapamycin 
extended life span even when its administration was 
started later in life [11]. Our data in p53+/- mice show 
that the effect of rapamycin was blunted when treatment 
started at the age of 5 months or older. 
 
This indicates that the anti-cancer effect of rapamycin is 
likely to be indirect and is imposed via its systemic 
effect at the level of an organism rather than through 
direct inhibition of tumor growth. To further address 
this question we plan to test the effect of rapamycin on 
animals with established tumors (by measuring tumor 
growth) along with evaluating the functional status of  
mTOR  and the  ability of  rapamycin  to suppress it in 
tumors and normal tissues. As we report here, 
administration of rapamycin starting early in life 
increased mean lifespan in p53+/- male mice by 28%.  
Previous work has demonstrated that the life-extending 
effects of rapamycin [11, 12] as well as metformin [43, 
44], calorie restriction [45] and genetic inhibition of the 
IGF-I/mTOR/S6K pathway [46, 47] were less 
pronounced in male mice compared with female mice. 
Moreover, in some cases, life span extension was 
achieved in female  mice  only  [43, 47].  Therefore,  the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
observed increase in the median lifespan is dramatic, 
taking into account that it was achieved in male mice.  
However, because of low bioavailability of rapamycin, 
it was given constantly (in drinking water) without 
interruptions, whereas intermittent schedules may be 
more appropriate for future clinical developments as 
cancer-preventive interventions. In fact, a novel 
formulation of rapamycin (Rapatar) may be given 
intermittently, which still reveal even more pronounced 
extension of life span in p53-deficient mice (Comas et 
al, Aging 2012; this issue). 
 
Our study suggests that rapamycin can be considered 
for cancer prevention in patients with Li-Fraumeni 
syndrome. Li-Fraumeni syndrome is an autosomal 
dominant disorder with a germline p53 mutation [48]. 
The incidence of cancer in carriers of mutation reaches 
50% at the age of 40 and 90% at the age 60. Children of 
affected parents have an approximate 50% risk of 
inheriting the familial mutation [48]. Although 
functional assays have been established allowing for 
easy genetic testing for TP53 mutation, no effective 
chemopreventive therapy is currently available. The p53 
rescue compounds may hold some promise in the future 
[48-50]; however these are not clinically approved 
drugs. In contrast, rapamycin has been used in the clinic 
for over a decade mostly in renal transplant patients. It 
was reported that rapamycin significantly decreased 
cancer incidence in renal transplant patients [51-53]. 

Figure 2. Administration of rapamycin  in drinking water  inhibits the mTOR pathway  in p53+/‐ male mice.
(A)  Western blot analysis of whole cell lysates of 6 organs of rapamycin‐treated and control mice probed with antibodies
specific  to  S6  and  phospho‐S6  (Ser240/244).  Mice  received  rapamycin  in  drinking  water  for  2  days.  (B)
Immunohistochemistry.  pS6 in the heart and the liver. Mice received rapamycin in drinking water for 2 days.  
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Our data suggest that rapamycin or its analogs can be 
considered for cancer prevention in Li-Fraumeni 
syndrome. 
 
METHODS 
 
Mice. All animal studies were conducted in accordance 
with the regulations of the Committee of Animal Care 
and Use at Roswell Park Cancer Institute. The colony of 
p53-knockout mice on a C57B1/6 background 
(originally obtained from Jackson Laboratories, Bar 
Habor, ME) was maintained by crossing p53+/- females 
with p53-/- males followed by genotyping of the 
progeny (PCR) as described previously [54].  
Heterozygous p53+/- mice were generated by crossing 
p53-/- males with wild type p53 females. Male mice 
were kept in polypropelene cages (30x21x10 cm) under 
standard light/dark regimen (12 hours light : 12 hours 
darkness) at 22 ± 2 °C, And received standard 
laboratory chow and water ad libitum. 
 
Rapamycin treatment.  Rapamycin (LC Laboratories, 
USA) was diluted in ethanol at concentration 15 mg/ml. 
Then the stock was diluted 1:1000 in drinking water. 
Drinking water was changed every week. Male mice 
were randomly divided into two groups. Mice of the 
first group (n=37) were given rapamycin in drinking 
water (approximately 1.5 mg/kg per day), whereas mice 
of the second group (n=38) were given tap water 
without rapamycin and served as control.  Once a week 
all mice were palpated for detection of tumor mass 
appearance.   
 
Pathomorphological examination. All animals were 
autopsied. Site, number and size of tumors were 
checked. All tumors, as well as the tissues and organs 
with suspected tumor development were excised and 
fixed in 10% neutral formalin. After the routine 
histological processing the tissues were embedded into 
paraffin. 5-7 μm thin histological sections were stained 
with haematoxylin and eosine and were microscopically 
examined. Tumors were classified according to 
International Agency for Research on Cancer 
recommendations. 
 
Western blot analysis. Tissues were homogenized in 
Bullet blender using stainless steel 0.5 mm diameter 
beads (Next Advantage, Inc. NY, USA) and RIPA lysis 
buffer supplemented with protease and phosphatase 
inhibitors tablets (Roche Diagnostics, Indianopolis, IN, 
USA).  Lysates were cleared by centrifugation at 4°C at 
13000 rpm.  Equal amounts of protein were separated 
on gradient Criterion gels (BioRad) and immunoblotting 
was performed with rabbit anti-phospho S6 (Ser 
240/244) and mouse anti-S6 antibodies from Cell 

Signaling Biotechnology as described previously [55], 
[56]. 
 
Immunochemistry. Dissected tissue samples were fixed 
in 10% buffered formalin, embedded into paraffin.  5-7 
μm thin histological sections were stained with anti-
phospho S6 (Ser240/244) antibody (Cell Signaling) and 
counterstained with Hematoxylin. 
 
Statistical analyses. The SigmaStat software package 
was used for analysis. The P values were calculated 
using Fisher’s Exact Test (2-tail). P<0.05 was 
considered as statistically significant. 
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Supplemental  Figure  S1. Quantitative  analysis of
data  shown  in  Figure  2A.  Top  panel  ‐    Intensity  of
phosphorylated  S6  (pS6)  signal  was  quantified  using
ImageJ  program  (intensity  units,  IU).  Bottom  panel  –
Intensity of pS6 and S6 signals were quantified and  the
ratio pS6/S6 was calculated. 
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INTRODUCTION 
 
Cancer is an age-dependent disease in most mammalian 
species; in humans over 50% of cancers are found in 
people over 70 years of age [1].  Recently, the 
accumulation of senescent cells in aging tissues have 
been shown to acquire a chronic inflammatory 
phenotype (called SASP, Senescence-Associated 
Secretory Phenotype) that serves to promote the growth 
of initiated tumorigenic epithelial cells [2].  Additional 
reports have demonstrated that in the skin, the 
accumulation of senescent fibroblasts also increases the 
susceptibility of epidermal keratinocytes to 
carcinogenic initiation [3].  Therefore, while 
investigations into the role of stromal tissue on the 
initiation and promotion of cancer  are  in  their  infancy,  
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they may serve as potential emerging opportunities for 
interventional and prophylactic therapeutic strategies 
[4-6].  Our lab is investigating the role of aging in the 
development of non-melanoma skin cancer (NMSC) as 
a model for the effect that aging stromal tissue has in 
controlling carcinogenesis initiation [3, 6-10].  As such, 
the skin is an excellent model system for these studies; 
it is accessible, it has a relevant environmental 
carcinogen (UVB), and it is possible to easily 
interrogate human disease.   
 
NMSC has the highest incidence rate of all cancers 
worldwide, including an estimated 2 million newly 
diagnosed patients in the United States this year alone 
[11-12].  Although the mortality of NMSC is relatively 
low compared to other types of cancer, the morbidity 
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state similar  to chronic  inflammation.   This  inflammatory microenvironment can stimulate  the proliferation of epithelial
cells containing DNA mutations which can ultimately lead to cancer.  Using geriatric skin as a model, we demonstrated that
senescent  fibroblasts  also  alter  how  epithelial  keratinocytes  respond  to  genotoxic  stress,  due  to  the  silencing  of  IGF‐1
expression  in geriatric  fibroblasts.   These data  indicate that  in addition to promoting epithelial tumor growth, senescent
fibroblasts also can promote carcinogenic initiation.  We hypothesized that commonly used therapeutic stromal wounding
therapies  can  reduce  the percentage of  senescent  fibroblasts and  consequently prevent  the  formation of keratinocytes
proliferating with DNA mutations following acute genotoxic (UVB) stress.  Sun‐protected skin on the lower back of geriatric
human volunteers was wounded by dermabrasion and the skin was allowed to heal for three months.  In geriatric skin, we
found that dermabrasion wounding decreases the proportion of senescent fibroblasts found in geriatric dermis, increases
the expression of IGF‐1, and restores the appropriate UVB response to epidermal keratinocytes in geriatric skin.  Therefore,
dermal rejuvenation therapies may play a significant role in preventing the initiation of skin cancer in geriatric patients. 
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and the cost of treating NMSC is enormous [11, 13].  As 
NMSC occurs primarily in geriatric individuals, it has 
been estimated that up to nearly 1% of total Medicare 
expenses in the United States go towards the treatment of 
NMSC [13].  Therefore, NMSC is a major burden on our 
healthcare system [14].  Despite our understanding for 
decades that sunlight is the main etiologic agent 
responsible for NMSC (over 90%), the incidence of 
NMSC continues to rise at an alarming rate [11].   
 
The primary environmental factor that influences the 
development of skin cancer is exposure to the spectrum 
of ultraviolet wavelengths found in sunlight.  
Furthermore, as we age our chances of developing 
NMSC greatly increases so that at age 65 we have a 
50% chance of acquiring a NMSC [15-16].  In fact, 
80% of all NMSC are diagnosed in individuals greater 
than 60 years old [15-16].  While the correlation 
between aged epidermis and NMSC is apparent, the 
mechanism responsible for this relationship remains 
obscure.  Early hypotheses describing why the 
incidence of NMSC increases with age, suggested that 
excessive sun exposure during adolescence causes 
mutations in clones of keratinocytes.  Subsequently over 
many decades of genetic selection, these initiated 
keratinocytes will form detectable tumors [17-18].  
However, recent studies have shown that more than 
77% of our lifetime sun exposure occurs after the age of 
18 [19], indicating the vast majority of damaging UVB-
irradiation takes place later in life.  In fact, more sun 
exposure occurs after age 59 (26%) than before age 18 
(23%) [19].  Recent data from a variety of labs have 
proposed a modification in the latency theory of 
carcinogenesis [20-21] based on changes in the effects 
of stromal cells (i.e. fibroblasts) on epithelial cells in 
aged individuals [22-23].  This new hypothesis states 
that the selection of initiated epithelial cells is 
accelerated in aged tissue due to alterations in gene 
expression by senescent fibroblasts supporting epithelial 
cell growth [24-26].  In addition, the aged state of cells 
may play a greater role in the initiation of carcinogenic 
DNA mutations than was previously considered [27].  
Previously we have shown that the activation of the 
insulin-like growth factor-1 receptor (IGF-1R) is critical 
for determining the response of skin keratinocytes to 
UVB irradiation in vitro and in vivo [3, 6-10].  If the 
IGF-1R is functionally inactive in vitro at the time of 
UVB-irradiation, surviving keratinocytes can continue 
to proliferate with the potential of converting the 
damaged DNA into initiating carcinogenic mutations [3, 
5-6, 10].  Recent data from our laboratories have 
indicated that similar IGF-1R-dependent UVB 
responses occur in epidermal keratinocytes in vivo [3, 5-
6, 10].  Because keratinocytes do not produce IGF-1, 
the majority of the IGF-1 supplied to the epidermis is 

produced by dermal fibroblasts.  Therefore, any 
deficiencies in dermal IGF-1 production could have 
profound effects on the response of epidermal 
keratinocytes to UVB irradiation.  We have 
demonstrated that such an instance occurs in aged skin, 
as senescent dermal fibroblasts produce significantly 
lower levels of IGF-1 than youthful, proliferating 
fibroblasts [3].  Geriatric skin with lower IGF-1 levels 
responds inappropriately to UVB exposure and results 
in the production of keratinocytes that can proliferate 
with DNA damage.  Moreover, we demonstrate that 
therapeutic treatment of geriatric skin can result in 
increased levels of dermal IGF-1 and protection against 
acute UVB-mediated formation of keratinocytes 
proliferating with DNA damage.  We hypothesize that 
the reduced activation of the IGF-1R in aging skin due 
to silencing of IGF-1 expression in senescent fibroblasts 
is an important factor in the dramatic increase in NMSC 
observed in geriatric patients.  The incorporation of 
recent data from our laboratories and these new ideas on 
the origins of cancer has led us to a new paradigm to 
explain non-melanoma skin carcinogenesis [3, 5-6, 10].  
This new paradigm indicates that the accumulation of 
senescent fibroblasts in geriatric dermis leads to a 
silencing of IGF-1 expression in the skin, resulting in a 
deficient activation of the IGF-1R in epidermal 
keratinocytes, causing an inappropriate UVB-response 
in keratinocytes, leading to proliferating keratinocytes 
containing DNA mutations, and subsequently 
photocarcinogenesis [3, 5-6].  Therefore, the 
susceptibility to develop NMSC is dependent on both the 
exposure of skin to UVB and the biologic age of the skin. 
 
Given our findings that the lack of endogenous IGF-1 
[3] in geriatric skin resulted in an inappropriate pro-
carcinogenic response to relatively low doses of UVB 
[3], and that this inappropriate response was reversed by 
local injections of exogenous IGF-1 [3], these studies 
have examined the ability of dermal wounding to 
upregulate endogenous IGF-1 levels and restore the 
appropriate UVB response in geriatric skin.  We 
assayed whether ablation of both the epidermis and 
papillary dermis by dermabrasion could upregulate IGF-
1 expression in geriatric skin and restore the appropriate 
UVB response.  The successful development of the 
prophylactic therapies as described here could have a 
major impact on how NMSCs can be prevented in 
susceptible individuals. 
 
RESULTS 
 
Senescent human fibroblasts in vitro contain 
markers of the DNA damage response 
 
 Normal human fibroblasts that are continually cultured  
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in vitro until they reach replicative senescence have 
historically been identified by their expression of 
senescence-associated β-galactosidase [28].  Similarly, 
replicating fibroblasts treated with DNA-damaging 
chemotherapeutic drugs or pro-oxidative stressors to 
induce stress-induced senescence have been assayed for 
senescence-associated β-galactosidase activity to verify 
their senescence phenotype [3].  However, because 
identifying senescent cells using senescence-associated 
β-galactosidase requires an assay of enzymatic activity, 
its use in specimens from human tissues is not as 
effective.  Recently, it has been described that markers 

of a DNA-damage response (DDR) are found in most 
types of senescent cells, whether induced by replication 
exhaustion, reactive oxygen species, or oncogene 
expression [29-32].  To determine the reliability of 
DDR markers to identify senescent fibroblasts in skin, 
replicating, stress-induced senescent, and replicative 
senescent fibroblasts were stained by for the traditional 
senescence-associated β-galactosidase activity, for the 
presence of 53BP1, and for the expression of cell cycle 
inhibitor p21 (Fig.1A).  As seen in Fig. 1A, senescent 
fibroblasts can be identified by nuclei which have 
greater than four 53BP1-positive foci.  When the 
numbers of senescent fibroblasts were counted in stress-
induced senescent and replicatively senescent 
fibroblasts, the use of either senescent-associated β-
galactosidase or 53BP1 foci yielded similar results (Fig. 
1B).  Therefore, markers of DDR may be useful in 
identifying senescent fibroblasts in vivo. 
 
Senescent fibroblasts accumulate in geriatric dermis 
in vivo 
  
As we age, the skin becomes altered both 
phenotypically and biologically.  The undulating 
structure of the dermal-epidermal junction in young 
skin becomes significantly flattened with age [33-34; 
Supplemental Fig. 1A].  Both the epidermis and the 
papillary dermis become atrophied in geriatric skin [33-
37; Fig. 2D] and the transcriptome in the geriatric 
dermis becomes altered, including the relative silencing 
of the IGF-1 and collagen I genes [3; Fig. 2B].  
Additionally, fibroblast morphology transforms from a 
spindle-shaped cell body and elliptical nucleus to a 
more rounded cell body and a rounded nucleus [37-38; 
Supplemental Fig. 1A, white circles].  These 
morphological changes in fibroblast shape are 
associated with increasing proportions of senescent 
fibroblasts in the papillary dermis (Fig. 2C).  These 
senescent fibroblasts can be defined in vivo by increased 
expression of DDR markers (Fig. 2A).  Previously, we 
and others have shown that senescent fibroblasts in vitro 
silence IGF-1 expression [3].  Similarly, intrinsic aging 
of skin in vivo can be characterized by a significantly 
increased proportion of senescent fibroblasts in the 
papillary dermis and a corresponding silencing of IGF-1 
expression in geriatric dermis.   
 
Dermabrasion restores young adult function in 
geriatric dermis 
 
Cosmetic dermal rejuvenation techniques have been 
widely used to stimulate the production of new collagen 
synthesis by inducing a ‘wounding response’ in the skin 
[39-40].  As such, it was of interest to determine if these 
dermal rejuvenation techniques  restored  a  more youth- 

Figure 1.  Senescent human fibroblasts contain markers
of  DNA  damage  response  in  vitro.    (A)  Low  passage
neonatal  normal  human  fibroblasts  (PD‐5),  stress‐induced
senescent fibroblasts (PD‐5, H2O2), and replicatively senescent
fibroblasts  (PD‐40)  were  stained  for  the  presence  of
senescence‐associated β‐galactosidase activity  (blue), with α‐
53BP1 antibodies  (multiple punctate nuclear  staining), or α‐‐
p21  antibodies  (bar  =  20  μm).    (B)    The  percentage  of
senescent cells were determined for senescence‐associated β‐
galactosidase  and  53BP1  staining.    53BP1‐positive  cells
contained  at  least  four  individual  fluorescent pin‐point  spots
per nucleus (asterisks indicate significant difference from PD‐5
cells, p<0.001, two‐tailed t‐test).   
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ful phenotype and biology to geriatric skin, and 
specifically to determine if these techniques could 
restore the appropriate DNA-damage response found in 
young skin to UVB-irradiated geriatric skin.  Small 
areas of sun-protected skin on geriatric volunteers were 
treated by dermabrasion.  Biopsies of dermabraded and 
untreated skin were analyzed after the treated sites were 
allowed to heal for three months.  Consistent with 
previous reports, dermabraded skin demonstrated 
increased synthesis of collagen [39-40; Supplemental 
Fig. 2] and a restoration of the dermal collagen structure 
similar to that found in young adults (Fig. 3A, panels i 
and iv).  Dermabasion also  reversed the  aging-associat- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ed atrophy of the papillary dermis (Fig. 2D) by 
significantly increasing the area of the papillary dermis 
(Fig. 3B).  The thickness of the epidermis was modestly 
increased by dermabrasion, although this result was not 
statistically significant (Fig. 3B).  Increased thickness of 
the papillary dermis was accompanied by an increase in 
fibroblast density in the dermabraded geriatric skin (Fig. 
4B; see Supplemental Fig. 3 for example of fibroblast 
verification) and statistically greater numbers of 
replicating keratinocytes and fibroblasts (Fig. 4C).  The 
increased proliferative potential of fibroblasts in the 
dermis corresponded with a decrease in the proportion 
of dermal senescent fibroblasts (Fig. 3C).  The round 
phenotype of the senescent fibroblast nuclei in control 
geriatric dermis was replaced with increasing 
percentages of replicating elliptical fibroblast nuclei 

Figure 2.  Senescent fibroblasts accumulate in geriatric
dermis in vivo.  Biopsies of sun‐protected skin were obtained
from  six  young  adult  (20‐28  years old)  and  six  geriatric  (>65
years old) volunteers.   (A)   Sections of skin were stained with
antibodies to 53BP1 and γH2AX.   Positive nuclei are  indicated
by  white  arrows;  dashed  line  specifies  the  location  of  the
basement  membrane;  bar  =  25  μm.    (B)  Quantitative  PCR
analysis  of mRNA  isolated  from  skin  biopsies,  normalized  to
actin expression.  Asterisk indicate statistical significance from
young adult values (IGF‐1 p=0.005, COL1 p=0.091; two‐tailed t‐
test).    (C)    The  number  of  senescent  fibroblasts  (based  on
circular or elliptical nuclear morphology as determined using
Nikon Elements  Image Analysis software) was counted  in  the
papillary dermis.  Asterisk indicates statistical significance from
young adult values (p=0.001; two‐tailed t‐test).   (D)   The area
of  the  epidermis  and  papillary  dermis were  calculated  from
3mm  punch  biopsies  using  Nikon  Elements  image  analysis
software.  Asterisk indicates statistical significance from young
adult  values  (Epidermis  p=0.0577,  Papillary  dermis  p=0.022;
two‐tailed t‐test).   

Figure 3.   Dermabrasion restores young adult  fibroblast
function  in geriatric dermis.   A 5 cm2 area of sun‐protected
skin  on  geriatric  (>65  years  old)  volunteers was  dermabraded.
After  a  healing  period  of  three months,  biopsies  of  untreated
and dermabraded skin were obtained.  (A)  Representative H&E
sections from untreated and dermabraded geriatric skin.  Panels
i and iv are higher magnification images of dark boxes indicated
in  panels  ii  and  v.    Panels  iii  and  vi  are  higher magnification
images of light boxes indicated in panels ii and v.  Panels i and iv,
bar=10  μm;  panels  ii  and  v,  bar=50  μm;  panels  iii  and  vi,
bar=12.5 μm.    (B)   The area of epidermis and papillary dermis
were  calculated  as  described  in  Fig.  2.    Asterisk  indicates
statistical  significance  from  geriatric  control  values  (Epidermis
p=0.287, Papillary dermis p=0.013;  two‐tailed  t‐test).    (C)    The
number  of  senescent  fibroblasts  in  the  papillary  dermis  was
determined as described  in Fig. 2.   Asterisk  indicates  statistical
significance from control values (p=0.018, two‐tailed t‐test). 
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(Fig. 3A, panels iii and vi).  The loss of senescent cells 
in dermabraded skin can also be observed by assaying 
for DDR markers.  In contrast to the abundant 
expression of DDR markers in senescent fibroblasts of 
control geriatric dermis, DDR-positive fibroblasts are 
not detected in dermabraded geriatric dermis (Fig. 4A).  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Our previous data had shown that the silencing of 
endogenous IGF-1 in geriatric skin resulted in an 
inappropriate pro-carcinogenenic response to relatively 
low doses of UVB which could be reversed by local 
injections of exogenous IGF-1 [3].  Therefore, it was 
important to determine whether IGF-1 expression was 
upregulated in geriatric skin treated with dermabrasion.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
At three months following dermabrasion, IGF-1 
expression was three-fold higher in treated dermis 
compared to geriatric controls (Fig. 5A).  To assay the 
UVB-response, small areas of the dermabraded skin and 
untreated skin on the opposing hip/buttock were 
irradiated with 350 J/m2 (one MED) of UVB.  Twenty-
four hours post-irradiation (the time required to clear 
TD lesions), the UVB-irradiated areas were biopsied 
and the basal layer keratinocytes were assayed for co-
expression of proliferation (Ki67) markers and UVB-
induced DNA damage (TD; see examples of scored 
keratinocytes in Supplemental Figure 4).  Consistent 
with the ability of dermabrasion to upregulate IGF-1 
levels, UVB irradiation of control versus dermabraded 
skin were similar to our findings using young skin or 
geriatric skin treated with exogenous IGF-1 (i.e., no 
keratinocytes proliferating with DNA damage in the 
dermabraded skin in contrast to significant numbers of 
Ki67+:TD+ basal keratinocytes in untreated UVB-
irradiated skin; Fig. 5B).  These findings indicate that 
dermal rejuvenation upregulates IGF-1 levels and 
normalizes the UVB response in geriatric skin. 
 
DISCUSSION 
 
We have demonstrated in vivo that geriatric skin 
accumulates increasing proportions of senescent 
fibroblasts as measured by changes in cellular and 

 

Figure 4.  Dermabrasion stimulates fibroblast replication
and suppresses senescence  in geriatric dermis.    (A)   Skin
biopsies  described  in  Fig.  3  were  stained  with  antibodies  to
53BP1  and  γH2AX.    Senescent  nuclei  are  indicated  by  white
arrows, the basement membrane is designated by a dashed grey
line, bar=25 μm.    (B)   The density of  fibroblasts  in the papillary
dermis was determined using the Nikon Elements Image Analysis
software.   Asterisk  indicates statistical significance from control
values  (p=0.0048),  two‐tailed  t‐test).    (C)    Sections  of  biopsies
were stained with antibodies to Ki67.  The percentage of Ki67(+)
fibroblasts in the papillary dermis and the percentage of Ki67(+)
keratinocytes in the basal layer of the epidermis were calculated
using  Nikon  Elements  image  analysis  software.    Asterisks
indicate  statistical  significance  from  control  values  (papillary
dermis, p=0.039; epidermis p=0.058, two‐tailed t‐test).   

Figure  5.    Dermabrasion  upregulates  IGF‐1  expression
and  restores  the appropriate UVB  response  to geriatric
skin.    Small  areas  of  dermabraded  and  untreated  skin  on
geriatric volunteers described in Fig. 2 were irradiated with UVB
(dose of 350 J/m2).  Twenty‐four hours post‐UVB, the irradiated
skin was biopsied.  (A)  Total mRNA was isolated and the relative
level  of  IGF‐1  expression was  determined  by  quantitative  PCR
(normalized  to actin expression).   Asterisk  indicates statistically
significant differences  from  control  values  (p<0.006,  two‐tailed
t‐test).  (B)  Sections of biopsies were stained with antibodies to
Ki67 and thymine dimers (TD).  The number of dual Ki67(+):TD(+)
basal keratinocytes were determined  for both  sets of biopsies.
Asterisk indicates statistically significant differences from control
values (p<0.05, two‐tailed t‐test).   
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nuclear morphology [3; Fig. 3] as well as the induction 
of DNA-damage recognition proteins associated with 
cellular senescence [3; Fig. 3].  Furthermore, we have 
shown that geriatric skin silences IGF-1 expression [3] 
leading to deficient activation of the IGF-1R [3] on 
geriatric epidermal keratinocytes.  Therefore, when 
geriatric skin is irradiated with UVB, a portion of the 
epidermal keratinocytes respond inappropriately by 
allowing replication of UVB-damaged DNA and 
potentially creating ‘initiated’ tumor cells [3, 5-6].  The 
role of IGF-1 in vivo was confirmed by its ability to 
correct this inappropriate UVB response in geriatric 
skin by injection of IGF-1 into the dermis prior to UVB 
irradiation [3].  Thus, therapies that can restore IGF-1 
expression to levels seen in young adult dermis could 
potentially prevent the initiation of carcinogenesis in 
geriatric skin.  Skin rejuvenation techniques, including 
dermabrasion, have been widely used to stimulate 
dermal collagen production and promote a youthful 
appearance of the skin.  We found that dermabrasion of 
sun-protected geriatric skin decreased the proportion of 
senescent fibroblasts resulting in increased IGF-1 
expression.  Most importantly, dermabrasion corrected 
the inappropriate UVB response normally observed in 
geriatric skin.  These results suggest that dermabrasion 
of geriatric skin can prophylactically prevent non-
melanoma skin carcinogenesis.  
 
It is interesting to note that the use of dermabrasion to 
prophylactically treat actinic keratosis and NMSC was 
described over 40 years ago [41].  A number of reports 
have demonstrated that dermabrasion can reduce the 
incidence of actinic keratosis and NMSC up to 95% in 
susceptible individuals for many years after treatment 
[42-44].  However, the use of dermabrasion has fallen 
out of favor as a primary method for the prophylaxis of 
NMSC despite the fact that newer methods of 
prophylactic therapy, i.e. lasers, topical chemotherapy 
(5-fluorouracil, imiquimod), have never achieved the 
same level of effectiveness as dermabrasion [45-49].  In 
fact, studies of the efficacy of these modalities often use 
dermabrasion as the gold standard for NMSC 
prophylaxis [50].  
 
Although the early studies on dermabrasion 
demonstrated its success in NMSC prophylaxis, the 
mechanism of how it prevented NMSC was unclear.  It 
was hypothesized (but unproven) that the effectiveness 
of dermabrasion was due to the removal of previously 
initiated carcinogenic keratinocytes.  However, if this 
hypothesis was true, other ablative procedures should be 
just as successful in treating NMSC, but they are not.  
Our studies suggest a new mechanism by which 
dermabrasion can prevent NMSC carcinogenesis which 
focuses on its effect on dermal fibroblasts.  The 

accumulation of senescent fibroblasts in geriatric dermis 
alters the susceptibility of epidermal keratinocytes to 
accumulate and fix UVB-induced mutations in their 
genomes.  Furthermore, senescent fibroblasts have been 
shown to provide an enhanced environment for the 
growth of carcinogenically initiated epithelial cells via 
their upregulation of inflammatory cytokines [22-24].  
Therefore, the preponderance of senescent fibroblasts in 
geriatric dermis not only promotes initiating mutations 
in UVB-exposed keratinocytes but they also promote 
the expansion of initiated clones of keratinocytes.  As 
demonstrated in these studies, dermabrasion can 
dramatically reduce the proportion of senescent 
fibroblasts in treated geriatric dermis.  Importantly, the 
elimination of senescent fibroblasts restores the 
expression of IGF-1 to normal levels, increases the 
production of collagen, and prevents the inappropriate 
UVB response in epidermal keratinocytes.  These 
studies demonstrate an alternative mechanism, other 
than just removal of initiated keratinocytes, by which 
dermabrasion can protect geriatric skin from actinic 
neoplasia. 
 
METHODS 
 
Human subjects.  Geriatric volunteers were recruited 
from patients treated at Indiana University dermatology 
clinics.  These studies were approved by the Indiana 
University School of Medicine Institutional Review 
Board and subjects have signed approved consent 
forms.  Specific requirements for inclusion/exclusion 
from these studies can be found in the Supplemental 
Materials. 
 
Dermabrasion.  Prior to treatment, a region of sun-
protected hip/buttock skin was photographed.  Next, an 
approximately 5 x 5 cm area of the subject’s lower 
hip/buttock skin was isolated and anesthetized with 
xylocaine anesthesia.  Under sterile conditions the 
localized area of skin was then abraded with sterile, 
coarse (#60) sandpaper down to the mid dermis, with 
complete removal of all epidermis and superficial 
dermis.  The wounded area was bandaged with moist, 
occlusive dressings and the volunteer was instructed to 
change the dressing twice daily until the wound is re-
epithelized in 1-2 weeks.  Approximately three months 
later (~Day 90 +/- 7 days) the volunteer returned to the 
clinic and a localized area 1 x 1 cm of either 
dermabrasion or untreated normal skin on the opposite 
hip/buttock was irradiated with dose of 350 J/m2 of 
UVB.  In Fitzpatrick Skin Types I and II, this dose of 
UVB is sufficient to cause a minimal erythematous 
reaction.  Permanent marker was used to outline the 
areas of skin that was irradiated.  Twenty-four hours 
following UVB exposure, photographs were taken of 
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the skin to document the extent of the UVB reaction.  
The irradiated skin, as well as unirradiated adjacent 
skin, was removed by punch biopsy, (4 mm punch 
biopsies of the UVB-treated skin and 3 mm punch 
biopsies of unirradiated skin; 4 biopsies per individual).   
 
Human UVB response assay. The epidermal response to 
UVB irradiation was assayed as previously described 
[3].  Briefly, thin paraffin-embedded sections from 
unirradiated and UVB-irradiated biopsies were 
simultaneously stained with antibodies to Ki67 and 
thymine dimers.  Secondary antibodies that specifically 
detect only one of the primary antibodies are conjugated 
to the fluorescent dyes AlexaFluor 488 (detecting Ki67, 
emitting green wavelengths), and AlexaFluor 568 
(detecting thymine dimers, emitting red wavelengths).  
Images were captured sequentially along the entire 
length of the biopsy specimen (3mm non-irradiated, 
4mm irradiated) using a Nikon Eclipse 80i microscope 
with Intensilight epifluorescence.  These images were 
analyzed by counting the number of keratinocytes in 
contact with the basement membrane that are Ki67(+), 
thymine dimer(+), and Ki67(+):thymine dimer(+).  
These numbers were expressed as a percentage of total 
basal layer keratinocytes in the biopsy specimen 
(determined by counting basal layer keratinocytes for 
each specimen on H&E-stained slides).   
 
Statistical analysis. Statistical  analyses  were  done  by 
two‐tailed  Student’s  t  test.  Statistical  significance was 
defined as p < 0.05 unless otherwise noted in the figure 
legend. 
 
Supplemental Material. Four additional figures and 
specific protocols for quantitative reverse-transcription 
PCR, immunofluorescence, growth of human 
fibroblasts, and senescence-associated β-galactosidase 
assays can be found in the Supplemental Material. 
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SUPPLEMENTAL MATERIAL 
 
 
Supplemental Experimental Procedures 
 
Quantitative Reverse-Transcriptase PCR. Homogenized 
tissue from dissected dermal sections was lysed using 
RNeasy kit (Qiagen) buffers.  Cell lysates were then 
further homogenized using Shredder columns (Qiagen) 
and RNA isolation continued with RNeasy kit. All of 
the reagents used for RT and PCR are obtained from 
SuperArray Biosciences, Frederick, MD.  The following 
were added to a 0.2 ml tube where first a genomic DNA 
elimination step was performed on 2 μg RNA total 
volume 10 μl was heated to 42oC for 5 minutes and 
chilled on ice.  Next the reverse transcription cocktail 
was prepared and 10 μl added to the RNA; 2 μl RT 
enzyme mix, 4 μl RT buffer, 1 μl primer and external 
control mix, 3 μl RNase free water.  Mixture was heated 
42oC for 15 minutes, 95oC for 5 minutes and chilled on 
ice for experiments, the final volume of cDNA was 20 
μl.  qRT-PCR is performed using a LightCycler PCR 
(Roche Scientific, Fishers IN).  Quantization of 
experimental qRT-PCR products was determined by 
comparison with external control qRT-PCR products 
from templates of a known copy number.  Relative copy 
numbers of experimental mRNA are then determined 
following adjustment with actin controls from the same 
tissue. 
 
Immunofluorescence.  Paraffin-embedded sections were 
deparaffinized, hydrated, and rinsed with tris-buffered 
saline with tween 20 (TBS) (DAKO, Carpenteria, CA).  
Antigen retrieval was performed using a water bath at 
95oC for 20 minutes with DAKO Target Retrieval 
buffer.  After cooling, the slides are rinsed with TBS, 
and the slides were then transferred to a clean 100 mm 
bacterial glass petri dish containing PBS-saturated filter 
paper under a strip of Parafilm.  Primary antibodies 
(1:50) diluted in 3% BSA in TSB was added to the 
tissues.  The lid was placed on the petri dish and the 
coverslips incubated for 1 hour at room temperature.  
The tissues were rinsed in PBS (three 10 minutes 
washes), and then the appropriate secondary antibody 
conjugated to the desired fluorochrome was added for 
30 minutes at room temperature in the dark.  The 
sections were washed as before, the edges blotted dry, 
and then mounted with coverslips using Fluoromount G.  
Antibodies used included: α-53BP1 (Abcam, 
Cambridge, MA), α-p21 (Cell Signaling, Danvers, 
MA), α-γH2AX (Millipore, Temecula, CA), α-prolyl-4-
hydroxylase (Millipore, Temecula, CA), α-Ki67 
(NeoMarkers, Freemont, CA), and α-thymine dimers 
(Kamiya Biomedical, Seattle, WA).   

 
Senescence-associated β-galactosidase assays. 
Fibroblasts were washed twice with PBS and fixed with 
2% formaldehyde/0.2% glutaraldehyde at room 
temperature for 10 minutes.  After two additional 
washes with PBS, 2 ml of staining solution (150 mM 
sodium chloride, 25.2 mM sodium phosphate dibasic, 
7.36 mM citric acid, 5 mM potassium ferricyanide, 5 
mM potassium ferrocyanide, 2 mM magnesium 
chloride, 1 ng/ml 5-bromo-4-chloro-3-indolyl-�-D-
galactoside, pH 6.0)25, were added to the cells and they 
were incubated at 37oC overnight.  The cells were again 
washed with PBS and photographed by bright field 
microscopy to count blue cells and phase contrast 
microscopy to count total cells.  At least four fields 
(100X magnification, approximately 200 cells/field) 
were counted for each plate of cells; at least two plates 
of cells for each condition (or cell type) were assayed in 
each experiment. 
 
Isolation and culture of normal human fibroblasts.  
Excised foreskin tissue was washed with antibiotics, the 
tissue minced, and individual cells released from the 
tissue by trypsin digestion (8).  Keratinocytes and 
fibroblasts were separated by differential resistance to 
treatment with EDTA.  Fibroblasts were grown in 
Dulbecco’s Modified Eagles medium containing 10% 
fetal calf serum.  All relevant procedures using human 
tissue have been approved by the Indiana University 
School of Medicine Institutional Review Board.   
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SUPPLEMENTAL FIGURES 
 
 
 
 
 
 
 
 
 

  
www.impactaging.com                  416                                            AGING, April 2011, Vol.3 No.4

 

 

 

Supplementary  Figure  2.    Dermabrasion  increases  collagen  expression.
Quantitative  PCR  was  conducted  on  biopsies  described  in  Fig.  2.    The  relative
amount  of  collagen  I mRNA  (normalized  to  actin  expression)  is  shown.    Asterisk
indicates statistical significance from young adult values (p=0.018,two‐tailed t‐test).  

Supplementary Figure 3.  Identification of dermal fibro‐
blasts  in geriatric dermis.   Example of how  the  identity of
fibroblasts was  confirmed  in  the  papillary  dermis.    Sections
were  stained with  antibodies  to α‐prolyl‐4‐hydroxylase  (red)
and  DAPI  (nuclear‐specific  stain,  blue).    Fibroblasts  stain
positive for α‐prolyl‐4‐hydroxylase and are indicated by arrows
in  panel  A.    Non‐fibroblasts  are  indicated  in  panel  B  by
chevrons.  

Supplementary Figure 4.   Example of the UVB‐response assay.     Two 
cm2  areas  on  the  lower  backs  of  volunteers were  irradiated with UVB  (350
J/m2).   Twenty‐four hours following  irradiation, a four mm punch biopsy was 
obtained  from  the  irradiated  skin.    Sections  of  formalin‐fixed,  paraffin‐
embedded  tissue  were  stained  with  both  α‐Ki67  (staining  green)  and  α‐
thymine dimer antibodies (staining red).  The merged images are shown to the
right of the figure.  The top series of panels is an example of a cell positive for
both Ki67 and  thymine dimers  (staining yellow,  inappropriate UVB response)
while  the  cell  indicated  in  bottom  panels  is  only  positive  for  Ki67  (staining 
green, appropriate UVB response).   The  location of the basement membrane
is indicated by a grey dashed line.  Similar sections were stained with H&E to
determine the total number of basal layer keratinocytes in each biopsy.  

Supplementary Figure 1.  Phenotypic changes in geriatric skin.  (A)  H&E sections
of  the  biopsies  described  in  Fig.  2.    White  circles  indicate  elliptical  nucleus  of  a
replicating  fibroblast  in panel  ii and  the  spherical nucleus of a  senescent  fibroblast  in
panel iv.  Bar=100 μm in panels i and iii; bar=25 μm in panels ii and iv.  (B)  The density
of  fibroblasts was determined  in  young adult and  geriatric  skin as described  in  Fig. 2
(p=0.093; two‐tailed t‐test). 
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INTRODUCTION 
 
Although adjuvant chemotherapy has improved 
osteosarcoma survival rate in recent years, development 
of multidrug resistance severely impacts prognosis and 
restricts success of curative attempts [1-3]. Therefore, 
new and effective drugs to treat osteosarcoma are 
clearly needed. 
 
Naringin, a bioflavonoid abundant in grapefruit and 
other citrus, has multiple biological activities. It 
possesses sedative, antifungal, antispasmodic, and 
analgesic properties, and provides cardioprotective, 
neuroprotective, and anticancer effects [4]. In addition, 
naringin has been demonstrated to inhibit inflammatory 
responses, prevent bone degeneration, and exert 
anabolic effects on bone cells [5, 6]. Naringin promotes 
the expression of β-catenin and increase Ser552 
phosphorylation on β-catenin in UMR-106 osteosar-

coma cells. This led to activation of lymphoid enhancer 
factor (LEF)/T-cell factor (TCF) transcription factors to 
stimulate bone development [7]. Naringin abrogates 
osteoclastogenesis and bone resorption by inhibiting 
RANKL-induced NF-κB and ERK activation [8] , and 
demonstrated therapeutic potential to attenuate 
polymethylmethacrylate-induced osteoclastogenesis and 
osteolysis. There is substantial evidence supporting a 
role for naringin as an anticancer agent. Studies also 
indicated that naringin could reduce the release of 
inflammatory factors and inhibit the growth of W256 
carcinosarcoma in rats [4, 9, 10]. Moreover, growth 
arrest and apoptosis were common effects of naringin in 
several in vitro and in vivo studies conducted on breast, 
cervical, ovarian, bladder, hepatic, skin, colorectal, and 
gastric cancer cells [11, 12]. 
 
Zeb1 (zinc finger E-box binding homeobox 1) is a 
transcription factor that represses epithelial differentia-

Naringin targets Zeb1 to suppress osteosarcoma cell proliferation and 
metastasis  
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ABSTRACT 
 
Naringin, a citrus bioflavonoid, has anti-inflammatory actions and cardio- and neuroprotective effects. In 
addition, naringin exhibits multiple antitumor actions in several cancer types, including osteosarcoma, the most 
common type of bone cancer. Here, we show that naringin inhibits proliferation and invasion and induces 
apoptosis in human osteosarcoma cells by inhibiting zinc finger E-box binding homeobox 1 (Zeb1), a 
transcriptional repressor of epithelial differentiation involved in tumor metastasis. Our expression analyses 
confirm that Zeb1 is highly expressed in osteosarcoma specimens and cell lines. The effects of naringin, which 
included downregulation of Cyclin D1, MMP2, and bcl-2, where reproduced by siRNA-mediated Zeb1 silencing, 
whereas Zeb1 overexpression increased proliferation, migration, and Cyclin D1, MMP2, and bcl-2 levels. In 
addition, naringin administration reduced tumor nodule formation and attenuated the expression of the above 
proteins in the livers of mice injected with MG63 osteosarcoma cells. Our study provides preclinical evidence 
for the potential therapeutic application of naringin in the treatment of osteosarcoma. 
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tion and promotes a mesenchymal phenotype [13]. Zeb1 
is upregulated in several cancers, where it influences 
cell motility, cell cycle, and survival, and is an 
important contributor to tumor invasion and metastasis 
[14, 15]. 
 
Studies have shown that Zeb1 can override the G1 
checkpoint directly, by stimulating Cyclin D1 
expression, and indirectly, by regulating the Wnt 
signaling pathway [16, 17]. Zeb1 was shown to promote 
the progression of lung cancer by increasing the 
expression of MMP2, a member of the matrix 
metalloproteinases family that play an important role in 
cell migration and facilitate invasion and metastasis of 
tumor cells [18, 19]. Zeb1 has also been shown to be 
upregulated in osteosarcoma, and to contribute to its 
development [20, 21]. 

Using human osteosarcoma cell lines as experimental 
model, in the present study we provide in vitro and in 
vivo evidence that naringin suppresses proliferation and 
metastasis of osteosarcoma cells by inhibiting the 
expression of Zeb1. Our findings highlight the potential 
of naringin, a safe and natural flavonoid, for 
osteosarcoma therapy. 
 
RESULTS 
 
Naringin inhibits the expression of Zeb1 in 
osteosarcoma cells 
 
The expression of Zeb1 in human osteosarcoma 
samples was assessed by Western blot and real-time 
PCR (Figs. 1A, B). Both assays showed that Zeb1 was 
overexpressed in most samples, although heterogeneity  

 
 

Figure 1: Naringin inhibits the expression of Zeb1 in osteosarcoma cells. (A, B) Zeb1 expression in 30 human osteosarcoma 
specimens and their adjacent normal tissue counterparts was detected by Western blot and real-time PCR. **P < 0.05, vs normal 
tissues. (C, D) Zeb1 expression in MG63, U2OS and hFOB1.19 cells, detected by Western blot and real-time PCR. **P < 0.05, vs 
hFOB1.19 cells. (E-H) Zeb1 expression detected by Western blot and real-time PCR in MG63 and U2OS cells treated with NaCl or 
indicated concentrations of naringin for 24 h. **P < 0.05, compared with NaCl. 
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Figure 2: Naringin inhibits the proliferation of osteosarcoma cells. (A) Results of MTT proliferation assays in hFOB1.19, MG63, and 
U2OS cells cultured with various concentrations of naringin for different times. Results represent the mean ± SD of three experiments done 
in triplicate. **P < 0.05, compared with NaCl. (B) Proliferation inhibition rates induced by naringin on MG63 and U2OS cells. IC50 values 
were calculated through linear regression. (C, D) Flow cytometric analysis of cell cycle distribution in MG63 and U2OS cells pre-incubated 
with or without naringin for 24 h and stained with PI. The experiment was repeated three times. **P < 0.05, compared with NaCl. (E, F) 
Flow cytometric assay of apoptosis in MG63 and U2OS cells pre-incubated with or without naringin for 24 h and stained with Annexin V-
FITC/PI. The experiment was repeated three times. **P < 0.05, compared with NaCl. (G-J) Expression of Cyclin D1 and bcl-2 detected by 
Western blot and real-time PCR in MG63 and U2OS cells treated with NaCl or naringin for 24 h. **P < 0.05, compared with NaCl. 
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was evident. In cultured cells, both Western blot and 
real-time PCR showed much stronger Zeb1 expression 
in osteosarcoma MG63 and U2OS cells than in control 
hFOB1.19 osteoblasts (Figs. 1C, D). Upon exposure to 
naringin (10 or 20 μmol/L) for 24 h, Zeb1 protein and 
mRNA levels were dramatically decreased, in dose-
dependent manner, in both osteosarcoma cell lines 
(Figs. 1 E-H). 
 
Naringin inhibits proliferation and induces apoptosis 
in osteosarcoma cells 
 
The MTT assay revealed that naringin treatment 
inhibited the proliferation of MG63 and U2OS cells in a 
concentration dependent manner (Fig. 2A). The 
inhibitory effect of naringin on the proliferation of 
hFOB1.19 was only obvious when the concentration of 
naringin was 20 μmol/L. The IC50 of naringin on 
MG63 and U2OS cells at 24 h was ~50 μmol/L and ~30 
μmol/L, respectively (Fig. 2B). Next, we used flow 
cytometry to evaluate cell cycle staging in PI-stained 
MG63 and U2OS cells previously exposed to various 
concentrations of naringin for 24 h. Naringin induced a 
dose-dependent increase in the percentage of cells in G1 
phase, and decreased the number of cells in S phase, 
compared to control (Figs. 2C, D). To assess whether 
naringin can promote apoptosis, flow cytometry was 
used in Annexin-V-FITC-stained osteosarcoma cells. 
Results showed a dose-dependent increase in apoptotic 
cells treated with naringin (Figs. 2E, F). In line with 
these antiproliferative and pro-apoptotic effects, both 
Western blot and real-time PCR assays showed that 
exposure to 10 or 20 μmol/L naringin for 24 h 
dramatically decreased the expression of Cyclin D1 and 
bcl-2 (Figs. 2G-J). 
 
Naringin inhibits migration of osteosarcoma cells  
 
The effects of naringin on osteosarcoma cell migration 
and invasion was assessed using Transwell assays in the 
absence or presence, respectively, of Matrigel. Results 
showed that naringin exposure (10 or 20 μmol/L for 24 
h) significantly decreased both migration and invasion 
of MG63 and U2OS cells in a dose-dependent manner 
(Figs. 3A-D). These effects were consistent with a 
decrease in MMP2 expression, detected in both cell 
lines in Western blot, real-time PCR, and zymography 
gel assays (Figs. 3E-H).  
 
Naringin suppresses osteosarcoma cell proliferation 
and migration by inhibiting Zeb1 
 

To test the hypothesis that naringin exerts 
antiproliferative and anti-invasive effects by inhibiting 
Zeb1, its effects were tested in MG63 cells transfected 
with a plasmid encoding Zeb1 (Zeb1 overexpression) or 

an empty vector backbone (control). Conversely, 
siRNAs were introduced to downregulate Zeb1 (si-
Zeb1), and to serve as non-targeted, negative control 
(si-NC). MTT assays showed that proliferation was 
stimulated by Zeb1 overexpression, and decreased to 
control inhibition levels by naringin (20 μmol/L) (Fig. 
4A). On the other hand, Zeb1 suppression, although 
partial, decreased cell proliferation, and naringin 
induced no further inhibition in these cells. (Fig. 4B). 
We next examined whether migration was affected in 
Zeb1-overexpressing and Zeb1-suppressed cells. 
Transwell assay results indicated that Zeb1 
overexpression enhances the migration of MG63 cells, 
while Zeb1 silencing recapitulates the inhibitory effect 
of naringin on control cells (Figs. 4C, D). Finally, we 
analyzed the effects of Zeb1 overexpression and 
downregulation on Cyclin D1, MMP2, and bcl-2 
expression. The results showed that expression of these 
proteins increased upon Zeb1 upregulation (Figs. 4 E-
F). Meanwhile, Zeb1 silencing lowered protein 
expression to levels like those observed in naringin-
treated control cells (Figs. 4 G-H).  
 
Naringin inhibits the invasion of MG63 cells in vivo 
 
To examine the effect of naringin on osteosarcoma cell 
tumorigenesis in vivo, MG63 cells were injected into 
nude mice via the tail vein. After daily administration of 
naringin (5 or 10 mg/kg) or 0.9% NaCl for 16 days, 
mice were sacrificed and lung tissues processed for 
microscopic histological analysis. Results showed that 
naringin significantly prevented lung degeneration and 
reduced the incidence of metastatic nodules (Fig. 5A). 
Moreover, Western blots (Fig. 5B) and real-time PCR 
assays (Fig. 5C) showed that the expression of Zeb1, 
Cyclin D1, MMP2, and bcl-2 was decreased in the 
livers of mice treated with naringin. 
 
DISCUSSION 
 
Naringin, a flavonoid present in citrus fruits, has HMG-
CoA reductase inhibitor activity, and at low (nM) doses 
increases osteogenic activities in an osteoblast cell 
model in vitro [22]. Moreover, naringin-induced 
osteogenic differentiation has been recently described in 
bone marrow stromal cells and stem cells[23].On the 
other hand, naringin has been shown to inhibit cell 
proliferation and promote cell apoptosis in breast 
cancer, cervical cancer, melanoma, and bladder cancer 
cells [24].  Thus, we speculated that naringin may have 
therapeutic effect on osteosarcoma as well. 
 
In this study, we tested the hypothesis that naringin has 
anticancer actions through inhibition of Zeb1, a zinc 
finger homeodomain transcription factor implicated in 
invasiveness   and   metastasis  development  in  several  
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Figure 3: Naringin inhibits migration and invasion of osteosarcoma cells. (A-D) Migration and invasion were studied, 
respectively, using Transwell assays with or without Matrigel, in naringin-treated MG63 and U2OS cells. Cell count results represent 
the mean ± SD of three experiments. **P < 0.05, compared with NaCl. (E-H) MMP2 expression by Werstern blot and real-time PCR in 
MG63 and U2OS cells treated with NaCl or naringin for 24 h. **P < 0.05, compared with NaCl. (I, J) Zymography gel assay showing the 
inhibitory effect of naringin on MMP2 activity in MG63 and U2OS cells. 
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Figure 4: Naringin suppresses osteosarcoma cell proliferation and migration by inhibiting Zeb1. (A) MTT proliferation assay of 
MG63 cells expressing a control vector or Zeb1. Cells were incubated with 20 μmol/L of naringin or NaCl and assayed at the indicated times. 
Results represent the mean ± SD of three experiments done in triplicate. **P < 0.05, compared with NaCl. ## P < 0.05, compared with Zeb1 
overexpressed group. (B) MTT proliferation assay of MG63 cells transfected with si-Zeb1 (Zeb1 silencing) or si-NC (negative control). Cells 
were treated with 20 μmol/L of naringin or NaCl and assayed at the indicated times. Results represent the mean ± SD of three experiments 
done in triplicate. **P < 0.05, compared with NaCl. (C) Results of Transwell migration assays (without Matrigel) performed in MG63 cells 
expressing control vectors or Zeb1. Cells were treated with 20 μmol/l of naringin or NaCl. **P < 0.05, compared with NaCl; ## P < 0.05, 
compared with Zeb1 overexpressed group. (D) Results of Transwell migration assays (without Matrigel) performed in MG63 cells transfected 
with si-Zeb1 (Zeb1 silencing) or si-NC (negative control). Cells were treated with 20 μmol/l of naringin or NaCl. **P < 0.05, compared with 
NaCl. (E, F) Western blot and real-time PCR assay results for Zeb1, Cyclin D1, bcl-2, and MMP2 expression in MG63 cells expressing Zeb1 or 
empty vector. Cells were incubated with 20 μmol/l of naringin or NaCl (control). **P < 0.05, compared with NaCl; ## P < 0.05, compared with 
Zeb1 overexpressed group. (G, H) Western blot and real-time PCR assay results for Zeb1, Cyclin D1, bcl-2, and MMP2 expression in MG63 
cells transfected with si-Zeb1 or si-NC. Cells were treated with 20 μmol/l of naringin or NaCl. **P < 0.05, compared with NaCl. 
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tumor types, including osteosarcoma and lung cancer 
[25-27]. We first confirmed high Zeb1 expression in 
human specimens and in human MG63 and U2OS 
osteosarcoma cell lines. In these cells, naringin dose-
dependently inhibited the expression of Zeb1, reduced 
proliferation by arresting the cell cycle in the G1 phase, 
and promoted apoptosis. In contrast, naringin had 
weaker effects on normal osteoblasts. The induction of 
apoptosis by naringin correlated with a decrease in anti-
apoptotic bcl-2 protein expression; the latter was also 
observed in a study evaluating naringin’s effects in an 
ovarian cancer mouse model [12]. Naringin-mediated 
apoptosis has been documented in cervical cancer cells, 
in two studies that implicated NF‑κB/COX‑2‑caspase-1 
pathway repression [9] and expression of caspases, p53, 
Bax, and Fas death receptor [28] respectively.  
 
Our results also showed that both naringin exposure and 
Zeb1 silencing significantly suppressed osteosarcoma 
cell migration in Transwell assays. This is consistent 
with the down-regulation of MMP2, observed under 
both conditions, and the stimulation of MMP2 
expression seen instead after ectopic expression of Zeb1 
in these cells. These effects may be related to a well-
known role of Zeb1 in promoting metastasis through 

epithelial-to-mesenchymal transition (EMT), although 
more research is needed to clarify the mechanisms at 
play in osteosarcoma [29]. 
 
Importantly, we demonstrated that naringin’s effects in 
vitro correlated with antimetastatic actions in vivo, as its 
administration to nude mice injected with osteosarcoma 
MG63 cells attenuated the formation of tumor nodules 
in the liver. In summary, our data showed that naringin 
inhibits the malignant phenotype of osteosarcoma cells 
by inhibiting the expression of Zeb1 and Zeb1-
associated proteins such as Cyclin D1 and MMP2. The 
present findings support the potential of naringin as a 
novel therapeutic strategy for osteosarcoma. 
 
MATERIALS AND METHODS 
 
Drugs and reagents 
 
Naringin, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-
H-tetrazolium bromide (MTT), propidium iodide (PI), 
and Trypan Blue were purchased from Beyotime 
Biotechnology (Shanghai, China). Fetal bovine serum 
(FBS), Dulbecco’s modified Eagle’s medium (DMEM), 
Lipofectamine 2000, and TRIzol were obtained from 

 
 

Figure 5: Naringin inhibits lung invasion by MG63 cells in vivo.  (A) Representative images of lung histopathology (H&E 
staining; 400×) from mice injected with MG63 cells and treated daily with two different doses of naringin or NaCl (control) for 16 
days. (B, C) Zeb1, Cyclin D1, bcl-2, and MMP2 expression in liver tumor samples, detected by Western blot (B) and real-time PCR (C). 
**P < 0.05, compared with NaCl-treated controls. 
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Invitrogen (Carlsbad, CA, USA). RT-PCR kits were 
obtained from Promega (Beijing, China). SYBR Premix 
Ex Taq reagents were obtained from TaKaRa (Dalia, 
China). Anti-Zeb1, anti-cyclin D1, anti-bcl-2, anti-
MMP2, and anti-GAPDH antibodies were purchased 
from Santa Cruz Biotechnology (Dallas, TX, USA). 
HRP-conjugated secondary antibody, BCA protein 
assay kit, and enhanced chemiluminescence (ECL) 
solution were purchased from Beyotime Biotechnology. 
All experiments were completed in the Central 
Laboratory of our hospital. 
 
Human samples 
 
Tissue samples were obtained from patients undergoing 
surgery at Shengjing Hospital of China Medical 
University (Table 1). The original histopathologic 
reports were obtained from each case, and the diagnosis 
of osteosarcoma was confirmed. Part of the excised 
tissue was embedded in paraffin, and part of the sample 
was snap-frozen at −80°C. Clinical samples were 
collected after written informed consent was obtained, 
and the study was approved by the Ethics Committee at 
the Academic Medical Center of Shengjing Hospital of 
China Medical University. 
 
Table 1. Patient information. 

Group N Percent 
Sex Male 13 65% 

Female 7 35% 
Age <20 12 60% 

>20 8 40% 
History Yes 1 5% 

No 19 95% 
Site of 
primary 
disease 

Tibia 11 55% 
Femur 7 35% 
Humerus 2 10% 

TNM I 9 45% 
II 7 35% 
III 5 25% 

 
Cell culture 
 
Human osteosarcoma MG63 and U2OS cells, and 
human hFOB1.19 osteoblasts (SV40-transfected), used 
as control, were supplied by the Cell Pool Bank of 
China (Guangzhou, China). The cells were cultured in 
DMEM supplemented with 10% FBS at 37°C under an 
atmosphere of 5% CO2 and 95% air.  
 
Cell viability assay 
 
The MTT assay was employed to assess cell viability. 
Cells were cultured in 96-well plates at a concentration 
of 1×104 cells/ml and incubated with 10 or 20 µmol/L 
naringin for 12, 24, 36, or 48h. At those time intervals, 

0.01 ml of MTT solution (5 mg/ml) was added to each 
well. After a 4 h incubation at 37 °C, medium was 
replaced by 0.15 ml DMSO. After 15 min incubation at 
37 °C, optical densities (490 nm) were measured.  
 
Cell cycle assay 
 
Cells were incubated with 10 or 20 µmol/L naringin for 
24 h and fixed in 75% ethanol at 4°C overnight. After 
resuspension in 10 μg/ml PI, cell cycle stages were 
determined using a FACS Vantage flow cytometer 
using CellQuest (Becton Dickinson and Co., San Jose, 
CA, USA). 
 
Apoptosis assay 
 
Cells were incubated with 10 or 20 µmol/L naringin for 
24 h, washed twice with cold PBS, and stained with 5 μl 
ANNEXIN-V-FITC/10 μl PI for 15 min. After addition 
of 400 μl binding buffer to each tube, the apoptosis rate 
was measured by flow cytometry within 1 h.  
 
Transwell migration assay  
 
Transwell assays were performed using a modified 
Boyden chamber with Nuclepore polycarbonate 
membranes. After 24 h treatment with 10 or 20 µmol/L 
naringin, 1×105 cells in 100 μl FBS-free DMEM were 
placed in the upper part of the chamber with or without 
Matrigel, whereas the lower compartment was filled 
with 600 μl DMEM containing 10% FBS. After 8 h 
incubation at 37°C, the invading cells on the lower 
surface of the filter were fixed, stained with Trypan 
Blue, and counted under high-power magnification 
(400×).  
 
Zymography 
 
Cells were cultured in 12-well plates and treated with 
10 or 20 µmol/L naringin. After 24 h, media was 
changed into DMEM containing 5% FBS (the source of 
proMMP2). After another 24 h, the media were 
harvested, cleared by centrifugation at 12,000 rpm for 
10 min, and subjected to analysis by SDS-PAGE 
impregnated with 1 mg/ml gelatin. The gels were 
incubated at 37°C overnight, stained with Coomassie 
Blue, destained, and then scanned. 
 
Transfection 
 
To stably overexpress and silence Zeb1, cells were 
transfected with a pcDNA3.1 vector encoding Zeb1, 
and with a Zeb1-targeted siRNA, respectively 
(Shanghai GeneChem Company, Shanghai, China). An 
empty pcDNA3.1 vector and a non-targeted siRNA 
were transfected as respective controls, and cells were 
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selected with puromycin (1.5 μg/mL). Lipofectamine 
2000 was used for cell transfection according to the 
manufacturer's protocols. We extracted protein and total 
RNA at 24 h after transfection. 
 
Real-time PCR 
 
Total RNA was extracted after the indicated treatments 
(24 h) using TRIzol according to the manufacturer’s 
protocol. Cells or tissues were lysed by 0.2 mL 
chloroform and centrifuged (12,000 × g at 4°C for 15 
min). The supernatant was then treated with 0.5mL 
isopropanol and centrifuged (12,000 × g at 4°C for 10 
min). The RNA pellet was dissolved in 1 mL 75% 
ethanol, centrifuged (7,500 × g at 4°C for 5 min), and 
the supernatant discarded. After resuspension in DEPC 
water, 1 µg of RNA was reverse transcribed to cDNA 
using a RT-PCR kit. Real-time PCR was performed 
using an Mx 3000P real-time PCR system (Applied 
Biosystems, Shanghai, China) and SYBR Premix Ex 
Taq as a DNA-specific fluorescent dye. PCR was 
carried out for 40 cycles of 95°C for 10 s and 60°C for 
30 s. Primer sequences for detection of mRNA 
expression were synthesized (Table 2). All the reactions 
were repeated at least three times. Gene expression 
levels were calculated relative to the housekeeping gene 
GAPDH using Stratagene Mx 3000P software. 
 
Western blot 
 
Tissues (homogenized by grinding) and treated cells 
were lysed with lysis solution at 4°C for 30 min, 
followed by centrifugation (12,000 × g at 4°C for 15 
min). From each sample, 20 µg of protein was 
fractionated by 10% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) and 
transferred onto polyvinylidene difluoride (PVDF) 
membranes (Amersham, Beijing, China). After blocking 
with 5% nonfat dry milk in TBST for 1 h at room 
temperature, proteins were probed with specific 
antibodies against Zeb1, Cyclin D1, or MMP2. To 
assure equal loading, gels were stripped and reprobed 

with an anti-GAPDH antibody. Following incubation 
with HRP-conjugated secondary antibodies, signals 
were detected by chemiluminescence. All the reactions 
were repeated at least three times.    
 
In vivo experiments 
 
Five- to six-week-old female, athymic nude BALB/c 
mice (Vital River Laboratory Animal Technology Co. 
Ltd., Shanghai, China) were split into three groups of 
six and received tail vein injections containing 2×106 
MG63 cells in 0.1 ml saline. The following day, and 
once a day thereafter, the mice were given intravenous 
injections of naringin (5 or 10 mg/kg) or 0.9% NaCl 
(control). On day 16 following tumor cell injection, 
liver samples were collected for histological 
examination.  
 
All experimental procedures involving animals were 
conducted in accordance with the Guide for the Care 
and Use of Laboratory Animals (NIH publication no. 
80-23, revised 1996) and followed institutional ethical 
guidelines. The study was approved by the Ethics 
Committee at the Academic Medical Center of 
Shengjing Hospital of China Medical University. 
 
Histopathology 
 
Lung specimens were fixed with 4% paraformaldehyde. 
Serial sections were cut using a microtome and affixed 
onto positively charged slides. Tissues were 
deparaffinized and rehydrated through graded xylene 
and alcohol. The sections were lightly counterstained 
with hematoxylin–eosin, dehydrated through an ethanol 
series, cleared in xylene and mounted. Stained sections 
were viewed using a light microscope (400×). 
 
Statistical analysis 
 
All data are presented as the mean ± SD. Statistical 
significance between two groups of data was evaluated 
by Student's t test (two-tailed) using GraphPad Prism 

Table 2: Primers for RT-PCR. 

Name Forward primer (5'->3') Reverse primer (5'->3') 
Zeb1 
(NM_001323643.1) 

GCACAACCAAGTGCAGAAG CATTTGCAGATTGAGGCTG 

Cyclin D1 
(NM_053056.2) 

CCGAGGAGCTGCTGCAAATGGAGCT TGAAATCGTGCGGGGTCATTGCGGC 

MMP2 
(NM_004530.5) 

CGCATCTGGGGCTTTAAACAT TCAGCACAAACAGGTTGCAG 

GAPDH 
(NM_002046.6) 

GAAGGCTGGGGCTCATTTG AGGGGCCATCCACAGTCTTC 
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software (GraphPad, Inc., La Jolla, CA, USA). P < 0.05 
was considered significant. 
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INTRODUCTION 
 
Colon cancer is one of the most prevalent malignancies 
and causes of cancer-related deaths worldwide [1]. 
Distant metastasis, especially liver metastasis accounts 
for the major cause of deaths of colon cancer patients 
[2]. Most colon cancer patients with liver metastasis are 
not suitable for surgery [3]. In addition, there is a lack 
of effective treatments for colon cancer patients with 
liver metastasis [4]. Thus, the prognoses of colon 
cancers with liver metastases are very poor with a 5-
year survival rate of 10-15% [5]. Therefore, further 
revealing critical molecular mechanisms driving colon 

cancer liver metastasis and developing more effective 
therapies for colon cancers with liver metastasis are 
urgently needed. 
 
Colon cancer liver metastasis is a complex and 
multistep process [6]. Many molecules are 
contradictorily involved in this process [7, 8]. The 
detailed molecular mechanisms mediating the process 
are largely unclear [9]. Epithelial-to-mesenchymal 
transition (EMT) plays critical roles during the process 
of colon liver metastasis [10, 11]. EMT permits the 
migration and invasion of various tumor cells, which is 
beneficial for the early invasion of primary cancers 
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ABSTRACT 
 
Long noncoding RNAs (lncRNAs) are implicated in various cancers, including colon cancer. Liver metastasis is the 
main cause of colon cancer-related death. However, the roles of lncRNAs in colon cancer liver metastasis are 
still largely unclear. In this study, we identified a novel lncRNA B3GALT5-AS1, which is reduced in colon cancer 
tissues and further reduced in colon cancer liver metastasis tissues. Reduced expression of B3GALT5-AS1 is 
associated with liver metastasis and poor outcome of colon cancer patients. Gain-of-function and loss-of-
function assays revealed that B3GALT5-AS1 inhibited proliferation but promoted migration and invasion of 
colon cancer cells. Further investigation revealed that B3GALT5-AS1 directly bound to the promoter of miRNA-
203, repressed miR-203 expression, upregulated miR-203 targets ZEB2 and SNAI2, and induced epithelial-to-
mesenchymal transition (EMT). In vivo study revealed that B3GALT5-AS1 suppressed colon cancer liver 
metastasis via its binding on miR-203 promoter and the repression of miR-203. miR-203 is increased and 
epithelial phenotype is preferred in colon cancer liver metastasis tissues. Collectively, our data revealed the 
suppressive roles of B3GALT5-AS1/miR-203/EMT regulation axis in colon cancer liver metastasis. Our data 
suggested that the activating B3GALT5-AS1/miR-203/EMT axis may be potential therapeutic strategy for colon 
cancer liver metastasis. 
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[12]. EMT may also discount proliferative capacity of 
cancer cells [13]. In the distant metastatic locations, 
disseminated cancer cells require mesenchymal-to-
epithelial transition (MET), a reverse process of EMT, 
to settle and growth [7]. MET enables metastatic cancer 
cells to acquire epithelial phenotype and colonize in 
distant organs [14-16]. Epithelial marker E-cadherin is 
reported to be elevated in lymph node metastases and 
distant metastases relative to primary tumors [17]. 
Therefore, identifying critical EMT-MET regulators 
during colon cancer liver metastasis cascade are 
beneficial for appropriate therapy of colon cancer liver 
metastasis. 
 
Genomic and transcriptomic sequencings have 
demonstrated that although 70% of human genome 
transcribe RNA molecules, only about 2% of human 
genome encode proteins [18]. Therefore, most of human 
transcriptome are non-coding RNAs [19]. Many of 
these non-coding RNAs have critical regulatory roles in 
cancers [20]. Long noncoding RNA (lncRNA) is a class 
of RNA transcript with limited protein coding ability 
and greater than 200 nucleotides in length [21]. 
Accumulating evidences displayed that lncRNAs are 
commonly deregulated in many pathological states and 
have important roles during various pathophysiological 
processes [22-27]. As to colon cancer, several lncRNAs 
are revealed to regulate colon cancer cells proliferation, 
apoptosis, migration, invasion, chemoresistance, and so 
on, such as lncRNA N-BLR, GAS5, HNF1A-AS1, 
CRNDE, LINC01133 [28-32]. However, the roles of 
lncRNAs in EMT and liver metastasis of colon cancer 
are largely unclear. 
 
microRNA (miRNA) is another class of non-coding 
RNA transcript with 20-25 nucleotides in length [33]. 
Similarly, miRNAs are reported to have important 
regulatory roles during various pathophysiological 
processes [34-38]. Several miRNAs are well-known 
EMT regulators through repressing EMT-inducing 
transcription factors [39, 40]. miR-200 family have 
been reported to inhibit EMT by directly repressing 
ZEB1 and ZEB2 [39, 41-43]. miR-203 has been 
reported to inhibit EMT via repressing ZEB2 and 
SNAI2 [44, 45]. However, miR-203 has different roles 
in different cancers [40, 46-49]. miR-203 is revealed to 
exert tumor suppressive roles in prostate, lung, 
nasopharyngeal, and colorectal cancer [50-52]. 
However, miR-203 is also revealed to be increased in 
colorectal cancer tissues compared with adjacent normal 
mucosa [46]. Furthermore, miR-203 is also revealed to 
be upregulated in colorectal cancer liver metastasis 
tissues compared with primary colorectal cancer tissues 
[46]. Meta-analysis indicated that the upregulation of 
miR-203 indicted worse prognosis in colorectal cancer 
[49]. These controversial results suggested that more 

investigations of the expression and roles of miR-203 in 
EMT and liver metastasis of colon cancer are needed. 
 
In this study, using public available RNA-seq dataset of 
colon cancer [53], we identified that lncRNA 
B3GALT5-AS1 is reduced in colon cancer tissues, and 
further reduced in colon cancer liver metastasis tissues. 
In clinical specimens, we further confirmed the 
expression pattern of B3GALT5-AS1 in colon cancer 
and liver metastasis. Furthermore, we confirmed the 
negative correlation between miR-203 and B3GALT5-
AS1 expression pattern in colon cancer liver metastasis. 
In addition, biological roles of B3GALT5-AS1 and 
miR-203 in EMT and liver metastasis of colon cancer 
were explored using gain-of-function and loss-of-
function experiments. 
 
RESULTS 
 
B3GALT5-AS1 is reduced in colon cancer and 
further reduced in liver metastasis tissues 
 
Analyzing the RNA-seq dataset from GSE50760 which 
containing 18 normal colonic epithelium, 18 primary 
colorectal cancers, and 18 metastasized cancers in liver, 
we noted that lncRNA B3GALT5-AS1 (C21orf88) is 
reduced in primary colorectal cancers compared with 
normal colonic epithelium and is further reduced in 
metastasized cancers in liver (Fig. 1A). To further 
explore B3GALT5-AS1 expression pattern in human 
colon cancer, we collected 64 pairs of primary colon 
cancer tissues and corresponding adjacent colonic 
epithelium tissues. Through searching the National 
Center for Biotechnology Information (NCBI), we 
found two transcript variants of B3GALT5-AS1. qRT-
PCR results displayed that transcript variant 2 (NCBI 
Reference Sequence: NR_026543.1) is the main 
transcript of B3GALT5-AS1 in both normal colon 
tissues and colon cancer tissues (Figure S1). 
Furthermore, transcript variant 2 is reduced in colon 
cancer, and while transcript variant 1 doesn’t have 
significant difference between colon cancer and normal 
colonic epithelium tissues (Figure S1). Therefore, we 
focused our attention on transcript variant 2 of 
B3GALT5-AS1. 
 
The expression of B3GALT5-AS1 in 64 pairs of 
primary colon cancer tissues and corresponding normal 
colonic epithelium tissues was measured via qRT-PCR. 
As displayed in Fig. 1B, B3GALT5-AS1 is markedly 
reduced in primary colon cancer tissues compared with 
colonic epithelium tissues. Analyses of the association 
between the expression of B3GALT5-AS1 and 
clinicopathologic features of colon cancers displayed 
that lower B3GALT5-AS1 expression is correlated with 
larger tumor size, distant metastasis, and advanced 
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AJCC stages (Table 1). To confirm the association 
between B3GALT5-AS1 expression and distant 
metastasis, we re-analyzed the expression of 
B3GALT5-AS1 in colon cancer tissues with (n = 15) or 
without (n = 49) metastasis. The results displayed that 
B3GALT5-AS1 is significantly reduced in primary 
colon cancer tissues with metastasis compared with that 
without metastasis (Fig. 1C). For these 15 colon cancers 
with metastasis, we collected their corresponding liver 
metastasis tissues. The expression of B3GALT5-AS1 in 
these 15 pairs of primary colon cancer tissues and 
corresponding liver metastasis tissues was measured via 

qRT-PCR. As displayed in Fig. 1D, B3GALT5-AS1 is 
markedly reduced in liver metastasis tissues compared 
with primary colon cancer tissues. Kaplan-Meier 
survival analysis of these 64 colon cancer patients 
displayed that colon cancer patients with lower 
B3GALT5-AS1 expression had worse survival than 
those with higher B3GALT5-AS1 expression (Fig. 1E). 
Moreover, the expression of B3GALT5-AS1 in normal 
colonic epithelial cell line NCM460 and colon cancer 
cell lines HCT116, HT-29, LoVo, SW480 and SW620 
was measured by qRT-PCR. As displayed in Fig. 1F, 
B3GALT5-AS1 was also significantly reduced in colon 

 
 

Figure 1. The expression pattern of B3GALT5-AS1 in colon cancer and its association with prognosis. (A) The expression intensity of 
B3GALT5-AS1 in 18 pairs of normal colonic epithelium, primary colorectal cancers, and metastasized cancers in liver from GSE50760. 
(B) The expression of B3GALT5-AS1 in 64 pairs of primary colon cancer tissues and adjacent colonic epithelium tissues was detected 
using qRT-PCR. P < 0.0001, Wilcoxon signed-rank test. (C) The expression of B3GALT5-AS1 in 15 colon cancer tissues with metastasis 
and 49 colon cancer tissues without metastasis. P < 0.0001, Mann-Whitney test. (D) The expression of B3GALT5-AS1 in 15 pairs of 
primary colon cancer tissues and corresponding liver metastasis tissues was measured using qRT-PCR. P < 0.0001, Wilcoxon signed-
rank test. (E) Kaplan-Meier survival analysis of the correlation between B3GALT5-AS1 expression level and overall survival of 64 colon 
cancer patients. The median expression level of B3GALT5-AS1 was used as cut-off. P = 0.0096, Log-rank test. (F) The expression of 
B3GALT5-AS1 in normal colonic epithelial cell line NCM460 and colon cancer cell lines HCT116, HT-29, LoVo, SW480 and SW620 was 
measured using qRT-PCR. Results are displayed as mean ± s.d. of three independent experiments. **P < 0.01, ***P < 0.001, Student’s 
t-test. 
 



www.aging-us.com 3665 AGING 

cancer cell lines compared with normal colonic 
epithelial cell line. These data suggested that 
B3GALT5-AS1 is reduced in colon cancer and further 
reduced in liver metastasis tissues. Low expression of 
B3GALT5-AS1 indicts poor outcome of colon cancers. 
 
B3GALT5-AS1 suppresses colon cancer cell 
proliferation 
 
To explore the effects of B3GALT5-AS1, we stably 
overexpressed B3GALT5-AS1 in HCT116 cells by 
transfecting B3GALT5-AS1 overexpression plasmid 
(Fig. 2A), and stably knocked-down B3GALT5-AS1 in 
SW620 cells by transfecting two independent shRNAs 
against B3GALT5-AS1 (Fig. 2B). Glo cell viability 
assays displayed that B3GALT5-AS1 overexpression 
markedly reduced cell viability, and while B3GALT5- 

AS1 knockdown significantly upregulated cell viability 
of colon cancer cells (Fig. 2C, D). EdU incorporation 
assays further displayed that enhanced expression of 
B3GALT5-AS1 markedly suppressed cell proliferation, 
and while B3GALT5-AS1 knockdown markedly 
promoted proliferation of colon cancer cells (Fig. 2E, 
F). Due to B3GALT5-AS1 is high expressed in normal 
colonic epithelial cell line NCM460, we further 
determined the effects of B3GALT5-AS1 knockdown 
on NCM460 cell viability and cell proliferation using 
Glo cell viability assay and EdU incorporation assay. 
As displayed in Figure S2A-C, transient knockdown of 
B3GALT5-AS1 also promoted NCM460 cell 
proliferation. Collectively, these data suggested that 
B3GALT5-AS1 suppresses cell viability and cell 
proliferation of colon cancer and colonic epithelial cells. 

Table 1. Correlation between B3GALT5-AS1 expression and clinicopathologic features of colon cancers. 

Features N of cases B3GALT5-AS1 P-value Low High 
Total 64 32 32  
Age (years)    0.316 

>65 34 19 15  
≤65 30 13 17  

Gender    0.802 
Male 31 15 16  
Female 33 17 16  

Location       0.802 
Right 35 17 18  
Left 29 15 14  

Tumor size (cm)   0.002 
>3 36 24 12  
≤3 28 8 20  

Depth of invasion   0.757 
T1 2 1 1  
T2 9 6 3  
T3 25 12 13  
T4 28 13 15  

Lymph node metastasis   0.523 
N0 25 12 13  
N1 22 13 9  
N2 17 7 10  

Distant metastasis   0.008 
M0 49 20 29  
M1 15 12 3  

AJCC stage    0.043 
I 8 4 4  
II 17 8 9  
III 24 8 16  
IV 15 12 3  

The median expression level of B3GALT5-AS1 was used as cut-off. 
P-value was acquired by Pearson chi-square tests. 
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B3GALT5-AS1 promotes colon cancer cell 
migration, invasion and EMT 
 
We then further explored the roles of B3GALT5-AS1 in 
migration and invasion of colon cancer cells. Transwell 
migration assays displayed that B3GALT5-AS1 
overexpression promoted cell migration, and while 
B3GALT5-AS1 knockdown inhibited cell migration of 
colon cancer cells (Fig. 3A, B). Transwell invasion 
assays displayed that enhanced expression of 
B3GALT5-AS1 promoted invasion, and while 
B3GALT5-AS1 knockdown repressed invasion of colon 
cancer cells (Fig. 3C, D). Similarly, B3GALT5-AS1 
knockdown also repressed migration and invasion of 
NCM460 cells (Figure S2D, E). The opposing effects of 
B3GALT5-AS1 on cell proliferation and migration, 

invasion implied that EMT may mediate the roles of 
B3GALT5-AS1 in colon cancer. Thus, we further 
explored the roles of B3GALT5-AS1 in EMT of colon 
cancer cells. The results displayed that B3GALT5-AS1 
overexpression reduced the expression of epithelial 
marker E-cadherin and increased mesenchymal marker 
N-cadherin (Fig. 3E, F), suggesting that B3GALT5-
AS1 overexpression induced EMT of colon cancer cells. 
B3GALT5-AS1 knockdown upregulated the expression 
of E-cadherin and downregulated N-cadherin (Fig. 3G, 
H), suggesting that B3GALT5-AS1 knockdown 
repressed EMT of colon cancer cells. Similarly, 
B3GALT5-AS1 knockdown also repressed EMT of 
NCM460 cells (Figure S2F). These data demonstrated 
that B3GALT5-AS1 promotes migration, invasion and 
EMT of colon cancer and colonic epithelial cells. 

 
 

Figure 2. B3GALT5-AS1 suppressed colon cancer cell proliferation. (A) The expression of B3GALT5-AS1 in B3GALT5-AS1 stably 
overexpressed and control HCT116 cells was detected using qRT-PCR. (B) The expression of B3GALT5-AS1 in B3GALT5-AS1 stably 
depleted and control SW620 cells was detected using qRT-PCR. (C) Cell viability of B3GALT5-AS1 stably overexpressed and control 
HCT116 cells was detected using Glo cell viability assay. (D) Cell viability of B3GALT5-AS1 stably depleted and control SW620 cells was 
detected using Glo cell viability assay. (E) Cell proliferation of B3GALT5-AS1 stably overexpressed and control HCT116 cells was 
detected using EdU incorporation assay. The red color indicts EdU-positive cells. Scale bars = 100 μm. (F) Cell proliferation of 
B3GALT5-AS1 stably depleted and control SW620 cells was detected using EdU incorporation assay. The red color indicts EdU-positive 
cells. Scale bars = 100 μm. Results are displayed as mean ± s.d. of three independent experiments. **P < 0.01, ***P < 0.001, Student’s 
t-test. 
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Figure 3. B3GALT5-AS1 promoted migration, invasion, and EMT of colon cancer cells. (A) Cell migration of B3GALT5-AS1 
stably overexpressed and control HCT116 cells was detected using transwell migration assay. Scale bars = 100 μm. (B) Cell migration 
of B3GALT5-AS1 stably depleted and control SW620 cells was detected using transwell migration assay. Scale bars = 100 μm. (C) Cell 
invasion of B3GALT5-AS1 stably overexpressed and control HCT116 cells was detected using transwell invasion assay. Scale bars = 100 
μm. (D) Cell invasion of B3GALT5-AS1 stably depleted and control SW620 cells was detected using transwell invasion assay. Scale bars 
= 100 μm. (E) E-cadherin and N-cadherin mRNA levels in B3GALT5-AS1 stably overexpressed and control HCT116 cells were detected 
using qRT-PCR. (F) E-cadherin and N-cadherin protein levels in B3GALT5-AS1 stably overexpressed and control HCT116 cells were 
detected using western blot. (G) E-cadherin and N-cadherin mRNA levels in B3GALT5-AS1 stably depleted and control SW620 cells 
were detected using qRT-PCR. (H) E-cadherin and N-cadherin protein levels in B3GALT5-AS1 stably depleted and control SW620 cells 
were detected using western blot. Results are displayed as mean ± s.d. of three independent experiments. *P < 0.05, **P < 0.01, 
Student’s t-test. 
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Figure 4. B3GALT5-AS1 bound to the promoter of miR-203 and repressed the expression of miR-203. (A) The subcellular 
distribution of B3GALT5-AS1 in the cytoplasmic and nuclear fractions of HCT116 cells was evaluated using cytoplasmic and nuclear 
RNA isolation followed by qRT-PCR.β-actin and U6 were used as cytoplasmic and nuclear controls, respectively. (B) Schematic outline 
of the predicted interaction sites between B3GALT5-AS1 and the promoter of miR-203. (C) The expression of miR-203 in B3GALT5-AS1 
stably overexpressed and control HCT116 cells was detected using qRT-PCR. (D) The expression of miR-203 in B3GALT5-AS1 stably 
depleted and control SW620 cells was detected using qRT-PCR. (E) ChIRP assays in HCT116 cells were carried out with anti-sense 
probe sets specific for B3GALT5-AS1 or LacZ (negative control). The enriched DNA was measured using qRT-PCR with specific primers 
against miR-203 promoter. (F) Schematic outline of the constructed different depletion transcripts of B3GALT5-AS1. (G) After 
transient transfections of the different B3GALT5-AS1 expressing plasmids into HCT116 cells, miR-203 expression was measured using 
qRT-PCR. (H) After transient co-transfection of the firefly luciferase reporter containing the promoter of miR-203, renilla luciferase 
expression plasmid pRL-TK, and the different B3GALT5-AS1 expression plasmids into HCT116 cells, luciferase activities were detected 
using dual luciferase reporter assays. Results are displayed as the relative ratio of firefly luciferase activity to renilla luciferase activity. 
(I) After transient co-transfection of the firefly luciferase reporter containing the promoter of miR-203 and pRL-TK into B3GALT5-AS1 
stably depleted and control SW620 cells, luciferase activities were measured by dual luciferase reporter assays. Results are shown as 
the relative ratio of firefly luciferase activity to renilla luciferase activity. (J) After transient transfections of the different B3GALT5-AS1 
expressing plasmids into HCT116 cells, the expression of ZEB2 and SNAI2 was detected using qRT-PCR and western blot. (K) The 
expression of ZEB2 and SNAI2 in B3GALT5-AS1 stably depleted and control SW620 cells was detected using qRT-PCR and western 
blot. Data are displayed as mean ± s.d. of three independent experiments. **P < 0.01, ***P < 0.001, NS, not significant, Student’s t-
test. 
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B3GALT5-AS1 directly binds the promoter of miR-
203 and represses the expression of miR-203 
 
To investigate the underpinning mechanism mediating 
the roles of B3GALT5-AS1 in colon cancer, we first 
confirmed the subcellular distribution of B3GALT5-
AS1 in colon cancer cells using cytoplasmic and nuclear 
RNA purification. As displayed in Fig. 4A, B3GALT5-
AS1 was dominantly localized in the nucleus. Several 
miRNAs are reported to be involved in EMT [11]. miR-
203, miR-200 family (including miR-200a, miR-200b, 
miR-200c, miR-141, miR-429), miR-34a, miR-9 are 
reported to inhibit EMT [11, 44]. miR-29a is reported to 
promote EMT. Therefore, we predicted the potential 
roles of B3GALT5-AS1 on these miRNAs via 
searching the potential binding sites of B3GALT5-AS1 
on the promoters of these miRNAs using Basic Local 
Alignment Search Tool (BLAST) 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). As displayed 
in Figure S3, the promoter of miR-203 has the strongest 
binding potential with B3GALT5-AS1. The predicted 
interaction region covers 1062-1363 nucleotides of 
B3GALT5-AS1 (Fig. 4B). Then, we investigated 
whether B3GALT5-AS1 regulates miR-203 expression 
in colon cancer cells. qRT-PCR results displayed that 
B3GALT5-AS1 overexpression significantly 
suppressed miR-203 expression, and while depletion of 
B3GALT5-AS1 markedly upregulated miR-203 
expression (Fig. 4C, D). ChIRP assays displayed that 
miR-203 promoter was specifically enriched by 
B3GALT5-AS1 antisense probe sets (Fig. 4E). Next, we 
expressed the truncated B3GALT5-AS1 fragments with 
or without the binding sites, which encode 1062-1363 
nucleotides or 1-1061 nucleotides of B3GALT5-AS1, 
respectively (Fig. 4F). Transient transfections of the 
full-length or truncated B3GALT5-AS1 expression 
plasmids into HCT116 cells revealed that the depletion 
of the binding sites abolished the repressive roles of 
B3GALT5-AS1 on miR-203 expression, and while only 
the binding sites of B3GALT5-AS1 could sufficiently 
repress miR-203 expression (Fig. 4G). These results 
suggested that the binding region is responsible for the 
effects of B3GALT5-AS1 on miR-203. To further 
investigate whether B3GALT5-AS1 regulates the 
promoter activity of miR-203, we cloned miR-203 
promoter containing the binding region into luciferase 
reporter. Dual luciferase reporter assays displayed that 
B3GALT5-AS1 overexpression significantly 
downregulated the promoter activity of miR-203, which 
was abolished by the depletion of binding sites of 
B3GALT5-AS1, and while only the binding sites of 
B3GALT5-AS1 could sufficiently downregulated miR-
203 promoter activity (Fig. 4H). Conversely, 
B3GALT5-AS1 knockdown significantly upregulated 
miR-203 promoter activity (Fig. 4I). miR-203 is 

reported to inhibit EMT via repressing the expression of 
EMT-inducing transcription factor ZEB2 and SNAI2 
[44, 45]. Therefore, we further investigate the roles of 
B3GALT5-AS1 on miR-203 targets ZEB2 and SNAI2. 
Transient transfections of the different B3GALT5-AS1 
expression plasmids into HCT116 cells demonstrated 
that B3GALT5-AS1 overexpression upregulated ZEB2 
and SNAI2, which were abolished by the depletion of 
binding sites of B3GALT5-AS1, and while only the 
binding sites of B3GALT5-AS1 could sufficiently 
upregulated ZEB2 and SNAI2 (Fig. 4J). Conversely, 
B3GALT5-AS1 knockdown downregulated ZEB2 and 
SNAI2 (Fig. 4K). All these results suggested that 
B3GALT5-AS1 inhibited miR-203 and upregulated 
miR-203 targets ZEB2 and SNAI2 via interacting with 
miR-203 promoter.  
 
miR-203 is increased in colon cancer and further 
increased in liver metastasis 
 
To explore whether the regulation of miR-203 and EMT 
by B3GALT5-AS1 exists in vivo, we measured miR-
203 expression in the same 64 pairs of primary colon 
cancer tissues and corresponding adjacent colonic 
epithelium tissues used in Fig. 1B. As displayed in Fig. 
5A, miR-203 was markedly upregulated in colon cancer 
tissues compared with colonic epithelium tissues. 
Analyses of the correlation between the expression of 
B3GALT5-AS1 and miR-203 in these 64 colon cancer 
tissues displayed that the expression of miR-203 was 
inversely correlated with that of B3GALT5-AS1 in 
colon cancer tissues (Fig. 5B). miR-203 expression in 
15 pairs of primary colon cancer tissues and 
corresponding liver metastasis tissues used in Fig. 1D 
was also detected. As displayed in Fig. 5C, miR-203 
was significantly upregulated in liver metastasis tissues 
compared with primary colon cancer tissues. In 
addition, the expressions of ZEB2 and SNAI2 were 
measured in the same 15 pairs of primary colon cancer 
tissues and corresponding liver metastasis tissues. The 
results displayed that ZEB2 and SNAI2 were both 
downregulated in liver metastasis tissues compared with 
primary colon cancer tissues (Fig. 5D, E). The 
expression of EMT markers E-cadherin and N-cadherin 
were also measured in these paired primary colon 
cancer tissues and liver metastasis tissues. As displayed 
in Fig. 5F, G, E-cadherin was upregulated and while N-
cadherin was downregulated in liver metastasis tissues 
compared with primary colon cancer tissues. These data 
suggested that miR-203 is increased in colon cancer and 
further increased in liver metastasis tissues, which is 
inversely associated with B3GALT5-AS1. ZEB2 and 
SNAI2 were reduced, and epithelial feature was 
preferred in liver metastasis tissues. 
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B3GALT5-AS1 suppresses colon cancer liver 
metastasis 
 
Next, we explored whether B3GALT5-AS1 have effects 
on colon cancer liver metastasis. The binding sites 
depleted B3GALT5-AS1 was stably overexpressed in 
HCT116 cells with a similar overexpression level to 
B3GALT5-AS1 full length overexpression clone (Fig. 
6A). B3GALT5-AS1 stably overexpressed and control 
HCT116 cells were injected through the spleen to 
establish liver metastasis model in nude mice. The 
results displayed that ectopic expression of B3GALT5-
AS1 decreased the amount of liver metastatic foci, 
which was abolished by the depletion of binding sites 
(Fig. 6B). The expressions of B3GALT5-AS1 and miR-

203 were measured in the liver metastatic foci formed 
by these different HCT116 clones. The results 
confirmed the overexpression of B3GALT5-AS1 and 
the downregulation of miR-203 in the liver metastatic 
foci formed by B3GALT5-AS1 stably overexpressed 
cells (Fig. 6C). Depletion of the binding sites abolished 
the effects of B3GALT5-AS1 on miR-203 in vivo (Fig. 
6C). Proliferation marker Ki67 immunohistochemical 
staining of the liver metastatic foci displayed that 
B3GALT5-AS1 overexpression decreased the 
proportion of Ki67-positive cells, which was abolished 
by the depletion of binding sites (Fig. 6D). The 
expressions of ZEB2 and SNAI2 were measured in the 
liver metastatic foci, and the results displayed that 
ZEB2   and   SNAI2   were   upregulated   in   the   liver  

 
 

Figure 5. miR-203 expression pattern in colon cancer. (A) miR-203expression in 64 pairs of primary colon cancer tissues and 
adjacent colonic epithelium tissues was measured by qRT-PCR. P < 0.0001, Wilcoxon signed-rank test. (B) The correlation between 
B3GALT5-AS1 and miR-203 expression level in colon cancer tissues. n = 64, r = -0.7625, P < 0.0001, Pearson’s correlation analysis. (C) 
The expression of miR-203 in 15 pairs of primary colon cancer tissues and corresponding liver metastasis tissues was measured using 
qRT-PCR. P < 0.0001, Wilcoxon signed-rank test. (D) The expression of ZEB2 in 15 pairs of primary colon cancer tissues and 
corresponding liver metastasis tissues was measured using qRT-PCR. P = 0.0006, Wilcoxon signed-rank test. (E) The expression of 
SNAI2 in 15 pairs of primary colon cancer tissues and corresponding liver metastasis tissues was measured using qRT-PCR. P = 0.0034, 
Wilcoxon signed-rank test. (F) The expression of E-cadherin in 15 pairs of primary colon cancer tissues and corresponding liver 
metastasis tissues was measured using qRT-PCR. P < 0.0001, Wilcoxon signed-rank test. (G) The expression of N-cadherin in 15 pairs 
of primary colon cancer tissues and corresponding liver metastasis tissues was measured using qRT-PCR. P = 0.0002, Wilcoxon signed-
rank test. 
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Figure 6. B3GALT5-AS1 inhibited colon cancer liver metastasis. (A) B3GALT5-AS1 expression in different B3GALT5-AS1 stably 
overexpressed HCT116 cells clones was measured using qRT-PCR. Data are displayed as mean ± s.d. of three independent 
experiments. ***P < 0.001, Student’s t-test. (B) Indicated B3GALT5-AS1 stably overexpressed HCT116 cells were intra-splenic injected 
to establish liver metastasis. The amount of liver metastatic foci was assessed at the 42th day after intra-splenic injection using HE 
staining. Scale bars = 1000 μm. (C) The expression of B3GALT5-AS1 and miR-203 in liver metastatic foci formed by these indicated 
B3GALT5-AS1 stably overexpressed HCT116 cells was detected using qRT-PCR. (D) Immunohistochemical staining of Ki67 in liver 
metastatic foci formed by these indicated B3GALT5-AS1 stably overexpressed HCT116 cells. Scale bars = 50 μm. (E) The expression of 
ZEB2 and SNAI2 in liver metastatic foci formed by these indicated B3GALT5-AS1 stably overexpressed HCT116 cells was measured 
using qRT-PCR. (F) The expression of E-cadherin and N-cadherin in liver metastatic foci formed by these indicated B3GALT5-AS1 stably 
overexpressed HCT116 cells was detected using qRT-PCR. For B-F, data are displayed as mean ± s.d. of six mice in each group. **P < 
0.01, NS, not significant, Mann-Whitney test. 
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metastatic foci formed by B3GALT5-AS1 stably 
overexpressed cells, which were abolished by the 
depletion of binding sites of B3GALT5-AS1 (Fig. 6E). 
The expression of EMT markers E-cadherin and N-
cadherin were also measured in the liver metastatic foci. 
The results displayed that E-cadherin was 
downregulated and while N-cadherin was upregulated 
in the liver metastatic foci formed by B3GALT5-AS1 
stably overexpressed cells, which were also abolished 
by the depletion of binding sites of B3GALT5-AS1 
(Fig. 6F). All these results suggested that B3GALT5-
AS1 inhibited miR-203, upregulated ZEB2 and SNAI2, 
induced EMT, and suppressed colon cancer liver 
metastasis in vivo. 
 
Depletion of B3GALT5-AS1 promotes colon cancer 
liver metastasis in a miR-203-dependent manner 
 
To further investigate whether the inhibition of miR-
203 mediates the roles of B3GALT5-AS1 in colon 
cancer liver metastasis, we stably inhibited miR-203 
expression in B3GALT5-AS1 stably depleted SW620 
cells (Fig. 7A). The constructed cell clones were 
injected through the spleen to establish liver metastasis 
model in nude mice. The results displayed that 
B3GALT5-AS1 knockdown increased the amount of 
liver metastatic foci, which was attenuated by the 
inhibition of miR-203 (Fig. 7B). The expressions of 
B3GALT5-AS1 and miR-203 were measured in the 
liver metastatic foci formed by these stable clones. The 
results confirmed the downregulation of B3GALT5-
AS1 and the upregulation of miR-203 in liver metastatic 
foci formed by B3GALT5-AS1 stably depleted cells, 
and also the inversion of miR-203 in the liver metastatic 
foci formed by B3GALT5-AS1 and miR-203 
concurrently depleted cells (Fig. 7C). Proliferation 
marker Ki67 immunohistochemical staining of the liver 
metastatic foci displayed that B3GALT5-AS1 
knockdown increased the proportion of Ki67-positive 
cells, which was attenuated by the inhibition of miR-
203 (Fig. 7D). The expressions of ZEB2 and SNAI2 
were measured in the liver metastatic foci, and the 
results displayed that ZEB2 and SNAI2 were 
downregulated in the liver metastatic foci formed by 
B3GALT5-AS1 stably depleted cells, which were 
abolished by the inhibition of miR-203 (Fig. 7E). The 
expression of EMT markers E-cadherin and N-cadherin 
were also measured in the liver metastatic foci. The 
results displayed that E-cadherin was upregulated and 
while N-cadherin was downregulated in the liver 
metastatic foci formed by B3GALT5-AS1 stably 
depleted cells, which were also abolished by the 
inhibition of miR-203 (Fig. 7F). All these results 
demonstrated that B3GALT5-AS1 knockdown 
increased miR-203, downregulated ZEB2 and SNAI2, 
and inhibited EMT in vivo. These data also suggested 

that B3GALT5-AS1 knockdown promoted colon cancer 
liver metastasis at least partially via the upregulation of 
miR-203. 
 
DISCUSSION 
 
Distant metastasis, particular liver metastasis, is the 
major cause of colon cancer-related death [4]. However, 
the critical molecular mechanisms underpinning colon 
cancer liver metastasis are largely unknown. In the 
present study, we found a novel regulation axis in the 
process of colon cancer liver metastasis, which is the 
induction of EMT by lncRNA B3GALT5-AS1 via 
repressing miR-203. Our data revealed that B3GALT5-
AS1 directly binds to the promoter of miR-203, 
represses miR-203 expression, upregulates miR-203 
targets ZEB2 and SNAI2, induces EMT, and finally 
suppresses colon cancer liver metastasis. Consistent 
with the suppressive roles of B3GALT5-AS1/miR-
203/ZEB2-SNAI2/EMT in colon cancer liver 
metastasis, B3GALT5-AS1 is reduced, miR-203 is 
increased, ZEB2 and SNAI2 are reduced, epithelial 
marker E-cadherin is increased, mesenchymal marker 
N-cadherin is reduced in liver metastasis tissues 
compared with primary colon cancer tissues. 
 
In the liver metastatic foci, the metastasized colon 
cancer cells undergo MET and regain epithelial 
phenotype to permit their settlement and proliferation 
[54]. Our data support this theory. Our in vivo liver 
metastasis assays demonstrated that overexpression of 
B3GALT5-AS1 induced mesenchymal phenotype of 
liver metastasized colon cancer cells and inhibited liver 
metastasis of colon cancer. Depletion of B3GALT5-
AS1 induced epithelial phenotype of liver metastasized 
colon cancer cells and promoted liver metastasis of 
colon cancer. Therefore, the opposing roles of EMT in 
early invasion and late settlement of colon cancer liver 
metastasis processes imply that disease stage-specific 
therapies are warranted.  
 
Mechanistically, we identified a long interaction region 
with about 300 nucleotides between the last 300 
nucleotides of B3GALT5-AS1 and the promoter of 
miR-203. ChIRP assays revealed the physical binding 
between B3GALT5-AS1 and the promoter of miR-203. 
Dual luciferase reporter assays and depletion mapping 
assays revealed that B3GALT5-AS1 inhibited the 
promoter activity of miR-203, which was dependent on 
the interaction region. Consistently, B3GALT5-AS1 
repressed miR-203 expression both in vitro and in liver 
metastasized colon cancer cells in vivo, which were also 
dependent on the interaction region. The inverse 
correlation between B3GALT5-AS1 and miR-203 
expression in colon cancer tissues supported the 
negative regulation of miR-203 by B3GALT5-AS1.  
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Figure 7. Depletion of B3GALT5-AS1 promoted colon cancer liver metastasis in a miR-203-dependent manner. (A) miR-
203 expression in B3GALT5-AS1 and miR-203 concurrently depleted and control SW620 cells was measured using qRT-PCR. Data are 
displayed as mean ± s.d. of three independent experiments. **P < 0.01, Student’s t-test. (B) B3GALT5-AS1 and miR-203 concurrently 
depleted and control SW620 cells were intra-splenic injected to establish liver metastasis. The amount of liver metastatic foci was 
detected at the 42th day after intra-splenic injection using HE staining. Scale bars = 1000 μm. (C) The expression of B3GALT5-AS1 and 
miR-203 in liver metastatic foci formed by B3GALT5-AS1 and miR-203 concurrently depleted and control SW620 cells was detected 
using qRT-PCR. (D) Immunohistochemical staining of Ki67 in liver metastatic foci formed by B3GALT5-AS1 and miR-203 concurrently 
depleted and control SW620 cells. Scale bars = 50 μm. (E) The expression of ZEB2 and SNAI2 in liver metastatic foci formed by 
B3GALT5-AS1 and miR-203 concurrently depleted and control SW620 cells was measured using qRT-PCR. (F) The expression of E-
cadherin and N-cadherin in liver metastatic foci formed by B3GALT5-AS1 and miR-203 concurrently depleted and control SW620 cells 
was detected using qRT-PCR. For B-F, data are displayed as mean ± s.d. of six mice in each group. **P < 0.01, Mann-Whitney test. 
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Furthermore, in vivo functional assays revealed that 
inhibition of miR-203 attenuated the pro-metastatic 
roles of B3GALT5-AS1 depletion in colon cancer liver 
metastasis. Except for miR-203, other EMT regulators 
may also be B3GALT5-AS1 downstream targets, which 
need further investigation. Excluding EMT, other 
mechanisms may also mediate the roles of B3GALT5-
AS1 in colon cancer cell proliferation, which also need 
further investigation. Nonetheless, our results suggested 
that the negative regulation of miR-203 and positive 
regulation of EMT by B3GALT5-AS1 at least partially 
mediated the roles of B3GALT5-AS1 in colon cancer 
liver metastasis.  
 
In summary, we demonstrated that lncRNA B3GALT5-
AS1 is reduced in colon cancer tissues, and further 
reduced in colon cancer liver metastasis tissues. Low 
expression of B3GALT5-AS1 indicts poor outcome of 
colon cancer patients. B3GALT5-AS1 inhibits 
proliferation, promotes migration and invasion, induces 
EMT, and inhibits liver metastasis of colon cancer cells 
via repressing miR-203. Our data suggested that 
B3GALT5-AS1/miR-203/EMT axis may be potential 
therapeutic target for colon cancer liver metastasis. 
 
MATERIALS AND METHODS 
 
Patient and tissue specimens 
 
Sixty-four pairs of primary colon cancer tissues and 
adjacent normal colonic epithelium tissues, and 15 
colon cancer liver metastasis tissues were collected 
from colon cancer patients with written informed 
consent who received surgical resection at The First 
Affiliated Hospital, Sun Yat-sen University 
(Guangzhou, China). These tissue samples were 
diagnosed with pathological examination. All resected 
tissues were immediately snap-frozen in liquid nitrogen 
and stored at -80 °C until use. The Research Review 
Board of The First Affiliated Hospital, Sun Yat-sen 
University reviewed and approved this study. 
 
Cell culture 
 
The human normal colonic epithelial cell line NCM460 
and colon cancer cell lines HCT116, HT-29, LoVo, 
SW480 and SW620 were acquired from the Institute of 
Biochemistry and Cell Biology of the Chinese Academy 
of Sciences (Shanghai, China). NCM460 was 
maintained in Dulbecco’s Modified Eagle’s Medium 
(Gibco, Grand Island, NY, USA). HCT116 and HT-29 
were cultured in McCoy's 5A Medium (Sigma-Aldrich, 
Saint Louis, MO, USA). LoVo was cultured in Ham's F-
12K Medium (Invitrogen, Carlsbad, CA, USA). SW480 
and SW620 were maintained in L-15 Medium (Gibco). 
These cells were maintained in the above described 

medium added with 10% fetal bovine serum (Gibco) at 
37°C in a humidified incubator with 5% CO2. 
 
RNA isolation and quantitative real-time PCR (qRT-
PCR) 
 
Total RNA was isolated from indicated tissues and cells 
with TRIzol Regent (Invitrogen) according to the 
manufacturer’s instruction. The isolated RNA was deal 
with DNase I (Takara, Dalian, China) to get rid of 
genomic DNA. Next, reverse transcription was carried 
out using the RNA and the M-MLV Reverse 
Transcriptase (Invitrogen) following the manufacturer’s 
instruction. Quantitative real-time PCR (qRT-PCR) 
assays were performed using SYBR® Premix Ex Taq™ 
II (Takara) on ABI StepOnePlus Real-Time PCR 
System (Applied Biosystems, Foster City, CA, USA) 
following the manufacturers’ protocols. β-actin was 
employed as an endogenous control for the quantitation 
of mRNAs and lncRNAs. Primers’ sequences were as 
follows: for transcript variant 1 of B3GALT5-AS1, 5'-
ATTTCACGGATGAGACGAC-3' (forward) and 5'-
CCTTGAGAGACGAAGCAC-3' (reverse); for 
transcript variant 2 of B3GALT5-AS1, 5'-
TCACGGATGAGACGACTC-3' (forward) and 5'-
AAGGCTTCCAAACACGAAAA-3' (reverse); for E-
cadherin, 5'-GCCCCATCAGGCCTCCGTTT-3' 
(forward) and 5'-
ACCTTGCCTTCTTTGTCTTTGTTGGA-3' (reverse); 
for N-cadherin, 5'-TGGACCATCACTCGGCTTA-3' 
(forward) and 5'-ACACTGGCAAACCTTCACG-3' 
(reverse); for ZEB2, 5'-TGAGGATGACGGTATTGC-
3' (forward) and 5'-ATCTCGTTGTTGTGCCAG-3' 
(reverse); for SNAI2, 5'-GGCAAGGCGTTTTCCAG-3' 
(forward) and 5'-CAGCCAGATTCCTCATGTTT-3' 
(reverse); and for β-actin, 5'-
GGGAAATCGTGCGTGACATTAAG-3' (forward) 
and 5'-TGTGTTGGCGTACAGGTCTTTG-3' (reverse). 
For miRNAs quantitation, qRT-PCR was carried out as 
above described with TaqMan microRNA assays 
following the manufacturer’s instruction (Applied 
Biosystems). U6 served as an endogenous control for 
the quantitation of miRNAs. The quantitation of RNA 
was calculated with the comparative Ct method. 
 
Western blot 
 
Total proteins were isolated from tissues or cells using 
RIPA buffer (Beyotime, Shanghai, China). Identical 
quantity of protein samples were separated using 
sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE). Then, proteins were 
transferred to nitrocellulose filter membrane (Millipore, 
Bedford, MA, USA). Next, the membranes were 
blocked with 5% bovine serum albumin, followed by 
being incubated with primary antibodies against β-actin 
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(Sigma-Aldrich), E-cadherin (Abcam, Hong Kong, 
China), or N-cadherin (Abcam). After three washes 
using TBS buffer, the membranes were incubated with 
IRdye 700-conjugated goat anti-mouse IgG or 
IRdye800-conjugated goat anti-rabbit IgG (Li-Cor, 
Lincoln, NE, USA). Last, immunoreactive bands were 
detected using an Odyssey infrared scanner (Li-Cor). 
 
Plasmids construction 
 
For construction of different B3GALT5-AS1 
overexpression plasmids, B3GALT5-AS1 full-length 
nucleotides, 1-1061 nucleotides of B3GALT5-AS1, and 
1062-1363 nucleotides of B3GALT5-AS1 were PCR 
amplified with Thermo Scientific Phusion Flash High-
Fidelity PCR Master Mix (Thermo-Fisher Scientific, 
Waltham, MA, USA). Then, the PCR products were 
subcloned into the Hind III and Xba I, Hind III and 
BamH I, or BamH I and Xba I sites of the pcDNA3.1 
plasmid (Invitrogen), termed as pcDNA3.1-B3GALT5-
AS1, pcDNA3.1-B3GALT5-AS1-∆B, pcDNA3.1-
B3GALT5-AS1-B, respectively. The PCR primers’ 
sequences are as follows: for pcDNA3.1-B3GALT5-
AS1, 5'-CCCAAGCTTGACGCGGCGGGCGGCTCC-
3' (forward) and 5'-
GCTCTAGAAATTTTACTTTTTTTGGAGACAGGG-
3' (reverse); for pcDNA3.1-B3GALT5-AS1-∆B, 5'-
CCCAAGCTTGACGCGGCGGGCGGCTCC-3' 
(forward) and 5'-
CGGGATCCTATGGAGGTTCTGTTTGCTTCTGCA-
3' (reverse); for pcDNA3.1-B3GALT5-AS1-B, 5'-
CGGGATCCAAATGTAATGATGTCTTGTGCC-3' 
(forward) and 5'-
GCTCTAGAAATTTTACTTTTTTTGGAGACAGGG-
3' (reverse). Empty plasmid pcDNA3.1 was employed 
as negative control. Two pairs of cDNA 
oligonucleotides suppressing B3GALT5-AS1 
expression were inserted into the SuperSilencing 
shRNA expression plasmid pGPU6/Neo (GenePharma, 
Shanghai, China), named sh-B3GALT5-AS1-1 and sh-
B3GALT5-AS1-2. The target sites are 5'-
GCAAGACAGCGCATTGATTGG-3' and 5'-
GCATAAGAGAGACCAACTTGG-3', respectively. A 
scrambled shRNA was employed as negative control 
and named sh-NC. The promoter of miR-203 containing 
the predicted B3GALT5-AS1 binding sites was PCR 
amplified using the Thermo Scientific Phusion Flash 
High-Fidelity PCR Master Mix and subcloned into the 
Kpn I and Hind III sites of firefly luciferase reporter 
pGL3-Basic plasmid (Promega, Madison, WI, USA), 
named pGL3-miR203-pro. The PCR primers’ sequences 
are as follows: 5'-
GGGGTACCTCCTCTCCATCACGACTACT-3' 
(forward) and 5'-
CCCAAGCTTGTTTCTGCTTCTCAGACCCT-3' 
(reverse). 

Stable cell lines construction 
 
For construction of B3GALT5-AS1 stably 
overexpressed HCT116 cells, pcDNA3.1-B3GALT5-
AS1, pcDNA3.1-B3GALT5-AS1-∆B, or pcDNA3.1 
was transfected into HCT116 cells with Lipofectamine 
3000 (Invitrogen) following the manufacturer’s 
protocols. Next, the cells were selected with neomycin 
for four weeks. For construction of B3GALT5-AS1 
stably depleted SW620 cells, sh-B3GALT5-AS1-1, sh-
B3GALT5-AS1-2, or sh-NC was transfected into 
SW620 cells with Lipofectamine 3000 (Invitrogen). 
Next, the cells were selected with neomycin for four 
weeks. Recombinant lentiviruses containing miR-203 
inhibitor or the control were purchased from 
GenePharma (Shanghai, China). B3GALT5-AS1 stably 
depleted SW620 cells were transfected with 2×106 
transducing units of miR-203 inhibition lentiviruses and 
selected with puromycin for four weeks. The stably cell 
lines were identified by qRT-PCR. 
 
Cell proliferation assay 
 
Cell proliferation was assessed by Glo cell viability 
assay and Ethynyl deoxyuridine (EdU) incorporation 
assay. For Glo cell viability assay, 2,000 colon cancer 
cells per-well were plated into 96-well plates and 
maintained for indicated time. At the end of the 
incubation period, luminescence values were measured 
with the CellTiter-Glo® Luminescent Cell Viability 
Assay (Promega) following the manufacturer’s 
protocol. EdU incorporation assay was carried out using 
the EdU kit (Roche, Mannheim, Germany) following 
the manufacturer’s instruction. The results were 
collected with the Zeiss fluorescence photomicroscope 
(Carl Zeiss, Oberkochen, Germany) and measured via 
counting at least ten random fields. 
 
Cell migration and invasion assays 
 
Cell migration and invasion were evaluated by transwell 
assays. For transwell migration assay, 40,000 indicated 
colon cancer cells resuspended in serum-free medium 
with 1 μg/ml Mitomycin C to repress cell proliferation 
were seeded into the upper chambers of transwell 
inserts (Millipore). Medium supplemented with 10% 
FBS was added to the lower chambers. After incubation 
for 24 hours, colon cancer cells remaining on the upper 
membranes were fully removed. The colon cancer cells 
migrated through the membranes were fixed in 
methanol, stained using 0.1% crystal violet, and imaged 
with the Zeiss fluorescence photomicroscope (Carl 
Zeiss). The results were measured via counting at least 
ten random fields. Transwell invasion assay was 
performed with the Cell Invasion Assay Kit from 
CHEMICON (Millipore) according to the 
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manufacturer’s protocol. The results were analyzed as 
transwell migration assay. 
 
Purification of cytoplasmic and nuclear RNA 
 
Cytoplasmic and nuclear RNA was purified with 
Cytoplasmic & Nuclear RNA Purification Kit (Norgen, 
Belmont, CA, USA) following the manufacturer’s 
protocol. The purified RNA was measured using qRT-
PCR. 
 
Chromatin isolation by RNA purification (ChIRP) 
 
ChIRP was carried out using Magna ChIRP RNA 
Interactome Kit (Millipore) following the 
manufacturer’s protocol. Anti-sense DNA probes 
specific for B3GALT5-AS1 were synthesized by 
Biosearch Technologies. Probes sequences are as 
follows: 1, 5'-aaactcaaagaaccggcctc-3'; 2, 5'-
ggcatctggggtttgagaag-3'; 3, 5'-ttgcatgactttggctcatt-3'; 4, 
5'-taagtattgctccagcattc-3'; 5, 5'-gaagatagcctctctgacag-3'; 
6, 5'-atacctcttttgacagagct-3'; 7, 5'-ccacctcaaaggatgatcaa-
3'; 8, 5'-ttctgcaccttggtctaatc-3'. ChIRP enriched DNA 
was measured by qRT-PCR to assess miR-203 promoter 
enrichment. Primers’ sequences were as follows: 5'-
ACTGGGAAGATGGAGGTTG-3' (forward) and 5'-
GATGGAAGTGGGCATAGGG-3' (reverse). 
 
Dual luciferase reporter assay 
 
The constructed firefly luciferase reporter pGL3-
miR203-pro was cotransfected with renilla luciferase 
expression vector pRL-TK into indicated SW620 cells. 
The different B3GALT5-AS1 expression plasmids were 
cotransfected with pGL3-miR203-pro and pRL-TK into 
HCT116 cells. Forty-eight hours after transfection, the 
luciferase activity was detected by Dual-Luciferase® 
Reporter Assay System (Promega) following the 
manufacturer’s protocols. 
 
Animal study 
 
To establish in vivo liver metastasis model, 2×106 
indicted colon cancer cells in 100 μL phosphate 
buffered saline were intra-splenic injected into 6-week 
old nude mice acquired from Laboratory Animal Center 
of Sun Yat-sen University (Guangzhou, China). The 
mice were housed in a temperature and light controlled 
pathogen-free animal facility with free access to food 
and water to being allowed to grow for 6 weeks. Then 
the mice were sacrificed and the livers were resected. 
The resected livers were fixed in formalin, paraffin 
embedded, deparaffinized, rehydrated, and antigen 
retrieved. The amount of liver metastatic foci was 
counted via hematoxylin-eosin (HE) staining. The 
sections were incubated with primary antibody specific 

for Ki67 (Abcam) and horseradish peroxidase-
conjugated secondary antibody (Beyotime, Shanghai, 
China), followed by being visualized with 3, 3-
diaminobenzidine. The animal care and use committee 
of The First Affiliated Hospital, Sun Yat-sen University 
reviewed and approved the experimental protocols 
concerning the handling of mice. 
 
Statistical analysis 
 
Statistical analyses were performed using GraphPad 
Prism Software (GraphPad Software, La Jolla, CA, 
USA). Student’s t-test, Wilcoxon signed-rank test, 
Mann-Whitney test, Pearson chi-square test, Pearson’s 
correlation analysis, or Log-rank test was carried out as 
indicated. P-values < 0.05 were considered as 
statistically significant. 
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lncRNAs, long noncoding RNAs; miR-203, microRNA-
203; EMT, epithelial-to-mesenchymal transition; MET, 
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SUPPLEMENTARY MATERIAL 
  

 
 

Figure S1. The expression of transcript variants of B3GALT5-AS1 in colon cancer. The expression of B3GALT5-AS1 in 2 pairs 
of primary colon cancer tissues and adjacent normal colonic epithelium tissues was measured using qRT-PCR. Data are displayed as 
mean ± s.d. of three independent experiments. **P < 0.01, NS, not significant, Student’s t-test. 
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Figure S2. Knockdown of B3GALT5-AS1 promoted proliferation and suppressed migration, invasion, and EMT of 
NCM460 cells. (A) After transient transfection of B3GALT5-AS1 specific or control shRNA into NCM460 cells, the expression of 
B3GALT5-AS1 was detected using qRT-PCR. (B) After transient transfection of B3GALT5-AS1 specific or control shRNA into NCM460 
cells, cell viability was detected using Glo cell viability assay. (C) After transient transfection of B3GALT5-AS1 specific or control shRNA 
into NCM460 cells, cell proliferation was detected using EdU incorporation assay. The red color indicts EdU-positive cells. Scale bars = 
100 μm. (D) After transient transfection of B3GALT5-AS1 specific or control shRNA into NCM460 cells, cell migration was detected 
using transwell migration assay. Scale bars = 100 μm. (E) After transient transfection of B3GALT5-AS1 specific or control shRNA into 
NCM460 cells, cell invasion was detected using transwell invasion assay. Scale bars = 100 μm. (F) After transient transfection of 
B3GALT5-AS1 specific or control shRNA into NCM460 cells, the expression of E-cadherin and N-cadherin was detected using qRT-PCR. 
Data are displayed as mean ± s.d. of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test. 
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Figure S3. The binding potential between B3GALT5-AS1 and promoters of miRNAs involved in EMT. (A) The binding 
potential between B3GALT5-AS1 and promoters of miRNAs was predicted by Basic Local Alignment Search Tool (BLAST) 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). (B) Schematic outline of the predicted interaction sites between B3GALT5-AS1 (query) and 
the promoter of miR-203 (subject). 
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INTRODUCTION 
 
Hepatocellular carcinoma (HCC) is the fifth most 
common cancer in China, where it is estimated to have 
killed 140 million people [1]. The leading cause of HCC 
is chronic infection with a hepatitis virus, alcohol abuse, 
exposure aflatoxin, tobacco smoking and diabetes [2]. 
Although there are a large number of studies examining 
HCC formation and progression, the precise mechanism 
underlying its pathogenesis remains unclear [3]. 
Moreover, the rate of early diagnosis of HCC is low; 
most patients are diagnosed with advanced disease. 
TNM stage at diagnosis is still regarded as the best 
predictor of survival [4].  However,  because  HCC  is  a  

 

highly heterogeneous malignancy, the prognoses of 
patients with the same stage disease may differ due to 
inherent clinical and molecular diversities [5]. There-
fore, new valid and reliable prognostic and predictive 
biomarkers are needed to improve risk prediction and 
offer better information for guiding personalized 
therapy. 
 
Alterations in epigenetic modifications such as DNA 
methylation, histone acetylation and RNA interference 
are important heritable contributory factors in tumor 
development [6]. For example, altered DNA methyl-
tion is thought to contribute to the pathogenesis of a 
variety of cancers, including HCC [7]. However, 
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ABSTRACT 
 
Evidence suggests that altered DNA methylation plays a causative role in the pathogenesis of various cancers,
including  hepatocellular  carcinoma  (HCC).  Thus,  methylated  differently  expressed  genes  (MDEGs)  could
potentially serve as biomarkers and therapeutic targets  in HCC. In the present study, screening four genomics
profiling datasets (GSE62232, GSE84402, GSE73003 and GSE57956) enabled us to identify a total of 148 MDEGs.
A  signature was  then  established  based  on  the  top  four MDEGs  (BRCA1,  CAD,  CDC20  and  RBM8A).  Taking
clinical variables into consideration, we constructed a risk score system consisting of the four‐MDEG signature
and the patients’ clinical features, which was predictive of prognosis  in HCC. The prognostic value of the HCC
risk score system was confirmed using TCGA HCC samples. The scores were then used to construct a nomogram,
performance of which was evaluated using Harrel’s concordance  index  (C‐index) and a calibration curve. The
signature‐based nomogram for prediction of overall survival  in HCC patients exhibited good performance and
was superior to traditional staging systems (C‐index: 0.676 vs 0.629, P< 0.05). We have thus established a novel
risk score system that is predictive of prognosis and is a potentially useful guide for personalized treatment of
HCC patients.  
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multiple studies indicate that a variety of genes are 
aberrantly hyper- or hypomethylated in HCC [8], but a 
comprehensive profile of the pathways within the 
interaction network remains to be elucidated. Several 
genes encoding epigenetic regulatory proteins, in-
cluding EZH2 and HBV, have been shown to be 
involved in hepatocellular malignancy [9-10]. In 
addition, evidence now suggests that methylated mRNA 
may be a valid predictor of HCC [11]. But to the best of 
our knowledge, there are no prior studies examining 
methylated differentially expressed genes (MDEGs) on 
a genome-wide scale and focusing on predicting 
prognosis in HCC. In the present study, therefore, we 
comprehensively analyzed high-dimensional data from 
the Gene Expression Omnibus (GEO) and The Cancer 
Genome Atlas (TCGA) to build a novel MDEG-based 
risk score system that is predictive of prognosis and 
could potentially guide personalized therapy for HCC 
patients.  
 
RESULTS 
 
Identification and enrichment analysis of MDEGs in 
HCC 
 
The flowchart for this study is shown in Figure 1. 
GSE62232, GSE84402, GSE73003 and GSE57956 
comprised the training cohort downloaded from the GEO 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

database. The mRNA expression datasets GSE62232 
and GSE84402 were calculated using the limma 
package in R (v 3.5.1). GSE62232 included 81 HCC 
and 10 normal liver samples, while, GSE84402 
included 14 paired HCC and non-tumor samples 
(Affymetrix Human Genome U133 plus 2.0 platform). 
The GEO2R online analysis tool was used to calculate 
the datasets for the methylation difference profiles 
GSE73003 and GSE57956. The GSE73003 series 
consisted of 20 paired HCC and non-tumor samples, 
while GSE57956 consisted of 59 paired HCC and non-
tumor samples (Illumina Human Methylation27 
BeadChip). With cut-off criteria of P < 0.05 and 
|log2FC| > 1, a total of 130 hypomethylation-high ex-
pression genes were detected by overlapping 3476 
hypomethylated genes (4869 in GSE57956, 3748 in 
GSE73003) and 1945 upregulated genes (3972 in 
GSE62232, 3213 in GSE84402). Similarly, 18 hyper-
methylation-high expression genes were detected by 
overlapping 1689 hypermethylated genes (2651 in 
GSE67956, 1881 in GSE73003) and 338 downregulated 
genes (583 in GSE62232, 745 in GSE73003) (Figure 
2A). To confirm that the P value and |log2FC| conform 
to logic using a different test, a representative volcano 
plot was constructed for GSE84402 (Figure 2B).  
 
To obtain a deeper understanding of MDEGs, 
enrichment analysis with the  Database  for  Annotation,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1. Flowchart of the study.
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Visualization and Integrated Discovery (DAVID, 
https://david.ncifcrf.gov/) was used to elucidate bio-
logical function. The top significant terms emerging form 
the gene oncology enrichment analysis are shown in 
Figure 2C. MDEGs were enriched in “biological 
processes of cellular response to DNA damage stimulus,” 
“liver development,” “viral process,” “angiogenesis,” and 
“cell cycle.” Regarding molecular function, MDEGs 
showed enrichment in “protein binding,” “ATP binding,” 
“enzyme binding,” and “protein kinase activity.” Enrich-
ment of cell com-ponents was mostly “nucleus region,” 
which suggests MDEGs may play an important role in 
transcription in HCC. Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analysis suggested that MDEGs 
were sig-nificantly enrichened in pathways in “cancer,” 
“leukocyte transendothelial migration,” and “chemokine 
signaling pathway.” (Figure 2D). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Identification of hub MDEGs and their clinical value 
in HCC 
 
To identify the connections among MDEGs, a protein-
protein interaction (PPI) network for MDEGs was 
constructed using STRING protein databases (Figure 
3A). The top hub genes were CDC20, CDKN3, GNAI1, 
RBM8A, BRCA1, CAD, ACLY, MMP9, and MAPK1 
based on a combined score >0.7 and connection 
numbers >8. To verify the hub genes, 371 HCC and 50 
non-tumor samples were downloaded from TCGA as a 
validation cohort. Within this group, the expression and 
methylation values of most hub genes were consistent 
with the training group, with the exception of MMP9 
(Figure 3B, C). We then further investigated the asso-
ciation between gene methylation and expression. The 
results showed a mild or moderate  negative  correlation, 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2. The methylated‐differentially expressed genes identification and function. (A) Venn of methylated‐differentially
expressed genes in gene expression datasets (GSE62232, GSE84402) and gene methylation datasets (GSE73003, GSE57956). (B) The
volcano plot of GSE84402.  Log2  (FC)  vs.  ‐log10  (p  value)  for differentially expressed mRNA. Red dot  represents  significant mRNA
(log2|FC|>1, P<0.05). (C) The significant enriched gene ontology of MDEGs. (D) The significant enriched KEGG pathways of MDEGs. 
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which suggests methylation leads to decreased gene 
expression (Figure 3D-E). Expression of CDC20, 
CDKN3, GNAI1, RBM8A, BRCA1, and CAD showed 
a significant negative correlation with expression 
(p<0.05),  whereas  expression  of  ACLY,  MMP9  and  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

MAPK1 showed no correlation or was positively 
correlated. And results also were verified in MethHC, a 
database of DNA Methylation and gene expression in 
Human Cancer (http://methhc.mbc.nctu.edu.tw/php/ 
index.php) (Supplementary Figure 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  3.  Screening  and  verifying  hub  MDEGs.  (A)  Protein‐protein  interaction  network  of  MDEGs.  Green  dot 
represents hypo methylation‐high expression gene. Yellow dot represents hyper methylation‐  low expression. The size of 
dot was  decided  by  the  connection  degree  of  gene  and  the width  of  line  between  genes was  decided  by  connectivity
between  two genes.  (B) Expression of hub genes  in TCGA.  (C) Methylation of hub genes  in TCGA. Beta‐Value  represents 
ratio of methylation. T represents tumor tissue, N represents normal tissue. (D) Correlation of expression and methylation 
of hub genes. (E) Radar map of hub genes correlation. Red line represents r and blue line represents ‐ Logpvalue. 
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To identify hub MDEGs with potential prognostic 
value, we used the Kaplan-Meier method with the Log-
rank test to evaluate the relation between expression of 
the aforementioned genes and the patients’ overall 
survival (OS). Details of the clinical characteristics are 
presented in Supplementary Table 1. We found that OS 
was negatively related to expression of CDC20, 
RBM8A, BRCA1 and CAD, but had no relation with 
CDKN3 or GNAI1. Ultimately, the top four hub 
MDEGs were identified: CDC20, RBM8A, BRCA1 and  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CAD. To further confirm the results, we verified the 
four hub genes in Gene Expression Profiling Interactive 
Analysis (GEPIA, http://gepia.cancer-pku.cn/) (Supple-
mentary Figure 2). Receiver operating characteristic 
curve (ROC) analysis showed that all four of these 
genes have high sensitivity and specificity, which 
suggests high diagnostic value for distinguishing HCC 
patients from healthy individuals (Figure 4E). These 
four MDEGs may thus be useful as biomarkers for early 
diagnosis of HCC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4. Four hub MDEGs were associated with overall survival in HCC patients by using Kaplan‐Meier curve
and Log‐rank test. The patients were stratified into high expression group and low expression group according to median
expression of each mRNA. (A) BRCA1; (B) CAD; (C) CDC20; (D) RBM8A. (E) ROC curves of the 4 hub MDEGs in HCC. The X axis
shows false positive rate, presented as "1‐Specifcity". The Y axis indicates true positive rate, shown as "Sensitivity". 
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Prognostic value of a four-MDEG signature risk 
score in HCC 
 
To assess the prognostic value of CDC20, RBM8A, 
BRCA1 and CAD, we constructed a prognostic 
signature by integrating the expression of these four 
MDEGs using a regression coefficient. We then cal-
culated a risk score for each patient and ranked them 
based on increasing score, after which patients were 
classified into a high-risk (n = 179) or a low risk (n = 
179) group based on the median risk score. The risk 
score distribution, survival status, and expression profile 
of the four prognostic MDEGs are shown in Figure 5A. 
OS and progression-free survival (PFS) rates among 
patients were 60.7% and 53.3%, respectively, in the 
high-risk group, as compared to 69.2% and 67.2% in the 
low-risk group (Figure 5B, C). The hazard ratio (HR) of  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

high-risk group versus low-risk group was 1.515 for OS 
(P = 0.001, 95% confidence interval (CI) = 0.8075-
2.222) and 2.559 for PFS (P < 0.001, 95%CI = 1.891-
3.227). Thus, patients in the high-risk group had sig-
nificantly poorer OS and PFS than patients in the low-
risk group (Figure 5D, E).  
 
A ROC analysis of the predictive efficiency of the four-
MDEG signature suggested it had good performance 
with respect to both death and progression prediction 
(Figure 5F). Taking into consideration the patients’ 
clinical features, including age, gender, clinical stage, T 
stage, grade, adjacent hepatic tissue inflammation, and 
HCC risk factors (virus infection, alcohol abuse, non-
alcoholic fatty liver disease, hemochromatosis, alpha-1 
antitrypsin deficiency), univariate and multivariate Cox 
regression analysis  were  used  to  assess  the  signature  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Construction of the Four MDEGs signature of HCC. The patients were stratified into high risk group and low risk group
based on median of risk score. (A) Risk score distribution of HCC patients, Survival status of each patient and Expression heatmap of the
four hub MDEGs corresponding to each sample above. Red: high expression; Blue: low expression. (B, C) The distribution of death (B)
and disease‐progression (C)  in high and  low risk group. (D, E) Kaplan‐Meier estimates of the overall survival (D) and progression‐free
survival (E) time of patients using the four MDEGs signature based risk score. (F) The ROC curve of the four MDEGs signature. 
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(high-risk vs. low-risk) with respect to OS. In the uni-
variate analysis, clinical stage (HR = 2.229, P < 0.001), 
T stage (HR = 2.534, P < 0.001), HCC risk factors (HR 
= 0.631, P = 0.011), fibrosis (HR = 0.542, P = 0.002) 
and the four-MDEG signature (HR = 4.467, P < 0.001) 
were all significantly associated with OS in HCC 
patients. To integrate all independent risk factors affect-
ing OS for construction of a HCC prognostic nomo-
gram, significant clinicopathological factors from the 
univariate analyses were entered into multivariate COX 
regression analyses. The results indicated that the four-
MDEG signature (HR = 2.022, P < 0.001) was a 
significant independent factor of OS, as were T stage (H 
= 2.149, P < 0.001) and HCC risk factors (HR = 0.651, 
P = 0.019) (Table 1). 
 
Establishment of a nomogram for OS prediction in 
HCC 
 
To provide a clinically associated quantitative method 
that could be used to predict the probabilities of 3- and 
5-year OS in HCC, a prognostic nomogram was estab-
lished in which the score  integrated  the  three  indepen- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

dent prognostic factors, T stage, HCC risk factors and 
the four-MDEG signature (Figure 6A). Harrel’s 
concordance index (C-index) for OS prediction was 
0.676. The calibration curves for the nomogram for the 
3- and 5- year OS rates showed good agreement 
between the prediction and the actual observation 
(Figure 6B). Each patient for whom there was complete 
clinical information about T stage, HCC risk factors, 
and the four-MDEG signature would obtain a Nomo-
score reflecting total points. Using the Nomo-score, 
patients were divided into three risk groups based on the 
tertiles, which had cut-off values of 28.50 and 44.60. 
From KM analysis of the TCGA dataset, significant 
differences were observed between the high-, inter-
mediate- and low-risk groups (P = 0.0003) (Figure 6C). 
 
Comparison of predictive accuracy between the 
nomogram and a single independent factor 
 
The TNM stage system is regarded as the best predictor 
of survival. Moreover, we found that T stage was an 
independent prognostic factor for OS in HCC. The 
predictive power of the  nomogram  for  HCC  prognosis  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Univariate/multivariate COX regression analyses of clinicopathologic factors associated with OS.

Variables Univariate analysis Multivariate analysis 

HR(95%CI) P  HR(95%CI) P 

Age(≥65 vs.＜65) 1.265(0.893-
1.791) 0.235   

Gender(Male vs. Female) 0.817(0.573-
1.164) 0.262   

Clinical stage( Ⅲ +Ⅳ vs. Ⅰ+Ⅱ) 2.229(1.559-
3.188) <0.001*   

Grade(G3+G4 vs. G1+G2) 1.113(0.774-
1.601) 0.564   

T stage(T3+T4 vs.T1+T2) 2.534(1.783-
3.601) <0.001* 2.149(1.499-

3.081) <0.001* 

AFP(<25ng/ml vs. >=25ng/ml) 1.002(0.697-
1.442) 0.991   

Adjacent hepatic tissue inflammation( Yes vs. No) 0.699(0.468-
1.044) 0.699   

Fibrosis(Yes vs. No) 0.542(0.366-
0.803) 0.002*   

Child-Pugh(A vs. B+C) 1.141(0.578-
2.251) 0.703   

BMI(>=25 vs <25) 0.733(0.515-
1.043) 0.084   

Family history(Yes vs. No) 1.225(0.858-
1.748) 0.264   

HCC risk factors(Yes vs. No) 0.631(0.443-
0.898) 0.011* 0.651(0.454-

0.933) 0.019* 

Four MDEGs signature 
(high risk vs. low risk) 

4.467(1.995-
10.002) <0.001* 2.022(1.486-

2.753) <0.001* 

Abbreviations: OS, overall survival; HR, hazard ratio; 95% CI, 95% confidence interval. 
*Statistically significant; AFP, Alpha‐fetoprotein; BMI, body mass index. 
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was compared with that of T stage. The C-index for OS 
prediction based on T stage was 0.629, which was 
significantly lower than the C-index for the nomogram 
(0.676, P<0.05). This suggests our nomogram is a more 
accurate predictor of OS in HCC than conventional 
staging systems and is potentially valuable for pre-
dicting survival of HCC patients. 
 
DISCUSSION 
 
A valid and accurate molecule-based method for 
identifying patients who  have  a  poor  prognosis  is  ur- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
gently needed to optimize their individual therapy. 
Therefore, effective and credible biomarkers and 
genetic signatures that can serve as prognostic pre-
dictors and treatment targets are critically needed for 
HCC. In the last decade, methylation has come to be 
recognized as an important epigenetic regulator of gene 
expression in eukaryotes, and it is now well established 
that methylation, especially DNA methylation, is 
crucially involved in multiple cancers, including HCC 
[12, 13]. Nishida showed that alterations in DNA 
methylation are a common feature of hepatocarcino-
genesis [14]. Although some studies have identified 

Figure 6. Establishment of the OS nomogram for HCC patients. (A) Nomogram for predicting OS of HCC. There are three
components  in this nomogram: the four MDEGs score, HCC risk factor and T stage. Each of them generates points according to
the  line drawn upward. And  the  total points of  the  three components of an  individual patient  lie on "Total Points" axis which
corresponds to the probability of 3‐year and 5‐year OS rate plotted on the two axes below. (B) Calibration plots of the nomogram
for predicting OS rate at 3 year (Left) and 5 years (Right). The predicted and the actual probabilities of OS were plotted on the x‐
and y‐axis, respectively. (C) Kaplan‐Meier curves of three risk subgroups stratified by the total points the nomogram gives. 
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MDEGs in HCC [15, 16], their predictive value for 
HCC patients has not been systematically investigated 
until now. To our knowledge, this is the first study to 
develop a MDEG-based risk score that is predictive of 
prognosis in HCC.  
 
We used methylation and expression microarrays with 
GEO databases to screen for MDEGs and were able to 
obtain a set of MDEGs through in silico analysis. 
Enrichment analysis of the MDEGs suggested they 
were involved in key biological processes, including 
DNA damage, viral processes, angiogenesis, and cell 
cycling. Given that hepatitis virus is a main cause of 
HCC, the presence of DNA damage due to integration 
of the virus genome into the host DNA is reasonable 
[17]. Also reasonable is the involvement of angio-
genesis, since HCC is a highly vascular tumor. In 
addition, KEGG enrichments suggested that significant-
ly enriched pathways include chemokine signaling 
pathways, which suggests that inflammation and 
immunity are critical factors in the pathogenesis, 
progression and metastasis of HCC [18]. Chemokine 
signaling reportedly influences HCC invasion and/or 
metastasis through effects on the tumor micro-
environment [19, 20]. Evidence indicates, for example, 
that chemokines such as CCL5, CCL7, CXCL8 act via 
CCRs on myeloid-derived suppressor cells (MDSCs) to 
form an inhibitory tumor microenvironment that 
promotes tumor pathogenesis, progression and 
resistance [21-23].  
 
Based on PPI analysis, we identified nine hub genes, 
which were verified and analyzed in a validation cohort 
from TCGA. Four of these hub genes, which were 
significantly associated with OS of HCC patients, were 
ultimately selected. Earlier research has consistently 
demonstrated that upregulation of BRCA1, CDC20, 
RBM8A and CAD promotes progression, invasion, 
metastasis and chemoresistance in HCC [24-27]. While 
the efficacy of any single marker is limited, a multiple-
marker signature could have greater diagnostic and 
prognostic value. We therefore constructed a four-
MDEG signature that was an independent prognostic 
factor for HCC patients. This signature was predictive 
of both OS and PFS. If applied, relatively minor 
examination using our risk score system could help 
identify high- and low-risk HCC patients and provide 
useful information that could aid in selecting a 
therapeutic strategy.  
 
To increase the accuracy of the prediction of prognosis, 
both genetic and clinically-related variables were 
integrated into the nomogram. Ultimately, the OS 
nomogram included the four-MDEG signature, T stage 
and HCC risk factors. The nomogram for HCC 
performed well when used to predict OS, and its pre-

dictive ability was verified using a C-index and a 
calibration curve. Indeed, the nomogram provides 
greater predictive accuracy for OS than traditional 
systems. As regards the prognostic signature or nomo-
gram, if we are able to put it into clinical practice in the 
future, we anticipate being able to identify patients at 
high-risk of cancer-related death before treatment, and 
recommend a more aggressive therapeutic strategies 
with dynamic surveillance. However, there are limi-
tations to our study. First, whether the prognostic 
signature or nomogram can be applied to patients must 
be confirmed in larger groups of HCC patients. Second, 
the molecular mechanism of the four MDEGs in HCC 
remains to be explored further.  
 
In summary, we have developed a novel four-MDEG 
expression-based risk score system for objectively and 
accurately predicting survival and prognosis in HCC 
patients. In addition, the MDEG signature could also 
shed new light on the role of methylation in the 
pathogenesis and progression of HCC, which may 
provide information helpful for selection of therapeutic 
strategies. The four MDEGs could potentially serve as 
biomarkers and therapeutic targets for dynamic 
surveillance and treatment of HCC patients. 
 
MATERIALS AND METHODS 
 
Data processing  
 
The raw data and clinical information were download 
from the GEO (https://www.ncbi.nlm.nih.gov/geo/) and 
TCGA (https://cancergenome.nih.gov/). Gene methyl-
tion profiling of the GSE73003 and GSE57956 datasets 
was conducted using the GPL8490 platform (Illumina 
Human Methylation27 BeadChip), which included 
27,578 highly informative CpG sites and more than 
14476 genes (http://www.illumina.com/pages.ilmn? 
ID=243). Gene expression profiling of the GSE84402 
and GSE62232 datasets was conducted using the 
GPL570 platform (Affymetrix Human Genome U133 
plus 2.0 Array), which included 54675 unique probes 
and tested more than 23517 genes 
(http://www.affymetrix.com/support/technical/byproduct.
affx?product=hg-u133-plus). The GSE73003 series 
consisted of 20 paired HCC and non-tumor samples. 
The GSE57956 series consisted of 59 paired HCC and 
non-tumor samples. The GSE84402 series included 14 
paired HCC and non-tumor samples. And the 
GSE62232 series included 81 HCC and 10 normal liver 
samples. From TCGA, we downloaded 371 HCC and 
50 non-tumor samples. The mRNA-seq data were 
preprocessed and submitted for analysis as the upper 
quantile normalized FPKM values. GEO2R was used to 
screen for genes differentially methylated between 
tumor and non-tumor samples. The differentially 
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expressed genes were identified using the limma 
package in R. Values of P<0.05 and |FC|≥1 were 
considered significant. Finally, hypomethylation-high 
expression genes were detected by overlapping hypo-
methylated and upregulated genes; similarly, hyper-
methylation-low expression genes were detected by 
overlapping hypermethylated and downregulated genes.  
 
Functional and pathway enrichment analysis 
 
Functional annotations in MDEGs were done using The 
Database for Annotation, Visualization and Integrated 
Discovery (DAVID; https://david.ncifcrf.gov/), which 
enriched gene oncology and pathways. Gene oncology 
involved three categories: cellular components, 
molecular function, and biological processes. Pathway 
enrichment was carried out using the Kyoto 
Encyclopedia of Genes and Genomes (KEGG, 
https://www.kegg.jp/), which contains information about 
genomes, biological pathways, diseases, and chemical 
substances. The criterion for significant enrichment of 
biological processes and pathways was P = 0.05.  
 
Hub MDEG screening and verification 
 
STRING protein databases (https://string-db.org/) were 
used to evaluate interactive relationships among the 
MDEGs. We used Cytoscape software to construct a 
network based on the STRING results. Combined 
scores >0.7 and connection numbers >8 were deemed to 
indicate hub genes. To confirm the results, the hub 
MDEGs were validated in TCGA. The Pearson cor-
relation test was used to assess the relationship between 
hub gene methylation and expression in HCC. 
 
Formulation of MDEG signatures and association of 
signatures and clinical features 
  
ROC curve analysis was used to evaluate the diagnostic 
effectiveness of hub MDEGs. The prognostic value of 
hub MDEGs were evaluated using the Kaplan-Meier 
method with the Log-rank test. Hub MDEGs related to 
OS were considered to be prognostic. Using the 
combination of weighted MDEG expression values, 
independent hub MDEG biomarkers were integrated 
into a MDEG signature using a risk scoring method as 
shown in the following equation: Risk Score (patient) = 
∑ ௘௫௣௥௘௦௦௜௢௡ሺ௠ோே஺௜ሻ

௠௘ௗ௜௔௡
כ ሻ௡݅ܣሺܴ݉ܰݐ݂݂݊݁݅ܿ݅݁݋ܿ

௜ୀଵ . Here, 
Risk Score (patient) is a MDEG signature risk score for 
a HCC patient. In addition, mRNAi represents the ith 
prognostic mRNA, while expression (mRNAi) is the 
expression value of mRNAi for the patient. Coefficient 
(mRNAi) is the regression coefficient of mRNAi, which 
represents the contribution of mRNAi to the prognostic 
risk score. Based on the risk score, patients can be 
assigned to a high-risk or low-risk group. Subsequently, 

a risk score system was constructed, and the median risk 
score was regarded as the cutoff point. HCC patients 
were then divided into high- and low-risk groups. 
Kaplan-Meier survival curves were calculated to 
compare survival and recurrence risk between the high- 
and low-risk groups.  
 
Statistical analysis 
 
To identify independent predictors of OS in HCC, 
univariate Cox regression analysis was performed to 
evaluate the prognostic value of signatures with a 
threshold value of 0.2. Multivariate Cox regression 
analyses were conducted using Forward LR. Hazard 
ratios (HRs) and 95% confidence intervals (CIs) were 
computed based on the Cox regression analysis. A 
nomogram was constructed based on the results of the 
multivariate Cox regression analyses using rms version 
3.5.1 (http://www.r-project.org/). The performance of 
the nomogram was assessed using Harrel’s concordance 
index (C-index) and comparing the predicted and actual 
probabilities for OS. Bootstraps with 1,000 resamples 
were used for these activities. Comparisons between the 
nomogram and other staging systems were made using 
the rcorrp.cens package in Hmisc and were evaluated 
using the C-index. Each patient received the total points 
from the nomogram (Nomo-score). KM curve analysis 
was performed to evaluate the performance of the 
nomogram by dividing patients into high-, intermediate- 
and low-risk groups using tertiles of the Nomo-scores as 
cut-off points. Values of P < 0.05 were considered 
significant. Statistical analysis was performed using the 
IBM SPSS Statistics software program version 22.0 
(IBM Corp., NY, USA).  
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MDEG: methylated differently expressed gene; HCC: 
hepatocellular carcinoma; OS: overall survival; PFS: 
progression-free survival; HR: hazard ratio; CI: 
confidence interval; KM curve: Kaplan‐Meier curve. 
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Supplementary Figure 1. Methylation and correlation with expression of the four hub genes. (A) BRCA1
(B) CAD (C) CDC20 (D) RBM8A Red dot represents tumor sample; green dot represents normal sample. Horizontal
axis is expression and vertical axis is methylation. *: P<0.05; **: P<0.005. 
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SUPPLEMENTARY TABLE 
 
Please browse the link in Full Text version to find the 
data of Supplementary Table 1. The clinical 
characteristics of TCGA. 
 

 

 

Supplementary Figure 2. Relation between expression of the four hub genes and OS. (A) BRCA1
(B) CAD (C) CDC20 (D) RBM8A. 
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INTRODUCTION 
 

Today, breast cancer treatment requires a multi-

disciplinary approach, involving an extensive medical  

 

team consisting of specialized surgeons, medical 

oncologists, oncology nurses, as well as radiologists and 

radiology technicians, to perform anti-cancer therapy, 

which consists of tumor excision, chemo- or hormonal-
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ABSTRACT 
 

Cancer stem cells (CSCs) have been proposed to be responsible for tumor recurrence, distant metastasis and 
drug-resistance, in the vast majority of cancer patients. Therefore, there is an urgent need to identify new drugs 
that can target and eradicate CSCs. To identify new molecular targets that are unique to CSCs, we previously 
compared MCF7 2D-monolayers with 3D-mammospheres, which are enriched in CSCs. We observed that 25 
mitochondrial-related proteins were >100-fold over-expressed in 3D-mammospheres. Here, we used these 25 
proteins to derive short gene signatures to predict distant metastasis (in N=1,395 patients) and tumor 
recurrence (in N=3,082 patients), by employing a large collection of transcriptional profiling data from ER(+) 
breast cancer patients. This analysis resulted in a 4-gene signature for predicting distant metastasis, with a 
hazard ratio of 1.91-fold (P=2.2e-08). This provides clinical evidence to support a role for CSC mitochondria in 
metastatic dissemination. Next, we employed a panel of mitochondrial inhibitors, previously shown to target 
mitochondria and selectively inhibit 3D-mammosphere formation in MCF7 cells and cell migration in MDA-MB-
231 cells. Remarkably, these five mitochondrial inhibitors had only minor effects or no effect on MDA-MB-231 
tumor formation, but preferentially and selectively inhibited tumor cell metastasis, without causing significant 
toxicity. Mechanistically, all five mitochondrial inhibitors have been previously shown to induce ATP-depletion 
in cancer cells. Since 3 of these 5 inhibitors were designed to target the large mitochondrial ribosome, we next 
interrogated whether genes encoding the large mitochondrial ribosomal proteins (MRPL) also show prognostic 
value in the prediction of distant metastasis in both ER(+) and ER(-) breast cancer patients. Interestingly, gene 
signatures composed of 6 to 9 MRPL mRNA-transcripts were indeed sufficient to predict distant metastasis, 
tumor recurrence and Tamoxifen resistance. These gene signatures could be useful as companion diagnostics to 
assess which patients may benefit most from anti-mito-ribosome therapy. Overall, our studies provide the 
necessary proof-of-concept, and in vivo functional evidence, that mitochondrial inhibitors can successfully and 
selectively target the biological process of cancer cell metastasis. Ultimately, we envision that mitochondrial 
inhibitors could be employed to develop new treatment protocols, for clinically providing metastasis 
prophylaxis, to help prevent poor clinical outcomes in cancer patients. 
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therapy, as well as radiation therapy. Despite these 

major advances, many patients still ultimately undergo 

treatment failure, in the form of tumor recurrence and 

distant metastasis. Unfortunately, distant metastasis 

causes premature death, in >90% of cancer patients with 

treatment failure [1–5]. Therefore, there is a clear need 

to develop new strategies to prevent cancer cell 

metastasis.  

 

Local and distant metastases are thought to be caused 

by a small sub-population of cancer cells, known as 

cancer stem cells (CSCs) [1–5]. These CSCs are 

unique, in the sense that they can regenerate tumors 

in immune-deficient mice, as xenografts, and they 

undergo anchorage-independent proliferation and the 

EMT, allowing them to disseminate throughout the 

body, thereby creating local and distant metastatic 

lesions, which are largely chemo- and radio-therapy 

resistant [1–5]. However, it remains largely 

unknown, what are the precise vulnerabilities of 

CSCs.  

 

Recently, we identified cancer cell mitochondria as a 

new promising therapeutic target for the eradication 

of CSCs [6–8]. New evidence suggests that CSCs 

have elevated levels of mitochondrial biogenesis, that 

helps to energetically drive their rapid propagation 

and anchorage-independent growth [6–10]. In support 

of this notion, metastatic breast cancer cells in 

positive lymph nodes, removed from patients, show a 

significant increase in mitochondrial Complex IV 

activity, as seen by histochemical- and immuno-

staining [11, 12].  

 

Importantly, mitochondrial biogenesis is strictly 

dependent on the function of the mitochondrial 

ribosome, which consists of both large and small 

subunits, to effectively carry out the mitochondrial 

protein translation of 13 key genes that are absolutely 

required for OXPHOS and mitochondrial ATP 

production [13]. Interestingly, in eukaryotic cells, 

mitochondria originally evolved from engulfed aerobic 

bacteria, an event estimated to have occurred 

approximately 1.5 billion years ago. Because of this 

close evolutionary relationship, certain FDA-approved 

drugs inhibit mitochondrial protein translation as an off-

target side effect. For example, Doxycycline (a 

Tetracycline family member) negatively affects the 

small mito-ribosome, while Azithromycin (an 

Erythromycin family member) inhibits the large mito-

ribosome. Both Doxycycline and Azithromycin 

effectively inhibit the anchorage-independent 

propagation of CSCs, as assessed using the 3D-tumor-

sphere assay, in 12 cell lines derived from 8 different 

cancer types, including breast cancers (MCF7, T47D, 

MDA-MB-231 and MCF10.DCIS.COM) [13]. 

Therefore, we proposed that these off-target side-effects 

could be clinically “re-purposed” as a therapeutic effect.  

 

A recent Phase II clinical trial also showed that 

Doxycycline treatment (200-mg/day for 2-weeks) of 

early stage breast cancer patients reduced their CSC 

tumor load (as assessed by CD44 immuno-staining), 

between ~17% and ~67%, with a positive response rate 

approaching nearly 90% [14]. Therefore, inhibition of 

mitochondrial protein translation may be a new valuable 

target for eradicating CSCs in patients [14].  

 

To design novel therapeutics to more effectively target 

the mitochondria, we used the known 3D-structure of 

the large mammalian mito-ribosome, to perform in 

silico library screening, coupled with phenotypic drug 

screening, to develop a new family of drug-like 

compounds, called the Mitoriboscins [15]. Importantly, 

as predicted, the Mitoriboscins inhibited mitochondrial 

oxygen consumption rates, resulting in cellular ATP-

depletion, and potently inhibited 3D-mammosphere 

formation, all with an IC-50 in the low micro-molar 

range [15]. 

 

Here, we now show that the Mitoriboscins have only 

minor effects (23/G4) or no inhibitory effects (24/D4, 

24/F9) on tumor growth, but functionally prevent 

metastatic progression. Quantitatively similar results 

were obtained with another independent class of 

mitochondrial inhibitors, namely Butene-1,4-bis-

triphenyl-phosphonium (Bis-TPP) and Dodecyl-

triphenyl-phosphonium (Dodecyl-TPP) [16, 17]. Bis-TPP 

and Dodecyl-TPP both contain a TPP moiety, which 

functions as a chemical signal for mitochondrial targeting 

[16, 17]. These data provide in vivo functional evidence 

that five mitochondrial inhibitors can successfully and 

preferentially target the biological process of cancer cell 

metastasis, without significant toxicity.  

 

RESULTS 
 

Cancer stem cell (CSC) based mitochondrial 

signatures for predicting distant metastasis and 

tumor recurrence 
 

After a breast cancer diagnosis, most patients undergo 

surgical resection of the primary tumor and are then 

subsequently treated with hormone-, chemo- and/or 

radio-therapy, depending on the breast cancer subtype. 

However, many patients ultimately experience 

treatment failure, resulting in tumor recurrence and 

distant metastasis. Unfortunately, distant metastasis is 

responsible for the premature deaths in the vast majority 

of cancer patients, approaching >90% (Figure 1). 

Therefore, new diagnostics and therapeutics are 

urgently needed to prevent and treat metastatic disease, 



 

www.aging-us.com 10164 AGING 

which has been attributed to the existence and 

resurgence of a small sub-population of cancer cells, 

known as cancer stem cells (CSCs).  

 

In order to identify new molecular targets that are 

selectively up-regulated in CSCs, we previously carried 

out unbiased proteomics analysis on MCF7 cell 2D-

monolayers, as directly compared with MCF7 3D-

mammospheres, which are known to be highly enriched 

in CSCs and progenitor cells [6]. As a consequence, we 

observed that 25 mitochondrial proteins were highly up-

regulated by >100-fold, specifically in 3D-

mammospheres [6]. 

 

Here, we interrogated whether the mRNA transcripts of 

these mitochondrial proteins show any prognostic value 

in large numbers of ER(+) human breast cancer 

patients. Interestingly, we observed that 13 of these 25 

gene transcripts showed prognostic value in predicting 

distant metastasis. We then used these 13 gene 

transcripts to create a mitochondrial-related gene 

signature, that effectively predicted distant metastasis  

in 1,395 patients (HR=1.79; P=3.4e-07). See Sup-

plementary Table 1 and Figure 2.  

 

To optimize its predictive value, we next selected the 

top 4 gene transcripts, with the largest hazard ratios, to 

construct a short 4-gene signature, which revealed an 

increase in prognostic value, related to distant  

 

 
 

Figure 1. Clinical course of cancer therapy: Focus on the 
causes of treatment failure. After diagnosis, breast cancer 
patients undergo surgical resection of the primary tumor and 
then are treated with a specific therapy (hormone/chemo/radio), 
depending on the breast cancer subtype and clinical staging. 
However, a significant number of patients ultimately undergo 
treatment failure, resulting in tumor recurrence and distant 
metastasis. Distant metastasis is responsible for the premature 
deaths of >90% of cancer patients, undergoing treatment failure. 
This phenomenon has been attributed to the propagation and 
dissemination of CSCs.  

metastasis (HR=1.91; P=2.2e-08). Remarkably, this 4-

gene signature was also able to predict tumor recurrence 

in the same patient population (HR=1.68; P=1.2e-15; 

Supplementary Table 2 and Figure 3).  

 

Therefore, we conclude that these CSC-based 

mitochondrial signatures may provide a new prognostic 

approach for predicting distant metastasis and tumor 

recurrence in breast cancer patients. Most importantly, 

these results may also biologically and functionally 

implicate CSC mitochondria in the process of 

metastasis and tumor recurrence.  

 

Mitochondrial inhibitors metabolically target and 

prevent cancer cell metastasis, without significant 

toxicity 
 

To functionally evaluate the role of mitochondria in 

cancer metastasis, we used a series of mitochondrial 

inhibitors that were previously developed to specifically 

target the propagation of CSCs, known as the 

 

 

Figure 2. A CSC-based mitochondrial 13-gene signature 
predicts distant metastasis in ER(+) breast cancer 
patients. We used 13 gene transcripts to create a CSC-based 
mitochondrial-related gene signature, that effectively predicted 
distant metastasis in N=1,395 patients (HR=1.79; P=3.4e-07). See 
also Supplementary Table 1. DMFS, distant metastasis free 
survival.  
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Mitoriboscins [15]. These inhibitors were developed via 

in silico screening of a library of 45,000 compounds, to 

identify positive hits that bound to the 3D-structure of the 

large mitochondrial ribosome [15]. After 880 positive hits 

were identified, these compounds were then subjected to 

phenotypic drug screening, using an ATP-depletion assay, 

and directly validated using the Seahorse Metabolic Flux 

analyser, to confirm their specificity as bonafide 

mitochondrial inhibitors [15]. Ultimately, this screening 

approach led to the identification of three major 

compounds, known as 23/G4, 24/D4 and 24/F9, which 

all inhibited 3D-mammosphere formation in MCF7 

cells and significantly blocked cell migration in MDA-

MB-231 cells, all in the low micro-molar range [15]. 

The structures of 23/G4, 24/D4 and 24/F9 are shown in 

Figure 4.  

 

 

Figure 3. A CSC-based mitochondrial 4-gene signature predicts distant metastasis and tumor recurrence in ER(+) breast 
cancer patients. To optimize its predictive value, we constructed a short 4-gene signature, which revealed an increase in prognostic value, 
related to distant metastasis (HR=1.91; P=2.2e-08). This 4-gene signature (ACLY, VDAC3, HADH2, COX6B1) was also able to predict tumor 
recurrence in the same patient population (HR=1.68; P=1.2e-15). See also Supplementary Tables 2 and 3. Therefore, these CSC-based 
mitochondrial signatures may provide a prognostic approach for predicting treatment failure in breast cancer. DMFS, distant metastasis free 
survival; RFS, relapse free survival.  

 

 
 

Figure 4. Mitochondrial inhibitors: Mitoriboscins and Bis-1,4-butene-TPP. The chemical structures of the three Mitoriboscins 
(23/G4, 24/D4 and 24/F9) and Bis-TPP are shown.  
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To experimentally evaluate their functional effects in 
vivo, we used MDA-MB-231 cells and the well-

established chorio-allantoic membrane (CAM) assay 

in chicken eggs, to quantitatively measure tumor 

growth and distant metastasis. An inoculum of 1 X 

106 MDA-MB-231 cells was added onto the CAM of 

each egg (day E9) and then eggs were randomized 

into groups. On day E10, tumors were detectable and 

they were then treated daily for 8 days with vehicle 

alone (1% DMSO in PBS) or the three Mitoriboscin 

compounds. In parallel, we also evaluated the activity 

of another mitochondrial inhibitor, namely butane-

1,4-bis-triphenyl-phosphonium (Bis-TPP), which we 

identified as an inhibitor of 3D-mammosphere 

formation in MCF7 cells, with an IC-50 of less than 

0.5 μM [16]. It is well-established that the TPP-

moiety acts as a chemical signal for mitochondrial 

targeting [16, 17].  

 

After 8 days of drug administration, on day E18 all 

tumors were weighed, and the lower CAM was 

collected to evaluate the number of metastatic cells, as 

analyzed by qPCR with specific primers for Human Alu 

sequences.  

 

Figure 5 shows the effects of the three Mitoriboscins 

(23/G4, 24/D4, 24/F9) and Bis-TPP on MDA-MB-231 

tumor growth. Note that none of the four inhibitors 

tested showed any significant effects on tumor 

growth, as a result of the 8-day period of drug 

administration.  

However, all four mitochondrial inhibitors showed 

significant effects on MDA-MB-231 cancer cell 

metastasis. Figure 6 illustrates that all three 

Mitoriboscins were clearly effective in inhibiting 

metastatic progression, although 24/D4 and 24/F9 were 

the most effective. In addition, Bis-TPP also 

significantly prevented metastasis.  

 

As 23/G4 was minimally effective at a concentration 

of 0.5 mM, we also tested it at higher concentrations 

of 0.75, 1 and 2 mM. Importantly, our results show 

that 23/G4, at these concentrations, significantly 

inhibited both tumor growth (by 40% to 60%;  

Figure 7) and metastatic progression (by 70-75%; 

Figure 8). Interestingly, as expected, the effects of 

23/G4 on metastasis were significantly more 

pronounced.  
 

Remarkably, in this series of experiments, little or no 

embryo toxicity was observed, otherwise tumor growth 

and cancer metastasis assays could not have been 

completed (Tables 1–3). Therefore, we conclude that 

mitochondrial inhibitors can be used experimentally, to 

preferentially inhibit the initiation of tumor metastasis, 

without significant toxicity.  
 

Finally, we also tested another more potent 

mitochondrially-targeted TPP compound, namely 

Dodecyl-TPP, using low micro-molar concentrations 

(6.25- and 25-μM). Figures 9 and 10 demonstrate that 

Dodecyl-TPP significantly inhibited tumor growth (by 

 

 
 

Figure 5. Mitochondrial inhibitors have no effect on tumor growth. MDA-MB-231 cells and the well-established chorio-allantoic 
membrane (CAM) assay in chicken eggs were used to quantitatively measure tumor growth. An inoculum of 1 X 106 MDA-MB-231 cells was 
added onto the CAM of each egg (on Day E9) and then eggs were then randomized into groups. On day E10, tumors were detectable and 
they were then treated daily for 8 days with vehicle alone (1% DMSO in PBS) or the four mitochondrial inhibitors. After 8 days of drug 
administration, on day E18 all tumors were weighed. Note that none of the mitochondrial inhibitors tested had any significant effects on 
tumor growth. Averages are shown + SEM. NS, not significant.  



 

www.aging-us.com 10167 AGING 

12% to 40%; Figure 9) and metastatic progression (by 

25 to 65%; Figure 10). As predicted, Dodecyl-TPP 

preferentially targeted metastasis, rather than tumor 

growth. It is worth noting that Dodecyl-TPP showed 

some toxicity, but only at 62.5-μM, preventing reliable 

analysis of its effects on tumor growth and metastasis, 

at this higher concentration (Table 3). However, 

Dodecyl-TPP showed little or no toxicity at 6.25- and 

25-μM (Table 3).  

Mito-Ribosome based signatures for predicting 

distant metastasis and tumor recurrence: 

Implications as companion diagnostics 
 

Given the functional effects of the Mitoriboscin 

compounds on metastasis, we next evaluated if the gene 

mRNA transcripts of the large mitochondrial ribosomal 

proteins (MRPL) show any prognostic value in ER(+) 

and ER(-)/basal breast cancer patients.  

 

 
 

Figure 6. Mitochondrial inhibitor compounds selectively target and prevent cancer metastasis. MDA-MB-231 cells and the well-
established chorio-allantoic membrane (CAM) assay in chicken eggs were used to quantitatively measure spontaneous tumor mestastasis.  
An inoculum of 1 X 106 MDA-MB-231 cells was added onto the CAM of each egg (on day E9) and then eggs were then randomized into 
groups. On day E10, tumors were detectable and they were then treated daily for 8 days with vehicle alone (1% DMSO in PBS) or the four 
mitochondrial inhibitors. After 8 days of drug administration, the lower CAM was collected to evaluate the number of metastatic cells, as 
analyzed by qPCR with specific primers for Human Alu sequences. Note that all four mitochondrial inhibitors showed significant effects on 
MDA-MB-231 metastasis. More specifically, all three Mitoriboscins were clearly effective in inhibiting metastasis, although 24/D4 and 24/F9 
were the most effective. In addition, Bis-TPP also significantly prevented metastasis. Averages are shown + SEM. *p<0.05; ***p<0.001. 

 

 
 

Figure 7. Effects of the Mitoriboscin 23/G4 on tumor growth. The Mitoriboscin 23/G4 was tested at higher concentrations of 0.75, 1 
and 2 mM. Note that 23/G4, at these concentrations, inhibited tumor growth (by 40% to 60%). Averages are shown + SEM. ***p<0.001. 
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Table 1. Chick embryo toxicity of Mitoriboscins and Bis-TPP at a concentration of 0.5 mM.  

Group # 
 Group      

Description  
                 Total  Alive  Dead  % Alive  % Dead  

1  Neg. Ctrl.                   18  16  2  88.89  11.11  

2  23/G4                   10  7  3  70  30  

3  24/D4                   12  12  0  100  0  

4  24/F9                   10  8  2  80  20  

5  Bis-TPP                   12  7  5  58.33  41.67  

Table 2. Chick embryo toxicity of Mitoriboscin 23/G4 at higher concentrations.  

Group # 
Group  

Description  
 Total       Alive        Dead  % Alive  % Dead  

1  Neg. Ctrl.      17         12           5  70.59  29.41  

2 23/G4 [0.75 mM]      14         10           4  71.43  28.57  

3  23/G4 [1 mM]      15         12           3  80  20  

4 23/G4 [2 mM]      15         10           5  66.67  33.33  

Table 3. Chick embryo toxicity of Dodecyl-TPP.  

Group #  
Group  

Description  
 Total        Alive         Dead  % Alive  % Dead  

1  Neg. Ctrl.   18          13            5  72.22   27.78  

2  d-TPP [6.25 μM]   19          13            6  68.42   31.58  

3  d-TPP [25 μM]   19          13            6  68.42   31.58  

4  d-TPP [62.5 μM]   19            3           16  15.79   84.21  

 

In ER(+) breast cancer, a 9-gene mito-ribosome signature 

was able to effectively predict distant metastasis in 

N=1,395 patients (HR=1.59; P=5e-05) and tumor 

recurrence in N=3,082 patients (HR=1.71; P<1e-16) (See 

Supplementary Tables 4 and 5; Figure 11). Importantly, 

a closely related mito-ribosome signature was also 

able to predict treatment failure in a sub-set of ER(+) 

patients undergoing Tamoxifen treatment, which 

resulted in distant metastasis (N=618 patients; 

HR=2.16; P=1.7e-05) and tumor recurrence (N=799 

patients; HR=3.45; P=1.6e-08) (Supplementary 

Tables 6 and 7; Figure 12).  

 

 
 

Figure 8. Effects of the Mitoriboscin 23/G4 on cancer metastasis. The Mitoriboscin 23/G4 was tested at higher concentrations, 
namely 0.75, 1 and 2 mM. Note that 23/G4, at these concentrations, significantly inhibited metastasis (by 70-75%). Interestingly, the 
effects of 23/G4 on metastasis were significantly more pronounced than its effects on tumor growth. Averages are shown + SEM. 
***p<0.001. 
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In ER(-)/basal breast cancer, a distinct 6-gene mito-

ribosome MRPL signature was also able to effectively 

predict distant metastasis in N=145 patients (HR=2.95; 

P=0.0018) and tumor recurrence in N=360 patients 

(HR=2.19; P=1.9e-06), as well as overall survival in 

N=153 patients (HR=3.17; P=0.00033) (Supplementary 

Table 8; Figures 13 and 14). 

 

In summary, these short mito-ribosome gene signatures 

may also be useful as companion diagnostics to assess 

which patient populations may benefit most from the 

administration of the Mitoriboscin compounds.  

 

DISCUSSION 
 

Current thinking indicates that CSCs are the etiological 

cause of treatment failure in most cancer patients, as 

they are the cellular drivers of tumor recurrence, 

metastasis and drug-resistance [1–5]. As a consequence, 

new therapeutic approaches are needed to effectively 

eliminate CSCs. Our previous studies identified CSC 

mitochondria as a potential new therapeutic target. 

More specifically, we experimentally observed that  

 

 
 

Figure 9. Effects of Dodecyl-TPP on tumor growth. 
Dodecyl-TPP, another more potent mitochondrially-targeted 
TPP compound, was tested using low micro-molar 

concentrations (6.25- and 25-μM). Note that Dodecyl-TPP 
significantly inhibited tumor growth (by 12% to 40%). 
Averages are shown + SEM. *p<0.05; ***p<0.001. The 
structure of Dodecyl-TPP (d-TPP) is also shown. Note the 12-
carbon alkyl-chain attached to the lipophilic cation, triphenyl-
phosphonium (TPP). 

MCF7-derived 3D-mammospheres are specifically 

enriched in mitochondrial proteins; 25 mitochondrial 

proteins showed greater than 100-fold over-

expression, while 9 of these proteins were infinitely 

up-regulated, as compared with 2D-monolayers [6]. In 

this report, we used these proteomic data as possible 

candidates to generate short mitochondrial gene 

signatures that could be employed as prognostic tools 

to predict distant metastasis (in N=1,395 patients) and 

tumor recurrence (in N=3,082 patients), in a large 

collection of ER(+) breast cancer patients. For 

example, we developed a 4-gene signature for 

predicting distant metastasis, resulting in a hazard 

ratio of 1.91-fold (P=2.2e-08). This clinical evidence 

supports the idea that CSC mitochondria may play a 

critical functional role in the metastatic dissemination 

of cancer cells.  

 

To further test this hypothesis experimentally, we next 

employed a well-established animal model, namely the 

chorio-allantoic membrane (CAM) in chicken eggs, to 

test a series of mitochondrial inhibitors. These mito-

chondrial inhibitors, including the Mitoriboscins, have 

been previously described to effectively inhibit 3D-

mammosphere formation in MCF7 cells and cell 

migration in MDA-MB-231 cells. All five of these  

 

 
 

Figure 10. Effects of Dodecyl-TPP on cancer metastasis. 
Dodecyl-TPP was tested using low micro-molar concentrations 
(6.25- and 25-µM). Note that Dodecyl-TPP significantly 
inhibited metastasis (by 25% to 65%). Averages are shown 
+ SEM. *p<0.05; ***p<0.001. Importantly, little or no toxicity 

was observed for Dodecyl-TPP at 6.25- and 25-μM (Table 3). 
The structure of Dodecyl-TPP (d-TPP) is also shown. 
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Figure 11. A large mito-ribosome 9-gene signature predicts metastasis and recurrence in ER(+) breast cancer patients. A 9-
gene mito-ribosome signature effectively predicts distant metastasis in N=1,395 patients (HR=1.59; P=5e-05) and tumor recurrence in 
N=3,082 patients (HR=1.71; P<1e-16). See Supplementary Tables 4 and 5. DMFS, distant metastasis free survival; RFS, relapse free survival. 

 

 

Figure 12. A large mito-ribosome gene signature predicts metastasis and recurrence in ER(+) breast cancer patients, treated 
with Tamoxifen. A mito-ribosome signature predicts treatment failure in a sub-set of ER(+) patients undergoing Tamoxifen treatment, 
which resulted in distant metastasis (N=618 patients; HR=2.16; P=1.7e-05) and tumor recurrence (N=799 patients; HR=3.45; P=1.6e-08). See 
also Supplementary Tables 6 and 7. DMFS, distant metastasis free survival; RFS, relapse free survival. 
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Figure 13. A large mito-ribosome gene signature predicts distant metastasis and tumor recurrence in ER(-)/basal breast 
cancer patients. In ER(-)/basal breast cancer, a 6-gene mito-ribosome signature was also able to effectively predict distant metastasis in 
N=145 patients (HR=2.95; P=0.0018) and tumor recurrence in N=360 patients (HR=2.19; P=1.9e-06). See also Supplementary Table 8. 

 

 

Figure 14. A large mito-ribosome gene signature predicts overall survival in ER(-)/basal breast cancer patients. In ER(-)/basal 
breast cancer, a 6-gene mito-ribosome signature was also able to effectively predict overall survival in N=153 patients (HR=3.17; P=0.00033). 
OS, overall survival. 
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mitochondrial inhibitors selectively prevented MDA-

MB-231 tumor cell metastasis, but had only minor 

effects or no effect on tumor formation. More 

specifically, we have previously shown that these 

mitochondrial inhibitors successfully induce ATP-

depletion in cancer cells, by targeting mitochondrial 

protein translation and/or OXPHOS activity [15–17]. 

Our current studies provide the necessary in vivo 

functional evidence, that mitochondrial inhibitors can 

successfully prevent cancer metastasis. These findings 

could have important clinical implications,  

for ultimately preventing treatment failure in breast 

cancer patients, via metastasis prophylaxis (Figure 

15).  

 

Since the Mitoriboscins were originally engineered to 

inhibit the large mitochondrial ribosome [15], we 

also focused on whether the large mitochondrial 

ribosomal gene transcripts (MRPL) have any 

prognostic value, for predicting distant metastasis in 

ER(+) breast cancer patients. Importantly, signatures 

containing MRPL gene transcripts were effective in 

predicting metastasis, recurrence and Tamoxifen-

resistance. Similar results were also obtained in ER(-) 

breast cancer patients. As a consequence of the 

success of this approach, these MRPL gene 

signatures may ultimately be useful as new 

companion diagnostics, to guide decisions to 

determine which patients would benefit from anti-

mito-ribosome therapy.  

 

 

 

Figure 15. Metastasis prophylaxis: Clinical implications 
of mitochondrial inhibitors for the prevention of 
treatment failure and cancer metastasis. Based on our 
current results, that mitochondrial inhibitors can selectively 
prevent metastasis, we suggest that these findings could be 
applied clinically to help prevent treatment failure in breast 
cancer patients.  

MATERIALS AND METHODS 
 

Materials 
 

MDA-MB-231 cells, a human breast cancer cell line, 

were obtained from the American Type Culture 

Collection (ATCC). Mitoriboscins (23/G4, 24/D4, 

24/F9), Butene-1,4-bis-triphenyl-phosphonium (Bis-

TPP), and Dodecyl-TPP, were all as we previously 

described [15–17].  
 

Kaplan-Meier (K-M) analyses  
 

To perform K-M analysis on gene transcripts, we used 

an open-access online survival analysis tool to 

interrogate publically available microarray data from up 

to 3,951 breast cancer patients (18). This allowed us to 

determine their prognostic value. For this purpose, we 

primarily analyzed data from ER(+)s and ER(-)/basal 

patients. Biased array data were excluded from the 

analysis. This allowed us to identify mitochondrial gene 

transcripts, with significant prognostic value. Hazard-

ratios were calculated, at the best auto-selected cut-off, 

and p-values were calculated using the Log-rank test 

and plotted in R. K-M curves were also generated 

online using the K-M-plotter (as high-resolution TIFF 

files), using univariate analysis: https://kmplot.com/ 

analysis/index.php?p=service&cancer=breast. 

 

This approach allowed us to directly perform in silico 

validation of these mitochondrial biomarker candidates. 

The multi-gene classifier function of the program was 

used to test the prognostic value of short mitochondrial 

gene signatures, using the mean expression of the 

selected probes. The latest 2020 version of the database 

was utilized for all these analyses. 

 

Assays for tumor growth, metastasis and embryo 

toxicity 
 

Preparation of chicken embryos  

Fertilized White Leghorn eggs were incubated at 37.5°C 

with 50% relative humidity for 9 days. At that moment 

(E9), the chorioallantoic membrane (CAM) was 

dropped down by drilling a small hole through the 

eggshell into the air sac, and a 1 cm² window was cut in 

the eggshell above the CAM (19-23). 
 

Amplification and grafting of tumor cells  
The MDA-MB-231 tumor cell line was cultivated in 

DMEM medium supplemented with 10% FBS and 1% 

penicillin/streptomycin. On day E9, cells were detached 

with trypsin, washed with complete medium and 

suspended in graft medium. An inoculum of 1 X 106 

cells was added onto the upper CAM of each egg (E9) 

and then eggs were randomized into groups [19–23]. 

https://kmplot.com/analysis/index.php?p=service&cancer=breast
https://kmplot.com/analysis/index.php?p=service&cancer=breast
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Tumor growth assays  
At day 18 (E18), the upper portion of the CAM was 

removed from each egg, washed in PBS and then 

directly transferred to paraformaldehyde (fixation for 48 

h) and weighed [19–23]. For tumor growth assays, at 

least 8 tumor samples were collected and analysed per 

group (n > 8). 

 

Metastasis assays  

On day E18, a 1 cm² portion of the lower CAM was 

collected to evaluate the number of metastatic cells in 8 

samples per group (n=8). Genomic DNA was extracted 

from the CAM (commercial kit) and analyzed by qPCR 

with specific primers for Human Alu sequences. 

Calculation of Cq for each sample, mean Cq and 

relative amounts of metastases for each group are 

directly managed by the Bio-Rad® CFX Maestro 

software. A one-way ANOVA analysis with post-tests 

was performed on all the data [19–23]. 

 

Embryo tolerability assays 
Before each administration, the treatment tolerability 

was evaluated by scoring the number of dead embryos. 

This approached is summarized schematically in 

Supplementary Figures 1 and 2.  
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SUPPLEMENTARY MATERIALS 
 

Supplementary Figures 

 

 

 

 

 

 
 

Supplementary Figure 1. Summary: The Chorio-allantoic Membrane (CAM) Method. Fertilized White Leghorn eggs were as used 
the xenograft host for growing human MDA-MB-231 cells to measure i) tumor growth (weight), ii) metastatic invastion/progression (by qPCR 
with specific primers for Human Alu sequences) and iii) drug toxicity (by evaluating chicken embryo viability). MDA-MB-231 cells were 
implanted on embryonic day 9 (E9). Then, tumor growth and metastasis were evaluated on embryonic day 18 (E18). Treatments were 
administered for 8 days, from E10 till E17. Using this approach, the efficacy and toxicity of five mitochondrial inhibitors were evaluated, in an 
in vivo setting: Mitoriboscins (23/G4, 24/D4, 24/F9) and TPP compounds (Bis-TPP and Dodecyl-TPP). See Materials & Methods for specific 
details.  

 

 

Supplementary Figure 2. Measuring Distant Metastasis with the CAM Method. Spontaneous metastasis from the primary tumor 
located in the Upper CAM was measured by quantitating the amount of metastatic cells that accumulated in the Lower CAM region, after a 
period of 9 days, post-tumor cell implantation, using qPCR analysis. Importantly, metastatic dissemination, from the Upper CAM to the Lower 
CAM, requires cell migration, invasion, intravasation, extravasation and the formation of secondary lesions.  
  

Upper CAM – Primary Tumor

Lower CAM – Metastases 

Migration

Invasion

Intravasation

Extravasation

Secondary Lesions

Tumor
Progression



 

www.aging-us.com 10177 AGING 

Supplementary Tables 
 

Supplementary Table 1. Distant metastasis signature (13 genes): prognostic palue of mitochondrial-related proteins 
up-regulated in MCF7 mammospheres, evaluated in ER(+) breast cancer patients (DMFS/ER(+)/N=1,395/>240-
months). 

Probe         Symbol        HR (DMFS) Log-rank test 

201128_s_at        ACLY      1.72 3.1e-05 

208845_at        VDAC3      1.66 1.2e-05 

202282_at        HADH2      1.58 7.2e-05 

201441_at         COX6B1      1.53 0.00017 

201322_at        ATP5B      1.43 0.0016 

218440_at         MCCC1      1.40 0.0054 

218275_at          SLC25A10      1.37 0.0048 

205217_at         TIMM8A      1.37 0.0072 

200789_at        ECH1      1.35 0.0092 

212186_at        ACACA      1.34 0.031 

200690_at         HSPA9      1.29 0.046 

217720_at         CHCHD2      1.28 0.028 

217814_at         CCDC47      1.28 0.032 

Combined       1.79 3.4e-07 

 

Supplementary Table 2. Distant metastasis signature (4 genes): prognostic value of mitochondrial-related proteins 
up-regulated in MCF7 mammospheres, evaluated in ER(+) breast cancer patients (DMFS/ER(+)/N=1,395/>240-
months). 

Probe Symbol HR (DMFS) Log-rank test 

201128_s_at ACLY 1.72 3.1e-05 

208845_at VDAC3 1.66 1.2e-05 

202282_at HADH2 1.58 7.2e-05 

201441_at COX6B1 1.53 0.00017 

Combined  1.91 2.2e-08 

 

Supplementary Table 3. Tumor recurrence signature (4 genes): prognostic value of mitochondrial-related proteins 
up-regulated in MCF7 mammospheres, evaluated in ER(+) breast cancer patients (RFS/ER(+)/N=3,082/>240-months). 

Probe Symbol HR (RFS) Log-rank test 

208845_at VDAC3 1.56 2.3e-11 

202282_at HADH2 1.52 1.3e-09 

201441_at COX6B1 1.51 1.3e-10 

201128_s_at ACLY 1.12 0.091 

Combined  1.68 1.2e-15 
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Supplementary Table 4. Distant metastasis signature (9 genes): prognostic value of large mito-ribosomal proteins, 
evaluated in ER(+) breast cancer patients (DMFS /ER(+)/N=1,395/>240-months). 

Probe Symbol HR (DMFS) Log-rank test 

218027_at MRPL15 1.68 4.1e-06 

218049_s_at MRPL13 1.56 8.8e-05 

222216_s_at MRPL17 1.53 0.00044 

219244_s_at MRPL46 1.46 0.0013 

217907_at MRPL18 1.40 0.005 

218281_at MRPL48 1.38 0.0078 

208787_at MRPL3 1.37 0.0086 

218270_at MRPL24 1.33 0.021 

218105_s_at MRPL4 1.29 0.023 

Combined  1.59 5e-05 

 

Supplementary Table 5. Tumor recurrence signature (9 genes): prognostic value of large mito-ribosomal proteins, 
evaluated in ER(+) breast cancer patients (RFS /ER(+)/N=3,082/>240-months). 

Probe Symbol HR (RFS) Log-rank test 

218027_at MRPL15 1.72 <1e-16 

218049_s_at MRPL13 1.71 <1e-16 

208787_at MRPL3 1.71 <1e-16 

222216_s_at MRPL17 1.70 1.1e-16 

217907_at MRPL18 1.55 2e-11 

218281_at MRPL48 1.26 0.00041 

218105_s_at MRPL4 1.24 0.00095 

219244_s_at MRPL46 1.21 0.0083 

218270_at MRPL24 1.10 0.2 

Combined  1.71 <1e-16 

 

Supplementary Table 6. Distant metastasis signature (6 genes): prognostic value of large mito-ribosomal proteins, 
evaluated in ER(+) breast cancer patients (DMFS /ER(+)/N=618/>240-months) treated with Tamoxifen. 

Probe                    Symbol                HR (DMFS) Log-rank test 

218027_at                   MRPL15                2.15   1.7e-06 

219244_s_at                   MRPL46               1.99   0.00011 

222216_s_at                   MRPL17               1.99   0.0036 

218270_at                   MRPL24               1.94   0.00024 

217907_at                   MRPL18               1.71   0.0051 

218049_s_at                  MRPL13               1.55   0.021 

Combined                2.16   1.7e-05 

 

Supplementary Table 7. Tumor recurrence signature (8 genes): prognostic value of large mito-ribosomal proteins, 
evaluated in ER(+) breast cancer patients (RFS /ER(+)/N=799/>240-months) treated with Tamoxifen. 

Probe Symbol HR (RFS) Log-rank test 

218027_at MRPL15 2.20 7.8e-08 

208787_at MRPL3 2.04 0.00015 

222216_s_at MRPL17 2.01 2.3e-06 

217907_at MRPL18 1.92 9.1e-06 

218270_at MRPL24 1.77 0.00012 

218049_s_at MRPL13 1.66 0.0059 

218281_at MRPL48 1.55 0.0033 

219244_s_at MRPL46 1.53 0.0063 

Combined  3.45 1.6e-08 
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Supplementary Table 8. Distant metastasis signature (6 genes): prognostic value of large mito-ribosomal proteins, 
evaluated in ER(-)/basal breast cancer patients (DMFS/N=145/>120-months). 

Probe          Symbol         HR (DMFS) Log-rank test 

222466_s_at          MRPL42       4.00 0.0024 

227186_s_at          MRPL41      3.43 0.0023 

225797_at          MRPL54      2.44 0.011 

218049_s_at         MRPL13      2.23 0.0022 

224331_s_at         MRPL36      2.13 0.036 

218339_at         MRPL22      1.75 0.029 

Combined       2.95 0.0018 
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INTRODUCTION 
 

Colorectal cancer (CRC) is one of the most commonly 

diagnosed malignancies worldwide, and is associated 

with high morbidity and mortality [1]. Apart from 

surgical resection, several targeted therapies have been 

developed against CRC in order to improve prognosis. 

However, the complex mechanism of CRC genesis 

considerably limits the therapeutic outcomes in 

advanced cancer [2, 3]. Therefore, it is essential to 

determine the mechanisms underlying the development 

and progression of CRC in order to identity novel 

therapeutic targets. 

 

Aldo-keto reductase family 1 member B10 (AKR1B10), a 

member of the AKR1B subfamily, is a 36-kDA cytosolic  

 

NADPH-dependent oxidoreductase that catalyzes the 

reduction of intracellular reactive oxygen species (ROS), 

retinaldehyde, lipid peroxidation products and xenobiotics 

[4, 5]. It is commonly expressed in normal epithelial 

tissues of the digestive tract and presents at very low level 

in non-gastrointestinal tissues [6, 7]. Aberrant expression 

of AKR1B10 has been detected in multiple solid tumors 

such as hepatocellular cancer [8], lung cancer [9], breast 

cancer [10] and pancreatic cancer [11], and strongly 

associated with prognosis [12–15], and downregulated in 

malignancies of the digestive tract, such as gastric cancer 

and CRC [15, 16]. AKR1B10 normally exerts a gastro-

protective effect by metabolizing α, β-unsaturated 

carbonyl compounds produced by gut microbiota into less 

toxic hydroxyl compounds [17], promoting the synthesis 

of fatty acids or lipids in the digestive tract mucosa for the 
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ABSTRACT 
 

Colorectal cancer (CRC) is a common malignancy worldwide with poor prognosis and survival rates. The aldo-
keto reductase family 1 member B10 (AKR1B10) plays an important role in metabolism, cell proliferation and 
mobility, and is downregulated in CRC. We hypothesized that AKR1B10 would promote CRC genesis via a 
noncanonical oncogenic pathway and is a novel therapeutic target. In this study, AKR1B10 expression levels in 
135 pairs of CRC and para-tumor tissues were examined, and its oncogenic role was determined using in vitro 
and in vivo functional assays following genetic manipulation of CRC cells. AKR1B10 was downregulated in CRC 
tissues compared to the adjacent normal colorectal tissues, and associated with the clinicopathological status 
of the patients. AKR1B10 depletion promoted the proliferation and migration of CRC cells in vitro, while its 
ectopic expression had the opposite effect. AKR1B10 was also significantly correlated with FGF1 gene and 
protein levels. Knockdown of AKR1B10 promoted tumor growth in vivo, and increased the expression of FGF1. 
Finally, AKR1B10 inhibited FGF1, and suppressed the proliferation and migration ability of CRC cells in an FGF1-
dependent manner. In conclusion, AKR1B10 acts as a tumor suppressor in CRC by inactivating FGF1, and is a 
novel target for combination therapy of CRC. 
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constant renewal of crypt cells [18], and mediating 

retinoid acid homeostasis and cell differentiation [10]. 

Thus, it is not surprising that aberrantly low level of 

AKR1B10 in the gastrointestinal tract is closely linked 

with the development of cancers [15, 16], as well as 

inflammatory conditions like diabetic nephropathy [19]. 

However, little is known regarding the role of AKR1B10 

in CRC development, and the molecular mechanisms 

remain elusive. 

 

Fibroblast growth factor 1 (FGF1) was first identified in 

brain and pituitary tissues [10], and functions as an 

insulin sensitizer in type 2 diabetes mellitus along with 

maintaining adipose tissue and metabolic homeostasis 

[20, 21]. Studies have also reported anti-inflammatory 

effects of FGF1 [21, 22], which is significant since 

metabolic disorders often progress to tumors due to 

adipose inflammation and systemic circulation of 

metabolic and inflammatory factors [23]. Therefore, we 

hypothesized that high level expression of AKR1B10 

would suppress CRC development via a non-canonical 

FGF1-dependent pathway, and our findings demonstrated 

a novel role of AKR1B10 in CRC and identified its 

potential diagnostic and therapeutic relevance. 

RESULTS 
 

AKR1B10 is downregulated in CRC tissues and 

related to poor prognosis 

 

The AKR1B10 protein was highly expressed in normal 

colorectal tissues, and significantly lower in the CRC 

tissues (Figure 1A–1B, Supplementary Figure 1A). 

Although in situ AKR1B10 levels were similar between 

the T1-2 and T3-4 tissues (P > 0.05; Figure 1C), it was 

significantly decreased in patients with lymph node 

invasion compared with those without (P < 0.01, Figure 

1D). Furthermore, AKR1B10 expression was reduced in 

CRC tissues with tumor-node-metastasis (TNM) staging 

I-II compared to III-IV (P < 0.01; Figure 1E). Our 

results were confirmed with TCGA datasets in the 

GEPIA platform (Supplementary Figure 1B). In 

addition, AKR1B10 expression was significantly 

associated with the depth of invasion (P < 0.05), lymph 

node invasion (P < 0.001) and TNM staging (P < 0.001, 

Table 1), while no correlation was observed with other 

clinicopathological variables such as age, gender, tumor 

size, tumor location or degree of differentiation (P > 

0.05; Table 1). Univariate analysis further revealed that 

 

 
 

Figure 1. Expression of AKR1B10 in CRC tissues. (A) Representative IHC images showing in situ AKR1B10 expression in CRC and normal 

tissues (scale bar = 100μm). (B–E) IHC scores of AKR1B10 in (B) CRC vs normal tissues, (C) T I-II vs T III-IV tissues, (D) tumors with or without 
lymph node invasion, and (E) early vs late TNM staging. (F) OS of AKR1B10pos and AKRiB10neg CRC patients in subgroups demarcated by 
tumor location, depth of tumor invasion, lymph node metastasis, degree of differentiation and TNM staging. (G–I) OS of (G) AKR1B10pos and 
AKRiB10neg CRC patients with TNM staging I-II (H) and III-IV (I). CRC, colorectal cancer. OS, overall survival. ns, no significant difference. ** P 
< 0.01, *** P < 0.001. 
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Table 1. Relationship between AKR1B10 and clinic-pathological factors in 135 CRC patients. 

Variables 
AKR1B10  

Negative Positive P value  

Age (years)     

≤60 30 27 0.551  

>60 37 41   

Gender     

Male 33 24 0.863  

Female 44 34   

Size (cm)     

<5 26 31 0.702  

≥5 33 45   

Tumor location     

Right 19 15 0.595  

Left 18 17   

Rectal 30 36   

Depth of tumor invasion     

T1-2 7 18 0.017a  

T3-4 60 50   

Lymph node metastasis     

No 19 47 <0.001b  

Yes 48 21   

Degree of differentiation     

Well 53 58 0.347  

Poor 14 10   

TNM staging     

I-II 17 47 <0.001b  

III-IV 50 21   

a P < 0.05, b P < 0.001 

low AKR1B10 expression (P < 0.001), lymph node 

invasion (P < 0.001), degree of differentiation (P < 0.01), 

depth of invasion (P < 0.001) and TNM staging (P < 

0.001, Table 2) were related to poor prognosis, and low 

AKR1B10 expression was confirmed as an independent 

prognostic factor for the survival of CRC patients by 

multivariate analysis (P < 0.001, Table 2). Therefore, we 

demarcated the patients according to AKR1B10 

expression levels, and found that the survival of 

AKR1B10neg patients was significantly worse compared 

to the AKR1B10pos group (P < 0.05; Figure 1F–1G, 

Supplementary Figure 1C), regardless of age, gender, 

tumor size, tumor location, venous invasion, neural 

invasion and lymph node metastasis. In contrast, 

AKR1B10 expression level had no bearing on the survival 

of patients with staging T1-T2 invasion (P = 0.355), poor 

differentiation (P = 0.094) and TNM staging I-II (P = 

0.075). Interestingly, elevated AKR1B10 expression was 

associated with favorable prognosis in patients with 

TNM staging III-IV but not the staging I-II patients (P = 

0.065; P = 0.001; Figure 1H–1I). 

 

Ectopic AKR1B10 inhibits proliferation and 

migration of CRC cells in vitro 

 

Pooled analysis of CRC and normal tissues across 7 

Oncomine datasets (Figure 2A) revealed significant 

downregulation of AKR1B10 mRNA in the CRC 

tissues, which was also consistent with the findings of 

Gaedcke et al, Kaiser et al and Hong et al 

(Supplementary Figure 2A). Furthermore, AKR1B10 

expression was also downregulated in the CRC tissues 

of our cohort compared to the paired normal tissues 

(Figure 2B, Supplementary Figure 2B–2C), as well as in 

multiple CRC cell lines (Figure 2C–2D, Supplementary 

Figure 2D). The HT29 cells expressed the highest levels 
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Table 2. Results of univariate and multivariate analyses of postoperative patients’ survival by Cox’s proportional 
hazard model. 

Varieties n 
Univariate analysis Multivariate analysis 

HR 95% CI P HR 95% CI P 

Age (≤60 or >60 years) 57/78 1.084 0.696-1.687 0.722    

Gender (Male / Female) 77/58 0.876 0.561-1.366 0.559    

Size of tumor (≤5 or >5 cm) 59/76 0.654 0.418-1.023 0.063    

Depth of tumor invasion (T1-2 / T3-4) 25/110 0.223 0.102-0.487 <0.001c 0.360 0.161-0.805 0.013a 

Lymph node metastasis (negative / 
positive) 

66/69 0.179 0.108-0.298 <0.001c 7.731 1.656-36.084 0.009b 

Degree of differentiation (moderate-
well/poor) 

111/24 0.461 0.270-0.787 0.005b 0.799 0.457-1.395 0.429 

TNM staging (I-II / III-IV) 64/71 0.157 0.093-0.264 <0.001c 0.033 0.006-0.164 <0.001c 

AKR1B10 expression (negative / positive) 67/68 3.880 2.403-6.266 <0.001c 2.492 1.491-4.164 <0.001c 

a P < 0.05, b P < 0.01, c P < 0.001 

 

 
 

Figure 2. Effect of AKR1B10 on CRC cell proliferation and migration ability. (A) Comparison of AKR1B10 mRNA expression in CRC 

and normal tissues across 7 Oncomine datasets. (B–C) AKR1B10 mRNA levels in (B) 27 paired CRC and normal tissues and (C) 5 CRC cell 
lines. (D–E) Immunoblots showing AKR1B10 protein levels in (D) wild type and (E) AKR1B10-KD and AKR1B10-OE CRC cell lines. (F–H) 
Proliferation rates (F), colony forming capacity (G) and migration rates (H) of AKR1B10-KD and AKR1B10-OE CRC cells. CRC, colorectal 
cancer. CTL, control; NC, negative control; KD, AKR1B10-shRNA; VEC, vector; OE, AKR1B10 overexpression plasmid. Data are presented as 
mean ± SD (n=3). *P < 0.05, **P < 0.01, ***P < 0.001. 
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of AKR1B10, while that in the SW480, HCT116 and 

RKO cells were relatively low. The biological role of 

AKR1B10 was further analyzed using knockdown (KD) 

and overexpression (OE) constructs (Figure 2E). The 

proliferation rate of AKR1B10-KD cells was 

significantly higher, and that of AKR1B10-OE cells was 

inhibited compared to the negative controls (Figure 2F). 

Consistent with this, the AKR1B10-KD cells also 

showed enhanced colony-formation ability, which was 

markedly suppressed in the AKR1B10-OE cells (Figure 

2G). Overexpression of AKR1B10 also inhibited in vitro 

migration of CRC cells, whereas its knockdown had the 

opposite effect (Figure 2H). Taken together, AKR1B10 

acts as a tumor suppressor in CRC, and its ectopic 

expression promotes the growth of CRC cells in vitro. 

AKR1B10 is closely related with FGF1 expression 

levels in CRC tissues 

 

Since FGF1 is associated with inflammation in the 

tumor microenvironment, we next analyzed the 

potential correlation between AKR1B10 and FGF1 in 

TCGA datasets. AKR1B10 expression levels in the 

CRC tissues were closely related to that of FGF1 (P < 

0.001, Figure 3A). Furthermore, FGF1 mRNA levels 

were also significantly higher in most CRC tissue 

specimens compared to the paired normal tissues (P < 

0.001, Figure 3B, Supplementary Figure 3A, 3B). 

Interestingly, high AKR1B10 levels were significantly 

correlated with reduced FGF1 expression in CRC 

tissues (P = 0.001), while no such correlation was seen 

 

 
 

Figure 3. Correlation between AKR1B10 and FGF1 in CRC tissues. (A) Correlation analysis of AKR1B10 and FGF1 levels in CRC tissues 

from TCGA datasets by GEPIA platform. (B) FGF1 mRNA levels in 27 paired CRC and normal tissues. (C) Correlation between AKR1B10 and 
FGF1 levels in the above. (D) Representative IHC images showing in situ FGF1 expression in CRC and normal tissues (scale bar = 100μm) and 
(E) corresponding IHC scores. (F) OS of 135 CRC patients demarcated by FGF1 expression levels. (G) Stratification of 135 pairs of CRC and 
normal tissues into cluster 1 (red) and cluster 2 (green) according to AKR1B10 and FGF1 IHC scores. (H) Percentage of tumor and normal 
samples in each cluster. CRC, colorectal cancer. OS, overall survival. *** P < 0.001. 
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in normal tissues (P > 0.05, Figure 3C). Based on both 

variables, the tumor and normal groups were stratified 

into two clusters (Supplementary Figure 3C–3D), and 

most normal specimens belonged to Cluster 1 (71.4%) 

as opposed to Cluster 2 (28.6%) whereas the tumor 

samples were concentrated in Cluster 2 (63% compared 

to 37% in Cluster 1). The FGF1 protein levels were also 

significantly higher in CRC compared to the normal 

tissues (Figure 3D–3E), and its reduced expression was 

predictive of longer survival (Figure 3F). In the cluster 

analysis as well, the IHC scores of AKR1B10 and FGF1 

were significantly different between tumor and normal 

tissues (Figure 3G), with 23.9% and 76.1% of the 

normal samples, and 51.9% and 48.1% tumor samples 

respectively present in Cluster 1 and Cluster 2 (Figure 

3H). Taken together, AKR1B10 and FGF1 levels can 

distinguish between CRC and normal tissues. 

AKR1B10 inhibits colorectal tumorigenesis in vivo 

by targeting FGF1 

 

The role of AKR1B10 in CRC tumor growth was 

analyzed by establishing an in vivo xenograft model 

using wild-type and AKR1B10-KD HT29 cells. 

Depletion of AKR1B10 had no obvious effect on the 

body weight of the mice (Figure 4A), but significantly 

enhanced the proliferative capacity of the CRC cells, 

which was manifested as increased tumor size (Figure 

4B) and weight (Figure 4C–4D) compared to control 

group. However, the net body weights obtained after 

subtracting the tumor weights were significantly lower 

in the mice implanted with AKR1B10-KD CRC cells 

(Figure 4E). Furthermore, in situ AKR1B10 mRNA 

levels were markedly lower and that of FGF1 was 

higher in the AKR1B10-KD tumors (Figure 4F–4G), 

 

 
 

Figure 4. AKR1B10 knockdown suppresses CRC tumor growth in vivo. (A–B) Total body weight (A) and tumor volume (B) of the 

mice during the experiment. (C) Representative pictures of subcutaneous tumors harvested from NC and AKR1B10-KD group. (D) The 
weights of tumor masses. (E) Net body weight after subtracting the respective tumor weights. (F–G) Relative AKR1B10 (F) and FGF1 (G) 
mRNA levels in the tumors and their (H) correlation. (I) Stratification of mice into cluster 1 (grey) and cluster 2 (blue) according to body 
weight, tumor volume, tumor weight and AKR1B10 and FGF1 mRNA levels. (J) Percentage of NC and AKR1B10-KD mice in each cluster. Data 
are presented as mean ± SD. CRC, colorectal cancer. NC, negative control; KD, AKR1B10-shRNA. *P < 0.05, **P < 0.01, ***P < 0.001. 
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and showed significant statistical correlation (Figure 

4H). We next performed a cluster analysis to consider 

the combined effects of body weight, tumor volume, 

tumor weight and AKR1B10/FGF1 levels (Figure 4I), 

and found that 16.67% of the AKR1B10-KD and 

83.33% of the NC group mice were in Cluster 1 (Figure 

4J). To gain further mechanism insights, we analyzed the 

FGF1 levels in CRC cells transfected with AKR1B10-

shRNA or AKR1B10 overexpression plasmid, and found 

that AKR1B10 downregulated FGF1 while knocking it 

down had the opposite effect (Figure 5A). To further 

determine the role of FGF1 in AKR1B10-mediated 

regulation of CRC progression, the HT29 cells were co-

transfected with AKR1B10-shRNA and FGF1-shRNA. 

Interestingly, inhibiting AKR1B10 restored FGF1 

expression levels following the latter’s knockdown 

(Figure 5B) but its overexpression did not rescue the 

CRC cells from the anti-proliferative effects of FGF1 

knockdown (Figure 5C–5E). Taken together, AKR1B10-

mediated inhibition of CRC cells is dependent on FGF1. 

 

 
 

Figure 5. AKR1B10 inhibits CRC cell growth in an FGF1-dependent manner. (A) Immunoblot showing AKR1B10, FGF1 and GAPDH 

protein levels in HT29 cells transfected with AKR1B10-shRNA and in HCT116 cells transfected with AKR1B10 overexpression plasmid. (B) 
Immunoblot showing AKR1B10, FGF1 and GAPDH protein levels in HT29 transfected with FGF1-shRNA alone or in combination with 
AKR1B10-shRNA. (C–E) Proliferation rates (C), colony forming capacity (D) and migration rates (E) of the HT29 cells transfected as above. 
Data are presented as mean ± SD. NC, negative control; KD, AKR1B10-shRNA; VEC, vector; OE, AKR1B10 overexpression plasmid. “-”, 
control-shRNA. “+”, AKR1B10 or FGF1 shRNA. *P < 0.05, **P < 0.01, ***P < 0.001.  
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DISCUSSION 
 

AKR1B10 metabolizes various substrates such as 

retinaldehyde, lipid peroxidation products, and 

xenobiotics [5, 25–27]. It is primarily expressed in 

normal gastrointestinal epithelial tissues, and usually 

non-detectable in non-digestive tract tissues [28, 29]. 

Recent studies have implicated AKR1B10 in tumor 

growth and metastasis, and reported aberrant expression 

levels in various cancers [14, 30]. We found that 

AKR1B10 levels were high in the normal colorectal 

tissues and decreased significantly in primary CRC 

tumors compared to the surrounding normal tissues. 

Furthermore, CRC patients overexpressing AKR1B10 

had better OS compared to the low-expressing group, 

which is consistent with previous studies [16, 31–33]. 

Nevertheless, the difference in the expression levels of 

AKR1B10 in the gastrointestinal and other solid tumors 

[12, 14–16, 34–38] has limited the clinical relevance of 

AKR1B10 as a therapeutic target. Although a previous 

study correlated AKR1B10 expression to the prognosis 

of CRC patients [15], its role in CRC development 

remains unclear. We found that reduced levels of 

AKR1B10 in the tumor tissues correlated significantly 

with advanced stages, greater invasiveness, increased 

tumor differentiation and poor survival of CRC patients, 

indicating that AKR1B10 is a potential tumor suppressor 

in CRC. Consistent with this, ectopic expression of 

AKR1B10 in the CRC cells significantly inhibited their 

proliferation, clonal expansion and migration in vitro. 

 

AKR1B10 is a potential biomarker of CRC, although the 

mechanisms underlying AKR1B10 down-regulation in 

CRC and AKR1B10-mediated tumorigenesis remain to 

be clarified. Overexpression of AKR1B10 significantly 

inhibited the proliferation and migration of CRC cells. 

Correlation analysis on TGCA datasets showed a 

significant association between AKR1B10 and FGF1. 

The latter is a member of the fibroblast growth factor 

family that is involved in cell proliferation and migration 

[39–41], and acts as an oncogene in several cancers. 

FGF1 is aberrantly expressed in pancreatic cancer, lung 

cancer, glioblastoma and prostate cancer [42–45]. 

Elevated FGF1 levels are associated with increased 

angiogenesis and decreased survival in serous ovarian 

adenocarcinoma [46], and is a potential therapeutic target 

for ovarian cancer [47, 48]. We found that FGF1 was 

overexpressed in CRC tissues and predicted poor 

prognosis. Furthermore, cluster analysis indicated that 

both FGF1 and AKR1B10 expression levels were able to 

distinguish between the tumor and adjacent normal 

tissues, and pointed to a functional relationship as well. 

 

AKR1B10 and AKR1B1 are closely related to 

inflammation [15, 19], and AKR1B10 in particular 

regulates inflammatory factors in the tumor 

microenvironment, which mobilizes the host immune 

response and promotes tumor suppression [15, 19, 49]. 

FGF1 activation is mediated via the PI3K-Akt signaling 

pathway that lies upstream of mTOR [50], which is 

related to autophagy, apoptosis and metabolism of 

cancer cells, as well as the NLRP3-mediated 

inflammatory response [51, 52]. Based on previous 

evidence and our findings, we hypothesized that 

AKR1B10 would inhibit the proliferation and migration 

of CRC cells by regulating FGF1-dependent signaling 

pathways. Indeed, AKRB110 inhibited FGF1 in CRC 

cell lines, and elevated FGF1 in response to AKR1B10 

depletion promoted xenograft tumor growth in a mouse 

model. In addition, an inverse correlation between 

FGF1 and AKR1B10 was also observed in human CRC 

tumors. The likely mechanism underlying the inhibitory 

effect of AKR1B10 is the induction of an anti-tumor 

inflammatory response [15, 53] by targeting FGF1, 

which is related to the growth and migration of CRC 

cells [54, 55]. The involvement of an FGF1-dependent 

pathway is significant in the context of therapeutically 

targeting AKR1B10 in CRC [56]. Since AKR1B10 was 

not able to rescue CRC cells after FGF1 knockdown, 

the latter is possibly a downstream target of AKR1B10. 

Although the exact regulatory mechanism warrants 

future investigation, our findings provide a rationale for 

targeting both as a combination therapy for CRC. 

 

MATERIALS AND METHODS 
 

Human tissue specimens 

 

A total of 135 pairs of CRC and adjacent normal colon 

tissues were collected immediately after surgical 

resection at the Department of General Surgery of the 

First Affiliated Hospital of Soochow University 

(Suzhou, China) from 2010 to 2013. None of the 

patients had received radiotherapy or chemotherapy 

before radical surgery, and all tissue specimens were 

verified histo-pathologically. The study was approved 

by the Independent Ethics Committee of the First 

Affiliated Hospital of Soochow University (IRB 

approval number, 2020-076), and all patients provided 

written informed consent.  

 

Immunohistochemistry (IHC) evaluation 

 

Tissue specimens were fixed with 10% formalin, 

embedded in paraffin, and cut into 5μm-thick sections. 

After cleaned in xylene and rehydrated through an 

ethanol gradient, the sections were treated with 3% 

hydrogen peroxide to quench endogenous peroxidases, 

and then boiled in 10mM citrate buffer (pH 6) for 

antigen retrieval. The processed sections were then 

blocked with 10% goat serum for 30 min, and incubated 

overnight with 1:200 diluted polyclonal anti-human 
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AKR1B10 (BOSTER, Wuhan, China) or anti-human 

FGF1 (BOSTER, Wuhan, China) at 4°C. Color was 

developed using a tissue staining kit (Zhongshan 

Biotechnology, Beijing, China). The AKR1B10 or 

FGF1 staining scores were evaluated in five random 

fields per slide by two pathologists YuHong Wang (The 

First Affiliated Hospital of Soochow University) and 

Zheng Zhi (The Soochow University) in a blinded 

manner as previously described [24]. The percentage of 

positively stained cells was scored as follows: 0 - 0-5%; 

1 - 6-25%; 2 - 26-50%; 3 - 51-75%; 4 - >75%. The 

staining intensity was scored as 0 (negative), 1 (weak), 

2 (moderate) and 3 (strong). The final score was the 

average of the percentage score multiplied by intensity 

score, and graded as follows: – (0), + (1-4), ++ (5-8) 

and +++ (9-12). Samples with final scores ++ or +++ 

were graded as positive, and – or + as negative.  

 

Bioinformatics analysis 

 

CRC gene expression datasets were downloaded  

from the Oncomine (https://www.oncomine.org), 

CCLE (Cancer Cell Line Encyclopedia, 

https://portals.broadinstitute.org/ccle) and GEPIA 

(Gene Expression Profiling Interactive Analysis, 

http://gepia.cancer-pku.cn) databases, and analyzed 

by established protocols. 

 

Survival analysis 

 

All patients were followed up by personal or telephonic 

interviews for 60 months, and the time point was set as 

the date of CRC-related death or 60 months after 

surgery. Self-developed R program (version 3.6.1 for 

Windows, http://cran.r-project.org/) was used for 

sample classification and prognostic analysis. The 

patients were classified into two subgroups according to 

the IHC staining scores, and Kaplan-Meier survival 

curves were plotted for both groups using the 

“survminer” package (version 0.4.6, https://cran.r 

project.org/web/packages/survminer/index.html). The 

log-rank test was used for statistical comparison and P 

< 0.05 was considered significant. 

 

Cell culture and transfection 

 

Five human CRC cell lines (HCT116, HT29, LOVO, 

SW480 and RKO) were purchased from the Cell Bank of 

Chinese Academy of Sciences (Shanghai, China), and 

were cultured in RPMI 1640 medium (Hyclone) 

supplemented with 10% fetal bovine serum (Gibco, 

USA), penicillin G sodium (100U/ml) and streptomycin 

(100μg/ml) at 37°C under 5% CO2. The HT29 cells were 

grown till 70% confluency, and transfected with human 

AKR1B10 or human FGF1 shRNA according to the 

manufacturer’s instructions. The transfected cells were 

selected using 500μg/ml G418 (Roche, Switzerland) for 

3-4 weeks, and clones with a stable knockdown of 

AKR1B10 or FGF1 were selected for further 

experiments. Control cells were stably transfected with 

scrambled shRNA. In addition, 70% confluent HCT116 

cells were transfected with the AKR1B10 cDNA or empty 

plasmid using X-tremegene HP at 1:1 ratio, and harvested 

after 24h. Transient overexpression and silencing were 

confirmed by RT-PCR and Western blotting. All stable 

transfectants were used by the 8th passage. 

 

RNA isolation and quantitative real-time PCR (qRT-

PCR) 

 

Total RNA was extracted from the tissues or cells using 

TRIzol reagent (Invitrogen, Life Technologies, USA) 

according to the manufacturer’s protocol. Following 

DNAse I (Thermo Fisher Scientific, USA) treatment to 

remove genomic DNA, 1μg RNA was reverse 

transcribed using a RevertAid First Strand cDNA 

Synthesis Kit (Thermo Fisher Scientific, USA). The 

qRT-PCR was performed using Power SYBR® Green 

PCR Master Mix (ABI, USA) on the 7500 real time 

PCR system (ABI, USA) according to the 

manufacturer’s instructions. Fold changes were 

calculated relative to β-actin (internal control) using the 

2-ΔΔCT method. The following primers were used: 

AKR1B10 forward (5’-CCCAAAGATGATAAAG 

GTAATGCCATCGGT-3’) and reverse (5’-CGATCT 

GGAAGTGGCTGAAATTGGAGA-3’); FGF1 forward 

(5’-GTGGATGGGACAAGGGACAG-3’) and reverse 

(5’-GGCAGGGGGAGAAACAAGAT-3’); β-actin 

forward (5’- CCACACTGTGCCCATCTACG-3’) and 

reverse (5’-AGGATCTTCATGAGGTAGTCAGTCAG-

3’). The PCR conditions were: initial denaturation at 

95°C for 5 min, followed by 40 cycles of denaturation 

at 95°C for 30 sec, annealing at 55°C for 30 sec and 

extension at 72°C for 30 sec, and final extension at 

72°C for 7 min.  

 

Protein isolation and Western blotting 

 

Cells were lysed in ice-cold RIPA lysis buffer 

supplemented with protease and phosphatase inhibitors 

(KeyGEN Inc., Nanjing, China) according to the 

manufacturer’s protocol. The extracted proteins were 

separated by SDS-PAGE and transferred onto PVDF 

membranes (Millipore, USA). After blocking with 5% 

non-fat milk for 1h, the membranes were probed overnight 

with anti-AKR1B1 (1:1000, Cell Signaling Technology), 

anti-FGF1 (1:1000, Cell Signaling Technology) and anti-

β-Actin (1:5000, Cell Signaling Technology) antibodies 

at 4°C with gentle shaking, followed by horseradish 

peroxidase-conjugated secondary antibodies. The protein 

bands were visualized by chemiluminescence and 

quantified by ImageJ for Windows (NIH, USA).  

https://www.oncomine.org/
https://portals.broadinstitute.org/ccle
http://gepia.cancer-pku.cn/
http://cran.r-project.org/
https://cran.r-project.org/web/packages/survminer/index.html
https://cran.r-project.org/web/packages/survminer/index.html
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MTT assay 

 

Cell viability was determined using an MTT assay kit 

(Amresco, USA) according to the manufacturer’s 

instructions. Briefly, 2000 transfected cells were seeded 

in 96-well plates, and cultured for 12, 24, 36, 48, 60 and 

72h. The MTT solution was added 4h prior to the 

termination of each time point, and the supernatants 

were removed. The formazan crystals were dissolved in 

150μl DMSO per well for 10 min with gentle shaking, 

and the absorbance at 490nm was measured using a 

microplate reader. 

 

Cell migration assay 

 

Cell migration was assessed using Transwell inserts 

(pore size 8μm; Corning, New York, USA). The cells 

were seeded into the upper chambers of the inserts at the 

density of 50,000 cells/200µl in serum-free RPMI 1640 

medium, and the lower chambers were filled with 750μl 

complete medium per well. After incubating for 24h at 

37°C, the cells remaining on the upper surface of the 

membrane were removed using a cotton swab. The 

filters were then fixed with 4% paraformaldehyde, and 

the cells on the lower surface were stained with 0.1% 

crystal violet and counted in 5 random fields per sample. 

 

Colony formation assay 

 

The suitably transfected cells were seeded in 6-well 

plates at the density of 1000 cells/well, and cultured for 

10 days before being fixed and stained with 0.1% 

crystal violet. The colonies with more than 100 cells 

were counted at 40x magnification under an optical 

microscope (Nikon, Japan) fitted with a digital camera 

(Nikon, Japan). 

 

Subcutaneous xenograft establishment 

 

SPF male BALB/c nude mice (3-5weeks old and 

weighing 16-18 g) were purchased from Shanghai 

SLRC laboratory Animal Co. Ltd. (Shanghai, China). 

The mice were randomly divided into the AKR1B10 

knock down (KD) and negative control (NC) groups (n 

= 6 per group), and accordingly injected subcutaneously 

with 5×106 AKR1B10-KD or NC-shRNA HT29 into 

the left and right dorsal flank on day 0. All animal 

experiments were approved by the Animal Ethics 

Committee of Soochow University (Suzhou, China). 

 

Statistical analysis 

 

All data were presented as mean ± SD of three 

independent experiments. Statistical analyses were 

performed using SPSS 22.0 software (SPSS Inc., 

Chicago, IL, USA), GraphPad Prism 8 (San Diego, CA) 

and R programs. The Student's t-test (unpaired, two-

tailed), Mann–Whitney U test or one-way ANOVA 

were used to compare means between groups. IHC 

results were analyzed by Chi-squared or Fisher's exact 

tests. Unsupervised learning cluster analysis was 

performed using the “cluster” package (version 2.1.0, 

https://cran.r-project.org/web/packages/cluster/index.html) 

in R programs. P < 0.05 was considered statistically 

significant. 
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SUPPLEMENTARY MATERIALS 

 

Supplementary Figures 
 

 

 
 

Supplementary Figure 1. Expression of AKR1B10 in CRC in TCGA datasets. (A) IHC images showing in situ AKR1B10 expression in CRC 

tissues (scale bar = 100μm). Negative (a), weak (b), positive (c), strong positive (d). (B) Comparison of AKR1B10 levels between CRC and 
paired normal tissues in TCGA datasets by GEPIA platform. (C) OS of AKR1B10pos and AKR1B10neg CRC patients in the subgroups of age, 
gender, tumor size, venous invasion and neural invasion. CRC, colorectal cancer. * P < 0.05. 
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Supplementary Figure 2. AKR1B10 expression in CRC tissues and cell lines. (A–B) AKR1B10 mRNA levels in (A) CRC and non-tumor 

tissues in Oncomine datasets and (B) 27 paired CRC and normal tissues. (C) Relative AKR1B10 expression in 27 paired CRC and normal tissues. 
(D) AKR1B10 expression in 5 CRC cell lines from the CCLE platform. CRC, colorectal cancer. CCLE, Cancer Cell Line Encyclopedia. 
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Supplementary Figure 3. FGF1 expression in CRC and paired normal tissues. (A) FGF1 mRNA levels in 27 paired CRC and normal 

tissues and (B) the relative expression levels. (C) Stratification of the 27 pairs of CRC and normal tissues into cluster 1 (red) and cluster 2 
(green) according to AKR1B10 and FGF1 mRNA levels. (D) Percentage of tumor and normal samples in each cluster. CRC, colorectal cancer. 
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INTRODUCTION 
 

Current understanding of cancer immunology has 

promoted the stratification of patients for identifying and 

exploring new cancer immunotherapeutic strategies [1, 

2]. Immunohistochemical staining-based immunoscore 

system is a possible approach in the classification of 

malignant tumors [3–5]. For example, lymphocyte 

infiltration and high expression level of IFN-γ (T cell-

inflamed tumors, i.e., hot tumors) may segregate tumors, 

indicate patients may benefit from PD-1/PD-L1 

inhibitors, and help predict immunotherapy 

responsiveness [6, 7]. On the contrary, the non-T cell-

inflamed phenotype, i.e., cold tumors, lacks expression 

of the type I IFN signature, CD8+ T cells, and IFN-

inducible inhibitory factors, correlated with treatment 

resistance. In addition, bulk gene expression profiling 

methods, such as CIBERSORT, TIMER, and integrated 

immunogenomic methods [8–13] have also been 

developed to characterize the immune landscape of 

cancer and to help guide cancer immunotherapy. 

However, these stratification approaches are mainly 
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ABSTRACT 
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which have potential dual functions to correct aberrant immune microenvironment and also halt tumorigenesis. 
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limited by heterogeneity in clinical cohorts, probably 

leading to confusion in determining ideal therapeutic 

options. Theoretically, the limitations can be partially 

offset by coupled analysis of stratification/therapeutics, 

which is relatively straightforward and efficient. 

However, no attempt has been undertaken. 

 

Drug repurposing is a strategy for identifying new uses 

for approved or investigational drugs that are outside 

the scope of the original medical indication [14, 15]. 

Compared to de novo drug discovery, drug repurposing 

can significantly reduce the cost and time to bring a new 

treatment to patients. It is possible now to link gene-

expression profiling data and screens for drug 

repurposing [16, 17]. Moreover, the Connectivity Map 

(CMap) database, based on a computational drug 

repurposing approach, has been demonstrated as an 

efficient tool for drug repurposing [18–20]. Therefore, 

combining genome polymorphisms and pharmacology 

may lead to promising new therapeutic strategies [21], 

and several drugs have been repurposed to treat cancers 

[22–24]. Of note, a careful selection of pertinent groups 

for evaluation of drug candidates remains essential, 

which reversely requires the rational stratification 

before drug repurposing. In this work, patient 

stratification and drug repurposing were coupled to 

explore novel therapeutic candidates for treatment of 

LUAD which accompanied with marked genetic and 

genomic heterogeneity [25, 26]. Following the steps 

shown in Figure 1, we categorized the patients into four 

groups based on immune gene profiling and then 

identified five drugs targeting four known targets with a 

computational drug repurposing approach. These 

identified agents could correct aberrant gene expression 

in a class of patients referred to as the C3 group, which 

is characterized by cold tumors and expression of wild-

type EGFR. The binding affinity between these 

potential drugs and paired targets were also investigated 

with molecular docking methods. 

 

RESULTS 
 

Four LUAD subtypes were delineated based on the 

immune-associated genes 
 

The gene expression profiles of 790 immune-associated 

genes were used to classify the TCGA cohort data into 

different LUAD subtypes. Initially, we assigned all 

 

 
 

Figure 1. The workflow of the study. CMap, connectivity Map; WGCNA, Weighted correlation network analysis; CP, compound; Genes 
KD/OE, genes knockdown/overexpress. 



 

www.aging-us.com 16516 AGING 

tumor specimens into k (k = 2, 3, 4, 5, 6, 7, 8) subtypes. 

A value of k = 4 was set to represent stable clusters 

according to the CDF curves of the consensus score 

(Figure 2A and Supplementary Figure 1). A total of 513 

LUAD tumor samples were finally assigned to four 

categories. The Kolmogorov-Smirnov test was used to 

calculate the upregulated genes in each subtype (FDR < 

0.05). Of the 790 immune-associated genes, 133, 135, 

276, and 233 genes were remarkably enriched in 

subtypes C1, C2, C3, and C4, respectively (Figure 2B). 

It is worth noting that only a few genes overlapped 

between pairs of subsets (Figure 2B). Next, principal 

component analysis (PCA) was employed to calculate 

the top 100 highly expressed genes in each cluster. The 

four subsets were distinguished from each other based 

on the two-dimensional scaling plotting of the first two 

principal components (Figure 2C). Furthermore, the top 

100 enriched genes in each subtype were used to 

describe their immune gene expression profiles (Figure 

2D). In addition, the R package sigclust was utilized to 

analyze the clustering significance between the four 

consensus clusters. It was found that the comparison 

between C2 and C3 was not significant (p=0.192), but 

marked differences were observed in expression 

distribution of C1 vs C4, C3 vs C4 (p < 0.05) 

(Supplementary Table 1). Therefore, the 513 LUAD 

patients extracted from TCGA cohort were classified 

into five molecular subtypes depending on the 

expression pattern of immune-associated genes. 

 

Clinical profile of the four subtypes 

 

To investigate the clinical relevance of tumor immune 

microenvironment, demographic distributions of age, 

gender, smoking status, tumor stage and the degree of 

progression of the primary tumor (T), tumor cells 

invasion into regional lymph nodes (N) and metastatic 

dissemination (M) were compared between patients 

with the four immune subtypes. Clinically, we 

observed that C3 subtype have a markedly lower 

median age at diagnosis (p = 0.025 Pearson’s chi-

square test, Figure 2E), and the highest proportion of 

male patients (p=0.028 Pearson’s chi-square test, 

Figure 2F) and smokers (1.77 × 10−9 Pearson’s chi-

square test, Figure 2G). Groups C2 and C3 showed a 

similar frequency of Stage II, Stage III and Stage IV, 

which is significantly higher than that of group C3 or 

C4 (p=3.172 × 10−5 Pearson’s chi-square test, Figure 

2H). Specifically, groups C2 and C3 displayed a higher 

proportion of T3 and T4 (p=0.025 Pearson’s chi-square 

test, Figure 2I), and a much lower percentage of N0 

(p=0.001 Pearson’s chi-square test, Figure 2J) 

compared to C1 or C4. Interestingly, the metastatic 

dissemination rate at diagnosis was not different among 

the four groups (p =0.762 Pearson’s chi-square test, 

Figure 2K). 

Distinct characteristics of immunogenicity of the 

LUAD subtypes 

 

We further examined the immunogenic and 

microenvironmental variables including immune cell 

metagene expression level, immune cells, tumor purity, 

immune and stromal score, and the abundance of tumor-

infiltrating lymphocytes using RNA expression data as 

previously described [27]. All immunogenic and 

microenvironmental factors scores were considerably 

lower in subtype C3 compared to C4. Immune 

metagenes corresponding to macrophages, NK, Treg, 

Tfh and LCK cells, and expression of co-stimulation/co-

inhibition signal-associated genes, MHC class I/II, 

interferon and interferon regulated genes (STAT1) were 

markedly lower in subtype C3 than in C4 (Figure 3A 

and Supplementary Figure 2). In terms of tumor 

microenvironment factors (stomal score, immune score, 

tumor purity), subtypes C2 and C4 showed upregulated 

stromal and immune genes and estimated tumor purity, 

while the subtype C3 tumors exhibited low levels of 

immune and stromal genes and estimated tumor cell 

fraction (Figure 3B and Supplementary Figure 2). 

 

Additionally, a higher number of immune-associated 

cells such as, B lineage cells, monocytic lineage cells, T 

cells, and CD8 T cells were produced in subtype C4 than 

in other subtypes, while endothelial cells and myeloid 

dendritic cells responded more aggressively to subtype 

C3 (Figure 3C and Supplementary Figure 2). Molecular-

tumor interactions were comprehensively assessed with 

TIMER (https://cistrome.shinyapps.io/timer/). Similarly, 

we compared the number immune infiltrating cells 

(dendritic cells, neutrophils, B, CD8+ T, CD4+ T, 

macrophages) in TCGA LUAD samples. We found that 

these immune cells were fewer in subtype C3 than in C4 

(Figure 3D and Supplementary Figure 2). It was also 

noted that there was significant immune infiltration and 

higher expression of immune-associated genes in subtype 

4, showing an enhanced immune microenvironment and 

disrupted immune microenvironment in subtype C3. 

 

The expression profiles of eight immune checkpoint 

genes, which are crucial for immune modulation, were 

further examined (Figure 3E). The following genes were 

considerably lower in subtype C3 compared to C4, i.e., 

PDCD1 (PD1), CTLA4, CD274 (PDL1), PDCD1LG2 

(PDL2), CD80 and CD86. Interestingly, the expression 

value of CD276 was markedly downregulated in subtype 

C4 whereas the expression level of VTCN1 was similar 

among the four subtypes. 

 

Prognostic values of the four LUAD subtypes 
 

We then explored whether the immune-associated genes 

can predict the prognosis of patients with the four 

https://cistrome.shinyapps.io/timer/
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Figure 2. Four immune subtypes of LUAD in TCGA cohort and their clinical profiles. (A) Heatmap of consensus values when k=4.  
(B) Venn diagram showing the upregulated genes (FDR < 0.05) in each cluster. (C) The scatter plot of the top 100 upregulated genes in each 
cluster, distinguished by the first two principal components (PCs). (D) Gene expression profile of the top 100 upregulated genes in each 
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cluster. Heat maps showing relative gene expression values, red indicates high expression, and blue indicates low expression. (E) Age at 
diagnosis of the four subtypes (Kruskal-Wallis test). The Boxplot centerlines indicating the median value; box limits show the 25th (Q1) and 
75th (Q3) percentiles, lower and upper whiskers extend 1.5 times the interquartile range (IQR) from Q1 and Q3, respectively. (F) Distribution 
of gender among the four subtypes (chi-square test). (G) Distribution of smoking status across the four subtypes (chi-square test). (H) 
Distribution of stage at diagnosis in the four subtypes (chi-square test). (I) The degree of progression of the primary tumor (T) at diagnosis in 
the four subtypes (chi-square test). (J) The degree of the invasion of regional lymph nodes (N) at diagnosis among the four subtypes (chi-
square test). (K) Incidence of metastatic (M) dissemination at diagnosis among the four subtypes (chi-square test). 
 

subtypes. The Kaplan-Meier curves were plotted to 

reveal the overall survival (OS) rates of patients (log-

rank test, OS, p=0.00172, Figure 4A). Notably, C4 had 

the highest OS rate among the four subtypes. In 

comparison, patients with subtype C3 had a worse OS 

than those in other subtypes, especially in C4 (log-rank 

test, OS, p=0.00172, Figure 4A; log-rank test, OS, 

p=0.00171, Figure 4B). 

 

Comparison of EGFR, KRAS and ALK mutations 

among the four subtypes 

 

Aberrant changes in KRAS, EGFR, ALK have been 

recognized as key drivers of lung cancer, and are 

frequently identified in LUAD [28]. To evaluate the 

relevance of EGFR, KRAS and ALK mutations to these 

four subtypes, we characterized the patterns of the 

EGFR, KRAS and ALK mutations in LUAD data from 

TCGA. Subtype C3 and C4 showed a markedly lower 

proportion of EGFR mutations compared to C1 and C2 

(p=9.54×10−5, Pearson’s chi-square test, Figure 4C). 

However, the KRAS mutation rate of subtype C4 was 

much lower than that of C1 and C3 (p=0.014, Pearson’s 

chi-square test, Figure 4C). Interestingly, the ALK 

mutation did not differ in our grouping, which indicates 

that it is not an immune-sensitive gene. (p=0.352, 

Pearson’s chi-square test, Figure 4C). We further 

analyzed the distribution of the number of all mutant 

genes in these four subtypes. Figure 4D shows that there 

were significant differences in the frequency of 

mutations among these groups (p=0, Pearson’s chi-

square test). Genetic mutations were more likely to 

appear in C3, and less so in C1 and C4. 

 

Gene co-expression network analysis for the four 

subtypes 
 

To classify genes with similar expression patterns into 

different modules for the four subtypes. Firstly, data of 

655 differentially expressed immune-related genes of the 

four subtypes was grouped on the basis of similarity 

using the weighted gene co-expression network analysis 

(WGCNA) method [29]. In this analysis, a soft 

thresholding power of 5 was used and the best parameter 

β was 5 (Figure 5A, 5B). Then, we converted the 

expression matrix into an adjacency matrix, and the 

adjacency matrix into a topological matrix (TOM). 

Based on TOM, we used the average-linkage 

hierarchical clustering method to cluster genes according 

to their expression patterns across the subtypes. The 

dynamic shear method was employed to determine the 

gene modules, after which the eigengenes of each 

module were calculated. Subsequently, we clustered the 

modules and merged similar modules into one, then set 

height=0.25, deepSplit = 2, minModuleSize = 30. Four 

modules were acquired as shown in Figure 5C. 

 

For better visualization, each gene cluster was assigned 

a specific color and a color code. A total of 655 genes 

were assigned into three co-expression modules (brown, 

turquoise, blue), while 316 genes that did not fit into 

other clusters were grouped into the fourth “grey” 

module. A key network was constructed using the 

Pearson correlation coefficients values of the four 

subtypes and modules (Figure 5D). Two modules were 

connected if they showed an absolute value of 

correlation > 0.45. Notably, the brown module was 

positively correlated with C3 (r=0.68, p=2e-71) and 

negatively correlated with C4 (r= -0.31, p=1e-12). In 

contrast, the blue module was strongly positively 

correlated with C4 (r=-0.78, p=4e-36) and negatively 

correlated with C3 (r=-0.35, p=1e-16). The turquoise 

module was also correlated with C4 (r=0.52, p=4e-36). 

 

The KEGG enrichment analysis was performed to 

investigate the biological functions of the genes. Results 

showed that the blue module was enriched in 25 

pathways, including immune-associated pathways such 

as primary immunodeficiency, the intestinal immune 

network for IgA production and T cell receptor 

signaling pathway. These observations were in 

agreement with previous reports [30, 31]. (Figure 5E). 

The genes in turquoise module were enriched in 32 

pathways, and the top 20 pathways are shown in Figure 

5F, including immune and inflammatory pathways such 

as Phagosome, Tuberculosis, and Inflammatory bowel 

disease (IBD). Interestingly, the genes in brown 

modules were not associated with KEGG pathways, 

indicating that the formation and pathogenesis of the 

subtype C3 are much more complicated and unknown. 

 

Validation of four molecular subtypes in the LUAD 

cohort 

 

To validate the four molecular subtypes, we first 

selected the genes in the blue, turquoise, and brown 
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Figure 3. Immune signature of the four subtypes in the TCGA cohort. (A–D) Heatmaps showing the gene expression scores of 
immune profiles of the four subtypes. A two-color scale was used, with red indicating high expression and blue representing low expression. 
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(A) The expression levels of 13 immune metagenes among the four subtypes. The 13 immune metagenes: IF1, macrophages, MHC2, MHC1, 
NK, T regulatory cells, lymphocyte-specific kinase (LCK), STAT1, T follicular cells, T cell inhibitory and stimulatory activity, and immune score 
and cytolytic activity. (B) The expression scores of genes included in the ESTIMATE algorithm for determination of stromal and immune gene 
signatures. (C) The expression scores of 10 groups of immune-associated cells. (D) The expression levels of genes included in the TIMER 
algorithm for assessment of immune infiltrates. (E) Differential expression of checkpoint molecules among the four immune subtypes. 
Boxplots indicate 5%, 25%, 50%, 75%, and 95%, respectively. Comparisons between subtypes were performed by Analysis of Variance 
(ANOVA). P-values were corrected by the Bonferroni method. 

 

modules closely related to C3 and C4 subtypes to 

calculate the correlation between genes and modules. 

Thirty-eight genes with correlation coefficients > 0.8 

were identified and their expression profiles were 

extracted as training sets. The samples were clustered 

with the support vector machine, at a classification 

accuracy of 98.83%. Subsequently, GSE68465 data was 

downloaded from the GEO database and standardized 

into quantiles. A total of 462 samples were included, 

comprising 19 normal samples and 442 LUAD samples. 

After exclusion of 19 normal samples, 442 LUAD 

samples were analyzed. The expression profiles of genes 

in the blue, turquoise, and brown modules were 

extracted. The samples were subdivided into the model, 

of which 123, 72, 196, and 52 samples were predicted 

for subtype C1, C2, C3, C4, respectively. First, we 

analyzed the expression distribution of 13 immune 

metagenes in each subtype. As shown in Supplementary 

Figure 3, most metagenes were highly expressed in C4 

and lowly expressed in C3, and this matched with the 

 

 
 

Figure 4. Kaplan–Meier curves and mutation status of the four immune subtypes. (A) Overall survival (OS) of the four subtypes 
(log-rank test). (B) Five-year Kaplan–Meier curves for OS of subtypes C3 and C4 (log-rank test). (C) Distribution of EGFR, KRAS and ALK mutant 
among the four subtypes. The lower half represents the number of EGFR/KRAS mutant and wild-type of different subtypes (chi-square test). 
(D) Distribution of the number of mutant genes in the four samples (Analysis of Variance, p<0. 0001). 
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validation set. Consistent with TCGA cohort, subtype 

C4 in the GEO cohort was considered to be highly 

expressed among the immune signatures (Supplementary 

Figure 3A–3D). Most immune metagenes were  

highly expressed in C4 but lowly expressed in C3 

(Supplementary Figure 3A). Analysis of immune 

microenvironmental factors suggested that the stromal 

score, immune score, and tumor purity were highest in 

 

 
 

Figure 5. Result of weighted gene correlation network analysis (WGCNA) analysis. (A) The scale independence of WGCNA analysis 
and determination of parameter β of the adjacency function in the WGCNA algorithm. (B) The mean connectivity of WGCNA analysis. (C) 
Cluster results and trait heatmap of data samples. (D) Module-immune subtype weight correlations and corresponding P-values (in 
parenthesis). The left panel shows the four modules and the number of module member genes. (E) The top 20 pathways of genes in the blue 
module (ranked by FDR ≤ 0.05) in the KEGG database. (F) The top 20 pathways of genes in the turquoise module (ranked by FDR ≤ 0.05) in the 
KEGG database. 
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subtype C4, but relatively lower in C3 (Supplementary 

Figure 3B). Besides, B lineage cells, NK cells, T cells, 

cytotoxic lymphocytes and myeloid dendritic cells were 

higher in C4 than in C3 (Supplementary Figure 3C). In 

the GEO cohort, subtype C4 had higher expression 

levels of checkpoint receptors PD1, CTLA-4, CD86 and 

CD80 and lower expression of VTCN1, compared with 

other subtypes (Supplementary Figure 3D). The 

expression value of CD276 and CD274, were not 

detected in the GEO dataset. In addition, significant 

survival differences were observed among the four 

subtypes in the GEO cohort (Supplementary Figure 3E, 

p=0.01973, log-rank). In particular, C4 was associated 

with enhanced immune microenvironment and showed 

the best prognosis. Further analysis of the relationship 

between the four subtypes in the GEO dataset and 

smoking history was conducted. As shown in 

Supplementary Figure 3F, the smoking degree differs 

among the subtypes (p=0.004, Pearson’s chi-square test). 

We further validate the four subtypes in GSE40419 

dataset. Samples from GSE40419 were classified by the 

same method, of which 43, 40, 53, and 18 samples were 

predicted for subtype C1, C2, C3, C4, respectively. 

Consistently, most immune signatures were highly 

expressed in subtype C4 but lowly expressed in C3 

(Supplementary Figure 4A–4D). Collectively, the 

findings from the GEO cohorts are in agreement with 

those from the TCGA cohort. 

 

CMap analysis for perturbagen signatures that 

reverse C3 immune subtype 

 

Among the four subtypes, we focused on patients  

with subtype C3. Their immunosuppressive status, 

accompanied by EGFR wild type, has been challenging 

to clinical treatment due to the lack of targets for 

tyrosine kinase inhibitor (TKI) and immunotherapy [6, 

32]. To investigate potential drugs for this subtype, we 

applied computational drug repurposing strategies. 

Subsequently, we performed CMap analysis to identify 

new drugs that can reverse immune-suppressed status of 

subtype C3. Genes in the brown module that positively 

correlated with C3 (Supplementary Table 2) were 

recognized as up-regulated genes, and genes in blue 

module (Supplementary Table 2) were down-regulated 

genes. After being queried by the next-generation CMap 

database (CLUE, https://clue.io/), small molecule 

compounds (CPs) and genes knockdown or overexpress 

(KD/OE) with positive and negative scores and 

exhibiting similar or opposing gene expression 

signatures in group C3 are shown in Figure 6A, 6B. Our 

analysis was carried out using cell lines A549 and 

HCC515, two LUAD cell lines. We then selected  

CPs with enrichment scores of less than -80 in  

both adenocarcinoma cell lines as potentially capable  

of reversing the C3 aberrant gene expression 

(Supplementary Table 3). We next screened knockdown 

genes with scores lower than -80 and overexpressed 

genes with scores higher than 80 in the two cell lines as 

potential therapeutic targets against LUAD 

(Supplementary Table 4). This analysis identified four 

overlapping genes (IKBKE, KDR, HDAC11, BIRC5) 

among the known target genes of the selected CPs and 

screened genes (KD or OE). These candidates were 

confirmed as targets for C3 reversal and the CPs 

identified above (Figure 6C, 6D). Our analysis further 

revealed that, BX-795, ENMD-2076, midostaurin, JNJ-

26854165 and alvocidib potently reverse the C3 subtype 

signature (Figure 6D, 6E). Interestingly, three drug 

candidates were identified for KDR. The connectivity 

scores for BX-795 and IKBKE knockdown were 

relatively similar in A549 and HCC515 cells. 

 

Validation of affinity of the candidate drugs by 

molecular docking analysis 
 

To evaluate the affinity of the candidate drugs for their 

targets, we performed molecular docking analysis. First, 

3D models of HDAC11 and IKBKE protein structure 

were predicted using the template-based homology 

modeling approach. Consequently, 6HSK-A and 4IM0-

A (PDB structures) were identified as ideal templates 

for modeling as they demonstrated high sequence 

similarity (32% and 44%) [33]. Ramachandran plot 

analysis demonstrated existence of 92.5% of all residues 

in the allowed regions for HDAC11 and 94.7% for 

IKBKE, highlighting the accuracy of the predicted 

structures (Figure 7). The binding poses and interactions 

of five drug candidates with four protein were obtained 

with Autodock Vina v.1.1.2 and binding energy for 

each interaction was generated (Figure 8, 

Supplementary Figure 5 and Table 1). Results showed 

that each drug candidates bound to its protein targets 

through visible hydrogen bonds and strong electrostatic 

interactions. Moreover, the hydrophobic pockets of each 

targets were occupied successfully by the five candidate 

drugs. For KDR, two candidates, JNJ-26854165 and 

BX-795 had low binding energy of -9.7 and -9.3 

kcal/mol, indicating highly stable binding (Table 1). 

 

DISCUSSION 
 

In recent years, increasing studies identifying and 

stratifying the immune characteristics of patients with 

LUAD have been reported [34–37]. Yet, most of them 

focused solely on the clinical relevance such as survival 

and prognosis, and have not been translated into routine 

clinical practice. This calls for a further exploration and 

summarization of the LUAD microenvironment to 

expose the molecular events underlying tumor cell–

immunocyte interactions, in particular, the relevance 

study of drug development. 

https://clue.io/
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In this study, we report a model for the practice of 

personalized immunotherapy, which is to couple patient 

grouping and exploration of novel therapeutic 

candidates. The four LUAD immune subtypes grouped 

on the basis of immune related gene expression profiles 

were associated with distinct molecular characteristics 

and clinical outcomes. Subtype C4 showed high levels 

of infiltration and expression of PD1, CTLA-4 and their 

receptors, meeting the criteria for classification as “hot” 

tumors. Of the four subgroups, patients belonging to 

subgroup C3 exhibited poor lymphocyte infiltration and 

the lowest expression of immune checkpoint proteins 

meeting the criteria for classification as “cold” tumors. 

Additionally, subtype C3 showed significantly lower 

median age at diagnosis, the highest proportion of male 

patients, smokers and the highest frequency of mutant 

genes. Interestingly, although C3 group had the highest 

frequency of gene mutation among the four subtypes, it 

harbored much fewer therapeutically important EGFR 

alterations, indicating that patients with this subtype can 

hardly benefit from immunotherapy or tyrosine kinase 

inhibitor (TKI) alone. 

 

Nowadays, the combination of priming therapy to 

enhance T cell responses along with the removal of 

inhibitory signals (and/or the supply of co-stimulatory 

signals) has been proposed to convert “old” tumors into 

“hot” tumors and overcome the lack of pre-existing 

immune responses [7]. However, the development  

of novel drugs is costly and time-consuming. 

Consequently, drug repurposing, where existing 

medication are utilized for the treatment of conditions 

other than their original targets has emerged as a 

potential solution to these challenges. 

 

 
 

Figure 6. Connectivity mapping for the gene signature in C3 immune subtype. (A, B) Connections of C3-driven gene signature with 
the small molecule compounds (A) and gene knockdown/overexpression (B) were analyzed by querying the CLUE database. Connections 
were viewed as a heat map ranked by the summary connectivity score. (C) The venn diagram indicating the number of target genes of 
screened small molecule compounds (enrichment score<-80) and gene knockdown/overexpression (gene knockdown, enrichment score<-80; 
gene overexpression, enrichment score>80), and the overlap between each set of genes. (D) Descriptions of overlapped gene and their 
corresponding drugs from screened small molecule compounds. (E) Connections of C3-driven gene signature with screened small molecules 
and gene knockdown/overexpression were analyzed by querying the CLUE database. Connections were viewed as a heat map with each 
connectivity score in individual cell line. CP, compounds. KD, knockdown. OE, overexpression. 
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A critical assumption of CMap analyses is that a drug 

that induces changes in gene expression that are 

opposite to those caused by a disease may have 

potential therapeutic benefits against the disease. 

Therefore, the outputs from inputting the blue and 

brown modules into CMap are potential targets and 

drugs that can reverse the cold tumor status of the C3 

subgroup. Here, we identified five drugs against four 

targets associated with the C3 status. IKBKE has been 

described to impact on inflammatory and metabolic 

diseases as well as on cell proliferation and 

transformation [38]. BIRC5 (baculoviral IAP repeat 

containing 5) is overexpressed in various tumors and 

associated with poor cancer survival [39]. KDR (also 

called VEGFR2) is a key modulator of angiogenesis and 

its overexpression is frequently associated with poorer 

prognoses in lung cancer patients [40]. It is notable that 

inhibition of KDR alleviates hypoxia and remodels the 

immunosuppressive tumor microenvironment [41]. It 

has also been reported that HDAC11 inhibition might 

regulate immune activation by increasing type I 

interferon signaling [42]. These indicates that the 

inhibition of these four targets has potential dual 

functions to correct aberrant immune microenvironment 

also halt tumorigenesis at the same time. 

 

Of all drug candidates, midostaurin needs special 

attention because it has gained approval by the FDA for 

the treatment of acute myeloid leukemia (AML) [43]. 

Interestingly, midostaurin has been found to displayed 

potent antiproliferative activity in several lung cell lines 

[44]. Another concern is BX-795, a known multi-target 

kinase inhibitor [45, 46]. Researches in recent years 

found that it exhibited inhibitory activity against virus 

infection and various cancer [47–49]. In this work, we 

found that BX795 can inhibit IKBKE and KDR at the 

same time correct aberrant gene expression in the C3 

subgroup. The only oral drug among all 

 

 
 

Figure 7. Homologous modeling of HDAC11 and IKBKE protein structure. (A) 3D structure of HDAC11 and IKBKE. (B) Ramachandran 
plot analysis. 
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Figure 8. Binding mode of screened drugs to their targets by molecular docking. (A) Binding mode of BX795 to IKBKE. (B) Binding 
mode of BX795 to KDR. (C) Binding mode of JNJ26854165 to HDAC11. (D) Binding mode of Alvocidib to BIRC5. (i), Cartoon representation, 
overlay of the crystal structures of small molecule compounds and their targets were illustrated by Molecule of the Month feature. (ii), 2D 
interactions of compounds and their targets. (iii, iv) Three-dimensional structures of the binding pockets were showed by PyMOL software. 
(iii), Coloring is from carmine (for strong H-bonds) to green (for poor H-bonds). (iv), Coloring is from magenta (for strong hydrophobic 
regions) to blue (for poor hydrophobic regions). 
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Table 1. Binding Energy for targets with their drugs. 

Target Drug Binding Energy (kcal/mol) 

IKBKE BX-975 -8.3 

KDR ENMD-2076 -7.8 

KDR BX-795 -9.3 

KDR Midostaurin -0.8 

HDAC11 JNJ-26854165 -8.9 

BIRC5 Alvocidib -5.4 

 

candidates is ENMD-2076. This is a multi-target kinase 

inhibitor with antitumor activities against breast cancer, 

melanoma, colorectal cancer [50–53]. Alvocidib can be 

used as a metastasis inhibitor and an apoptosis inducer in 

KRAS mutant population especially since KRAS 

mutation rate of C3 group was high [54]. Over all, all 

identified compounds including JNJ-26854165 [55] have 

previously shown the potential to inhibit a variety of 

tumors, of which midostaurin has been clinically 

approved for the treatment of hematological diseases. 

Furthermore, their steady binding affinity against the 

targets was verified through molecular docking analysis at 

a molecular level, thus warranting further investigation to 

validate. 

 

This strategy can also be used to immunotype other tumor 

patients and to screen for potential personalized drugs. 

Recently, immunotherapy, especially immune checkpoint 

blockade (ICB, e.g. anti-PD1/PD-L1 antibodies), has been 

used to treat multiple cancers, including NSCLC, 

melanoma, renal cell cancer, colorectal cancer, recurrent 

head and neck cancer (squamous cell), urothelial 

carcinoma, gastric cancer cervical cancer [56]. However, 

response to current immunotherapies and survival benefits 

are often seen in a subset of patients. The key to solving 

this problem lies in determining the individual's ability to 

respond to immunotherapy and to design a rational, 

individualized immunotherapy combined strategy. 

Therefore, to enhance and improve the efficacy of current 

immunotherapy, a better understanding of tumor immune 

microenvironment is required. As shown in this paper, in 

other tumors such as melanoma, we can also use 

unsupervised consensus cluster analysis, which relies on 

the expression profiles of immune-related genes, to reveal 

the immune landscape and characteristics within the 

tumor. Furthermore, based on immunophenotypic 

features, WGCNA analysis can be applied to construct co-

expression networks and identify hub genes. After drug 

repurposing, the identified potential therapeutic 

candidates may help facilitate personalized 

immunotherapy for patients with different molecular 

subtypes. In conclusion, it is evident that this method can 

be applied to other tumor types in which therapeutic 

response is dependent on the immune microenvironment. 

In summary, this study highlights the potential of 

coupling patient stratification with drug repurposing 

strategy as an alternative means for developing 

personalized immunotherapy. 

 

MATERIALS AND METHODS 
 

Sample datasets and clinical profiles 

 

The clinical data and gene expression profiles of 513 

LUAD data obtained from The Cancer Genome Atlas 

(TCGA) were used to analyze the immune 

microenvironment and molecular subtype of LUAD [57]. 

Data on overall survival (OS) (distant or locoregional 

recurrence after surgical treatment) was extracted from the 

TCGA cohort. The two LUAD expression datasets, 

including GSE68465 and GSE40419, as well as the 

corresponding clinical information in Gene Expression 

Omnibus (GEO) [58] were included to validate our 

results. The OS data were extracted from the GEO cohort. 

 

Processing of gene expression data 
 

For the TCGA cohort, data of the fragments per kilobase 

of gene per million fragments (FPKM) was derived  

from the TCGA data portal. Next, the expression values 

of FPKM were converted to transcripts Per Kilobase  

of exon model per Million mapped reads (TPM) for 

subsequent analysis. The genes were annotated using the 

Ensembl database. The clinical information and 

normalized expression data of the GEO cohort was 

obtained from the Gene Expression Omnibus (GEO) 

(GSE68465). Probe annotations of BeadChips were 

derived from the GEO database. The expression data of 

the two cohorts were mapped using the Entrez Gene. 

 

Characterization of molecular subtypes of LUAD 

using immune genes 
 

We analyzed whether the expression profile of global 

immune-related genes in the TCGA cohort could 

distinguish the LUAD subtypes. The expression data of 

immune-associated genes was derived from the 

Immunology Database and Analysis Portal (ImmPort) 
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database (https://immport.niaid.nih.gov). The immune-

related genes with expression level > 0 (FPKM>0) in 

more than 30% of samples were included, resulting in 790 

genes selected for subsequent Consensus Cluster Plus 

analysis. The similarity distance between samples was 

calculated by the Euclidean distance metric. The samples 

were clustered using the k-means clustering algorithm, 

with 1000 iterations by sampling 80% of the samples in 

each iteration. The cluster numbers varied from 2 to 8, 

and the optimal partition was determined by evaluating 

the consensus cumulative distribution function (CDF) 

[59]. The pair comparisons between the identified 

subtypes were determined by SigClust analysis. 

Bonferroni correction was applied for multiple testing. 

The Kolmogorov-Smirnov test was used to identify 

highly expressed genes among the subtypes. The false 

discovery rate (FDR) was determined by the Benjamini-

Hochberg method. FDR<0.05 was set as the threshold. In 

each subtype, the top 100 upregulated genes were 

employed to distinguish among the immune molecular 

subtypes. 

 

Immune signature analysis in LUAD molecular 

subtypes 
 

Thirteen immune metagenes corresponding to various 

immune cells and related immune functions were derived 

from a previous publication [27]. The expression scores of 

micro-environmental factors (tumor, immune, and stromal 

purity) were obtained using the ESTIMATE algorithm 

[60]. The association among the tumor samples and six 

tumor-infiltrating lymphocytes including B, and dendritic 

cells, neutrophils, CD8+ T, macrophages, CD4+ T, was 

analyzed using TIMER (https://cistrome.shinyapps. 

io/timer). The Microenvironment Cell Populations 

(MCP)-counter method developed by Etienne Becht et al. 

was used to validate the immune profiles [61]. MCP-

counter was used to estimate the inter-sample relative 

abundance of immune infiltrates based on gene expression 

profiles. The R package “MCPcounter” was utilized to 

calculate the MCP-counter scores. The expression score 

of immune signatures in each tumor sample was 

calculated using the log2 transformed and median-

centered FPKM expression values and then visualized by 

heatmap. The immune signature and expression level of 

checkpoint genes were also analyzed in all molecular 

subtypes. Different LUAD subtypes were compared by 

Analysis of Variance (ANOVA) test. Multiple testing was 

performed by Bonferroni correction. 

 

Analysis of mutations in each subtype 

 

The EGFR-mutant, KRAS-mutant and ALK mutant 

data were extracted from the SNP dataset in TCGA after 

processing with MuTect method (http://www.broad 

institute.org/cancer/cga/mutect) [62]. The frequency of 

mutations was assessed by calculating the number of 

variants annotated by ANNOVAR [63, 64]. 

 

Weighted Gene Co-expression Network Analysis 

(WGCNA) Analysis 

 

The WGCNA package in R software was employed to 

execute WGCNA analysis. Initially, Pearson correlation 

coefficients (ranging from − 1 to 1) were used to 

calculate the co-expression of all gene pairs. Due to the 

small sample size enrolled in the present study, Pearson 

correlations measuring linear relationships were chosen 

to minimize overfitting. To convert the correlation 

coefficients into a weighted adjacency matrix (values 

ranging from 0 to 1), we raised the co-expression 

similarity to a power β = 5. The adjacency matrix 

enables the determination of the strengths of connection 

between two nodes. The matrix is therefore used to 

establish a topological overlap matrix (TOM) which 

addresses the topological similarity factor. Here, we 

used the TOM to determine the corresponding 

dissimilarity (1-TOM) for cluster formation. Genes with 

clear expression patterns were classified into modules 

using the average linkage hierarchical clustering in 

concert with TOM-based dissimilarity. Specifically, 

gene modules (clusters of densely interconnected genes 

in terms of co-expression) were detected using the 

dynamic tree-cutting algorithm (deep split = 2, 

minimum number of genes per module = 30, cut 

height = 0.25). Unassigned genes were represented by 

gray color, while all other modules were assigned 

different colors in a random manner. Determination of 

modules highly correlated with subtypes was achieved 

using the module eigengenes (MEs). All analyses were 

carried out using the WGCNA package. 

 

Functional group analysis 
 

ClusterProfiler software 3.6.0 was employed for KEGG 

pathway enrichment analysis of the genes in each 

module and subtype. The R package of this software 

helps to determine the biological functions of gene 

clusters and to compare several gene clusters [65]. 

 

Connectivity map analysis 
 

The next generation Connectivity Map (CMap, 

https://clue.io/) is a database that catalogs gene 

expression profiles of various human cell lines upon 

exposure to various small molecule compounds and 

genetic perturbations [66, 67]. To find perturbagens that 

reverse the immune-suppressed status of subtype C3, 

the genes listed in Supplementary Table 2 were inputted 

as query into the CLUE database and results 

downloaded from the CMap database. Compounds 

(CPs) with potential to reverse the C3 phenotype were 

https://immport.niaid.nih.gov/
https://cistrome.shinyapps.io/timer
https://cistrome.shinyapps.io/timer
http://www.broadinstitute.org/cancer/cga/mutect
http://www.broadinstitute.org/cancer/cga/mutect
https://clue.io/
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further screened by filtering for an enrichment score of 

<−80 in both A549 and HCC515 cell lines. Gene 

knockdown (KD) with enrichment scores below -80 and 

overexpressed genes (OE) with scores above 80 in both 

A549 and HCC515 were also identified. Overlapping 

genes between target genes of CPs and genes KD or OE 

that perturb the C3 signature were determined by Venn 

diagram analysis. The overlapping genes were 

considered potential drug targets for C3 group. We 

hypothesized that these candidate genes can be 

pharmacologically targeted with the identified CPs with 

scores of <−80. Connections of C3 driven gene 

signature to CPs or gene KD/OE were obtained from 

the results and presented in the form of a heat map. 

 

Homologous modeling 
 

To analyze the binding affinities and modes of 

interaction between the CPs and their targets, we used 

an in silico protein-ligand docking software 

(AutodockVina 1.1.2) [68]. To date, there is no 

complete crystal structure of HDAC11 and IKBKE, so 

their amino acids sequences were analyzed by EXpasy 

(http://swissmodel.expasy.org/) [69] Ramachandran 

plots were used to assess stereo-chemical quality [70]. 

The parameters were set to default. 

 

Molecular docking 

 

The molecular structures of ENMD-2076, BX-795, JNJ-

26854165, midostaurin and alvocidib were retrieved 

from PubChem Compound (https://pubchem. 

ncbi.nlm.nih.gov/) [71]. The 3D coordinates of KDR 

(PDB ID, 5EW3; resolution, 2.5 Å) and BIRC5(PDB 

ID, 4AOI; resolution, 1.9Å) were downloaded from the 

PDB (http://www.rcsb.org/pdb/home/home.do). For 

docking analysis, all protein and molecular files were 

converted into PDBQT format with all water molecules 

excluded and polar hydrogen atoms were added using 

MGLTools (version 1.5.6). The grid box was centered 

to cover the domain of each protein and to 

accommodate free molecular movement. The grid box 

was set to 30 Å × 30 Å × 30 Å, and grid point distance 

was 0.05nm. Molecular docking studies were performed 

by Autodock Vina 1.1.2 (http://autodock.scripps.edu/) 

and Pymol software 2.3 (DeLano Scientific, Portland, 

USA) was used for model visualization. 

 

Statistical methods 
 

Fisher’s exact test or chi-square test was used to 

evaluate the correlation between molecular subtypes 

and conventional clinical variables. Benjamini-

Hochberg’s FDR was used for corrected multiple 

testing. The log-rank tests and Kaplan-Meier curves 

were used to calculate the OS rates for each molecular 

subtype. These statistics were two-sided and were 

performed using R software. 

 

Availability of supporting data 
 

The datasets analyzed during the current study are 

available in the Genomic Data Commons (GDC, 

https://gdc.cancer.gov/access-data/gdc-data-portal) and 

Gene Expression Omnibus (GEO, https://www.ncbi. 

nlm.nih.gov/geo/) repositories. 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Figures 
 

 
 

Supplementary Figure 1. The cumulative distribution function (CDF) curves. (A) The CDF curves in unsupervised consensus cluster 
analysis. The cluster numbers (k = 2, 3, 4, 5, 6, 7, 8) and their corresponding consensus scores. (B) Relative changes of the area under CDF 
curves. The number of clusters are shown on the x-axis. The y-axis indicates the proportion of areas under CDF curve. 
 

 
 

Supplementary Figure 2. Boxplots showing the gene expression scores of immune profiles of the four subtypes. Boxplots show 
5%, 25%, 50%, 75%, and 95%, respectively. 
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Supplementary Figure 3. Validation of the four immune-associated subtypes in the GEO LUAD cohort. (A) The expression levels 
of 13 immune metagenes. (B) The expression levels of genes included in the ESTIMATE algorithm for determination of stromal and immune 
gene signatures. (C) The expression scores of genes related to 10 groups of immune cells. (D) The expression scores of checkpoint molecules 
among the four subtypes in the GEO LUAD cohort. (E) Kaplan–Meier curves showing the overall survival (OS) of the four subtypes (log-rank 
test). (F) Distribution of smoking status among the four subtypes. 
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Supplementary Figure 4. Validation of the four immune-associated subtypes in the GSE40419 dataset. (A) The expression levels 
of 13 immune metagenes. (B) The expression levels of genes included in the ESTIMATE algorithm for determination of stromal and immune 
gene signatures. (C) The expression scores of genes related to 10 groups of immune cells. (D) The expression scores of checkpoint molecules 
among the four subtypes. 
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Supplementary Figure 5. Binding mode of screened drugs to KDR protein by molecular docking. (A) Binding mode of midostaurin 
to KDR. (B) Binding mode of ENMD-2076 to KDR. (i), Cartoon representation, overlay of the crystal structures of small molecule compounds 
and their targets were illustrated by Molecule of the Month feature. (ii), 2D interactions of compounds and their targets. (iii, iv) Three-
dimensional structures of the binding pockets were showed by PyMOL software. (iii), Coloring is from carmine (for strong H-bonds) to green 
(for poor H-bonds). (iv), Coloring is from magenta (for strong hydrophobic regions) to blue (for poor hydrophobic regions). 
 

  



 

www.aging-us.com 16538 AGING 

Supplementary Tables 
 

Please browse Full Text version to see the data of Supplementary Tables 2 to 4. 

 

Supplementary Table 1. The clustering significance between the four subtypes. 

P-values C1 C2 C3 C4 

C1 1 0.140006283 0.062373838 0.00755249 

C2 0.140006283 1 0.19246147 0.123329892 

C3 0.062373838 0.19246147 1 0.000127256 

C4 0.00755249 0.123329892 0.000127256 1 

 

Supplementary Table 2. Gens in blue, turquoise, brown and grey modules. 

 

Supplementary Table 3. CPs with enrichment scores of less than -80 in A549 and HCC515 cell lines. 

 

Supplementary Table 4. Knockdown genes with scores lower than -80 and overexpressed genes with scores higher 
than 80 in A549 and HCC515 cell lines. 
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ABSTRACT 
 

The extra virgin olive oil (EVOO) dihydroxy-phenol oleacein is a natural inhibitor of multiple metabolic and 
epigenetic enzymes capable of suppressing the functional traits of cancer stem cells (CSC). Here, we used a 
natural product-inspired drug discovery approach to identify new compounds that phenotypically mimic the 
anti-CSC activity of oleacein. We coupled 3D quantitative structure-activity relationship-based virtual profiling 
with phenotypic analysis using 3D tumorsphere formation as a gold standard for assessing the presence of CSC. 
Among the top 20 computationally-predicted oleacein mimetics, four fulfilled the phenotypic endpoint of 
specifically suppressing the tumorsphere-initiating capacity of CSC, in the absence of significant cytotoxicity 
against differentiated cancer cells growing in 2D cultures in the same low micromolar concentration range. Of 
these, 3,4-dihydrophenetyl butyrate –a lipophilic ester conjugate of the hydroxytyrosol moiety of oleacein– and 
(E)-N-allyl-2-((5-nitrofuran-2-yl)methylene)hydrazinecarbothioamide) –an inhibitor of Trypanosoma cruzi 
triosephosphate isomerase– were also highly effective at significantly reducing the proportion of aldehyde 
dehydrogenase (ALDH)-positive CSC-like proliferating cells. Preservation of the mTOR/DNMT binding mode of 
oleacein was dispensable for suppression of the ALDH+-CSC functional phenotype in hydroxytyrosol-unrelated  
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mimetics. The anti-CSC chemistry of complex EVOO phenols such as oleacein can be phenocopied through the 
use of mimetics capturing its physico-chemical properties. 
 

INTRODUCTION 
 

Extra virgin olive oil (EVOO) is a unique functional 

food with a major contribution to the health-promoting 

effects of the so-called Mediterranean diet. EVOO 

contains a group of complex phenol-conjugated 

compounds named oleosidic secoiridoids or oleosides 

that exert nutritional and beneficial effects on major 

aging-driven diseases including cancer [1–10]. Using a 

holistic approach for phenotypic drug discovery coupled 

with mechanism-of-action functional profiling and 

target deconvolution, we recently identified the 

dihydroxy-phenol oleacein (the dialdehydic form of 

decarboxymethyl elenolic acid linked to 

hydroxytyrosol) [11–17] as a metabolo-epigenetic 

inhibitor of the mammalian target of rapamycin 

(mTOR) kinase and DNA methyltransferases (DNMTs). 

Oleacein was found to specifically and potently 

suppressing the functional traits of tumor-initiating 

cancer stem cells (CSC) in genetically diverse types of 

cancer cell populations [18].  

 

The anti-CSC effects of oleacein are most likely related 

to its chemical structure, largely due to the presence of 

two hydroxyl groups in the hydroxytyrosol moiety [9, 

19–21]. Therefore, one could envision that its scaffold 

might be used as a chemical prototype to facilitate 

selection and advancement of new anti-CSC hits via 

cell-based phenotypic screenings. However, a recent 

delineation of the high-level functions of oleacein in 

terms of biomolecular interactions, signaling pathways, 

and protein-protein interaction networks revealed that 

the so-called oleacein target landscape likely involved 

more than 700 proteins rather than solely mTOR and 

DNMTs [22]. Thus, although the ability of oleacein to 

operate as a multi-faceted regulator of numerous 

metabolic processes and chromatin-modifying 

enzymatic activities might open new horizons for CSC-

targeted therapy based on the molecular bridge that 

connects metabolism and epigenetics with the aberrant 

state of stemness in cancer tissues [23–28], a 

biomimicry design process of oleacein mimetics 

remains a highly challenging task.  

 

Here, we used a natural-product-inspired drug discovery 

approach to identify new small molecules capable of 

phenotypically mimicking the anti-CSC actions of 

oleacein. Using the structure of oleacein as a “seed”, we 

coupled 3D quantitative structure-activity relationship 

(3D-QSAR)-based virtual profiling (VP) with 

laboratory-based phenotypic testing using tumorsphere-

formation potential as a gold standard for evaluating the 

presence of CSC (Figure 1). We provide evidence that 

oleacein can be phenocopied through the use of 

mimetics with anti-CSC activity, which might guide the 

design of synthetically tractable small molecules 

capable of phenotypically imitating the anti-CSC 

chemistry of complex EVOO phenolics.  

 

RESULTS 
 

Computer-assisted discovery of oleacein mimetics 

 

When a 2D similarity, ligand-based VP program was 

executed over the Chembl(v19) database using the 

Tanimoto coefficient and 2D (Morgan/circular) 

fingerprints, only the closely related secoiridoid 

molecule oleocanthal (CHEMBL2172394) was 

identified. The execution of a comparative molecular 

similarity indices analysis (CoMSIA)-based 3D VP 

program, however, identified several compounds with 

physico-chemical similarity scores greater than 0.75 

(Figure 1). Taking advantage of the previously 

described binding modes of oleacein to mTOR and 

DNMT [18], we ran rigid-docking calculations to 

characterize the binding modes of the top 20 oleacein 

mimetics (Supplementary Figure 1), both at the 

crystallographic sites and at additional cavities 

occurring within the whole protein structures of mTOR 

and DNMT (Supplementary Tables 1–3). Table 1 

summarizes the computationally-predicted oleacein 

mimetics ranked according to reweighted energies 

based on short molecular dynamics (MD) simulations 

followed by molecular mechanics with generalized 

Born and surface area solvation (MM/GBSA) 

calculations, for both the crystallographic and the best 

mTOR/DNMT cavities for each of the selected oleacein 

mimetics (Supplementary Tables 4 and 5).  

 

Binding modes of oleacein mimetics to mTOR and 

DNMT 
 

The binding mode of oleacein to mTOR was predicted 

to share key amino acid residues with the binding 

modes of second-generation ATP-competitive 

TORKinhibs and, consequently, partially mimicked the 

binding behavior of PP242 and Torin 2 to the ATP-

binding catalytic pocket [18]. But, the presence of more 

aromatic rings in the oleacein molecule resulted in a 

slightly different binding strength from that of PP242 

and Torin 2. Similarly, the presence of aromatic rings 

notably influenced the binding of the selected oleacein 

mimetics to mTOR (Figure 2). In fact, we predicted 

three different binding modes, one of them involving 5 
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oleacein mimetics that apparently shared the originally 

described binding mode of parental oleacein; and 

another two models encompassing 13 compounds and 2 

compounds showing a binding mode closely resembling 

that of TORKinhibs (Figure 2). Rigid docking 

calculations originally predicted that π-π stacking would 

occur between the aromatic ring of oleacein and the 

Trp2239 residue (or Tyr2225 upon conformational 

changes of either oleacein or the mTOR catalytic pocket 

itself) in the catalytic site of mTOR. MD simulations 

confirmed the main occurrence of π-π stacking with 

Trp2239 (and a more fluctuating interaction with 

Tyr2225), as well as a significant number of additional 

residues providing key electrostatic interactions [18]. In 

the case of oleacein mimetics, it was evident that 

Trp2239, Tyr2225, and Phe2358 played a central role in 

 

 
 

Figure 1. Computer-assisted discovery of oleacein 
biomimetics with anti-CSC activity. Schematic illustration of 

the computational framework coupled to laboratory-based 
phenotypic testing. The values in parentheses are similarity 
scores calculated with respect to parental oleacein.  

the stabilization of their respective complexes with 

mTOR (Supplementary Table 6).  

 

The binding mode of oleacein to DNMT was predicted 

to closely resemble that of DNMT inhibitors such as 5-

azacytidine, SGI-110, and curcumin [18]. In the case of 

oleacein mimetics, we were able to predict two different 

binding modes (Figure 3): one of them shared the 

oleacein pattern of spatial orientation and included 17 

compounds and another one involved only 3 molecules 

(Figure 3). Rigid docking calculations and MD 

simulations predicted that the main residues involved in 

the stabilization of the oleacein-DNMT complex were 

Ser1446, Pro1125, Asp1143, Phe1145, Gly1150, 

Leu1151, Asn1158, Val1580, and Gly1223, along with 

a significant number of additional residues providing 

key electrostatic interactions. In the case of oleacein 

mimetics, Phe1145, Trp1170, Pro1224, and Pro1225 

were predicted as the main catalytic residues 

(Supplementary Table 7).  

 

Oleacein mimetics specifically suppress CSC-driven 

mammosphere formation 
 

To explicitly test the oleacein mimetics on CSC, we 

measured their effect on in vitro tumorsphere formation 

in low-density non-adherent serum-free medium 

supplemented with growth factors [29–35], considered 

one of the gold standards for evaluating CSC self-

renewal activity. As a source of CSC, we used the CSC-

enriched triple-negative breast cancer model MDA-MB-

436, which can form smooth and round tumorspheres 

(mammospheres) in suspension culture [33]. The 

Cell2Sphere™ assay [18, 36, 37] was used to evaluate 

the differential ability of oleacein mimetics to 

specifically suppress the ability of CSC to survive and 

proliferate as floating 3D microtumors without 

promoting nonspecific, cytotoxic effects on the same 

cells grown in 2D adherent, differentiating conditions 

(Figure 4).  

 

Using the focal adhesion kinase inhibitor VS-6063 

(defactinib) [38–40] and the lysine-specific demethylase 

KDM1A inhibitor ORY-1001 (iadademstat) [37, 41] as 

mechanistically distinct anti-CSC compounds and 

selecting a 10 µmol/L cut-off for 2D cytotoxicity (i.e., 

lower than the original IC50 value of oleacein [18 ± 5 

µmol/L] against CSC-driven mammosphere formation), 

4 out of the 14 oleacein mimetics tested specifically 

suppressed mammosphere formation, namely 

CHEMBL1621113 (N’-[4-nitro-2-(trifluoromethyl) 

phenyl]propane-1,3-diamine), CHEMBL1632504 ((E)-

N-allyl-2-((5-nitrofuran-2-yl)methylene)hydrazinecarbo 

thioamide), CHEMBL126593 (N-(4-nitrobenzyl)ethe 

nesulfonamide), and CHEMBL1950046 (3,4-dihy 

droxyphenethyl butyrate), while not exerting significant 
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Table 1. MM/GBSA-based binding energy rescoring calculations over MD simulations of computationally-predicted 
oleacein mimetics. 

Candidates ranked by 

MM/GBSA energy  

4JT6 (mTOR) 

MM/GBSA energy 

Crystallographic cavity / 

Best cavity 

Candidates ranked by 

MM/GBSA energy  

4WXX (DNMT) 

MM/GBSA energy 

Crystallographic cavity / 

Best cavity 
oleacein -26.8226 / -36.9331 oleacein -30.567 / -36.5163 
CHEMBL1300434 -38.7014 / -27.361 CHEMBL1632504 -38.2609 / -36.6319 
CHEMBL2143987 -32.4070 / -40.3344 CHEMBL2143987 -36.4821 / -43.6863 
CHEMBL1545778 -30.5493 / -25.0387 CHEMBL2165395 -33.4134 / -25.8227 
CHEMBL126593 -29.2106 / -26.6329 CHEMBL1300434 -33.3421 / -33.9773 
CHEMBL1085246 -27.4436 / -19.6725 CHEMBL267516 -32.8788 / -28.1508 
CHEMBL267516 -27.3710 / -44.6454 CHEMBL1180264 -31.7196 / -32.3981 
CHEMBL45196 -27.2624 / -17.1961 CHEMBL357073 -28.4676 / -27.0541 
CHEMBL1632504 -25.7896 / -24.6272 CHEMBL1440472 -27.5899 / -29.3600 
CHEMBL357073 -25.0102 / -33.5462 CHEMBL1621113 -26.6488 / -29.3269 
CHEMBL1366164 -24.3303 / -17.8085 CHEMBL1890048 -26.0912 / -26.2952 
CHEMBL1642794 -24.1435 / -19.439 CHEMBL126593 -25.7134 / -35.3592 
CHEMBL1621113 -22.9663 / -21.0309 CHEMBL45196 -24.5175 / -32.1555 
CHEMBL1950046 -20.2999 / -31.6794 CHEMBL1950046 -24.3167 / -21.7283 
CHEMBL2165395 -19.8235 / -27.2639 CHEMBL1079062 -24.2025 / -24.4205 
CHEMBL1890048 -19.6392 / -21.2089 CHEMBL1545778 -21.6215 / -22.9832 
CHEMBL2172394 -18.4177 / -34.4392 CHEMBL1085246 -17.8140 / -21.8923 
CHEMBL1180264 -18.2272 / -29.4140 CHEMBL1642794 -16.1264 / -20.6555 
CHEMBL1079062 -17.4413 / -24.7585 CHEMBL1366164 -15.4957 / -19.6201 
CHEMBL1440472 -16.6468 / -21.2853 CHEMBL165714 -12.1247 / -30.3770 
CHEMBL165714 -16.1321 / -21.4634 CHEMBL2172394 -11.8887 / -31.0757 

 

cytotoxic effects against differentiated cancer cells 

growing in 2D in the same low micromolar range 

(Figure 5). CHEMBL1085246 (N-(4-chloro-5-

nitrothiazol-2-yl)hexanamide) exhibited anti-CSC 

activity due to unspecific cytotoxicity against CSC and 

non-CSC cells (Supplementary Figure 2).   

 

Oleacein mimetics target ALDH
+
 breast cancer stem 

cells 
 

Oleacein selectively suppresses functional traits of CSC 

such as the expression of aldehyde dehydrogenase 

(ALDH) [18], a well-recognized marker of tumorigenic 

cell fractions enriched for proliferating, epithelial-like 

CSC capable of self-renewal [31, 32, 35, 42]. We next 

selected the 2 oleacein mimetics with the best CSC-

targeted profile (i.e., anti-CSC activity at low micromolar 

range and lack of cytotoxic activity against differentiated 

cancer cells), namely CHEMBL1950046 (3,4-

dihydroxyphenethyl butyrate; a.k.a. hydroxytyrosol 

butyrate) and CHEMBL1632504 ((E)-N-allyl-2-((5-

nitrofuran-2-yl)methylene)hydrazinecarbothioamide), to 

evaluate their capacity to target epithelial-like CSC cells 

with high levels of ALDH1 (ALDH1
+
). To do this, we 

used the Aldefluor
®
 reagent, which quantifies ALDH 

activity by measuring the conversion of the ALDH 

substrate BODIPY aminoacetaldehyde to the fluorescent 

product BODIPY aminoacetate (Figure 6A). Using 

HER2-overexpressing BT-474 cells as a breast cancer 

model naturally enriched with ALDH1
+
 cells, we detected 

a significant decrease (up to 63% reduction) in the 

number of ALDH1
+
 cells when BT-474 cells were treated 

with a non-cytotoxic concentration (10 µmol/L) of 

CHEMBL1950046 (hydroxytyrosol butyrate). A more 

pronounced effect was seen with CHEMBL1632504 ((E)-

N-allyl-2-((5-nitrofuran-2-yl)methylene)hydrazinecarboth 

ioamide), which significantly decreased the proportion of 

ALDH
+
 cells from 40±2% in untreated BT-474 cells to 

levels as low as 2±1% (96% reduction). To corroborate 

the ability of oleacein mimetics to target ALDH1
+
 

epithelial-like CSC irrespective of the mutational 

landscape of cancer cells, we employed triple-negative 

MDA-MB-436 cells as a second breast cancer model 

naturally enriched with ALDH1
+
 cells. Treatment with 

hydroxytyrosol butyrate decreased the ALDH1
+
 cell 

content of MDA-MB-436 by approximately 40%. 

Remarkably, the large population of ALDH1
+
 cells in 

untreated MDA-MB-436 cultures (42±8%) was 

drastically reduced by 93% (from 42±8% to 3±1%) in the 

presence of (E)-N-allyl-2-((5-nitrofuran-2-yl)meth 

ylene)hydrazinecarbothioamide.  

 

Preservation of the oleacein binding mode is required 

for a dual mTOR/DNMT inhibitory activity but not for 
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their anti-CSC behavior of oleacein mimetics. We 

finally evaluated whether the selected mimetics 

hydroxytyrosol butyrate and (E)-N-allyl-2-((5-

nitrofuran-2-yl)methylene)hydrazinecarbothioamide 

preserved the dual anti-mTOR/DNMTactivity of the 

parental oleacein.  

 

We first employed the FRET-based Z-LYTE™ Kinase 

Assay to test the ability of the selected oleacein 

mimetics to inhibit mTOR activity. Ten concentrations 

of hydroxytyrosol butyrate and (E)-N-allyl-2- 

((5-nitrofuran-2-yl)methylene)hydrazinecarbothioamide 

spanning over five logarithmic decades were selected. 

Figure 6B shows the mTOR activity rate as a function 

of oleacein mimetics concentration. Hydroxytyrosol 

butyrate inhibited mTOR activity with an IC50 of ~39 

μmol/L; (E)-N-allyl-2-((5-nitrofuran-2-yl)methylene) 

hydrazinecarbothioamide was unable to decrease 

mTOR activity even at the maximum concentration 

tested.  

 

We finally carried out a radioisotope-based 

methyltransferase profiling measuring the DNMT3A-

catalyzed incorporation of S-adenosyl-L[methyl-
3
H]methionine (SAM[

3
H]) into DNA (DNA 5-[methyl-

3
H]-cytosine) in the absence or presence of oleacein 

 

 
 

Figure 2. Binding modes of oleacein mimetics to mTOR. Left panels. Graphical representation of the binding modes of the 
computationally-predicted oleacein mimetics to the catalytic cavity of mTOR. The black, red, and purple arrows indicate the location of the 
aromatic rings in the binding modes #1, #2, and #3, respectively. Right panels. Graphical representation of the binding modes of parental 
oleacein and selected oleacein mimetics with anti-CSC activity (Figure 4, 5) to the catalytic cavity of mTOR.  
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mimetics. The selected oleacein mimetics were tested in 

10-dose IC50 mode with 2-fold serial dilution and 

reactions were carried out at 1 µmol/L SAM. Although 

hydroxytyrosol butyrate decreased DNMT3A activity in 

a dose-dependent manner, concentrations higher than 

150 µmol/L were necessary to reach the IC50 value. (E)-

N-allyl-2-((5-nitrofuran-2-yl)methylene)hydrazinecarbo 

thioamide did not reach the half maximal inhibitory 

concentration of  DNMT3a activity even at the highest 

concentration tested. 

DISCUSSION 
 

The molecular frameworks of natural products can 

provide feasible and innovative templates for medicinal 

chemistry and drug discovery [43]. But, despite the long 

tradition of natural product-inspired discovery of 

synthetic compounds, there has been little effort to 

utilize EVOO biophenols chemotypes as a springboard 

for lead discovery. Here, we carried out such a drug 

discovery approach to uncover new compounds capable 

 

 
 

Figure 3. Binding modes of oleacein mimetics to DNMT. Left panels. Graphical representation of the binding modes of the 

computationally-predicted oleacein mimetics to the catalytic site of DNMT. The black and red arrows indicate the location of the aromatic 
rings in the binding modes #1 and #2, respectively. Right panels. Graphical representation of the binding modes of parental oleacein and 
selected oleacein mimetics with anti-CSC activity (Figures 4 and 5) to the catalytic cavity of DNMT.  



 

www.aging-us.com 21063 AGING 

 
 

Figure 4. Phenotypic screening of the anti-CSC activity of oleacein mimetics (I). Left. Comparative analysis of IC50 values of the 

computationally-predicted oleacein mimetics in 2D monolayer cultures and 3D mammosphere systems. With 10 µmol/L as a cutoff, 4/16 
compounds tested were more potent in 3D than in 2D and were selected as anti-CSC candidates; 1/16 compounds tested was equally potent 
in 3D and in 2D and was designated as cytotoxic. Right. CHEMBL structures of the computationally-predicted oleacein mimetics with anti-CSC 
(blue box) and cytotoxic (red box) activity.  

 

 
 

Figure 5. Phenotypic screening of the anti-CSC activity of oleacein mimetics (II). Top panels. MTT reduction-based measurement of 

cell viability is expressed as percentage uptake (OD570) relative to untreated controls (=100% cell viability). Bottom panels. Representative 
microscope images (×2.5 magnification) of mammospheres formed by MDA-MB-436 cells growing in sphere medium for 6 days in the 
absence or presence of graded concentrations of oleacein mimetics. The number of mammospheres (>100 µm diameter) is expressed as 
means (columns) ± SD (bars). *P < 0.05 and **P < 0.005, statistically significant differences from the untreated (control) group. 
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of phenotypically mimicking the anti-CSC effects of the 

EVOO dihydroxy-phenol oleacein.  
 

We took advantage of modern bioinformatics 

approaches with the aim of identifying physicochemical 

mimetics of the anti-CSC behavior of EVOO-derived 

oleacein. First, the somewhat structurally complex 

framework of the dialdehydic form of decarboxymethyl 

elenolic acid linked to hydroxytyrosol (i.e., oleacein) 

was computationally captured in terms of molecules 

with oleacein-like physico-chemical profiles. Second, 

we in silico compared the binding modes of the top 20 

computationally-predicted oleacein mimetics to the two 

molecular targets originally involved in the capacity of 

oleacein to specifically suppress the functional traits of 

tumor-initiating CSC (i.e., mTOR and DNMT) [14]. 

Third, we phenotypically explored the computationally-

discovered oleacein biomimetics in terms of their anti-

CSC activity. Fourth, we evaluated the structure-

mTOR/DNMT bioactivity relationship of the most 

promising oleacein-mimetic candidates. By doing so, 

four oleacein mimetics, namely N’-[4-nitro-2-

(trifluoromethyl)phenyl]propane-1,3-diamine, (E)-N-

allyl-2-((5-nitrofuran-2-yl)methylene)hydrazinecarboth 

ioamide, N-(4-nitrobenzyl)ethenesulfonamide, and 3,4-

dihydroxyphenethyl butyrate  (a.k.a. hydroxytyrosol 

butyrate), fulfilled the first phenotypic endpoint of the 

selection criteria, which was the specific suppression of 

the 3D mammosphere forming capability of CSC in the 

low micromolar range without highly significant 

cytotoxic effects against differentiated cancer cells 

growing in 2D cultures in the same range of 

concentrations. Moreover, non-cytotoxic concentrations 

of the oleacein mimetics hydroxytyrosol butyrate and 

(E)-N-allyl-2-((5-nitrofuran-2-yl)methylene)hydrazine 

carbothioamide efficiently suppressed the population of 

ALDH1
+
 epithelial-like proliferating CSC [31, 32, 35, 

42], a second phenotypic endpoint of the selection 

criteria for anti-CSC candidates.  

 

The fact that the oleacein mimetics-responsive 

phenotypes were exclusively manifested under 3D stem

 

 
 

Figure 6. Phenotypic screening of the anti-CSC activity of oleacein mimetics (III). (A) Changes in the number of ALDH
+
 cells in BT-

474 and MDA-MB-436 populations cultured in the absence or presence of 11.1 µmol/L of CHEMBL1950046 and CHEMBL1632504. The results 
are expressed as percentages means (columns) ± SD (bars). *P < 0.05 and **P < 0.005, statistically significant differences from the untreated 
(control) group. (B) Left. A dose-response inhibition curve of ATP-dependent activity of mTOR kinase was created by plotting FRET signal of 
the Z´-LYTE Kinase assay as the function of CHEMBL1950046 and CHEMBL1632504 concentrations. Right. Dose-response curves of SAM-
dependent methylation activity of DNMT3A were created by plotting radioisotope signals of the HotSpot

SM
 assay as the function of 

CHEMBL1950046 and CHEMBL1632504 concentrations. (C) Molecular scaffolds of oleacein. 
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cell culture conditions along with their capacity to 

specifically and potently suppress (>90%) ALDH1
+
 CSC-

like cellular states irrespective of the mutational landscape 

of the cancer cell population strongly suggested that their 

mechanism of action targets the biological functioning of 

cancer stemness per se.  Hydroxytyrosol butyrate is a 

chemically-modified (alkyl ester) lipophilic version of 

hydroxytyrosol that is more stable than parental 

hydroxytyrosol under biological conditions [44–49]. The 

fact that the inclusion of a short-medium lipophilic chain 

in the hydroxytyrosol molecule sufficed to recapitulate, at 

least in part, both the anti-CSC behavior and the anti-

mTOR/DNMT inhibitory activity of the parental oleacein 

highlights the functional relevance of the dihydro-

xybenzene moiety within the phenolic part of oleacein, a 

scaffold that seems to be a crucial mediator of the 

metabolo-epigenetic modulatory effects of oleacein (e.g., 

COMT, IDH1, LSD1 [18, 22, 50–52]) via formation of 

stacking interactions, coordination with metal ions, and/or 

establishment of hydrophobic and/or hydrogen bond 

interactions through the hydroxyl groups or the aromatic 

ring (Figure 6C). The second oleacein scaffold, which 

comprises the secoiridoid dialdehyde part, might be 

involved in the stabilization of oleacein via hydrophobic 

interactions within the binding pocket of the targeted 

proteins. Accordingly, although hydroxytyrosol butyrate 

preserved the original double occupancy of oleacein 

within the catalytic sites of mTOR and DNMT, the sole 

dihydroxybenzene moiety does not suffice to fully 

preserve the low-micromolar biological activity of 

oleacein against mTOR and DNMT enzymatic activities. 

(E)-N-allyl-2-((5-nitrofuran-2-yl)methylene)hydrazinecar-

bothioamide, originally described as an inhibitor of the 

Trypanosoma cruzi triosephosphate isomerase [53], 

lacked the original binding sites of oleacein to mTOR and 

DNMT, thereby fully losing the original ability of 

oleacein to operate as a dual mTOR/DNMT inhibitor. (E)-

N-allyl-2-((5-nitrofuran-2-yl)methylene)hydrazinecarbo-

thioamide, however, appeared to operate as an optimized 

mimetic of oleacein capable of exhibiting a very 

promising and potent activity against ALDH1-positive 

breast CSC. These findings can be consistent with the 

notion that preservation of the original binding mode of 

oleacein to mTOR and DNMT is an obligatory 

requirement for a dual mTOR/DNMT inhibitory activity 

of hydroxytyrosol-related oleacein mimetics (e.g., 

hydroxytyrosol butyrate) with anti-CSC activity; for 

hydroxytyrosol-unrelated oleacein mimetics (e.g., (E)-N-

allyl-2-((5-nitrofuran-2-yl)methylene)hydrazinecarbothio-

amide), however, the absence of a dual mTOR/DNMT 

inhibitory activity is dispensable for an efficient 

suppression of the ALDH
+
-CSC functional phenotype.  

 

We provide, to the best of our knowledge, the first 

evidence that the pharma-nutritional properties of 

oleacein that elicit its functioning as an anti-CSC 

compound can be phenocopied through the use of 

mimetics that capture its physico-chemical properties. 

Although we acknowledge that further studies are 

needed to validate the ability of oleacein mimetics to 

functionally deplete tumor-initiating CSC-like states in 

vivo and the mechanisms underlying their mode of 

action, it is reasonable to suggest that a biomimicry 

design process might guide the development of 

synthetically tractable small molecules capable of 

phenotypically imitating the anti-CSC chemistry of 

complex EVOO phenolics such as oleacein.   

 

MATERIALS AND METHODS 
 

Preparation and analytical characterization of 

oleacein mimetics 
 

CHEMBL2143987 (N-(2-(Dimethylamino)ethyl)-2-(4-

nitrophenyl)acetamide) 

A mixture of 4-nitrophenylacetic acid (100 mg, 0.552 

mmol) and CDI (94mg, 0.58 mmol) in DMF (1.4 mL) 

was stirred at 50° C for 10 min. The solution was cooled 

to 20° C, N,N-dimethylaminoethylamine (63.6 µL, 0.58 

mmol) was added dropwise and the solution stirred for 

2 h. The solution was poured into water and extracted 

with EtOAc (3×). The combined organic extracts were 

washed with water, brine, dried, and the solvent 

removed under reduced pressure. The residue was 

chromatographed, eluting with a DCM/MeOH 

(1%NH3) yielding N-(N,N-dimethylaminoethyl)-2-4-

nitrophenylacetamide (27 mg, 19.5%). 

 

CHEMBL1632504 ((E)-N-Allyl-2-((5-nitrofuran-2-

yl)methylene)hydrazinecarbothioamide) 

5-Nitrofuran-2-carbaldehyde (100 mg, 0.709 mmol), N-

allylhydrazinecarbothioamide (93 mg, 0.709 mmol), p-

TSA (6.74 mg, 0.035 mmol) and toluene (7.0 mL) were 

stirred at room temperature until the aldehyde was not 

present (1.5h). The solid formed (136 mg, 75%) was 

collected by filtration.  

 

CHEMBL126593 (N-(4-Nitrobenzyl)ethenesulfona- 

mide) 

 

 4-Nitrophenyl)methanamine (100 mg, 0.657 mmol) 

was dissolved in DCM (620 µL, dry) at 0° C with 

stirring under N2 to which a 4-methylmorpholine (145 

µl, 1.314 mmol) was added with stirring. A solution of 

y 2-chloroethanesulfonyl chloride (68.7 µl, 0.657 

mmol)  dissolved in DCM (620 µL, dry) was added at 

0° C with stirring 10 min under N2, after which time the 

reaction mixture was stirred at room temperature 

overnight. The reaction mixture was extracted with 

dilute hydrochloric acid and the organic layers were 

collected, dried (MgSO4), filtered and the solvent 

removed under reduced pressure. The crude product 
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was purified by column chromatography (EtOAc/n-

hexane 1/2). The product was obtained as a white solid 

(11 mg, 7%). 

 

CHEMBL1950046 (3,4-Dihydroxyphenethyl butyrate) 

Lipase P (25 mg) and vinyl butyrate (412 µl, 3.24 

mmol) were added to a solution of 4-(2-

hydroxyethyl)benzene-1,2-diol (25 mg, 0.162 mmol) in  

tBuOMe (Volume: 5792 µl) and the mixture was shaken 

at 40° C for 60 min. The reaction was quenched by 

filtering off enzyme and the filtrate was evaporated in 

vacuo. The resulting residue was dissolved in EtOAc 

and washed with sat. NaHCO3 and brine then dried 

(MgSO4) followed by filtration and evaporation to 

dryness. 32 mg (89%) of compound identified as the 

title compound were obtained. 

 

CHEMBL1890048 (2-Methoxy-N-(2-methyl-5-

nitrophenyl)acetamide) 

To a solution of 2-methyl-5-nitroaniline (100 mg, 0.657 

mmol) in DCM (0.04 M), TEA (0.137 ml, 0.986 mmol) 

and2-methoxyacetyl chloride (0.066 µl, 0.723 mmol) 

were added. The reaction mixture was stirred at room 

temperature for 4 h. 103 mg (70%) of compound 

identified as the title compound were obtained. 

 

CHEMBL1085246 (N-(4-Chloro-5-nitrothiazol-2-

yl)hexanamide) 

Hexanoyl chloride (38.2 µl, 0.278 mmol) was dissolved 

in THF (0.1 M) and cooled to -78° C then 4-chloro-5-

nitrothiazol-2-amine (50 mg, 0.278 mmol) was added in 

one portion. DIPEA (1.1 eq) was added to the resulting 

slurry at -78° C and the solution was held at this 

temperature for 10 min then allowed to warm to room 

temperature overnight. The solution was diluted with 

EtOAc and washed with sat. NaHCO3, 1M HCl and 

brine then dried (MgSO4) followed by filtration and 

evaporation to dryness. The resulting residue was 

purified by gradient flash column chromatography (10-

60% EtOAc/hexanes or 1-2% MeOH/CH2Cl2) to obtain 

22 mg (28.5%) of compound identified as the title 

compound.  
 

CHEMBL45196 (4-((5-Chloro-2-nitrophenyl)amino)-

4-oxo-2-(2,2,2-trifluoroacetamido)butanoic acid) 

A mixture of  5-chloro-2-nitroaniline (50 mg, 0.290 

mmol) and (S)-N-(2,5-dioxotetrahydrofuran-3-yl)-2,2,2-

trifluoroacetamide (61.2 mg, 0.290 mmol) was 

irradiated for 60 minutes in a microwave (130° C, 200 

psi, 200W). The residue was purified by reversed-phase 

flash chromatography, yielding 14 mg (12%) of 

compound identified as the title compound. 
 

CHEMBL357073 (6-[(4-nitrophenyl)formamido]hexa 

noic acid), CHEMBL1545778 ([2-(methylcarbamoyla 

mino)-2-oxo-ethyl] (E)-3-(3-bromophenyl)prop-2-

enoate), CHEMBL1366164 (ethyl 2-[(2-methyl-5-nitro-

phenyl)amino]-2-oxoacetate), and CHEMBL1642794 

([2-(tert-butylamino)-2-oxo-ethyl] 4-nitrobenzoate) 

were purchased from Enamine (EN300-302808, Z1864 

6098, EN300-236023, and Z19756482, respectively; 

Kiev, Ukraine). CHEMBL1440472 (2- [(6- chloro- 3- 

nitro- 2-pyridinyl)amino]-3-methylbutanoic acid) was 

purchased from Key Organics (MS-1625; Bedford, 

MA). CHEMBL1621113 (N-[4-nitro-2-(trifluorome 

thyl)phenyl]propane-1,3-diamine) and CHEMBL107 

9062 ((Z)-4-[(4-nitrophenyl)amino]-4-oxobut-2-enoic 

acid) were purchased from ABCR GmbH (AB141160 

and AB414326, respectively; Karlsruhe, Germany).  

 

Analytical and spectroscopic characterization of 

oleacein mimetics  

 

NMR 

NMR spectra were recorded on an Agilent VNMRS-

400 (
1
H at 400.10 MHz). HPLC-MS. HPLC-MS were 

performed with a High-Performance Liquid 

Chromatography Thermo Ultimate 3000SD (Thermo 

Scientific Dionex) coupled to a photodiode array 

detector and a mass spectrometer LTQ XL ESI-ion trap 

(Thermo Scientific); 5μl of sample MeOH were injected 

(c=0.5mg/mL). Data from mass spectra were analyzed 

by electrospray ionization in positive and negative 

mode and peaks are given m/z (% of basis peak). The 

mobile phase used was a mixture of A = water + 0.05 

formic acid and B = Acetonitrile + 0.05 formic acid 

with method described as follows: flow 0.5 mL/min; 

5% B for 0.5 min; 5%-100% B in 5 min, 100% B for 

2min. 

 

Virtual screening 

 

Virtual profiling was performed with ligand- and 

structure-based software tools, using the chemical 

structure of oleacein as a seed, as described [54]. 

Briefly, the 3D virtual profiling tool compares a query 

molecule (i.e., oleacein) with the structures present in 

the Chembl(v19) reference database using 

Comparative Molecular Similarity Indices Analysis 

(CoMSIA) fields on a 3D grid. Molecules were 

compared according to their relationship with their 

environment using the 3D descriptors topologic 

surface area, lipophilicity, hydrogen bond donors/ 

acceptors count, and Van der Waals radii, among 

others, thereby obtaining biomimetic compounds with 

different structures.  

 

Docking and molecular dynamics calculations 

 

All docking, MD calculations and MM/GBSA rescoring 

were carried out as described [18, 22, 54].  
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Cell viability 

 

Cell viability was determined using a standard 

colorimetric MTT-based reduction assay 72 h after 

exposure to graded concentrations of oleacein 

mimetics.  

 

Mammosphere formation 

 

Mammosphere formation was monitored using 

Cell2Sphere™ assays (StemTek Therapeutics, Bilbao, 

Spain). Graded concentrations of oleacein mimetics 

were added to triplicate sets of wells on day 1 and the 

number of 6-day-old mammospheres was recorded as a 

measurement of CSC content. Images were recorded 

using a BioTek Cytation 5 image cytometer at 2.5× 

magnification. Prior to image acquisition, spheroid 

cultures were stained with a fluorescent vital dye to 

increase the accuracy of spheroid detection and 

analysis. The system was then set to count number, size, 

and aspect ratio of the objects. Thresholds were set to 

>100 µm in size and 0.4 as aspect ratio (with 1 being 

the aspect ratio of a perfect circle).  

 

Aldefluor activity assay 
 

The ALDEFLUOR
®
 assay (StemCell Technologies, 

Vancouver, BC, Canada) was performed with or 

without the addition of hydroxytyrosol butyrate and (E)-

N-allyl-2-((5-nitrofuran-2-yl)methylene)hydrazinecarbo 

thioamide for 48 h.  

 

mTOR and DNMT activity/inhibition assays 
 

IC50 determinations for FRAP1 (mTOR) of oleacein 

mimetics were outsourced to Invitrogen (Life 

Technologies) using the FRET-based Z-LYTE™ 

SelectScreen Kinase Profiling Service. The effect of 

oleacein mimetics on the enzymatic activities of the 

recombinant human DNMT3A was outsourced to 

Reaction Biology Corp. (Malvern, PA) using 

HotSpot
SM

, a nanoliter-scale radioisotope filter binding 

platform.   

 
Statistical analysis 

 
All statistical analyses were performed using 

GraphPad Prism software (San Diego, CA). Data are 

presented as mean ± S.D. Comparisons of means of ≥ 

3 groups were performed by analysis of variance 

(ANOVA) and the existence of individual differences, 

in case of significant F values at ANOVA, were 

assessed by multiple contrasts. P values < 0.05 and 

<0.005 were considered to be statistically significant 

(denoted as
 
* and **, respectively). All statistical tests 

were two-sided. 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Figures 

 

 

 

 

 
 

Supplementary Figure 1. CHEMBL structures of the computationally-predicted oleacein mimetics. 
 

 
 

Supplementary Figure 2. Top panels. MTT reduction-based measurement of cell viability is expressed as percentage uptake 
(OD570) relative to untreated controls (=100% cell viability). Bottom panels. Representative microscope images (×2.5 magnification) of 

mammospheres formed by MDA-MB-436 cells growing in sphere medium for 6 days in the absence or presence of graded concentrations of 
CHEMBL1085246. The number of mammospheres (>100 µm diameter) is expressed as means (columns) ± SD (bars). *P < 0.05 and **P < 
0.005, statistically significant differences from the untreated (control) group. 
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Supplementary Tables 
 

Please browse Full Text version to see the data of Supplementary Tables 6 and 7. 

 

Supplementary Table 1. Docking binding energies and MM/GBSA-based energy rescoring calculations of oleacein 
against mTOR and DNMT. 

Cavity 
Docking 

ΔG kcal/mol 

MM/GBSA 

ΔG kcal/mol 
Target / PDBID 

Crystallographic cavity -7.1/-7.1 -26.8226 mTOR / 4JT6 

Cavity1 -7.3/-6.9 -17.155 mTOR / 4JT6 

Cavity4  -7.6/-7.8 -36.9931 mTOR / 4JT6 

Cavity8 -7.4/-7.3 -21.8981 mTOR / 4JT6 

Crystallographic cavity -7.9/-7.6 -30.567 DNMT / 4WXX 

Cavity1 -7.7/-7.7 -25.2792 DNMT / 4WXX 

Cavity2 -7.2/-7.2 -36.5163 DNMT / 4WXX 

Cavity3 -7.3/-7.3 -34.0772 DNMT / 4WXX 

 

 
 

Graphical representation of parental oleacein bound to several cavities of mTOR (4JT6, left) and DNMT (4WXX, right). 
Oleacein is colored in gold. In the case of mTOR, oleacein poses at cavities 1, 4, and 8, colored in blue, red, and yellow, 
respectively. In the case of DNMT, oleacein poses at cavities 1, 2, and 3, colored in blue, red, and yellow, respectively.  

 

 

Supplementary Table 2. Docking binding energies of oleacein mimetics against the crystallographic cavities of mTOR 
and DNMT.  

Oleacein mimetic Target/ PDBID 
ΔG kcal/mol 

R0 / R1 
Target / PDBID 

ΔG kcal/mol 

R0 / R1 

CHEMBL2172394 mTOR / 4JT6 -6.6 / -6.9 DNMT / 4WXX -6.9 / -7.1 

CHEMBL1085246 mTOR / 4JT6 -6.5 / -6.7 DNMT / 4WXX -7.6 / -7.5 

CHEMBL357073 mTOR / 4JT6 -7.3 / -7.2 DNMT / 4WXX -7.8 / -7.6 

CHEMBL1632504 mTOR / 4JT6 -5.9 / -6.0 DNMT / 4WXX -7.3 / -7.2 

CHEMBL126593 mTOR / 4JT6 -6.7 / -6.8 DNMT / 4WXX -6.8 / -6.8 

CHEMBL1950046 mTOR / 4JT6 -6.7 / -6.7 DNMT / 4WXX -6.7 / -6.7 

CHEMBL1440472 mTOR / 4JT6 -6.1 / -6.1 DNMT / 4WXX -7.0 / -7.0 

CHEMBL1300434 mTOR / 4JT6 -6.6 / -6.6 DNMT / 4WXX -7.5 / -7.5 

CHEMBL1890048 mTOR / 4JT6 -6.3 / -6.4 DNMT / 4WXX -6.8 / -6.8 

CHEMBL1180264 mTOR / 4JT6 -6.1 / -6.1 DNMT / 4WXX -7.3 / -7.4 

CHEMBL165714 mTOR / 4JT6 -6.3 / -6.3 DNMT / 4WXX -7.3 / -7.3 

CHEMBL1621113 mTOR / 4JT6 -6.7 / -6.6 DNMT / 4WXX -7.0 / -7.2 



 

www.aging-us.com 21074 AGING 

CHEMBL1079062 mTOR / 4JT6 -7.2 / -7.2 DNMT / 4WXX -7.7 / -7.7 

CHEMBL267516 mTOR / 4JT6 -6.6 / -6.7 DNMT / 4WXX -7.3 / -7.1 

CHEMBL154778 mTOR / 4JT6 -8.8 / -8.6 DNMT / 4WXX -8.1 / -8.1 

CHEMBL1366164 mTOR / 4JT6 -6.9 / -6.9 DNMT / 4WXX -7.4 / -7.4 

CHEMBL1642794 mTOR / 4JT6 -7.0/ -7.0 DNMT / 4WXX -7.6 / -7.6 

CHEMBL2165395 mTOR / 4JT6 -6.5 / -6.4 DNMT / 4WXX -7.3 / -7.3 

CHEMBL45196 mTOR / 4JT6 -7.1 / -6.6 DNMT / 4WXX -8.3 / -8.3 

CHEMBL2143987 mTOR / 4JT6 -6.2 / -6.2 DNMT / 4WXX -6.9 / -7.0 

Each calculation was performed twice (R0, R1) to avoid false positives. Differences less than 1 kcal/mol are negligible. 
 

Supplementary Table 3. Docking binding energies of oleacein mimetics against the best cavity of mTOR and DNMT 
shared with oleacein.  

Oleacein mimetic Cavity Target / PDBID 

ΔG 

kcal/mol 

R0 / R1 

Cavity Target / PDBID 
ΔG kcal/mol 

R0 / R1 

CHEMBL2172394 Cavity4 mTOR / 4JT6 -7.8 / -7.8 Cavity3 DNMT / 4WXX -7.3 / -7.4 

CHEMBL1085246 Cavity4 mTOR / 4JT6 -7.6 / -7.4 Cavity2 DNMT / 4WXX -7.0 / -7.0 

CHEMBL357073 Cavity4 mTOR / 4JT6 -7.7 / -7.6 Cavity2 DNMT / 4WXX -7.4 / -7.6 

CHEMBL1632504 Cavity8 mTOR / 4JT6 -6.8 / -6.7 Cavity2 DNMT / 4WXX -7.2 / -7.0 

CHEMBL126593 Cavity1 mTOR / 4JT6 -7.1 / -7.1 Cavity2 DNMT / 4WXX -6.7 / -6.8 

CHEMBL1950046 Cavity4 mTOR / 4JT6 -7.1 /-7.1 Cavity2 DNMT / 4WXX -6.8 / -6.8 

CHEMBL1440472 Cavity8 mTOR / 4JT6 -7.0 / -7.4 Cavity4 DNMT / 4WXX -7.0 / -7.0 

CHEMBL1300434 Cavity8 mTOR / 4JT6 -7.2 / -7.2 Cavity2 DNMT / 4WXX -7.7 / -7.8 

CHEMBL1890048 Cavity4 mTOR / 4JT6 -7.0 / -7.0 Cavity2 DNMT / 4WXX -6.9 / -6.8 

CHEMBL1180264 Cavity8 mTOR / 4JT6 -7.1 / -6.7 Cavity2 DNMT / 4WXX -7.3 / -7.4 

CHEMBL165714 Cavity8 mTOR / 4JT6 -7.2 / -7.4 Cavity1 DNMT / 4WXX -6.9 / -6.8 

CHEMBL1621113 Cavity1 mTOR / 4JT6 -7.0 / -6.5 Cavity2 DNMT / 4WXX -7.3 / -7.3 

CHEMBL1079062 Cavity8 mTOR / 4JT6 -7.3 / -7.5 Cavity2 DNMT / 4WXX -7.5 / -7.9 

CHEMBL267516 Cavity8 mTOR / 4JT6 -7.1 / -7.1 Cavity2 DNMT / 4WXX -7.2 / -7.1 

CHEMBL154778 Cavity4 mTOR / 4JT6 -8.1 / -8.2 Cavity2 DNMT / 4WXX -8.0 / -7.8 

CHEMBL1366164 Cavity4 mTOR / 4JT6 -7.2 / -7.4 Cavity2 DNMT / 4WXX -7.2 / -7.2 

CHEMBL1642794 Cavity1 mTOR / 4JT6 -7.8 / -7.6 Cavity2 DNMT / 4WXX -7.5 / -7.5 

CHEMBL2165395 Cavity8 mTOR / 4JT6 -7.6 / -7.6 Cavity2 DNMT / 4WXX -7.4 / -7.0 

CHEMBL45196 Cavity4 mTOR / 4JT6 -8.4 / -8.0 Cavity1 DNMT / 4WXX -8.3 / -8.1 

CHEMBL2143987 Cavity4 mTOR / 4JT6 -7.1 / -6.8 Cavity3 DNMT / 4WXX -6.9 / -7.0 

 

Each calculation was performed twice (R0, R1) to avoid false positives. Differences less than 1 kcal/mol are negligible. 
 

Supplementary Table 4. MM/GBSA-based binding energy rescoring calculations over MD simulations of 
computationally-predicted oleacein mimetics against the crystallographic cavities of mTOR and DNMT. 

Oleacein mimetic Target/ PDBID ΔG kcal/mol Target / PDBID ΔG kcal/mol 

CHEMBL2172394 mTOR / 4JT6 -18.4177 DNMT / 4WXX -11.8887 

CHEMBL1085246 mTOR / 4JT6 -27.4436 DNMT / 4WXX -17.8140 

CHEMBL357073 mTOR / 4JT6 -25.0102 DNMT / 4WXX -28.4676 

CHEMBL1632504 mTOR / 4JT6 -25.7896 DNMT / 4WXX -38.2609 

CHEMBL126593 mTOR / 4JT6 -29.2106 DNMT / 4WXX -25.7134 

CHEMBL1950046 mTOR / 4JT6 -20.2999 DNMT / 4WXX -24.3167 

CHEMBL1440472 mTOR / 4JT6 -16.6468 DNMT / 4WXX -27.5899 

CHEMBL1300434 mTOR / 4JT6 -38.7014 DNMT / 4WXX -33.3421 

CHEMBL1890048 mTOR / 4JT6 -19.6392 DNMT / 4WXX -26.0912 

CHEMBL1180264 mTOR / 4JT6 -18.2272 DNMT / 4WXX -31.7196 

CHEMBL165714 mTOR / 4JT6 -16.1321 DNMT / 4WXX -12.1247 
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CHEMBL1621113 mTOR / 4JT6 -22.9663 DNMT / 4WXX -26.6488 

CHEMBL1079062 mTOR / 4JT6 -17.4413 DNMT / 4WXX -24.2025 

CHEMBL267516 mTOR / 4JT6 -27.371 DNMT / 4WXX -32.8788 

CHEMBL154778 mTOR / 4JT6 -30.5493 DNMT / 4WXX -21.6215 

CHEMBL1366164 mTOR / 4JT6 -24.3303 DNMT / 4WXX -15.4957 

CHEMBL1642794 mTOR / 4JT6 -24.1435 DNMT / 4WXX -16.1264 

CHEMBL2165395 mTOR / 4JT6 -19.8235 DNMT / 4WXX -33.4134 

CHEMBL45196 mTOR / 4JT6 -27.2624 DNMT / 4WXX -24.5175 

CHEMBL2143987 mTOR / 4JT6 -32.407 DNMT / 4WXX -36.4821 

 

Supplementary Table 5. MM/GBSA-based binding energy rescoring calculations over MD simulations of 
computationally-predicted oleacein mimetics against against the best cavity of mTOR and DNMT shared with 
oleacein. 

Oleacein candidate Cavity Target / PDBID ΔG kcal/mol Cavity Target / PDBID ΔG kcal/mol 

CHEMBL2172394 Cavity4 mTOR / 4JT6 -34.392 Cavity3 DNMT / 4WXX -31.0757 

CHEMBL1085246 Cavity4 mTOR / 4JT6 -19.6725 Cavity2 DNMT / 4WXX -36.9931 

CHEMBL357073 Cavity4 mTOR / 4JT6 -33.5462 Cavity2 DNMT / 4WXX -34.3628 

CHEMBL1632504 Cavity8 mTOR / 4JT6 -24.6272 Cavity2 DNMT / 4WXX -36.6319 

CHEMBL126593 Cavity1 mTOR / 4JT6 -26.6329 Cavity2 DNMT / 4WXX -35.3592 

CHEMBL1950046 Cavity4 mTOR / 4JT6 -31.6794 Cavity2 DNMT / 4WXX -21.7283 

CHEMBL1440472 Cavity8 mTOR / 4JT6 -21.2853 Cavity4 DNMT / 4WXX -29.360 

CHEMBL1300434 Cavity8 mTOR / 4JT6 -27.361 Cavity2 DNMT / 4WXX -33.9773 

CHEMBL1890048 Cavity4 mTOR / 4JT6 -21.2089 Cavity2 DNMT / 4WXX -26.2952 

CHEMBL1180264 Cavity8 mTOR / 4JT6 -29.4140 Cavity2 DNMT / 4WXX -32.3981 

CHEMBL165714 Cavity8 mTOR / 4JT6 -21.4634 Cavity1 DNMT / 4WXX -30.3770 

CHEMBL1621113 Cavity1 mTOR / 4JT6 -21.0309 Cavity2 DNMT / 4WXX -29.3269 

CHEMBL1079062 Cavity8 mTOR / 4JT6 -24.7585 Cavity2 DNMT / 4WXX -24.4205 

CHEMBL267516 Cavity8 mTOR / 4JT6 -44.6454 Cavity2 DNMT / 4WXX -28.1508 

CHEMBL154778 Cavity4 mTOR / 4JT6 -25.0387 Cavity2 DNMT / 4WXX -22.9832 

CHEMBL1366164 Cavity4 mTOR / 4JT6 -17.8085 Cavity2 DNMT / 4WXX -19.6201 

CHEMBL1642794 Cavity1 mTOR / 4JT6 -19.439 Cavity2 DNMT / 4WXX -20.6555 

CHEMBL2165395 Cavity8 mTOR / 4JT6 -27.2639 Cavity2 DNMT / 4WXX -25.8227 

CHEMBL45196 Cavity4 mTOR / 4JT6 -17,1961 Cavity1 DNMT / 4WXX -32,1555 

CHEMBL2143987 Cavity4 mTOR / 4JT6 -40.3344 Cavity3 DNMT / 4WXX -43.6863 

 

Supplementary Table 6. Key interacting residues of oleacein mimetics to the catalytic site of mTOR. Interactions 
other than electrostatic are highlighted in yellow (possible) or green (reliable).  

 

Supplementary Table 7. Key interacting residues of oleacein mimetics to the catalytic site of DNMT. Interactions 
other than electrostatic are highlighted in yellow (possible) or green (reliable).  

 

 

 
 



                             

 

Cancer is considered an age-related disease as the 

incidence rate of cancer rises with advancing age: in the 

United States, 80% of all cancer cases are diagnosed in 

the population aged 55 years and older [1]. Patients with 

advanced age tend to present with poorer performance 

status and have a worse prognosis for multiple types of 

cancer, including acute myeloid leukemia (AML), 

glioblastoma, breast cancer, and pancreatic cancer. 

Particularly, age is an independent prognostic factor in 

AML, and elderly patients are more vulnerable to 

treatment toxicities and have a much higher rate of 

developing multidrug resistance (57% - 62% for AML 

patients older than 56 years compared to 33% for AML 

patients younger than 56 years) [2]. Therefore, there is 

an urgent need for novel targeted therapeutics with 

minimal toxicity that can overcome drug resistance to 

improve the clinical outcomes in elderly cancer patients. 

The epitranscriptional modification N6-Methyl-

adenosine (m6A), the most abundant internal mark of 

eukaryotic mRNAs, plays critical roles in cancer 

development and is characterized by its reversibility and 

susceptibility to external regulation [3]. m6A is installed 

by “writers” (methyltransferases) and removed by 

“erasers” (demethylases), with m6A “readers” (m6A-

binding proteins) responsible for recognizing the m6A-

modified sites on target transcripts to mediate the 

downstream biological consequences. As the first 

identified m6A demethylase, FTO alpha-ketoglutarate 

dependent dioxygenase (FTO) has been reported to be 

highly expressed in certain AML subtypes, and 

promotes pro-survival signaling as well as blocks 

myeloid differentiation by targeting a set of genes such 

as ASB2, RARA, MYC and CEBPA in an m6A-dependent 

way [4, 5]. Moreover, FTO positively regulates the 

glycolytic genes PFKP and LDHB to maintain aerobic 

glycolysis in leukemia cells [6]. FTO also serves as an 

oncogene in various solid tumors where it is aberrantly 

overexpressed, including glioblastoma, breast cancer, 

and pancreatic cancer [3]. The experimental evidences 

that knockdown of FTO effectively suppresses tumor 

progression, attenuates cancer cell metabolism, and 

improves the response of cancer cells to drug treatment 

strongly suggest FTO to be a promising therapeutic 

target for cancer treatment in elderly patients [4, 6]. 

Based on these data, increased efforts have been made 

for the discovery of effective small-molecule FTO 

inhibitors.  However,  most previously discovered  FTO  

    Editorial 

inhibitors, although shown to be a potential therapeutic 

strategy for AML and solid tumors, only demonstrate 

mild/moderate efficacy and/or selectivity in inhibiting 

FTO (with their IC50 values higher than 1 µM), and are 

therefore unlikely clinically applicable (Figure 1). 

Most recently, Su et al. identified two highly efficacious 

small-molecule FTO inhibitors, i.e., CS1 (or Bisantrene) 

and CS2 (or Brequinar), which display potent in vitro 

and in vivo anti-tumor effects in both AML and solid 

tumors in which FTO is highly expressed (including 

glioblastoma, breast cancer, and pancreatic cancer) [7]. 

By blocking the catalytic pocket and disrupting the 

binding of FTO to m6A modified targets, CS1 and CS2 

inhibit FTO activity and signaling. The IC50 values for 

both CS1 and CS2 are in the low nanomolar range, 

indicating that they are much more effective than 

previously discovered FTO inhibitors. Importantly, 

treatment with CS1 or CS2 induced minimal drug 

toxicity in C57BL/6 mice, even at a dose 4-fold higher 

than that used for cancer treatment. Since elderly cancer 

patients are generally less tolerant to chemotherapy and 

have a greater risk of drug toxicity, these FTO-targeting 

compounds provide a potential alternative treatment for 

the chemotherapy-intolerant elderly patients. Hypo-

methylating agents (HMAs) are also commonly used in 

frontline therapy for elderly AML patients unfit for 

intensive chemotherapy. However, most HMA-treated 

patients eventually develop drug resistance as a result of 

upregulation of immune checkpoint gene expression 

and subsequent immune evasion. CS1 and CS2 

treatments sensitize AML cells to T cell cytotoxicity by 

suppressing the expression of immune checkpoint gene 

LILRB4, supporting FTO inhibition as an effective 

strategy to overcome immune evasion induced by 

HMAs (Figure 1). Pharmacological inhibition of FTO 

with the two compounds or genetic depletion of FTO 

also leads to a remarkable decrease in self-renewal 

capacity of the leukemia stem/initiating cells 

(LSCs/LICs), the major population considered to be 

responsible for treatment failure and disease relapse in 

AML (Figure 1). Hence, potent small-molecule FTO 

inhibitors (represented by CS1 and CS2) hold great 

therapeutic potential, alone or in combination with other 

agents such as HMAs, for the treatment of refractory 

and relapsed cancer in elderly patients. 

The FTO gene is also the first genome-wide association 

study (GWAS)-identified locus that harbors the strongest 

Targeting FTO for cancer therapy and more 
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genetic association with obesity. Although controversy 

exists, multiple lines of evidences support a positive 

relationship between FTO expression and the 

development of obesity [8]. With the continuous 

expansion of the obesity and overweight populations 

especially in the elderly, the effects of small-molecule 

FTO inhibitors on obesity development represent 

another major area of scientific inquiry to explore 

whether multiple health benefits (i.e. prevention of 

cancer and obesity/overweight) can be achieved 

concomitantly by targeting FTO. 
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INTRODUCTION 
 

During the last decades, there has been a marked 

increase in life expectancy in most developed countries. 

The consequence is that the population is aging in these 

geographical areas. For instance, in early 2018, about 

20% of the total population in the European Union had 

more than 65 years. This proportion is expected to reach 

28.5% in 2050 [1], and a similar demographic evolution 

is expected to occur in the US and other developed 

countries. It is well-known that elders have an increased 

risk of developing chronic diseases, including some 

cancers. Primary liver cancer is the sixth most common 

cancer worldwide, with 80% of cases being diagnosed 
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ABSTRACT 
 

Aging involves progressive physiological and metabolic reprogramming to adapt to gradual deterioration of 
organs and functions. This includes mechanisms of defense against pre-malignant transformations. Thus, 
certain tumors are more prone to appear in elderly patients. This is the case of the two most frequent types of 
primary liver cancer, i.e., hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (iCCA). 
Accordingly, aging hallmarks, such as genomic instability, telomere attrition, epigenetic alterations, altered  
proteostasis, mitochondrial dysfunction, cellular senescence, exhaustion of stem cell niches, impaired 
intracellular communication, and deregulated nutrient sensing can play an important role in liver 
carcinogenesis in the elders. In addition, increased liver fragility determines a worse response to risk factors, 
which more frequently affect the aged population. This, together with the difficulty to carry out an early 
detection of HCC and iCCA, accounts for the late diagnosis of these tumors, which usually occurs in patients 
with approximately 60 and 70 years, respectively. Furthermore, there has been a considerable controversy on 
what treatment should be used in the management of HCC and iCCA in elderly patients. The consensus reached 
by numerous studies that have investigated the feasibility and safety of different curative and palliative 
therapeutic approaches in elders with liver tumors is that advanced age itself is not a contraindication for 
specific treatments, although the frequent presence of comorbidities in these individuals should be taken into 
consideration for their management. 
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among patients who are 70 years or older, and it is the 

third leading cause of cancer-related death worldwide 

according to the WHO. Approximately, 85-90% of these 

cancers are hepatocellular carcinoma (HCC), which is 

currently the third cancer-related cause of death in men 

worldwide, and its incidence is regularly increasing [2]. 

Besides, intrahepatic cholangiocarcinoma (iCCA) 

accounts for 10-15% of all primary liver cancers, and the 

number of newly diagnosed cases per year is also rising 

[3], although its incidence rate has important 

geographical variations, reflecting local differences in 

risk factors [4]. The increasing incidence of liver cancer 

is partially attributable to the increase in morbidities 

commonly associated with aging, such as diabetes 

mellitus, alcoholic liver disease, and non-alcoholic fatty 

liver disease [3]. 

 

Aging is characterized by cellular senescence caused by 

the shortening of telomeres in successive cell divisions, 

which leads to a halt in the proliferation of somatic cells. 

Several processes such as DNA damage, epigenetic 

alteration, oxidative stress, mitochondrial dysfunction, 

and alteration of metabolic pathways can contribute to 

the senescence of cells and tissues and, at the same time, 

account for higher risk of liver cancer development [5]. 

 

The main challenge in managing the growing number of 

elderly patients who have liver cancer is their frequent 

multimorbidity and hence the associated simultaneous 

use of several types of drugs that can result in drug-drug 

interactions interfering with cancer treatment. Besides, a 

decline in the functional reserve of several organs and 

the fact that the metabolism is often altered reduces the 

tolerance. Moreover, it can produce or aggravate adverse 

drug reactions [6]. Although a personalized treatment is 

always desirable, this is particularly required in the case 

of elderly patients. After evaluating their individual 

characteristics, the treatment must include proper 

monitoring in order to guarantee an adequate treatment 

intensity while preventing or minimizing the occurrence 

of adverse events and a deterioration of quality of life 

due to treatment [7]. 

 

The concept of elderly patients has changed over time, 

complicating the analysis of results published at 

different times. The most recent studies use as cut-off 

age of the elderly 75 or even 80 years, while some time 

ago patients more than 65 years old were included in  

the group of older patients and some guidelines still  

use this cut-off [8]. Despite these differences, most 

studies have shown that advanced age alone should  

not be a reason to dismiss the oncological evaluation for 

any treatment in the first place. Still, the treatment of 
elderly requires that, prior to designing the therapeutic 

strategy, oncologists carefully consider age-related 

comorbidities. 

Age-associated risk factors 
 

The risk of CCA, either iCCA, distal (dCCA), or 

perihilar (pCCA) increases with advancing age, 

especially in Japan and Western countries where, 

without the specific risk factors of certain regions, 

patients present an average age at diagnosis of 

approximately 70, which is ten years older than the 

average age for patients first diagnosed with HCC  

[9, 10]. A recent study analyzing cancer mortality in 

elderly patients showed that liver cancer mortality rates 

were similar in most countries, with a peak of 60 per 

100,000 or below for men and 25 per 100,000 or below 

for women in the 80-to-84 range of age. Exceptionally, 

these values were higher in Japan [11]. 

 

Clinical characteristics are different in elderly versus 

young HCC patients (Table 1). Elderly patients with 

HCC are mainly female, which has been associated with 

their longer life expectancy, while younger patients are 

predominantly male [12]. Hepatitis B virus (HBV) 

infection is the most frequent etiology in young HCC 

patients, probably because the transmission mainly 

occurs in the perinatal period. In contrast, the most 

prevalent causes of HCC in elderly patients are chronic 

infection with hepatitis C virus (HCV) and non-alcoholic 

steatohepatitis (NASH), which usually occurs later in 

life. The effects of alcohol consumption and HCV 

infection on the development of HCC appear to be 

stronger with advancing age, but also moderate alcohol 

consumption throughout life can cause HCC in the 

elderly [13]. In the upcoming years, due to the 

improvement of antiviral treatments, HCV infections are 

expected to decrease worldwide. In contrast, due to the 

predicted increased incidence of non-alcoholic fatty liver 

disease (NAFLD) -recently termed metabolic associated 

fatty liver disease (MAFLD)- predisposing for NASH, a 

significant growth in the number of cases of elderly 

patients with HCC and NASH can be predicted. 

 

MAFLD refers to liver steatosis in addition to 

overweight or obesity, diabetes mellitus type 2 or 

metabolic dysregulation [14]. The number of studies in 

aging patients analyzing the relationship between 

MAFLD and primary liver cancer remains still limited 

and are main focused on HCC. An US study of cohorts 

across a 6-year period (2004 to 2009) showed a 9% 

annual increase on the number of NAFLD patients with 

HCC. NALFD-HCC patients were older than HCC 

patients with other underlying diseases (73.0 years vs. 

66.0 years), with a shorter survival time and death was 

more often as consequence of this primary liver cancer 

[15]. Similarly, the increased incidence rate of HCC 

between 2003 and 2011 was associated with an elevated 

prevalence of NAFLD in Taiwanese patients older than 

65 years [16]. In addition, in U.K., patients with NAFLD-
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associated HCC were older than those with other HCC 

etiologies (71.3 years vs 67.1 years), being liver tumors 

less often detected by clinical surveillance, although their 

survival was comparable [17]. It has been proposed a 

potential relationship between NAFLD and iCCA, which 

suggests a common pathogenesis with HCC [18, 19], 

however, no clear association between aging and 

MAFLD has already been established in this cancer. 

 

The fact that women seem to be less prone to suffer 

from some liver pathologies, such as MAFLD, until 

post-menopausal ages, having a “lag period” when 

compared to male [20] can also contribute to the higher 

incidence in more advance age. Thus, a Taiwanese 

study concluded that NAFLD could constitute a 

possible risk factor associated to the upward trend in 

HCC incidence in elderly women [16]. Moreover, it has 

been described that depletion of cholesterol synthesis by 

Cyp51 knock-out leads to HCC progression in aging 

female mice, indicating that sex-dependent metabolic 

reprogramming of cholesterol metabolism can pre-

dispose for hepatocarcinogenesis in aging females [21]. 

Recently, estradiol has been related to prognosis in non-

surgical HCC patients leading to a better mean survival 

probability in women than men, but this effect is 

reduced after menopause. In vitro studies have 

demonstrated that estradiol is able to inhibit the 

proliferation of HCC cell lines [22]. Besides, it has been 

reported that post-menopausal hormone replacement 

therapy plays a protective role in HCC [23, 24]. 

Contrarily, high circulating levels of estradiol, 

commonly found in male iCCA patients, have been 

associated with an increased risk of this type of primary 

tumor in both men and women [25, 26]. Additionally, 

long-term oral contraceptive use and hysterectomy have 

been associated with increased iCCA risk (+62% and 

+100%, respectively) in non-menopausal women 

compared with women 50-54 years old at natural 

menopause, although no association was detected with 

age at natural menopause [27]. Due to the different role 

of estrogens in HCC and iCCA female patients, it is 

necessary to design adequate and specific therapeutical 

strategies against these types of primary liver cancer 

both in young and aging women. 

 

Southeastern Asia and particularly Thailand present 

high incidence rates of iCCA mainly due to liver fluke 

infection [28], however, there is no available 

information regarding whether this or other risk factors 

affect young and older people differently. 

 

The study of different comorbidities depending on the 

age and gender in patients with HCC revealed that, as 
could be predicted, elderly patients suffered from more 

comorbidities [29]. Cirrhosis was the most common 

condition both in young and older patients, followed by 

HBV in patients aged <70 years and HCV in patients 

≥70 years. The older group of HCC patients also 

showed a higher proportion of chronic diseases such as 

hypertension, diabetes mellitus, coronary disease and 

cerebral infarction and a worse quality of life. 

 

In elders, HCC has lower accompanying fibrosis than in 

younger patients and it is usually diagnosed as single 

nodules and of larger size, which has been associated 

with lack of surveillance in patients without risk factors 

[30]. Moreover, HCC nodules are more frequently  

well-differentiated, encapsulated, and without vascular 

invasion [31]. 

 

Hallmarks of aging and hepatocarcinogenesis 
 

Hepatocarcinogenesis comprises a multistep process 

resulting in the malignant transformation of liver cells 

followed by tumor progression. Several common and 

critical cellular features considered “hallmarks of aging”, 

such as genomic instability, telomere attrition, epigenetic 

alterations, impairment of proteostasis, mitochondrial 

dysfunction, cellular senescence, exhaustion of stem  

cell niches, altered intracellular communication, and 

deregulated nutrient sensing [32] may play a crucial role 

in age-related hepatocarcinogenesis (Figure 1). 

 

Genomic instability 
 

Liver fibrosis and its end-stage liver disease, cirrhosis, 

typically show persistent hepatocyte death and 

compensatory regeneration, chronic inflammation, and 

increased production of reactive oxygen species (ROS) 

[33]. All together, these features collaboratively create a 

pro-oncogenic microenvironment through induction of 

genetic alterations and chromosomal instability and by 

activating several oncogenic signaling pathways [34]. 

Genes involved in HCC pathogenesis have been 

classified into four major groups: i) genes regulating 

DNA damage response (e.g., p53); ii) genes involved in 

cell cycle control (e.g., RB1, p16INK4A, and cyclin D); 

iii) genes involved in growth inhibition and apoptosis 

(e.g., M6P/IGF2R, SMAD2, and SMAD4); and iv)  

genes responsible for cell-cell interaction and signal 

transduction (e.g., APC, ß-catenin, and E-cadherin) [35]. 

 

The p53 tumor-suppressor gene responds to diverse stress 

signals by orchestrating specific cellular responses, 

including transient cell cycle arrest, cellular senescence, 

and apoptosis. Recent studies highlight emerging roles 

for p53 in modulating other cellular processes, including 

metabolism, stem cell maintenance, invasion, and 

metastasis [36]. Mutations altering p53 function, together 

with other cooperating events, might serve to drive 

alterations in the cell cycle as major defects in HCC. The 

most frequent mutation in the TP53 gene consists in a 
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Table 1. Characteristics of hepatocellular carcinoma in elderly compared with younger patients. 

Characteristic Elderly Young Ref. 

Gender Female > Male Male > Female [12] 

Etiology HCV >NASH HBV [13] 

Comorbidities 
Cirrhosis, HCV Cirrhosis, HBV 

[29] 
Hypertension, diabetes, coronary disease, cerebral infarction  

Tumors 

Few nodules, big size Multiple nodules, small size 

[30, 31] 
Well-differentiated Poorly differentiated 

Infrequent vessel invasion Frequent vessel invasion 

Liver fibrosis Severe Moderate 

HBV, hepatitis B virus; HCV, hepatitis C virus; NASH, non-alcoholic steatohepatitis. 

 

single base substitution, which results in the 

substitution of arginine for serine (p53-R249S). This 

represents the predominant hotspot mutation identified 

in 34% of all detected mutations in HCCs and is the 

most frequent mutation (96%) of these found in high-

risk regions [37]. No significant association between 

the presence of TP53 mutations and age, gender, AFP 

level, Child-Pugh grade, tumor size, or TNM stage has 

been found [37]. 

 

One primary driver of HCC is the Wnt/β-catenin 

signaling pathway. Mutations targeting its components 

are frequent in HCC (15-33%). Activating mutations in 

the CTNNB1 gene, which encodes for β-catenin, are 

widespread in patients with well-differentiated tumors 

and are increased in elderly people [38]. CTNNB1 

mutations in HCC significantly co-exist with other 

genetic aberrant changes, such as overexpression of 

MET and MYC and mutations in TERT promoter, as well 

as in NFE2L2/KEAP1, APOB, and ARID2 genes. 

Inactivating mutations or deletions are also frequently 

identified in AXIN1 (10% of HCC), and more rarely in 

APC (1–2% of HCC) and ZNRF3 (3% of HCC), 

resulting in activation of the Wnt/β-catenin pathway 

[39]. Despite the early occurrence of mutations targeting 

Wnt signaling components, membrane localization of  

β-catenin has been described as a dominant feature of 

HCC until advanced stages of the disease. At the plasma 

 

 
 

Figure 1. Hallmarks of aging favoring liver cancer cells malignant transformation and progression by carcinogens and co-
carcinogens, respectively. 
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membrane, β-catenin interacts with multiple cadherin 

family members to enhance the signaling of growth 

factor receptors such as the epidermal growth factor 

receptor (EGFR). In the context of HCC, adherent 

junction complex disruption impairs EGFR stability to 

promote and support HCC cell survival. However, 

EGFR inhibition is not always detrimental for tumor 

progression as the significant level of acute tumor cell 

death associated with EGFR inhibition induces 

compensatory HCC proliferation [40]. This paradoxical 

mechanism of tumor progression upon β-catenin 

deficiency has been partly elucidated by establishing the 

connection between the adherent junction complex and 

EGFR signaling in HCC [41]. Moreover, patients with 

HCC harboring deficient levels of β-catenin or 

enhanced mutations show high rates of genomic 

instability, as detected by their higher frequency of loss 

of heterozygosity [42]. These findings suggest that 

abrogation of the Wnt signaling pathway could 

represent a divergent route to hepatocarcinogenesis. 

Interestingly, during aging there is a progressive 

deterioration in the control of the Wnt/β-catenin 

pathway affecting liver homeostasis [43]. 

 

Chromosomal instability emerges at an early stage 

during hepatocarcinogenesis, resulting in the acquisition 

of a malignant phenotype. Using complementary 

techniques, frequent loss and gain of chromosomal loci 

in HCC have been identified [44–47]. The loss of 

heterozygosity is an essential mechanism for the 

inactivation of tumor suppressor genes [48]. Allelic loss 

on 8p have been observed in high-grade dysplastic 

nodules, indicating that these deletions might occur in 

the early stage of hepatocarcinogenesis [49]. A high 

frequency of loss of heterozygosity and deletions of 

alleles on 8p22-p23 have been associated with 

metastasis and poor prognosis in HCC patients [50]. 

Besides, loss of 4q has been more frequently found in 

poorly differentiated HCC [51], which suggests that the 

inactivation of tumor suppressor genes on chromosome 

4q, such as ING2 (located at 4q34.3-35) [52], might be 

an important event that occurs during HCC progression 

after malignant transformation. 

 

One particular characteristic of hepatocytes is the 

polyploid nature of many of these cells [53]. Changes in 

hepatocyte ploidy occur during liver injury and 

regeneration. Hepatocyte ploidy increases both with the 

aging process and in chronic diseases where proliferation 

is induced to compensate for ongoing loss of liver tissue 

[54]. Polyploidy is also a common feature in 

tumorigenesis, found in more than one third of human 

cancers [53]. However, in contrast to other tissues, in the 
liver polyploidy appears to protect from tumorigenesis. 

Thus, liver tumors arise mostly from poorly polyploid, 

mostly diploid, hepatocytes. In different carcinogen-

driven models, higher polyploidy reduces the likelihood 

of HCC development, which has been attributed to the 

increased copy numbers of tumor suppressor genes, such 

as p53, in polyploid cells [55]. 

 

Telomere attrition 
 

Telomeres shorten during aging due to the end replication 

inefficiency of DNA polymerase, which accounts  

for incomplete DNA replication [56]. Nevertheless, 

mechanisms for telomere maintenance exist, such as 

transcriptional activation of telomerase, a telomere 

reverse transcriptase. This holoenzyme consists of two 

essential components, telomerase RNA (TERC) and 

telomere reverse transcriptase (TERT), which is the 

catalytic component undertaking synthesis of telomeric 

sequences using TERC as a template. TERC is 

constitutively expressed in normal somatic cells, whereas 

TERT expression is epigenetically suppressed and acts as 

a limiting factor for telomerase activity in most human 

cells [57]. However, 85-95% of all cancer cells have 

enhanced telomerase activity due to TERT up-regulation 

[58, 59]. 

 

The telomere hypothesis of cellular aging suggests that 

during senescence telomeres reach a critically short 

length and lose capping function [60]. This provides a 

rational explanation for the limited regenerative reserve 

of liver cells at the senescent stage. Besides, short 

telomeres correlate with the development of cancer and 

its malignant progression [61]. Indeed, most cancers 

exhibit shorter telomeres compared to the surrounding 

non-cancerous tissue [62, 63]. The appearance of 

mutations affecting the TERT promoter has been 

identified as an early event, and as the most frequent 

somatic mutation in HCC found in 60% of cases  

arising either from cirrhotic or normal liver [64]. 

Mutations affecting TERT promoter and other classical 

driver genes, such as TP53 (cell cycle), CTNNB1, 

AXIN1 (Wnt signaling), ARID1A, ARID2 (chromatin 

remodeling), RPS6KA3, NFE2L2, KRAS, PIK3CA, 

CDKN2A, CCND1/FGF19, and VEGFA are found only 

in HCC and not in dysplastic nodules [65, 66]. All these 

genes play a crucial role in a cooperative or mutually 

exclusive manner in regulating TERT expression  

and telomere length [67]. Nevertheless, alternative 

mechanisms have been suggested [68]. Recent studies 

have demonstrated that aging, liver fibrosis, male 

gender, and excessive alcohol consumption are 

independent determinants of liver telomere attrition, 

which is associated with specific clinical and molecular 

features of HCC [69]. Dysregulated signaling  

pathways and the role of various mutations in telomere 
shortening and reactivation of telomerase during 

carcinogenesis both in HCC and iCCA have been 

recently reviewed [70]. 
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Epigenetic alterations 
 

Enzymes with “writer” (DNA methyltransferases, histone 

acetylases, and histone methyltransferases) and “eraser” 

(DNA-demethylases, histone deacetylases, and histone-

demethylases) function are responsible for transferring or 

removing chemical groups to or from DNA and histones. 

On the other hand, methyl-CpG binding domain proteins 

and other binding proteins act as “readers” recognizing 

methyl-CpGs and modified histones. These epigenetic 

events change the expression of genes involved in aging 

and liver carcinogenesis [71]. 

 

DNA methylation (mainly involving CpG islands in the 

promoter region of genes), together with hypoacetylated 

and hypermethylated histones, accounts for gene 

silencing and has been considered a biomarker of human 

aging rate [72]. Whereas methylation of CpGs in 

promoter regions has been associated with the repression 

of tumor suppressor genes, the same process occurring 

within gene bodies has been linked to oncogene induction 

in tumors [73]. DNA methylation is also globally altered 

in HCC, and aberrant modifications are associated with 

poorer prognosis [74]. As commented above, mutations 

in CTNNB1 are frequent in HCC, and this oncogene was 

recently described as a key modulator in DNA 

methylation by increasing CpGs hypermethylation rate 

during aging (+0.32% per year on average) [38]. 

Moreover, methylation in the promoter region of tumor 

suppressor genes is crucial during the early stages of 

carcinogenesis. It has been demonstrated that oxidative 

stress alters the chromatin status, which leads to 

abnormal methylation of promoters in tumor suppressor 

genes, hence contributing to hepatocarcinogenesis [75]. 

As these alterations are potentially reversible, 

epigenome-targeted therapy has become a promising 

strategy for the treatment of cancer [76]. 

 

Post-translational histone modifications affect 

tumorigenesis by modulating chromatin plasticity, 

genomic instability, cellular senescence, and triggering 

the expression of genes involved in pathways 

promoting carcinogenesis [77]. The interplay between 

large histone variants and the epigenetic alterations 

that characterize HCC onset has been identified in 

HCC cell lines. Thus, protein levels of both variants of 

macroH2A1 (macroH2A1.1 and macroH2A1.2), an 

isoform of histone H2A, are increased in the livers of 

elderly rodents and humans and are robust 

immunohistochemical markers of human cirrhosis  

and HCC. In response to the chemotherapeutic  

and DNA-demethylating agent 5-aza-deoxycytidine, 

transgenic expression of macroH2A1 isoforms in HCC 
cell lines prevented the emergence of a senescent-like 

phenotype and induced synergistic global DNA 

hypomethylation [78]. 

Chromatin remodeling complexes are also frequently 

altered in HCC. These alterations include mutations in 

the BRG1-associated factors (BAFs) and polybromo-

associated BAF (PBAF) chromatin complex, 

specifically in AT-rich interaction domain 1A (ARID1A; 

4–17% of cases) and in ARID2 (3–18% of cases) [38]. 

Histone methyltransferase SETDB1 overexpression in 

HCC promotes cancer cell growth via p53 methylation 

and is associated with tumor aggressiveness and a poor 

prognosis [79]. 

 

Impaired proteostasis 
 

Protein homeostasis or proteostasis involves 

mechanisms for the stabilization of correctly folded 

proteins and mechanisms for the degradation of 

proteins by the proteasome and the lysosomes that are 

affected during aging [80, 81]. A conserved feature of 

aging across tissues, which is a crucial component of 

the proteostasis network, is defective autophagy. In the 

liver, this event is secondary to defects in intracellular 

trafficking of lysosomes [82]. 

 

Proteostasis and redox homeostasis constitute 

interconnected branches of cellular metabolism [83]. 

Aging is associated with perturbed stress response and 

repair pathways that gradually decline. The result is 

increased oxidative stress that induces DNA damage, 

disruption of proteostasis, and altered mitochondrial 

function [84]. Proteomic and metabolomic profiling 

are essential methods to enable the characterization of 

the system-wide molecular changes during aging and 

hepatocarcinogenesis. Moreover, both HCC and its 

treatment induce changes in liver cell proteostasis. For 

instance, sorafenib inhibits mRNA translation, which 

might constitute an adaptive stress response in HCC 

cells, because it protects cancer cells from ferroptosis, 

a form of oxidative necrosis [83]. 

 

Chaperone-mediated autophagy (CMA) is a cellular 

process that contributes to protein quality control. 

Through this mechanism, a subset of cytosolic proteins 

is recognized by the chaperone hsc70 that delivers 

them one-by-one through LAMP-2A to lysosomes for 

their degradation [85]. In LAMP-2A knockout mice, 

the gradual decline in protein quality control during 

aging reduces stress resistance and alters metabolic 

homeostasis, contributing to hepatocyte dysfunction 

and favoring malignant transformation [86]. 

 

Mitochondrial dysfunction 
 

Aging-associated mitochondrial dysfunction is 
accompanied by increased ROS, which in turn causes 

further mitochondrial deterioration and global cellular 

damage. This has detrimental effects on hepatocyte 
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bioenergetics leading to oxidative stress, endoplasmic 

reticulum stress, inflammation, and cell death. Thus,  

in the progression from NASH to HCC, metabolic 

stress results in incomplete β-oxidation, impaired 

ketogenesis, reduced mitochondria respiratory chain 

activity, and ATP production, coupled with overactive 

tricarboxylic acid cycle. These metabolic changes 

favor DNA damage, the appearance of mutations, which 

together with the escape from cell cycle checkpoints 

results in enhanced risk of carcinogenesis [87]. 

 

Caspase-2 has both apoptotic and non-apoptotic 

functions in stress response pathways, maintaining 

genomic integrity, tumor suppression and aging. 

Progressive impaired function of this caspase is involved 

in age-related metabolic reprogramming, mitochondria 

function, and the early progression of aging [88].  

In mice, the loss of caspase-2 function in older  

animals accelerates age-dependent alterations in 

mitochondrial ROS production [89]. Moreover, caspase-

2-deficient mice are more susceptible to genomic 

instability due to their hampered ability to respond  

to DNA damage. Consequently, under oncogenic  

stress induced by diethylnitrosamine, their liver  

contains more damaged cells resulting in accelerated 

tumorigenesis [90]. 

 

Other hallmarks of aging 
 

The escape of hepatocytes from the senescent state is 

considered one primary mechanism involved in HCC 

development [91]. Other hallmarks of aging, such as 

exhaustion of stem cell niches, altered intracellular 

communication, and deregulated nutrient sensing, can 

also play a role in liver carcinogenesis. Thus, since 

hepatocytes play a central role in regulating the 

systemic response to nutrition, age-related changes in 

the nutrient-sensing pathways in the liver, such as 

insulin/IGF-1, mTOR, and sirtuins have been reported 

to contribute to HCC development [92, 93]. 

 

Considerations regarding the treatment of 

elderly patients 
 

Several years ago, elderly patients with liver tumors 

received more conservative treatments than younger 

patients, and, consequently, they had poorer survival 

[94]. However, it has been more recently accepted that 

the overall management strategy in the elder should not 

be different from that of younger patients [95]. 

Numerous studies have investigated the feasibility  

and safety of other curative (Table 2) and palliative  

(Table 3) therapeutic approaches in elderly patients  

with liver tumors, and all of them agree that advanced 

age itself is not a contraindication for specific 

treatments. 

Curative treatments 
 

Surgical resection of the tumor is the treatment of 

choice in liver cancer patients diagnosed at an early 

stage without cirrhosis. In contrast, transplantation can 

be an option for cases with cirrhosis or with advanced 

cancer stage [96, 97]. Advances in surgical techniques 

and patient care have reduced morbidity while 

extending survival after major liver resection. The 

number of elderly patients who have undergone this 

type of surgery has increased in recent years. Most 

studies conclude that liver resection can be performed in 

selected patients aged over 70 years as safely as in 

younger patients [98], and that even repeat hepatectomy 

may be justified for recurrent cases of liver cancer [99]. 

In a retrospective study on 121 curative repeat 

hepatectomies, elderly patients displayed more 

comorbid conditions pre-operatively, including hyper-

tension and cardiovascular diseases, than the younger 

group; however, there was no significant difference  

in the incidence of postoperative complications, or  

in the duration of postoperative hospital stay [99]. 

Major hepatectomy is considered safe in elderly 

patients with HCC, even with cirrhosis [100]. Similar 

criteria apply to patients with biliary tract cancer, in 

whom severe complications have only been reported 

when the remnant liver volume was lower than 45% 

[101]. 
 

The fact that elderly people are at higher risk of 

developing complications due to more frequent 

comorbidities justifies that a few years ago, a liver 

transplant was usually not offered to HCC patients 

above 60-65 years old. However, the average age of 

liver transplant recipients has been elevated more 

recently [102]. Moreover, since this potential curative 

option has been extended to patients with CCA or liver 

metastasis, and antiviral agents are delaying cirrhosis 

development in patients with chronic hepatitis B or C, 

the number of elderly patients requiring liver 

transplant is predicted to be continuously growing in 

the next future. Several studies have compared the 

outcomes in patients aged more than 60 years or 

younger after orthotopic liver transplantation with 

controversial results; some reported lower survival 

rates, especially in high-risk patients [103, 104], while 

others found no significant differences in mortality 

rates [105, 106]. Acceptable long-term survival after 

liver transplantation has been reported in selected 

HCC patients older than 75 years [107]. Unfortunately, 

the situation is different for patients with iCCA. This 

is still a contraindication for liver transplantation  

in many centers. However, a retrospective cohort 
multicenter study on 29 cirrhotic patients with very 

early iCCA, reported a satisfactory 5-year survival 

(73%) independently of age [108]. 
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Table 2. Comparison of the response to curative treatments in the elderly and young patients with hepatocellular 
carcinoma (HCC) or intrahepatic cholangiocarcinoma (iCCA). 

Treatment Tumor Findings Ref. 

Liver resection 

HCC 
Comparable effectiveness and safety 

Longer hospitalization and rehabilitation 
[98–100] 

iCCA 
Low mortality 

Severe complications when ≤45% remnant liver 
[101] 

Liver transplant 
HCC 

Acceptable long-term survival 

Controversial results in high-risk patients 
[103, 104, 107] 

iCCA Similar 5-year survival when tumor size ≤2 cm [108] 

Radiofrequency ablation 
HCC Comparable effectiveness and safety [109, 110] 

iCCA Comparable effectiveness in iCCA [111] 

Microwave ablation 

HCC Comparable effectiveness and safety in patients >65 [112] 

iCCA 
Good survival and safety in iCCA patients when tumor 

size ≤2 cm 
[113] 

 

Radiofrequency ablation (RFA) uses an electrical 

current to induce coagulative necrosis following thermal 

damage of tumor tissue. This treatment is considered as 

effective in elderly HCC patients (≥70 years) as in 

younger patients [109] and provides acceptable 5-year 

survival rates in patients older than 75 years with good 

performance status. Of note, those patients with 

comorbidities frequently die from causes unrelated to 

HCC [110]. Regarding iCCA, RFA is considered 

effective when tumor size is <20 mm independently of 

the patient’s age [111]. 

 

Percutaneous microwave ablation therapy is a less 

invasive procedure than RFA to induce tumor damage 

by thermal effect. Only one study has described that this 

treatment is safe and effective for HCC patients ≥65 

years and that clinical outcome is not affected by age or 

comorbidities [112]. Besides, this procedure has 

provided an excellent long-term outcome in patients 

with small (≤2 cm) iCCA tumors, either under or over 

65 years of age [113]. 

 

Palliative treatments 
 

Trans-arterial chemoembolization (TACE) is the  

most frequently used therapeutic approach for patients 

with inoperable HCC. It has been demonstrated that 

TACE reaches satisfactory efficacy and is well 

tolerated in elderly patients, including those above 85 

years old [114, 115]. Recent studies have described 

that drug-eluting bead-TACE therapy was safe and 

effective in elderly patients either with HCC [116] or 

iCCA [117]. 

 

Regarding pharmacological treatments, although there 

are no specific guidelines to treat elderly patients with 

liver tumors and the results of clinical trials cannot 

always be directly translated to the general population 

because the participants are selected as well-fit,  

which does not represent what is found in clinical 

practice, in general, elderly patients can benefit  

from all the available pharmacological treatments  

[118]. Nevertheless, the current pharmacological 

armamentarium used in systemic treatments against 

HCC and CCA is scarcely effective and only provides 

modest benefits, even in young patients. Thus, tyrosine 

kinase inhibitor (TKI) sorafenib has been the standard 

of care for advanced HCC for several years [119], 

despite the moderate beneficial effects and some 

serious adverse events in some patients. It was 

demonstrated that the survival benefits and the safety 

of sorafenib were comparable in elderly and young 

patients with advanced HCC [120, 121]. Another TKI, 

lenvatinib, is now a new therapeutic option as first-line 

therapy for patients with unresectable HCC, and the 

available data indicate that it can be used safely and 

efficaciously regardless of age [122]. Although there 

are no specific studies of the efficacy and safety of 

other TKIs used as second-line treatment in elders, and 

these patients are usually underrepresented in 

oncological clinical trials, the available information of 

subgroup analyses of regorafenib and cabozantinib is 

promising [123]. Regorafenib provided a survival 

benefit in HCC patients progressing on sorafenib 

treatment without differences in groups older and 

younger than 65 years old [124]. The randomized, 

double-blind, phase III trial evaluating cabozantinib 

vs. placebo in previously treated patients with 

advanced HCC found no differences in the analysis of 
overall survival (OS) and progression-free survival 

(PFS) in patients aged <65 years vs. ≥65 years  

[125]. In another study comparing HCC patients  
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aged ≥70 years with younger individuals, a similar 

favorable middle-term outcome was obtained in both 

groups [126]. 

 

A recent study in patients with HCC and elevated AFP 

after sorafenib treatment has reported that ramucirumab, 

a monoclonal antibody that inhibits endothelial growth 

factor receptor 2 (VEGFR2), showed similar OS and 

safety across age subgroups, including ≥75 years old, 

which supports its use regardless of patient’s age [127]. 

Regarding immune checkpoint inhibitors, the phase III 

CheckMate 459 trial comparing nivolumab (the first 

recombinant human IgG4 monoclonal antibody anti-

PD-1) with sorafenib showed that OS was better in the 

nivolumab arm both in elderly (≥65 years) and younger 

(<65 years) patients [128]. Similar results were 

observed with pembrolizumab, another anti-PD-1 

recombinant human IgG4 monoclonal antibody [129]. 

The phase III open-label study of patients with locally 

advanced or metastatic and/or unresectable HCC 

comparing atezolizumab plus bevacizumab with 

sorafenib also showed an increase in OS and PFS 

together with delayed deterioration of patient quality of 

life in the first arm both in patients under and over 65 

years [130]. 

 

It was described that biliary cancer patients aged  

75 years or older tolerated standard full-dose 

chemotherapy with gemcitabine, and the outcomes 

were like those seen in younger patients [131].  

More recently, it has been corroborated that the 

patients >80 years old with biliary malignancies, 

when carefully selected, can potentially undergo 

systemic anticancer therapy and obtain a similar 

benefit as younger patients [132]. Moreover, survival 

after gemcitabine plus cisplatin, the conventional 

first-line treatment for advanced CCA, has been  

found similar in patients with advanced age (≥70 

years) and younger [133]. Besides, capecitabine 

showed comparable effects when used as adjuvant 

chemotherapy following surgery in patients with 

resected biliary tract cancer either under or over 60 

years old [134]. The still scarce results of the response 

to lenvatinib monotherapy as second-line treatment in 

unresectable biliary tract cancer have shown 

antitumor activity with a tolerable safety profile, with 

similar adverse events in patients under and over 65 

years [135]. 

 

Data on FGFR targeted therapies in elderly patients 

with CCA are scarce, although subgroup analyses in 

some clinical trials are available and the results are 

interesting. Thus, the multicenter, open-label, single-
arm, multicohort, phase II study FIGHT-202 

investigated pemigatinib in previously treated, locally 

advanced or metastatic CCA and included in cohort A 

patients with FGFR2 fusions or rearrangements mainly 

under 65 years, in fact, 23.4% were ≥65 years (25/107) 

and only 5 of these patients were ≥75 years. Median 

PFS was higher in patients ≥75 years than in those 

younger than 65 years, with intermediate values in 

patients between 65-75 years; however, the small 

number of older patients means that these data should 

be viewed with caution [136]. 

 

Ivosidenib is a potent inhibitor of mutant isocitrate 

dehydrogenase 1 (mIDH1). Although no studies 

comparing safety and activity of ivosidenib in younger 

and older patients have been yet performed, a  

phase I study showed no differences between 

ivosidenib pharmacokinetics and pharmacodynamics 

and age in patients with adequate renal/hepatic 

function [137]. 

 

Despite CCA mainly affects aged subjects, this 

population is severely underrepresented in clinical 

trials, which hopefully will change in the future based 

on available data [138]. Fortunately, the management 

of advanced liver cancer is changing rapidly with  

new options based on different kinase inhibitors  

and monoclonal antibodies targeting angiogenesis  

that have emerged, as well as novel immune 

checkpoint inhibitors. Thus, recent clinical trials  

have recruited older patients with no maximum  

age exclusion criteria, and age has not been found  

to be predictive for treatment effect in subgroup 

analyses [118]. 

 

CONCLUSIONS 
 

Aging is a dynamic process associated with a progressive 

reduction in the capability of all physiological 

functions. The liver has a remarkable regenerative 

potential, so the impact of aging is somewhat less 

relevant than in other organs, however, over time, 

accumulated deterioration leads to the appearance of a 

senescence phenotype. Our understanding of the 

molecular determinants involved in the characteristics 

of aging, as well as their interaction with the risk factors 

that predispose to the development of liver cancer is 

still incomplete. The aging of the population worldwide, 

together with an increased frequency of exposure to risk 

factors associated with the development of these 

tumors, such as NAFLD and obesity, suggest that in the 

coming years the incidence of liver tumors in the 

elderly will continue to increase. Fortunately, most 

studies to date support the concept that, in general, all 

available treatments can also be recommended for 

elderly patients, although the comorbidities that these 

individuals often present must be taken into account to 

tailor treatment to each case and, in addition, these 

patients should be closely monitored. 
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Table 3. Comparison of the response to transarterial chemoembolization (TACE) and systemic pharmacological 
treatment in the elderly vs. young patients with hepatocellular carcinoma (HCC) or intrahepatic 
cholangiocarcinoma (iCCA). 

Tumor Treatment Response Ref. 

HCC 

Sorafenib Comparable survival benefits and safety [120, 121] 

Lenvatinib Comparable survival benefits and safety [122] 

Regorafenib 
Similar survival benefit in HCC patients progressing on 

sorafenib treatment 
[124] 

Cabozantinib Similar OS, PFS and middle-term outcome [124, 126] 

Ramucirumab Similar OS and safety [127] 

Nivolumab Similar OS [128] 

Pembrolizumab Similar OS and PFS [129] 

Atezolizumab plus Bevacizumab Similar OS, PFS and tolerability [130] 

TACE Good efficacy and tolerance even in >85 [114, 115] 

iCCA 

Gem/Cis Similar OS [133] 

Capecitabine Similar effects when used after surgery [134] 

Lenvatinib Similar safety [135] 

Pemigatinib Better PFS  [136] 

Ivosidenib Similar drug disposition [137] 

TACE Good efficacy and tolerance [117] 

Gem/Cis, Gemcitabine/Cisplatin; OS, overall survival; PFS, progression-free survival; TACE, trans-arterial chemoembolization. 

 

Abbreviations 
 

CCA: cholangiocarcinoma; EGFR: epidermal growth 

factor receptor; HBV: hepatitis B virus; HCC: 

hepatocellular carcinoma; HCV: hepatitis C virus; 

NASH: non-alcoholic steatohepatitis; OS: overall 

survival; PFS progression-free survival; RFA: 

radiofrequency ablation; ROS: reactive oxygen species; 

TACE: trans-arterial chemoembolization; TERC: 

telomerase RNA; TERT: telomere reverse transcriptase; 

TKI: tyrosine kinase inhibitor. 
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ABSTRACT 
 

Background: Globally, colorectal cancer (CRC) is one of the most lethal malignant diseases. However, the 
currently approved therapeutic options for CRC failed to acquire satisfactory treatment efficacy. Tailoring 
therapeutic strategies for CRC individuals can provide new insights into personalized prediction approaches and 
thus maximize clinical benefits. 
Methods: In this study, a multi-step process was used to construct an immune-related genes (IRGs) based 
signature leveraging the expression profiles and clinical characteristics of CRC from the Gene Expression 
Omnibus (GEO) database and the Cancer Genome Atlas (TCGA) database. An integrated immunogenomic 
analysis was performed to determine the association between IRGs with prognostic significance and cancer 
genotypes in the tumor immune microenvironment (TIME). Moreover, we performed a comprehensive in silico 
therapeutics screening to identify agents with subclass-specific efficacy. 
Results: The established signature was shown to be a promising biomarker for evaluating clinical outcomes in 
CRC. The immune risk score as calculated by this classifier was significantly correlated with over-riding 
malignant phenotypes and immunophenotypes. Further analyses demonstrated that CRCs with low immune 
risk scores achieved better therapeutic benefits from immunotherapy, while AZD4547, Cytochalasin B and S-
crizotinib might have potential therapeutic implications in the immune risk score-high CRCs. 
Conclusions: Overall, this IRGs-based signature not only afforded a useful tool for determining the prognosis 
and evaluating the TIME features of CRCs, but also shed new light on tailoring CRCs with precise treatment. 
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INTRODUCTION 
 

Colorectal cancer (CRC) is the third most frequently 

occurring cancer and the second leading cause of 

cancer-related deaths worldwide in 2018 [1]. The 

current therapeutic options for CRC include endoscopic 

and local surgical excision, downstaging preoperative 

radiotherapy and systemic therapy, extensive surgery, 

local ablative therapies for metastases, palliative 

chemotherapy, targeted therapy, and immunotherapy 

[2]. It’s a highly heterogeneous disease on account of 

accumulating mutations attributed to environmental and 

genetic factors for years, which makes prognostic 

prediction and treatment to be exceedingly challenging 

[3, 4]. Therefore, there is an urgent need to incorporate 

other important elements to guide personalized 

therapies for CRCs, thereby improving the survival and 

prognosis of CRCs. 
 

In recent years, a myriad of publications have highlighted 

that the tumor immune microenvironment (TIME) is 

critically involved in cancer initiation and progression  

[5, 6]. For example, tumor-infiltrating lymphocytes (TILs) 

were in close interaction with relapse and mortality 

prediction in CRC [7–9]. Besides, immune checkpoint 

inhibitors (ICIs) targeted programmed cell death protein 

1 (PD-1)/programmed Cell Death-Ligand 1 (PD-L1) 

have been proved effective in the treatment of CRC  

[10, 11], revolutionizing oncotherapy to a great extent. 

Michael J et al. have demonstrated that a combination of 

PD-1 inhibitor (nivolumab) and cytotoxic T-lymphocyte-

associated protein 4 (CTLA-4) inhibitor (ipilimumab) has 

comparatively better efficacy and is a promising new 

therapeutic option for metastatic DNA mismatch repair-

deficient and microsatellite instability-high (dMMR–

MSI-H) CRCs [12, 13]. As the most widely investigated 

marker, tumor PD-L1 expression might be useful as a 

predictive marker of response to anti-PD-1 treatment for 

non-small cell lung cancer (NSCLC), gastric cancer and 

gastroesophageal junction tumors [14, 15]. But in CRC, 

PD-L1 expression wasn’t tightly associated with the 

response or survival in the recent studies [16]. Thus far, 

several other biomarkers of potential response have  

been demonstrated, including high tumor mutation load 

[17, 18], high immunoscore [19, 20], and POLE mutation 

[21, 22]. However, these biomarkers that guided the use 

of ICIs in patients with CRC are not always consistent  

in clinical practice. For example, high immunoscore  

were also substantiated in pMMR–MSI-L CRCs,  

raising queries of whether single immunophenotype 

might robustly predict immunotherapy benefit [23]. 

Consequently, integrative immunogenic features  

of the TIME might be more precise in predicting 

immunotherapeutic response than either feature alone. In 

conclusion, developing a novel immune signature 

complementary for the currently established signatures is 

of great importance to optimize individual specialized 

immunotherapy for CRC patients. 

 

Within the past decade, studies have aimed at 

elucidating the roles of immune-related genes (IRGs) in 

CRC. Li et al. have constructed an IRGs signature 

leveraging expression profiles and clinical characteristics 

from the GEO database and the TCGA database. Robust 

prognostic ability was demonstrated, meanwhile, the 

enrichment with cytotoxic immune cells as well as 

depletion of myeloid-derived suppressor cells (MDSC) 

and regulatory T cells (Tregs) were estimated in low-risk 

signature CRCs [24]. Lin et al. also comprehensively 

analyzed the role of IRGs in CRCs via the TCGA 

dataset, reporting a higher prognostic performance of 10 

IRGs based signature in CRC and the infiltration degree 

of various immune cells [25]. Nevertheless, there has 

been no IRGs signature that comprehensively evaluates 

the TIME and predicts prognostic significance in 

conjunction with the response to chemotherapeutic and 

immunotherapeutic options of CRC. 

 

In this study, we aimed at establishing a novel IRGs-

based signature for CRC to investigate the interplay 

between colorectal immune activity profile and oncology 

genotype. Through systematic in silico analysis based on 

the constructed signature, we discovered that the IRGs 

risk score for CRC was associated with overall survival 

(OS), clinicopathological factors, and immunophenotypic 

characteristics. Moreover, we also assessed the efficiency 

of this IRGs signature in identifying chemotherapeutic 

compounds and immunotherapy with subtype-specific 

efficacy. 

 

MATERIALS AND METHODS 
 

Data preparation 

 

Processed RNA-Seq FPKM data and clinical 

information of CRC were collected from the TCGA 

database. The TCGA colon adenocarcinoma (COAD, n 

= 512) cohort and rectum adenocarcinoma (READ, n = 

177) cohort were obtained from the GDC data portal 

(https://portal.gdc.cancer.gov/repository). For validation, 

the expression profiles and detailed clinical information 

of GSE39582 (including 562 CRC samples based on 

GPL570 platform) were retrieved from the GEO 

database (https://www.ncbi.nlm.nih.gov/geo/). The 

immune gene lists were obtained from the ImmPort 

database (https://immport.niaid.nih.gov) [26] and 

overlapping genes from the TCGA dataset were defined 

as IRGs in the current study and extracted for the 

subsequent analysis. 

 

To analyze the drug sensitivity in human CRCs, 

GSE17538 (including 232 CRC samples based on the 

https://portal.gdc.cancer.gov/repository
https://www.ncbi.nlm.nih.gov/geo/
https://immport.niaid.nih.gov/
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GPL570 platform) was obtained from the GEO 

database. The expression profiles of human cancer  

cell lines (CCLs) were achieved from the Broad 

Institute Cancer Cell Line Encyclopedia (CCLE)  

project (https://portals.broadinstitute.org/ccle/) [27]. 

Drug sensitivity data of CCLs were extracted from  

the Cancer Therapeutics Response Portal (CTRP, 

https://portals.broadinstitute.org/ctrp) and PRISM 

Repurposing dataset (https://depmap.org/portal/prism/). 

The PRISM is composed of sensitivity data for 1448 

compounds over 482 CCLs and the CTRP comprises of 

sensitivity data for 481 compounds over 835 CCLs. The 

area under the dose-response curve (area under the 

curve-AUC) values as a measure of drug sensitivity are 

presented in both two datasets, with lower AUC values 

indicating higher drug sensitivity. After the exclusion  

of compounds with more than 20% of missing data,  

the missing AUC values were imputed by K-nearest 

neighbor (k-NN) imputation. 

 
To investigate the response to immunotherapy, tumor 

expression profiles of six immunotherapeutic cohorts 

were obtained. Roh et al. (dataset contained melanoma 

patients receiving CTLA-4 or PD-1 blockade therapy 

was extracted from the supplementary files of reference 

[28]. Gene expression profiles and survival information 

of metastatic melanoma patients treated with CTLA-4 

immuno-inhibitor were obtained from the work of Van 

Allen et al. (2015) [29]. The data of Ulloa Montoya et al. 

(2013) cohort with non–small-cell lung cancer (NSCLC) 

patients who were administered MAGE-A3 antigen-

specific immunotherapy were downloaded from 

(GSE35640) [30]. The dataset of Hugo et al. (2016) 

included metastatic melanoma patients treated with anti-

PD-1 agents was acquired from GSE78220 [31]. 

Moreover, patients with metastatic urothelial cancer 

treated with PD-L1 blockade therapy from the 

IMvigor210 cohort [32] and the dataset of Snyder et al. 

(2017) [33] were also enrolled. 

 
Construction of the IRGs signature for CRC 

 

Differentially expression genes (DEGs) between tumor 

and normal samples from CRC patients from TCGA-

COAD and TCGA-READ cohorts were first screened by 

limma package [34] with a cutoff value of false discovery 

rate (FDR)-adjusted P-value < 0.01 and log2 | fold 

change (FC) | > 1. Then differentially expressed IRGs 

between the aforementioned CRC tumor and normal 

tissues were obtained using a strict criterion of FDR-

adjusted P-value < 0.01 and log2 | fold change (FC) | > 2. 

Heatmaps were plotted utilizing pheatmap package and 

volcano plots were generated via R software. 

 
The CRC tumor samples from the TCGA cohort were 

enrolled as the training cohort to construct the IRGs 

signature. Univariate Cox regression analysis of 

differentially expressed IRGs was performed by survival 

package in R. The prognosis-related IRGs (PRIRGs) 

were selected by a cutoff value of P < 0.01. To avoid the 

overfitting of IRGs signature and to delete highly 

correlated genes, dimensionality reduction analysis was 

conducted by the Least Absolute Shrinkage and 

Selection Operator (lasso) regression through survival 

and glmnet R packages using gene expression profiles 

and overall survival data. Lambda.min was set up as 

cutoff point to produce minimum mean cross-validated 

error and genes with the highest lambda values were 

selected for further analysis. Subsequently, multivariate 

Cox regression was harnessed to develop an IRGs 

signature based on the expression of these genes and  

to calculate the risk score for signature: 1  n

i i xi=    

(β represents the regression coefficient, and x stands for 

gene expression value). The training cohort samples 

were stratified into high- and low- risk groups according 

to the median value of the IRGs signature risk score. 

 

Survival analysis for high- and low-risk subgroups was 

then carried out using Kaplan-Meier methods and the 

log-rank test was used to determine the statistical 

significance of differences. Time-dependent receiver 

operating characteristic (ROC) curves were also 

generated leveraging survivalROC R package to 

validate the prognostic ability of the IRGs signature. 

The IRGs signature obtained from the training cohort 

were used to assign the validation cohort as well as 

datasets containing therapeutic information into high- 

and low- risk score subtypes. Furthermore, to assess the 

independence of the constructed signature’s predictive 

ability, we performed univariate analysis on the IRGs 

signature using all clinical factors in the training and 

validation cohort. The hazard ratio (HR) was measured 

by a Cox regression model using survival package in R 

and forest plots were drawn. 

 

Gene set enrichment analysis 
 

Gene set enrichment analysis (GSEA) in the CRC 

cohorts was carried out by clusterProfiler R package [35]. 

Fold change (FC) of each gene between subgroups was 

firstly produced by limma R package, and input genes 

were then ranked in descending order according to the 

logFC values. GSEA was subsequently applied to enrich 

50 hallmark gene sets (h.all.v7.0.symbols) achieved from 

the Molecular Signatures Database (MSigDB) [36]. 

Enrichment significance was evaluated using default 

settings and FDR adjusted P-value < 0.05 was considered 

significantly enriched. The single sample gene set 

enrichment analysis (ssGSEA) [37] implemented in R 

package GSVA, was adopted to calculate the normalized 

enrichment score (NES) of immune-related signatures in 

the training and validation cohorts. 

https://portals.broadinstitute.org/ccle/
https://portals.broadinstitute.org/ctrp
https://depmap.org/portal/prism/
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Collection of cancer- and immune-related data 

 

Four consensus molecular subtypes (CMS) CMS1-CMS4 

of training and validation group were classified through 

CMScaller R package [38]. Six immune subtypes C1-C6 

of CRC were sorted out by ImmuneSubtypeClassifier 

package in R [39]. The ESTIMATE score, immune 

score, stromal score, and tumor purity for each CRCs 

were quantified by the estimate algorithm [40]. The 

cytolytic activity (CYT) score was yielded as the 

geometrical mean of the GZMA and PRF1 for evaluating 

the cytolytic T-cell activity in TIME [17], 78 

immunomodulators [39], 8 fibroblasts [41], and 335 gene 

signatures of 10 oncogenic pathways [42] were extracted 

from the previously published literature, respectively. 

 

CIBERSORT package in R was employed to estimate 

the proportion of 22 immune cell types based on 

expression profiles [43], with the perm set at 1000. The 

infiltration levels of 24 immune cell types in the CRC 

TIME were further calculated by ssGSEA implemented 

with deconvolution approach, applying gene signatures 

expressed by specific immune cell populations [44]. 

 

Estimation of drug response in clinical samples 

 

Large-scale drug screening and molecular data across 

hundreds of cancer cell lines in pharmacogenomic 

databases of CTRP and PRISM make it possible for 

precise drug response prediction in clinical samples. 

Ridge regression model that located in the R package 

pRRophetic [45] was used to evaluate the drug 

responses in clinical samples, with a robust predictive 

power assessed by 10-fold cross-validation in default. 

The prediction model was merely employed on 

expression profiles and drug response data of solid 

CCLs, and the AUC value of each agent in each clinical 

sample was ultimately estimated. Agents with NAs in 

more than 20% of the samples and hematopoietic as 

well as lymphoid tissue-derived CCLs were excluded. 

Subclass mapping (SubMap) analysis (Gene Pattern 

modules, https://cloud.genepattern.org/), which can 

assess the similarity of molecular subtypes between 

independent patient cohorts based on mRNA expression 

matrix, was utilized to determine the potential 

immunotherapeutic benefit of distinct subtypes 

employing the available clinical response data and gene 

expression profiles from six immunotherapy datasets. 

 

Statistical analysis 

 

R statistical software (version 4.0.2) was implemented 

for all statistical analyses. The evaluation of normality 

distribution within continuous variables was performed 

by Shapiro-Wilk test. Comparison of a continuous 

variable in two or more than two groups was conducted 

by parametric test (Student’s t-test or analysis of 

variance, respectively) if the variable was normally 

distributed, otherwise, nonparametric test (Wilcoxon 

rank-sum test or Kruskal-Wallis test) was performed. 

Correlation between two continuous variables was 

evaluated by either Pearson’s r correlation or Spearman’s 

rank-order correlation. For all statistical analyses, unless 

otherwise noted, a two-tailed P-value < 0.05 was defined 

as statistically significant. 

 

RESULTS 
 

Construction of IRGs signature in CRC cohorts 

 

A total of 638 CRC and 51 adjacent normal tissues were 

acquired from the TCGA database. To establish a 

predictive IRGs signature, we performed differential 

expression analysis of genes and IRGs between tumor 

and normal tissues. A total of 3741 DEGs were 

identified, including 2,502 upregulated genes and 1,239 

downregulated genes (Supplementary Figure 1A, 1B). 

2,483 IRGs were also collected from the ImmPort 

database (Supplementary Table 1). Fulfilling the 

screening criteria, 294 differentially expressed IRGs 

were obtained, containing 99 upregulated IRGs and 195 

downregulated IRGs (Supplementary Figure 1C, 1D). In 

total, 606 CRC samples with complete gene expression 

profiles and intact follow-up information from the 

TCGA database were enrolled for establishing IRGs 

signature in the training cohort. 

 

To determine the IRGs related to tumorigenesis and 

development in CRC, univariate Cox regression analysis 

was implemented on the differentially expressed IRGs in 

the training cohort (P < 0.01), and 11 PRIRGs in all 

were obtained (Supplementary Figure 1E). Moreover, 

lasso regression was conducted to lessen the number of 

PRIRGs, and eight PRIRGs were thus filtered out 

(Supplementary Figure 1F, 1G and Supplementary Table 

2). Through multivariate Cox regression analysis, seven-

IRGs based signature was ultimately established, as 

depicted in Supplementary Table 3. The formula for 

calculating risk score is: Risk score = 0.139 х ExpFABP4 + 

0.176 х ExpAMH + 0.207 х ExpGRP + 0.211 х ExpINHBB - 

0.691 х ExpNRG1 + 0.274 х ExpUCN + 0.366 х ExpMC1R. 

Among these IRGs, NRG1 exhibited a negative 

coefficient, implying that it could be considered as a 

protective factor for CRCs; on the contrary, FABP4, 

AMH, GRP, INHBB, UCN, and MC1R possess positive 

coefficients, implying poor prognoses in CRCs with 

overexpression of these six genes. 

 

According to the median value of the risk score (0.948), 

the 606 CRCs in the training cohort were divided into a 

high-risk group (n = 303) and a low-risk group (n = 

303). The distribution of risk scores, survival status as 

https://cloud.genepattern.org/
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well as the expression level of seven IRGs for the two 

subgroups in the training cohort were correspondingly 

displayed in Figure 1A. Kaplan-Meier survival analysis 

(Figure 1B) indicated dismal prognosis for patients in 

the high-risk group (P < 0.0001). To assess the 

predictive efficiency of the constructed seven IRGs 

signature, time-dependent ROC curves were plotted. As 

shown in Figure 1C, the AUCs for 1-, 3-, 5- year 

survival prediction was 0.692, 0.676, and 0.721, 

respectively. 

 

To evaluate the performance of the seven IRGs 

signature, the GSE39582 dataset (n=562) was used for 

validation. On the basis of signature information 

acquired from the training cohort, CRCs in the 

validation cohort were also classified into high-risk 

group (n = 281) and low-risk group (n = 281). The 

distribution of risk scores, survival status, and the 

expression level of seven IRGs for different subclasses 

in the validation cohort are correspondingly displayed 

in Supplementary Figure 2A. Kaplan-Meier survival 

analysis in Supplementary Figure 2B also revealed poor 

prognosis in patients of high-risk score (P < 0.0001). 

Similarly, time-dependent ROC curves were plotted. As 

exhibited in Supplementary Figure 2C, the AUC for 1-, 

3-, 5- year survival prediction was 0.615, 0.616, and 

0.662, respectively. 

 

Evaluation of the IRGs signature in CRC cohorts 

 

A detailed summary of the training and the validation 

cohorts selected for univariate analysis in this study is 

presented in Supplementary Table 4. Univariate analysis 

of the TCGA dataset suggested that age (P = 0.003), 

history of colon polyps (P = 0.020), tumor stage  

(P < 0.001), mismatch repair system (MMR) status  

(P = 0.045), EGFR mutation (P = 0.003), and risk score 

(P < 0.001) were significantly associated with OS (Figure 

1D). Meanwhile, a high-risk score was correlated with 

increased age, history of colon polyps, right half of CRC, 

dMMR as well as EGFR mutation (Supplementary Table 

4). Analogous analyses in the validation dataset showed 

that tumor stage (P < 0.001), KRAS mutation (P = 

0.048), and risk score (P < 0.001) were closely connected 

with patient survival (Supplementary Figure 2D). As 

shown in Figure 1E, the risk score was significantly 

higher in right-side colorectal cancer than the left-side, 

and the risk score was significantly elevated as colorectal 

cancer progressed to an advanced stage. 

 

The differences in the distribution of molecular subtypes 

within the IRGs risk score model were also investigated. 

In the TCGA cohort, there was no significant difference 

between the risk score and the immune subtypes (Figure 

1F, 1G). Similar results were manifested in the 

validation dataset (Supplementary Figure 2E, 2F), 

probably because six immune subtypes were generated 

by immunogenomics analyses encompassing multiple 

cancer types [39]. With regards to CMS, the CMS4 

subtype had significantly higher IRGs risk score than the 

other three molecular subtypes, whereas the CMS2 

subtype held the lowest risk score (Figure 1F, 1H). A 

significantly difference was demonstrated among the 

four CMSs (P = 1.5e−11). In the GEO validation dataset, 

CMS was likewise found distributed between high- and 

low- risk subgroups (Supplementary Figure 2E), and 

allied results (P < 2.2e−16) were displayed in violin plot 

(Supplementary Figure 2G). Remarkably, the 

international CRC Subtyping Consortium proposed that 

superior survival was demonstrated in CMS2 patients 

while CMS4 patients displayed worse OS [46], 

consistent with our finding that a larger proportion of 

long-term survivors were identified in low-risk CRCs 

than the high-risk subset. The GSEA of 50 hallmark 

gene sets indicated that up-regulated genes of the high-

risk group were enriched in multiple carcinogenesis 

related pathways, such as epithelial-mesenchymal 

transition (EMT), angiogenesis, Hedgehog signaling, 

myogenesis, transforming growth factor-beta (TGFβ) 

signaling, as well as hypoxia pathway targeted HIF1A 

(Figure 2A and Supplementary Figure 3A). GSEA 

analyses revealed the enrichment of tumor proliferation-

associated signatures, such as E2F targets, MYC targets, 

and G2M checkpoint in IRGs low-risk subgroup. 

Several evidences suggested that they might denote dual 

role of regulating anti-tumor immunity and tumor cell 

proliferation. It’s indicated that the E2F1/SP3/STAT6 

axis induced by IL-4 promoted EMT in CRC cells [47]. 

Activation of IL-6/p-STAT3/c-MYC signaling was 

demonstrated to enhance colorectal tumor growth in a 

TLR4-dependent manner [48]. In addition, MYC/PVT1 

signaling induced immune surveillance via CD8+ TILs 

and peripheral blood mononuclear cells in CRCs [49]. 

As for G2M checkpoint, in-vitro co-culture assays of T 

cells and HCT-116 colorectal cancer cells reflected that 

immune checkpoint TIGIT blockade suppressed G2M 

transit [50]. Overall, these tumor proliferation-related 

pathways might also exert tumor immunity associated 

effects on the TIME of CRC, and the underlying 

mechanism deserved future investigation. Metabolism-

related processes consisting of oxidative phosphorylation 

and fatty acid metabolism, as well as immune-related 

signaling involved in IL6/JAK/STAT3, were observed 

in the low-risk group. 

 

Besides, variation in the NES values of 10 common 

oncogenic pathways between the two subclasses were 

evaluated in the TCGA COAD and READ patients 

(Figure 3A). The Hippo-, Notch-, NRF2- and Wnt-

related pathways exhibited significantly higher NES 

values in high-risk subtype than in low-risk subtype. 

The NES values of the PI3K, RAS, and TP53-related 
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Figure 1. Exploration of the predictive power and clinical characteristics of seven IRGs signature in the training cohort.  
(A) Distribution of risk score, survival status, and expression of seven IRGs of CRCs. (B) Kaplan-Meier survival curve of the high- and low- risk 
subgroups. (C) ROC curve analysis of IRGs. (D) Univariate Cox analysis of prognostic factors and OS of CRCs. (E) Violin plot illustrated the 
correlation between risk score and tumor site as well as tumor stage. (F) Alluvial diagram for the two subtypes versus different immune 
subtypes and CMS. (G) Violin plot illustrated the correlation between risk score and immune subtypes, and (H) CMS. AUC, area under the 
curve; OS, overall survival; CRC, colorectal cancer; IRGs, immune-related genes; ROC, receiver operating characteristic; CMS, consensus 
molecular subtypes. 
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Figure 2. Evaluation of the role of IRGs-based risk score in the training cohort. (A) Results of GSEA of the high-risk group (red) 

compared with the low-risk group (blue). Color toward gray represents no statistical significance. (B) Heatmap and violin plots of the 
ESTIMATE score, immune score, stromal score, tumor purity between high- and low- risk subtypes. (C) Violin plot of the CYT score between 
high- and low- risk subtypes. (D) Violin plot of fibroblasts between two subtypes, and the association between risk score and the NES of 
fibroblasts. Statistical significance at the level of ns ≥ 0.05, * < 0.05, ** < 0.01 and *** < 0.001. GSEA, gene set enrichment analysis; CYT, 
cytolytic activity; NES, normalized enrichment score. 
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pathways were significantly higher in the immune risk 

score-low subtype than in the immune risk score-high 

subtype. Analogous effects in Hippo-, Notch- and Wnt-

associated pathways were investigated in the GSE39582 

validation cohort (Supplementary Figure 5C). 

 

The immune landscape of the microenvironment in 

CRC subclasses 

 

To further evaluate the potential molecular mechanism, 

the connection between four types of score produced by 

the ESTIMATE algorithm and risk score was also 

examined. Among the training dataset, a higher risk 

score was unveiled with elevated ESTIMATE score and 

stromal score, nevertheless, with decreased tumor purity 

(Figure 2B). Analogous patterns were found in the 

validation dataset except for a significantly positive 

correlation between risk score and immune score 

(Supplementary Figure 3B). Besides, no statistical 

significance was shown in the CYT score between the 

two subclasses (Figure 2C and Supplementary Figure 

3C). It has been documented that fibroblasts are critical 

in multiple immunologic responses and inflammatory 

responses to tumor tissue injury [51, 52]. In the training 

group, the risk score was markedly correlated with the 

NES of fibroblasts (Spearman’s r = 0.18, P-value < 

0.001, Figure 2D). Likewise, we found increased NES 

in high-risk subgroup of the validation cohort 

(Supplementary Figure 3D). 

 

Immunomodulators (IM) play a determinant role in 

clinical oncology and plenty of IM-related agonists and 

antagonists are being assessed [53]. To further figure 

out the underlying immune modules of the constructed 

IRGs model, the IM gene expression level between two 

subgroups in two CRC cohorts was compared. Among 

the IMs under investigation for cancer immunotherapy, 

certain of them were significantly related to the risk 

score (Figure 4A and Supplementary Figure 4A, 4B). In 

addition, we deeply investigated whether the risk score 

was associated with the expression level of T cell 

markers (CD4 and CD8A) and with six vital immune 

checkpoint genes (CD47, CTLA-4, LAG3, MAGE-A3, 

PD-1, and PD-L1). As shown in Figure 4B, the 

expression level of PD-1 was significantly higher in 

CRC of the high-risk subtype, while the risk score was 

negatively correlated with CD47 expression. Moreover, 

the differences in the expression level of CD47 and PD-

1 between two subtypes of the TCGA dataset were 

statistically significant (Figure 4C). Even though the 

expression level of CD4 inclined to be elevated in high-

risk subclass, no statistical difference was determined in 

the TCGA cohort. Statistical significance was verified 

in the validation cohort (Supplementary Figure 4C). 

 

To investigate whether the immunophenotype may be 

shaped by immune cells, the relationship of immune 

infiltration with subtypes in both TCGA and GEO 

samples was examined in depth. We found that there was 

conspicuous heterogeneity in immune cell population 

among the established classifications, consistent with 

previous published TILs subpopulations in CRC [54]. As 

illustrated in Figure 4D and Supplementary Figure 5A, 

the infiltrated fractions of Tregs, activated NK cells, 

macrophage M0, and macrophage M2 was outstandingly 

augmented in the high-risk group. By contraries, 

 

 
 

Figure 3. (A) Heatmap and violin plots of the NES of 10 oncogenic pathways between two subtypes in the TCGA cohort. (B) Kaplan-Meier 

survival curve of the high- and low- risk subgroups in GSE17538 dataset for identifying potential therapeutic agents. (C) Spearman’s 
correlation analysis and differential drug response analysis of 10 CTRP-derived compounds. (D) Spearman’s correlation analysis and 
differential drug response analysis of 10 PRISM-derived compounds. NES, normalized enrichment score.  
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markedly increased infiltration of CD4+ memory resting 

T cells, CD4+ memory activated T cells, activated 

dendritic cells (DCs), and neutrophils was observed in 

the low-risk group. Furthermore, we evaluate the 

correlation between the expression of seven IRGs and the 

infiltration of 24 types of immune cells by ssGSEA in 

CRC tissues. In the TCGA cohort (Figure 4E), there was 

a strong correlation of the FABP4 expression with the 

infiltration of NK cells (Spearman’s r = 0.34, P < 0.001), 

GRP with NK cells (Spearman’s r = 0.41, P < 0.001) or 

Th17 cells (Spearman’s r = -0.32, P < 0.001), INKBB 

with NK cells (Spearman’s r = 0.31, P < 0.001), as well 

as UCN with Tgd (Spearman’s r = -0.31, P < 0.001) 

(Supplementary Table 5). For the training dataset and 

validation dataset, strong connection was confirmed 

between the expression of FABP4 and the infiltration of 

DC (Spearman’s r = 0.38, P < 0.001), iDC (Spearman’s r 

= 0.44, P < 0.001), macrophages (Spearman’s r = 0.46,  

P < 0.001), and mast cells (Spearman’s r = 0.40,  

P < 0.001), the expression of GRP and infiltration  

of macrophages (Spearman’s r = 0.30, P < 0.001) 

included (Figure 4E and Supplementary Figure 5B and 

Supplementary Table 5). 

 

Identification of potential therapeutic agents for 

CRCs with immune high-risk score 

 

The CTRP and PRISM datasets shared 160 compounds, 

with 1770 compounds remained in total after removing 

duplication (Supplementary Table 6). Two approaches 

were utilized to screen candidate compounds with 

higher drug sensitivity in CRCs of high-risk score. By 

stratifying CRCs in GSE17538 dataset into high- and 

low- risk score subtypes based on seven IRGs (Figure 

3B), the analyses were operated using CTRP and 

PRISM-derived drug response data, successively. First, 

differential drug response analysis between high- and 

low- risk groups was conducted to identify agents with 

differential estimated AUC values between subclasses 

(FDR < 0.05). Next, the Spearman correlation test 

 

 
 

Figure 4. The immune landscape of two distinctive subclasses in the training cohort. (A) The differential expression level of 

immune checkpoint molecules between two subclasses with statistical significance. (B) Violin plots of the CD4, CD8A, CD47, CTLA4, LAG3, 
MAGE-A3, PD-1 and PD-L1 expression levels for two subtypes. (C) The association between risk score and CD47 as well as PD-1 expression 
levels. (D) Immune infiltration between high- and low- risk subtypes with statistical significance in the training cohort. (E) Correlation analysis 
between the expression of seven IRGs and the infiltration of immune cells. Statistical significance at the level of ns ≥ 0.05, * < 0.05, ** < 0.01 
and *** < 0.001. 
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between AUC value and risk score was adopted to 

identify drugs with negative correlation coefficient 

(Spearman’s r < −0.30 for CTRP or −0.40 for PRISM). 

Above analyses yielded 10 CTRP-derived agents 

(including AT7867, AZD4547, BRD-K37390332, 

Cytochalasin B, PLX-4720, SGX-523, PLX-4032, TG-

101348, lovastatin, and BRD-K16147474) and 10 

PRISM-derived agents (including AMG458, LE135, 

mevastatin, creatine, S-Crizotinib, Colforsin daproate, 

erythritol, CHIR-98014, epinephrine, and tandutinib). 

All these compounds presented lower estimated AUC 

values in the high-risk subgroup and a negative 

correlation with IRGs-based risk score (Figure 3C, 3D). 

Although the 20 candidate agents displayed a higher 

drug sensitivity in IRGs score-high patients, solely  

the analyses above could not draw to the conclusion  

that these compounds are promising treatment modality 

for the eradication of CRC. Therefore, an integrated 

literature retrieval was conducted in PubMed, 

DrugBank [55], and HERB [56] databases to search for 

the experimental and clinical evidence of candidate 

compounds for CRC (Supplementary Table 7). BRD-

K16147474, SGX-523, BRD-K37390332, AMG458, 

LE135, creatine, colforsin daproate, erythritol, CHIR-

98014, and epinephrine without supporting evidence for 

CRC were firstly excluded. Secondly, PLX-4032 [57, 

58] and PLX-4720 [59] targeted B-rafV600E, AT7867 

targeted Akt [60], tandutinib targeted Akt/mTOR 

pathway [61], TG-101348 targeted the JAK2/STAT3/ 

PIM1 pathway [62], lovastatin [63] and mevastatin [64] 

inhibiting 3-hydroxy-3-methylglutaryl coenzyme A 

(HMG-CoA) reductase weren’t considered as the 

potential compounds for risk score-high subclass. This 

is because these drugs functioned inconsistently with 

targets enriched in the immune score-high subclass 

through GSEA (Figure 2A and Supplementary Figure 

3A). Collectively, AZD4547, Cytochalasin B and S-

crizotinib, which held true in vitro and in silico 

evidence, were deemed the most promising therapeutic 

agents for CRCs with high IRG risk scores. 

 

CRC subgroups have distinct responses to 

immunotherapy 

 

Two different procedures were adopted in this study to 

identify subclass-specific candidate immunotherapies. 

Submap analysis was first used to find potential 

immunotherapeutic benefit of two subgroups through 

six immunotherapy datasets available with clinical 

response and gene expression information. As exhibited 

in Figure 5F, the high-risk subclass shared high 

similarity with anti-MAGE-A3 nonresponse group in 

Ulloa Montoya et al. (2013) dataset (P = 0.049) and 

anti-PD-1 nonresponse group in Hugo et al. (2016) 

dataset (P = 0.002), and the high-risk subgroup tended 

to be correlated with anti-PD-L1 nonresponse group in 

IMvigor210 cohort although no statistical significance 

was found (P = 0.08). 

 

Patients received immunotherapy in Van Allen et al. 

(2015) dataset, Hugo et al. (2016) dataset, IMvigor210 

dataset, and Snyder et al. (2017) dataset were classified 

into high-risk subtype and low-risk subtype using the 

median IRGs-based risk score as the cutoff. Then, the 

AUC values for classifying the responder and non-

responder cases of several previous signatures, including 

CD8 [65], CYT [17], T cell-inflamed GEP [66], IFNγ 

[66], IPRES [67], MHC [68], Chemokine [69], and PD-

L1 [65] signatures as well as IRGs-based signature were 

calculated across all the four immunotherapeutic datasets 

with abundant gene expression profiles. Notably, IRGs 

signature outperformed the other eight signatures and the 

AUC values exceeded 0.7 in three out of four datasets 

(Figure 5A–5D). The results of performance comparison 

in four independent datasets suggested that the 

predictive power of IRGs signature ranked the highest. 

The association across these signatures indicated that 

five signatures, including IFNγ, CD8, MHC, IPRES, and 

PD-L1 signatures correlated closely with each other 

(Figure 5E). By contrast, IRGs signature displayed 

relatively weak correlation with other signatures, 

implying its complementary role rather than the 

alternative as an immunotherapeutic indicator. Patients 

in the low-risk subclass presented significant longer OS 

than those in the high-risk subclass of Van Allen et al. 

(2015) dataset (log-rank test P-value < 0.001, Figure 

5G), IMvigor210 dataset (log-rank test P-value = 0.036, 

Figure 5I) and Snyder et al. (2017) dataset (log-rank test 

P-value = 0.027, Figure 5J), however, no statistical 

difference was observed in Hugo et al. (2016) dataset 

(log-rank test P-value = 0.096, Figure 5H). These 

findings demonstrated that the lower risk score was 

associated with better survival outcomes in tumor 

patients treated with immunotherapy. Collecting 

immunotherapeutic response data in four cohorts 

mentioned above, we determined the correlation 

between immunotherapeutic response and risk score. It’s 

shown that patients in the low-risk subtype had a 

dramatically higher response to immunotherapy than 

patients in the high-risk subtype among three datasets 

(P-value = 0.024 for Van Allen et al. anti-CTLA-4 

cohort, P-value = 0.001 for IMvigor210 anti-PD-L1 

cohort, and P-value = 0.029 for Snyder et al. anti-PD-L1 

cohort; 2 test, Figure 5K, 5M, 5N), apart from (P-value 

= 0.194 for Hugo et al. anti-PD-1 cohort, 2 test, Figure 

5L). According to Van Allen et al. (2015) anti-CTLA-4 

cohort (Figure 5O), IMvigor210 anti-PD-L1 cohort 

(Figure 5Q), and Snyder et al. (2017) anti-PD-L1  

cohort (Figure 5R), violin plots revealed that the  

risk score was significantly decreased in patients 

responsive to the immunotherapeutic invention, 

compared to non-responsive patients. Nonetheless, no 
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statistical significance was observed in Hugo et al. 

(2016) anti-PD-1 cohort (Figure 5P). 

 

DISCUSSION 
 

Despite the advances in treatment, CRC is a lethal 

disease of great heterogeneity, prompting therapeutic 

optimization to prolong survival outcomes and reduce 

mortality. Hence, it’s essential to acquire reliable 

prognostic biomarkers to stratify survival risk and  

to predict subclass-specific therapeutic strategies. 

Tailoring specialized management for patients depends 

on personalized clinical and molecular features. 

Gaining insight into IRGs involved in CRC enables 

scientists to recapitulate the underlying mechanism  

of carcinogenesis in CRC and identify patients  

who may benefit from adaptive therapy. In this study, 

by exploiting a compendium of IRGs, a robust 

prognostic immune-based signature was built using 

public CRC cohorts. CRC samples with intact 

expression profiles and clinical characteristics  

were downloaded from the TCGA and the GEO 

database. Multivariate Cox regression was utilized to 

calculate the risk score for each cohort based on the 

seven IRGs signature independently. Besides, 

bioinformatic analyses were separately performed in 

different CRC cohorts, the normalized process was 

thus unneeded. 

 

 
 

Figure 5. The immunotherapeutic benefit of the IRGs-based risk score in immunotherapeutic treatment cohorts.  
(A–D) Comparison of AUC values between IRGs-based signature and other eight previous published immune related signatures in four 
immunotherapeutic datasets. (E) Similarity comparison between IRGs-based signature and other seven previous signatures. (F) SubMap 
analysis utilizing six immunotherapy datasets. Kaplan-Meier survival curve of OS for patients with high- and low- risk score subtypes for (G) 
Van Allen et al. (2015) dataset, (H) Hugo et al. (2016) dataset, (I) IMvigor210 dataset, and (J) Snyder et al. (2017) dataset. Bar graph illustrated 
the treatment response to immunotherapy within high- and low- risk score subtypes in (K) Van Allen et al. (2015) dataset, (L) Hugo et al. 
(2016) dataset, (M) IMvigor210 dataset, and (N) Snyder et al. (2017) dataset. Violin plots illustrated the distribution of risk score for patients 
with different immunotherapy responses in (O) Van Allen et al. (2015) dataset, (P) Hugo et al. (2016) dataset, (Q) IMvigor210 dataset, and  
(R) Snyder et al. (2017) dataset. 
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The IRGs-based risk score was found to be significantly 

correlated with OS in CRCs and remained significant 

after adjustment for clinical and pathological parameters. 

To characterize the TIME immune infiltration, we 

explored the divergent immune cell subpopulation via 

the CIBERSORT algorithm between subgroups. The 

higher pro-tumor immunocytes encompassing Tregs, 

macrophage M0, and macrophage M2 were observed in 

the high-risk group, in contrast, immune cells 

orchestrating anti-tumor responses including CD4+ 

memory resting T cells, CD4+ memory activated T cells, 

activated DCs, and neutrophils accumulated in the low-

risk group. Imbalances in immune cell components are 

associated with undesirable prognosis and inferior 

survival outcomes in cancer patients [70, 71]. Toor et al. 

documented the aggregation of CD4+ and FoxP3+ TILs 

in CRC tissues, compared to para-carcinoma normal 

tissues [72]. In humans, the accumulation of Tregs 

within TIME is regarded as a disadvantageous 

prognostic factor in a plethora of cancers [73]. However, 

Tregs infiltration in CRC tissues is incapable of 

predicting the prognosis [74, 75]. Elevated infiltration of 

Tregs could trigger low tumor differentiation and 

aggrandized involvement of lymph node [74]. In 

contrast, enhanced Tregs densities have also been 

correlated with better relapse-free survival (RFS)  

[76, 77]. Some heterogeneous subsets of Tregs facilitate 

CRC progression, covering CD8+ Tregs [78] and 

RORγt+ Tregs [79]. Macrophage polarization plays  

a prominent role in tumor pathogenesis. In response  

to distinct microenvironments, primary macrophages 

(M0) migrate out of vessels and could be polarized 

toward pro-inflammatory (M1) macrophages or  

anti-inflammatory (M2) macrophages, while resting 

macrophages undergo diverse functional alterations  

[80, 81]. To some extent, M2 macrophage infiltration is 

closely linked with increased involvement of CRC liver 

metastasis and malignant lesion in the liver [82]. 

Moreover, cancer-associated fibroblasts (CAFs) in CRC 

fuel tumor-associated macrophages (TAMs) infiltration 

and macrophages M2 polarization in TIME, 

subsequently impairing the function of NK cells [83]. 

The increased level of CD4+ TILs has been deemed as 

favorable clinical outcome in CRC [84], highlighting the 

crucial role of CD4+ cells in regulating immune system 

to exert anti-neoplastic activity. In CRCs, elevated 

expression of Th1 transcripts is correlated with 

beneficial prognosis, whereas the elevated expression of 

Th17 transcripts is correlated with poor clinical outcome 

[85]. Additionally, effector and memory Th1 CD4+ T 

cells are pivotal in effective anti-tumor immunity and 

that CD4+ T cells induce more durable immune 

responses than CD8+ T cells [86]. DCs act a key role in 

presenting tumor antigens and eliciting tumoricidal 

processes of T cells [87], and activated DCs might 

potentiate immunotherapeutic efficacy in advanced 

CRCs [88]. On the contrary, inhibited functions of DCs 

in cancer patients lead to the suppression of protective 

immune responses and facilitating disease progression 

[89]. An increased intra-tumoral abundance of 

neutrophil has been shown in CRC [90], and elevated 

neutrophil/lymphocyte ratio (NLR) in peripheral blood 

of advanced CRCs is related to unfavorable prognostic 

aspects [91]. By frequently colocalizing with CD8+ T 

cells, neutrophils could also irritate CD8+ T cell response 

to T cell receptor priming, thus reflecting that 

neutrophils might have notably anti-oncogenic efficacy 

[92]. Thus far, the roles of neutrophils and other immune 

cells in CRC progression have not been fully elucidated. 

The investigation in-depth, presented herein, opens new 

avenues for understanding the relationship between 

immune cells and the progression of CRC. 

 

Among the seven IRGs in the classifier, NRG1 was 

considered as a protective factor for CRCs while 

FABP4, AMH, GRP, INHBB, UCN and MC1R were 

risk factors for CRCs. These IRGs have been previously 

reported to be involved in tumorigenesis. The growth 

factor neuregulin 1 (NRG1) comprises of an epidermal 

growth factor (EGF)-like domain that binds to human 

tyrosine kinases of the ErbB/HER receptor family, 

contributing to heterodimerization and activation of the 

ErbB-mediated downstream signaling pathways [93]. 

CRC is an NRG1 fusion-positive tumor [94, 95], in 

which the expression of NRG1 III is significantly 

upregulated and negatively correlated with lymph node 

metastasis [96], implying a satisfactory prognosis. 

Primarily expressed in the adipocytes and macrophages 

[97], fatty acid binding protein 4 (FABP4) is involved in 

lipid transfer between adipocytes and tumor cells, 

provoking the fatty acid oxidation to induce tumor 

growth [98, 99]. The elevated expression of FABP4 was 

confirmed as a robust risk factor for the progression of 

CRC in a Chinese cohort [100], while an in-silico study 

also uncovered that FABP4 imposed conceivably poor 

prognosis on CRCs [25]. Herein, FABP4 harbored 

detrimental effects on CRCs and the strong interaction 

between the FABP4 expression and macrophages was 

also manifested in our study, supporting FABP4’s 

crosstalk with macrophages in the TIME. As a 

corticotropin-releasing factor-related peptide, urocortin 

(UCN) participated in gastrointestinal motor and visceral 

pain during stress response [101]. In the current study, 

UCN was correlated with poor CRC prognosis, in 

tandem with anteriorly proposed CRC signature [25, 

102, 103]. The melanocortin-1 receptor (MC1R) has 

been regarded as an adverse parameter for survival in 

CRC [102]. Nevertheless, the specific implication of 

MC1R in CRC is rarely known. Patients carrying the 

MC1R variants are presented with elevated melanoma 

risk, and MC1R had been a therapeutic target for 

melanoma [104, 105]. Consequently, preclinical studies 
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on the importance of MC1R in the development of CRC 

are needed. Anti-Müllerian hormone (AMH) is a 

member of the TGFβ family that engages in cell 

proliferation, differentiation, and apoptosis in normal 

tissues [106]. AMH was positively related to the risk of 

breast cancer [107], and the downregulation of AMH 

lower the risk of CRC was forecasted in two 

bioinformatic analyses [108, 109]. The inhibin subunit 

beta B (INHBB) is a subunit of the activin B, a 

functional cytokine of the TGFβ superfamily [110, 111]. 

INHBB is upregulated and exerts tumorigenic activity in 

a variety of malignant tumors ranging from oral cancer 

[112] to endometrial cancer [113], prostate cancer [114], 

and thyroid cancer [115]. In our model, elevated INHBB 

expression predicted an adverse outcome. Analogously, 

Yuan et al. indicated that the expression of INHBB was 

enhanced in CRC tissue, bringing about worse OS and 

disease-free survival (DFS) [116]. As a subtribe of the 

bombesin (BN)-like peptide family, gastrin-releasing 

peptide (GRP) is principally served as gastrointestinal 

hormone and neurotransmitter [117, 118]. GRP 

modulates the growth and differentiation of numerous 

human tumors including CRC [119, 120]. The GRP 

receptor (GRPR) has been shown to be overexpressed in 

human CRCs, when compared to normal colonic 

epithelial cells [121, 122]. Moreover, GRP and the co-

expression of GRPR acted in differentiation, with the 

highest levels observed in well-differentiated CRC cells 

[123]. BN/GRP antagonists, such as RC-3095 and RC-

3940-II, have been reported to exert anti-tumor activities 

in in-vitro and in-vivo mouse xenografts [124, 125]. RC-

3940-II also exerted potent anti-neoplastic activity on the 

human CRC cell lines both in vitro and in vivo [126]. Li 

et al. pointed out that GRP could predict the prognosis of 

DFS in CRC [127], uncovering its involvement in the 

prognosis and survival of CRC. Bedke et al. 

demonstrated that GRP and GRPR were mainly 

expressed by TAMs in renal cell carcinomas (RCC) 

[128], accordantly, the current study indicated that the 

expression of GRP was positively correlated with the 

degree of macrophage infiltration. Briefly, these 

compelling evidences for the significance of GRP show 

great potential at unmasking the malignancy-associated 

roles of TAMs in CRC. 

 

Three drugs, including AZD4547, Cytochalasin B, and 

S-crizotinib, harbored more notable anti-neoplastic 

activity in the immune risk score-high group. 

Intriguingly, high-risk specific agents are all anti-tumor 

targeted compounds, and a striking consistency was 

shown between the mechanism of action (MOA) of 

these chemical entities and enriched signatures obtained 

from GSEA. As prominent segment in the TME 

composed of cancer cells and stromal or immune cells, 

CAFs crosstalk with tumor cells contributes to the 

progression of tumor [129]. Overexpression of the 

fibroblast growth factor receptor-1 (FGFR-1) has been 

correlated with liver metastasis in CRC [130]. The 

fibroblast growth factor 1 (FGF1)/FGFR-3 signaling 

mediates migration and invasion in CRC, and activated 

fibroblasts upregulate the expression of FGF1 [131]. 

AZD4547 is an orally potent and highly selective 

tyrosine kinase inhibitor (TKI) targeted FGFR 1-3 [132]. 

Preclinical data recapitulates that AZD4547 possesses 

anti-oncogenic activity against various tumors, such as 

gastric [133], lung [134], and pancreatic [135] cancers. 

Yao et al. reported that AZD4547 delayed CRC tumor 

growth in vitro, and its activity was in close interaction 

with the expression level of FGFR [136]. In our study, 

the infiltration of fibroblasts was apparently higher in 

high-risk score CRCs, compellingly argue for clinical 

investigations of AZD4547 for treating high-risk specific 

CRCs. Cytochalasin B is a common microfilament-

disrupting compound that impacts various cellular 

physiological processes mediated by F-actin, 

encompassing cell motility, endocytosis and adherence 

[137–139]. Treating human CRC SW480 cells with 

cytochalasin B attenuated the downregulation of E-

cadherin expression [140]. Indeed, the loss or 

dysregulation of E-cadherin expression expedites the 

growth, invasion, and drug resistance in CRC cells [141, 

142]. EMT, a morphogenetic process whereby epithelial 

cells transform to the mesenchymal phenotype, critically 

engaged in tumorigenesis and cancer progression [143]. 

In tumor, the expression of epithelial markers, E-

cadherin particularly, is downregulated during the 

process of EMT, ultimately destroying cell adhesion, 

promoting cell motility and stages of cancer [144, 145]. 

Conversely, inhibited EMT as evidenced by the elevated 

expression of E-cadherin exerts suppressive effects on 

the growth and invasion of human CRC via the Wnt/β-

catenin signaling [146, 147]. c-MET/RON activation 

initiates many facets of cellular responses covering 

motility, proliferation, EMT, and angiogenesis [148, 

149]. Typically, c-Met and RON signaling irritate 

angiogenesis through the interplay with vascular 

endothelial growth factor (VEGF) stimulated by 

hypoxia-inducible factor 1-alpha (HIF-1α). Crizotinib is 

an extensively functioning, small-molecule TKI 

clinically approved for treating non-small-cell lung 

cancer (NSCLC) patients [150]. In a three-dimensional 

CRC culture system, Li et al. found that crizotinib 

restored cetuximab sensitivity in the HCA-7 CRC cell 

line [151]. By inhibiting c-MET/RON/ALK/MTH1, S-

crizotinib is an optical isomer of a clinical anticancer 

compound, R-crizotinib, with inhibited efficacy in 

suppressing MTH1 compared to S-crizotinib [152, 153]. 

Previous evidence suggests that MTH1 inhibition via S-

crizotinib induced an increase in DNA single strand 

breaks as well as activated DNA repair in SW480 cells 

[153]. In human cells, acute MTH1 inhibition enables 

p53-dependent cellular senescence upon hyperoxia 
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[154]. Moreover, MTH1 is pivotal in RAS-driven 

oncogenesis and its overexpression accelerates the 

spectrum of RAS-driven carcinogenic transformation 

[155]. Notably, elevated expression of MTH1 enhances 

the transformation of immortalized cells through RAS 

and maintains pro-oncogenic phenotype, EMT [156, 

157]. Collectively, we postulate that AZD4547, 

Cytochalasin B and S-crizotinib are attractive 

compounds for further pre-clinical investigations and 

could be promising novel anti-cancer agents for IRGs 

risk score-high CRCs. 

 

Immunotherapy, with special regard to ICIs, has 

attracted great interest in oncotherapy and has been 

applied in clinical practice for a variety of malignancies. 

Pembrolizumab and nivolumab that inhibited PD-1 and 

ipilimumab targeted CTLA-4 have been approved by the 

United States Food and Drug Administration (FDA) as 

second-line treatment in MSI-high and dMMR advanced 

CRCs. Focused on the findings from KEYNOTE  

028 [13] and CheckMate 142 [11], solely a modest 

percentage of advanced CRCs harbored a persistent and 

stable response during the ICI therapy, with response rate 

at 30-55%. Therefore, it is of great clinical significance to 

develop a biomarker for predicting immunotherapeutic 

efficacy. In this study, we confirmed that CRCs with a 

low-risk immune signature were markedly related with 

enhanced response to ICIs targeted PD-1, PD-L1 and 

CTLA-4, while the immune score-high CRCs exhibited 

nonresponse to PD-1 inhibitor and MAGE-A3 based 

immunotherapy. These findings illustrated that the IRGs-

based risk score could be served as a practical tool for 

assessing immunotherapeutic efficacy in CRC, in 

accordance with a recent study on the immune signature 

score for colon cancer [24]. Compared to the immune 

high-risk subclass, the low-risk subclass exhibited 

significantly higher infiltration of anti-tumor immune 

cells and expression of immune checkpoint genes, which 

may account for diverse responses between the two 

subclasses. Furthermore, the GSEA of hallmark gene sets 

indicated that the upregulated genes in the high-risk 

subgroup were enriched in Wnt/β-catenin signaling, 

consistent with previous findings that the activation of 

tumor-intrinsic β-catenin pathway could induce T-cell 

exclusion, thereby causing resistance to PD-L1 or CTLA-

4 blockade immunotherapy [158]. Thus, altered Wnt/β-

catenin signaling activation may be associated with 

immunotherapeutic resistance in CRC. 

 

However, there are still some limitations in this study. 

Firstly, we attempted to obtain abundant CRC cohorts 

to achieve more reliable results with sufficient sample 

size. But the intra-tumor or intra-patient heterogeneity 

of the TIME in CRCs was not fully considered,  

which impacted the effect of chemotherapy and 

immunotherapy. Secondly, the median cutoff of IRGs 

risk score was utilized to stratify the CRC samples into 

high-risk subtype and low-risk subtype, and the optimal 

cutoff of the risk score is needed to best classify the 

CRCs. Thirdly, all the conclusions in this study were 

inferred from in-silico analyses, and further in-vitro or 

in-vivo experiments and clinical validations are needed 

to promote the clinical application of our findings. 

Finally, due to the paucity of CRC cohorts treated with 

immunotherapy, more prospective clinical studies are 

required to further verify this novel IRGs-based 

signature in CRCs. 

 

CONCLUSIONS 
 

The IRGs signature is valuable for its correlation with 

immune infiltration, and the association between the 

risk score and OS in the integrated analysis of CRC 

cohorts suggests that it is a robust prognostic 

biomarker for CRC. This IRGs model harbors crucial 

clinical practicality in both high- and low- risk CRCs 

who had failed first-line treatment or progressed. For 

immune low-risk score patients, clinicians could adopt 

ICIs targeted PD-1, PD-L1 and CTLA-4 as well  

as MAGE-A3 immunotherapy strategies to avoid 

excessive treatment, so these CRCs could acquire  

a better quality of life with a favorable prognosis.  

For immune high-risk score patients, AZD4547, 

Cytochalasin B and S-crizotinib might be used in cases 

of immunotherapeutic resistance. Generally, our 

finding provides new insights into determining the 

prognosis of CRCs, and sheds new light on tailoring 

CRCs with precise treatment. 
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SUPPLEMENTARY MATERIALS 

 

Supplementary Figures 

 

 

 

 
 

Supplementary Figure 1. Construction of the IRGs-based risk score model through TCGA training cohort. (A, B) Differentially 
expressed genes in CRC. (C, D) Differentially expressed IRGs in CRC. (E) Forest plot of PRIRGs via univariate Cox regression analysis. (F) lasso 
coefficient profiles of 11 PRIRGs. (G) Partial likelihood deviance of variables estimated by the lasso regression algorithm. CRC, colorectal 
cancer; IRGs, immune-related genes; PRIRGs, prognosis-related IRGs.  
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Supplementary Figure 2. Exploration of the predictive power and clinical characteristics of seven IRGs signature in the 
validation cohort. (A) Distribution of risk score, survival status, and the expression of seven IRGs of CRCs. (B) Kaplan-Meier survival curve of 
the high- and low- risk subgroups. (C) ROC curve analysis of IRGs in the validation cohort. (D) Univariate Cox analysis of prognostic factors and 
OS of CRCs. (E) Alluvial diagram for the two subtypes versus different immune subtypes and CMS. (F) Violin plot illustrated the correlation 
between risk score and immune subtypes, and (G) CMS. AUC, area under the curve; OS, overall survival; CRC, colorectal cancer; IRGs, 
immune-related genes; ROC, receiver operating characteristic; CMS, consensus molecular subtypes.  
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Supplementary Figure 3. Evaluation of the role of the risk score in the validation cohort. (A) Results of GSEA of the high-risk group 

(red) compared with the low-risk group (blue). Color toward gray represents no statistical significance. (B) Heatmap and violin plots of the 
ESTIMATE score, immune score, stromal score, tumor purity between high- and low- risk subtypes. (C) Violin plot of the CYT score between 
high- and low- risk subtypes. (D) Violin plot of fibroblasts between two subtypes, and the association between risk score and the NES of 
fibroblasts. Statistical significance at the level of ns ≥ 0.05, * < 0.05, ** < 0.01 and *** < 0.001. GSEA, gene set enrichment analysis; CYT, 
cytolytic activity; NES, normalized enrichment score.  
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Supplementary Figure 4. (A) The differential expression levels of immune checkpoint molecules within distinctive subgroups in the TCGA 

CRCs. (B) The differential expression level of immune checkpoint molecules between two subclasses with statistical significance in the 
validation cohort. (C) Violin plots of the CD4, CD8A, CD47, CTLA4, LAG3, MAGE-A3, PD-1 and PD-L1 expression levels for two subtypes in the 
validation cohort.  
 

 
 

Supplementary Figure 5. (A) Immune infiltration between high- and low- risk subtypes with statistical significance in the validation cohort. 

(B) Correlation analysis between the expression of seven IRGs and the infiltration of immune cells in the validation cohort. (C) Heatmap and 
violin plots of the NES of 10 oncogenic pathways between two subtypes in the validation cohort. Statistical significance at the level of ns ≥ 
0.05, * < 0.05, ** < 0.01 and *** < 0.001.  
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Supplementary Tables 
 

Please browse Full Text version to see the data of Supplementary Tables 1, 5, 6. 

 

Supplementary Table 1. IRGs retrieved from the ImmPort database.  

 

Supplementary Table 2. Eight PRIRGs 
filtered out by lasso regression.  

IRGs Coefficient 

FABP4 0.0813685612698171 

AMH 0.131513420971701 

GRP 0.146281413219288 

INHBB 0.160968056160568 

NRG1 -0.582958093399237 

UCN 0.213129186143968 

MC1R 0.335915826080654 

PTH1R 0.363374360149091 

 

Supplementary Table 3. Overall information of seven IRGs in the signature.  

Ensembl ID IRGs Coefficient HR (95% CI) P-value 

ENSG00000170323 FABP4 0.139 1.15 (1.021-1.294) 0.021 

ENSG00000104899 AMH 0.176 1.193 (0.962-1.479) 0.109 

ENSG00000134443 GRP 0.207 1.229 (1.014-1.491) 0.036 

ENSG00000163083 INHBB 0.211 1.235 (1.064-1.433) 0.006 

ENSG00000157168 NRG1 -0.691 0.501 (0.216-1.164) 0.108 

ENSG00000163794 UCN 0.274 1.315 (0.929-1.863) 0.122 

ENSG00000258839 MC1R 0.366 1.442 (0.952-2.183) 0.084 
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Supplementary Table 4. Clinical characteristics of the TCGA cohort and the GSE39582 cohort.  

TCGA cohort  GSE39582 cohort 

Variable Low (n = 208) High (n = 229) Overall (n = 437)  Variable Low (n = 220) High (n = 222) Overall (n = 442) 

Gender     Gender    

Male 113 (54.3%) 119 (52.0%) 232 (53.1%)  Male 122 (55.5%) 117 (52.7%) 239 (54.1%) 

Female 95 (45.7%) 110 (48.0%) 205 (46.9%)  Female 98 (44.5%) 105 (47.3%) 203 (45.9%) 

Race     Age    

White 107 (51.4%) 124 (54.1%) 231 (52.9%)  >= 65 135 (61.4%) 147 (66.2%) 282 (63.8%) 

Black or african 

american 
25 (12.0%) 30 (13.1%) 55 (12.6%)  <65 85 (38.6%) 75 (33.8%) 160 (36.2%) 

Others 76 (36.5%) 75 (32.8%) 151 (34.6%)  Tumor location    

Age     Proximal 83 (37.7%) 96 (43.2%) 179 (40.5%) 

>= 65 107 (51.4%) 139 (60.7%) 246 (56.3%)  Distal 137 (62.3%) 126 (56.8%) 263 (59.5%) 

<65 101 (48.6%) 90 (39.3%) 191 (43.7%)  Tumor stage    

History of colon polyps    I 14 (6.4%) 14 (6.3%) 28 (6.3%) 

No 133 (63.9%) 134 (58.5%) 267 (61.1%)  II 113 (51.4%) 104 (46.8%) 217 (49.1%) 

Yes 48 (23.1%) 54 (23.6%) 102 (23.3%)  III 73 (33.2%) 76 (34.2%) 149 (33.7%) 

NA 27 (13.0%) 41 (17.9%) 68 (15.6%)  IV 20 (9.1%) 28 (12.6%) 48 (10.9%) 

Tumor site     MMR status    

Left 130 (62.5%) 117 (51.1%) 247 (56.5%)  pMMR 168 (76.4%) 168 (75.7%) 336 (76.0%) 

Right 78 (37.5%) 112 (48.9%) 190 (43.5%)  dMMR 34 (15.5%) 27 (12.2%) 61 (13.8%) 

Tumor stage     NA 18 (8.2%) 27 (12.2%) 45 (10.2%) 

I 48 (23.1%) 29 (12.7%) 77 (17.6%)  TP53 mutation    

II 79 (38.0%) 79 (34.5%) 158 (36.2%)  Mutant 68 (30.9%) 70 (31.5%) 138 (31.2%) 

III 59 (28.4%) 73 (31.9%) 132 (30.2%)  Wildtype 69 (31.4%) 55 (24.8%) 124 (28.1%) 

IV 22 (10.6%) 48 (21.0%) 70 (16.0%)  NA 83 (37.7%) 97 (43.7%) 180 (40.7%) 

MSI status     KRAS mutation    

MSI-H 33 (15.9%) 24 (10.5%) 57 (13.0%)  Mutant 86 (39.1%) 90 (40.5%) 176 (39.8%) 

MSI-L 31 (14.9%) 42 (18.3%) 73 (16.7%)  Wildtype 134 (60.9%) 132 (59.5%) 266 (60.2%) 

MSS 144 (69.2%) 163 (71.2%) 307 (70.3%)  BRAF mutation    

MMR status     Mutant 19 (8.6%) 23 (10.4%) 42 (9.5%) 

pMMR 133 (63.9%) 140 (61.1%) 273 (62.5%)  Wildtype 201 (91.4%) 199 (89.6%) 400 (90.5%) 

dMMR 25 (12.0%) 29 (12.7%) 54 (12.4%)  CIMP    

NA 50 (24.0%) 60 (26.2%) 110 (25.2%)  Negative 176 (80.0%) 188 (84.7%) 364 (82.4%) 

TP53 mutation     Positive 44 (20.0%) 34 (15.3%) 78 (17.6%) 

Mutant 126 (60.6%) 143 (62.4%) 269 (61.6%)  CIN    

Wildtype 82 (39.4%) 86 (37.6%) 168 (38.4%)  Negative 57 (25.9%) 45 (20.3%) 102 (23.1%) 

KRAS mutation     Positive 163 (74.1%) 177 (79.7%) 340 (76.9%) 

Mutant 82 (39.4%) 110 (48.0%) 192 (43.9%)      

Wildtype 126 (60.6%) 119 (52.0%) 245 (56.1%)      

BRAF mutation         

Mutant 24 (11.5%) 25 (10.9%) 49 (11.2%)      

Wildtype 184 (88.5%) 204 (89.1%) 388 (88.8%)      

EGFR mutation         

Mutant 1 (0.5%) 8 (3.5%) 9 (2.1%)      

Wildtype 207 (99.5%) 221 (96.5%) 428 (97.9%)      

NRAS mutation         

Mutant 8 (3.8%) 18 (7.9%) 26 (5.9%)      

Wildtype 200 (96.2%) 211 (92.1%) 411 (94.1%)      

APC mutation         

Mutant 169 (81.2%) 177 (77.3%) 346 (79.2%)      

Wildtype 39 (18.8%) 52 (22.7%) 91 (20.8%)      
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Supplementary Table 5. Correlation analysis between the expression of seven IRGs and the infiltration of 
immune cells. 

 

Supplementary Table 6. Lists of drugs in CTRP and PRISM. 

 

Supplementary Table 7. List of potential therapeutic agents for CRC patients with IRGs signature high-risk score.  

Name Source MOA Target Evidence for CRC treatment 

AT7867 CTRP Akt inhibitors Akt  PMID: 28081222 

AZD4547 CTRP FGFR inhibitors FGFR PMID: 25691251 

BRD-K16147474 CTRP NA NA NA 

cytochalasin B CTRP excitatory proteins inhibitors cytoskeleton/endocytosis PMID: 16287074 

PLX-4032 CTRP B-rafV600E inhibitors B-raf PMID: 29326440 

SGX-523 CTRP Met kinase inhibitors c-Met NA 

PLX-4720 CTRP B-rafV600E inhibitors B-raf PMID: 25381152/26351322 

TG-101348 CTRP JAK2 inhibitors JAK2/STAT3/PIM1 pathway PMID: 32346607 

lovastatin CTRP HMG-CoA reductase inhibitors HMG-CoA reductase PMID: 24945998 

BRD-K37390332 CTRP NA NA NA 

AMG458 PRISM MET/RON inhibitors MET/RON NA 

LE135 PRISM RARβ antagonist RARβ NA 

mevastatin PRISM HMG-CoA reductase inhibitors HMG-CoA reductase PMID: 11408350 

creatine PRISM NA NA NA 

S-crizotinib PRISM ALK/RON/c-MET, MTH1 inhibitors ALK/RON/c-MET, MTH1 PMID: 24695225/28320945 

colforsin daproate PRISM adenylate cyclase agonist adenylate cyclase NA 

erythritol PRISM NA cytidylyltransferase NA 

CHIR-98014 PRISM GSK3 inhibitors GSK-3α and GSK-3β NA 

epinephrine PRISM adrenergic receptor agonist adrenergic receptor NA 

tandutinib PRISM FLT3 inhibitors Akt/mTOR pathway PMID: 23427297 

MOA, mechanism of action. 
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INTRODUCTION 
 

Colorectal cancer (CRC), particularly advanced 

colorectal cancer, poses a significant challenge in 

clinical management and is associated with high 

mortality rates [1]. Moreover, the prognostic outcomes 

for patients with advanced CRC is poor [2]. 5-

fluorouracil (5-Fu), which acts by interfering with 

cellular DNA synthesis and histone deacetylation, is 

recommended as a first-line chemotherapeutic option 

for CRC [3, 4]. Clinically, administration of 5-Fu 

combined with irinotecan or oxaliplatin is considered to 

be a relatively standard chemotherapeutic regimen [5]. 

Most patients show an initial effective response to 5-Fu, 

however, they later develop tumor progression, which is 

indicative of resistance [6–8]. The potential 

mechanisms of 5-Fu drug resistance have been reported 

[9–11]. However, specific molecular mechanisms of 5-

Fu drug resistance have not been established. 

 

Tumor resistance is closely associated with miRNAs 

dysregulation [12], promoter hypermethylation [13], 

and abnormal expressions of cell cycle-related proteins 

[14]. Due to the role of cytokines in physiological and 
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pathological cell activities, studies are evaluating their 

potential roles in tumor drug resistance [15–19]. 

Cytokines are involved in drug metabolism, delivery, 

targeting and resistance [16, 20, 21]. 

 

As endoproteases, matrix metalloproteinases (MMPs) 

affect the integrity of extracellular matrix components 

[22]. Particularly, matrix metalloproteinase 2 (MMP-2) 

is associated with movement, migration, and metastasis 

of malignant cells [23–25]. Tissue inhibitor of matrix 

metalloproteinase 2 (TIMP-2) is a natural inhibitor of 

MMP-2 [26, 27]. TIMP-2 plays a dual role in cell 

physiology regulation. It promotes tumor growth via 

angiogenesis and, through apoptosis, it is also involved 

in inhibition of malignant cell proliferation [28–31]. 

TIMP-2 is also associated with tumor malignancy and 

resistance to chemotherapy in hepatoma, melanoma, 

and breast cancer [32–34]. In a previous study, Zhang et 

al. found that TIMP-2 siRNA effectively inhibited 

colorectal tumor cells (HCT116) invasion in vitro [35]. 

Clinical reports suggest that MMP-2 and TIMP-2 are 

more prevalent in CRC tissues than in normal tissues, 

with elevated expression levels in metastatic CRC 

compared to non-metastatic CRC [36–38]. Elevated 

TIMP-2 levels have particularly been reported in CRC 

patients with unfavourable chemotherapeutic responses 

[36]. However, it has not been established whether it 

has the same effects in all other tumors, and specific 

mechanisms of action have not been elucidated. 

Therefore, there is a need to evaluate the role of TIMP-

2 in tumor cell resistance to 5-Fu therapy. 

 

The ERK/MAPK signaling pathway is present in 

various types of cells. It is activated by dual 

phosphorylation of MAPKK kinase, catalyzed by the 

Thr-X-Tyr motif [39, 40]. Then, MAPKK is activated 

through the phosphorylation of MAPK kinase 

(MAPKKK) after which MAPKKK is activated by 

interactions with small GTPase and/or other proteases, 

thereby combining MAPK with cell surface receptors 

and with extracellular signals. Upon activation, MAPKs 

phosphorylate several protein kinases and transcription 

factors, including ERK1/2, JNK, p38MAPK, ERK5, 

NF-κB, and SOS [41, 42]. This signaling pathway 

regulates many critical physiological processes, such as 

cell growth, signal transduction, stress, and 

inflammatory responses [35, 43]. 

 

Various cytokines simultaneously activate ERK1/2 and 

ERK5, which then affect cell proliferation and 

differentiation [44–47]. Peng et al. found that the 

ERK1/2 signaling pathway plays an important 

regulatory role in CRC invasion and metastasis [48]. 

With regards to drug resistance in tumors, the 

ERK/MAPK signaling pathway plays an essential role 

in melanoma prognosis [49–51]. However, combined 

administration of BET and MEK inhibitors can 

significantly inhibit the growth of NRAS mutant 

melanoma and improve survival outcomes for cancer 

patients [50]. Moreover, these signaling pathways 

reactivate and play an important role in metastatic 

melanoma resistance to BRAF inhibition [51]. 

However, their roles in CRC 5-Fu resistance have not 

been established. 

 

In this study, we investigated differences in cytokine 

expression profiles in serum samples of 5-Fu drug-

resistant CRC patients. We found that 5-Fu resistant 

CRC patients exhibited elevated TIMP-2 levels, which 

were correlated with poor clinical prognoses. TIMP-2 

was also found to be highly expressed in 5-Fu resistant 

CRC PDX models. Furthermore, TIMP-2 promoted 

CRC cell resistance to 5-Fu in vitro. Mechanistic 

analyses revealed that the ERK/MAPK signaling 

pathway is actively involved in 5-Fu resistance caused 

by TIMP-2, and its inhibitor, U0126, inhibits this 

resistance. From our findings, we hypothesized that 

TIMP-2 and the ERK/MAPK signaling pathway are 

excellent therapeutic targets for overcoming 5-Fu 

resistance in CRC. 

 

MATERIALS AND METHODS 
 

Antibodies and reagents 

 

5-Fluorouracil (5-Fu) was obtained from 

MedChemExpress. Recombinant TIMP-2 was 

obtained from PeproTech (diluted to 10 ng/mL in the 

experiment). The antibody for TIMP-2 neutralization 

was obtained from R&D systems (diluted to 5 μg/mL 

in the experiment). Antibodies to MAPK (Erk1/2) (Cat 

No.4695), phospho-MAPK (Erk1/2) (Thr202/Tyr204) 

(Cat No.4370), Erk5 (Cat No.3552), phospho-Erk5 

(Thr218/Tyr220) (Cat No.3371) and GAPDH (Cat No. 

97166) were purchased from Cell Signaling 

Technology (CST). In the WB experiment, the above 

antibodies were diluted 1:1000. HRP-conjugated 

antibodies were obtained from Hangzhou Fude 

Biological Technology. 

 

Enzyme-linked immunosorbent assay (ELISA) 

 

Cell culture supernatants or serum TIMP-2 levels were 

measured using a sandwich ELISA kit (Elabscience) 

according to the manufacturer’s instructions. Samples 

were assayed in triplicates. 

 

Ethical considerations 

 

Ethical approval for this study was obtained from the 

ethical committee of Sir Run Run Shaw Hospital, 

School of Medicine, Zhejiang University (study 
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number: 20140213-19). All animal experiments were in 

accordance with standard animal care guidelines. 

 

Study participants 

 

Serum samples were obtained from CRC patients at 

the Key Laboratory of Biotherapy of Zhejiang 

province, Sir Run Run Shaw Hospital, School of 

Medicine, Zhejiang University. Samples were 

collected from 2008 to 2018. Serum was collected 

during chemotherapy after patients had been 

determined to be resistant to 5-Fu. To prevent cytokine 

decomposition, after extracting the serum from the 

blood, it was stored at −80°C. Two experienced 

pathologists analyzed cancer cell contents, histological 

tissue types, as well as tumor staging. 5-Fu based 

chemotherapy was administered to CRC patients, who 

were then operated on by senior surgeons. World 

Health Organization (WHO) approved indices for 

Overall survival (OS) and Disease-free survival (DFS) 

were used to evaluate treatment efficacies. A total of 

84 patients were included in this study. Responses to 

5-Fu were divided into two categories; 5-Fu sensitive 

and 5-Fu resistant CRC. Each group had 42 patients. 

This classification was based on tumor regression 

within six months following 5-Fu administration. 

During chemotherapy with 5-Fu-based 

chemotherapeutic drugs, if the patient is not checked 

for tumor progression, we identify these patients as 

sensitive to 5-Fu, otherwise the patient is considered to 

be resistant to 5-Fu. Regarding the PDX model, tumor 

cells were extracted from a 66-year-old male rectal 

cancer patient, who had been diagnosed with 

pathologic stage III adenocarcinoma. This patient was 

untreated and had received neither chemotherapy nor 

radiotherapy before surgery. Subsequent chemotherapy 

showed that the tumor was sensitive to 5-Fu. 

 

Cytokine array 

 

Serum cytokine levels were determined by a protein 

cytokine array using the Human Cytokine Antibody 

Array-Membrane (ab193656), purchased from Abcam, 

Cambridge, UK. This technique is based on the 

principle of sandwich immunoassay. It comprises 120 

coupled target anti-cytokines and the appropriate 

controls in duplicate. DLD-1 5-FuS and DLD-1 5-FuR 

cells were cultured in RPMI-1640 medium without fetal 

bovine serum and incubated at 37°C in a 5% CO2 

environment for 24 h. Then, membranes were exposed 

to the chemiluminescence imaging system 

(LUMIPULSE G1200). Conditioned medium 

containing cytokines were evaluated according to 

manufacturer's protocols. Results were normalized 

using internal controls, and relative protein levels 

determined across four biological replicates. 

Cell cultures 

 

Two CRC cell lines (DLD-1 cells and HCT116 cells) 

were obtained from the American Type Culture 

Collection (ATCC, Manassas). They were respectively 

cultured in RPMI-1640 (Genom) or Dulbecco's 

Modified Eagle Medium (DMEM) with higher glucose 

levels (Genom) containing 10% fetal bovine serum 

(GIBCO). Incubation was done at 37°C in a 5% CO2 

atmosphere. 

 

To generate 5-FU resistant cell lines, DLD-1 and 

HCT116 cells in the logarithmic growth phase were 

plated into a 6-well plate, at a density of 1×106 cells per 

well. The starting 5-Fu concentration in the 

corresponding culture medium in each well was 0.1 μM. 

Incubation was done at 37°C in a 5% CO2 atmosphere 

for 2 days. Then, the cell culture medium was replaced 

with a culture medium that does not contain 5-Fu, and 

further incubated. Upon achievement of original cell 

growth rates, 5-Fu concentrations of the corresponding 

culture medium was adjusted to 2–3 times the original 

in each well. Further incubation was done for 2 days, 

after which the above experimental process was 

continued. CCK-8 was used to assess cell viability and 

to calculate the IC50 value. After about half a year, a 

tumor cell line that can survive normally at a stable 

concentration of 5-Fu was screened. 

 

Cell viability assay 
 

Cell viability was determined using the Cell-Counting 

Kit-8 (CCK8) (Dojindo Molecular Technologies), 

following the manufacturers’ instructions. Absorbance 

was measured at 450 nm using a microplate reader. 

Experiments were performed in triplicates. 

 

RNA isolation and RT-qPCR 

 

Total RNA was extracted from cells using the Trizol 

reagent (Invitrogen). cDNA was synthesized using the 

cDNA reverse transcriptase kit (Takara). LightCycler 

480 real-time PCR system (Roche, Mannheim) was 

used to perform SYBR Green-based (Takara) 

quantitative real-time PCR (RT-qPCR). 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

was used as the internal control. The 2−ΔΔCq relative 

quantification method was used to determine mRNA 

levels of target genes. 

 

siRNA interference 

 

Small interfering RNA (siRNA) against TIMP-2 was 

obtained from Thermo Fisher Scientific. Transient 

transfection assays were performed using Lipofectamine 

2000 (Thermo Fisher Scientific) following the 
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manufacturers' instructions. Cellular drug resistance and 

cytokine secretion were analyzed by treating cells with 

30 pg/ml TIMP-2 siRNA for two days. 

 

Western blot analysis 

 

Cells were lysed using a RIPA lysis buffer (Solarbio 

Life Sciences). Protein concentrations were determined 

by Bicinchoninic acid assay (BCA, Beyotime Institute 

of Biotechnology). Proteins from each sample (25 µg) 

were separated by 10% SDS-PAGE (Beyotime Institute 

of Biotechnology) and transferred to polyvinylidene 

fluoride membranes (Immobilon-P). Membranes were 

blocked using 5% dried skimmed milk for 1 h at room 

temperature and incubated in the presence of primary 

antibodies at 4°C overnight. Subsequently, IgG 

conjugated goat anti-rabbit or IgG conjugated goat anti-

mouse secondary antibodies were added and incubated 

for 1 h at room temperature. Blots were developed using 

an enhanced chemiluminescence detection reagent 

(Hangzhou Fude Biological Technology). 

 

Animal experiments 

 

Four week old female BALB/c- nude mice from 

SiBeiFu Biotechnology Co., Ltd (Beijing) were used in 

this study. Briefly, tumor cells from CRC patients were 

subcutaneously implanted in the groins of nude mice. 

Then, mice were assigned into three groups of 6 mice 

each: Veh group (injection of saline), 5-FuS group 

(injection of 5-Fu but no drug resistance), 5-FuR group 

(injection of 5-Fu and develop resistance). The 

experimental group (5-FuS and 5-FuR group) was 

intraperitoneally administered with 5-Fu (30 

mg/kg/dose) three times a week, while the Veh group 

was intraperitoneally administered with the same dose 

of saline. An initial reduction in tumor size in the 

experimental group followed by a re-growth of more 

than 2.0 cm diameter represented a successful 

establishment of a PDX model of colorectal tumor that 

is resistant to 5-Fu, which was defined as the 5-FuR 

group. After 5-Fu treatment, subcutaneous tumors of 

some mice continued to decrease in size, and this was 

defined as the 5-FuS group. Mice that were 

subcutaneously administered with saline as the control 

were the Veh group. At that time, the mice were 

injected with 5-Fu or saline about 12 times. Once the 

PDX model was obtained, blood samples were collected 

from eyelids of nude mice after which mice were 

sacrificed to obtain tumor tissues. 

 

Immunohistochemistry 

 

Tumor tissue samples were fixed in 4% buffered 

paraformaldehyde solution, dehydrated and immersed in 

paraffin, then sliced into 4 µm thick sections. Epitope 

retrieval was performed by cooking the de-paraffinized 

sections under pressure in Tris-EDTA buffer (pH 9.0) 

for 20 min. Hydrogen peroxide (3%) in methanol 

solution was applied for 10 min to block endogenous 

peroxidase activity. Normal goat serum (10%) was then 

used to prevent non-specific binding for 30 min. Slides 

were incubated for 1 h at 4°C in TIMP-2 antibody 

solution diluted at 1:20 followed by incubation with a 

secondary antibody for 30 min at room temperature. 

Then, sections were developed using a DAB kit 

(Shanghai Gene Co., Ltd) and counterstained with 

hematoxylin (Sigma). For semi-quantitative assay of 

IHC staining, staining intensity was scored from 0 to 4 

(0, absent; 1, weak; 2, moderate; 3, intense; 4, 

extremely intense). Final IHC score for each sample 

was determined by three independent senior 

pathologists. By observing multiple visual fields, each 

pathologist gave two average scores. 

 

Statistical analysis 

 

Data from three independent experiments tested in 

triplicates are presented as means ± SD. Data were 

analyzed using SPSS (version 22.0), Image J (version 

2.0) and GraphPad Prism (version 7.0) software. A 

Combination index (CI) of 1.0 indicated an additive 

effect, while CI<1 suggested synergy. Alternative CI 

values indicated antagonism. Experimental data were 

examined for consistency to a normal distribution using 

the one-sample Kolmogorov-Smirnov test. An 

independent sample t-test or non-parametric test was 

used to analyze the experimental results. Comparisons 

between survival curves were tested for statistical 

significance using either a Log-rank test or COX 

regression analysis. In all cases, p values were two-

sided. p ≤ 0.05 was considered significant. 

 

Ethical approval and consent to participate 

 

This study was approved by the local ethics committee 

of Sir Run Run Shaw Hospital, School of Medicine, 

Zhejiang University (study number: 20140213-19). All 

animal experiments were in accordance with standard 

animal care guidelines. 

 

Availability of data and materials 

 

The data supporting these findings are available from 

the Department of colorectal surgery, Sir Run Run 

Shaw Hospital of Zhejiang University but restrictions 

apply to the availability of these data, which were used 

under license for the current study, and are therefore, 

not publicly available. Data are, however, available 

from the authors upon reasonable request and with 

permission from the Department of colorectal surgery, 

Sir Run Run Shaw Hospital of Zhejiang University. 
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Table 1. Characteristics of patients involved in cytokine screening. 

Patient Age (years) Sex Stage Histology Chemotherapy 

P0221 78 M IVA Adenocarcinoma 5-Fu + Oxaliplatin + Bevacizumab 

P0258# 69 F IIIB Adenocarcinoma 5-Fu + Oxaliplatin + Bevacizumab 

P0378# 57 F IVA Mucus adenocarcinoma 5-Fu + Oxaliplatin + Bevacizumab 

P0855 64 M IIIC Adenocarcinoma 5-Fu + Irinotecan + Oxaliplatin + Cetuximab 

P1061 60 F IIIB Adenocarcinoma 5-Fu + Oxaliplatin + Bevacizumab 

P1392# 77 M IIIC Adenocarcinoma 5-Fu+Irinotecan + Oxaliplatin + Cetuximab 

#Refers to colorectal cancer patients resistant to 5-Fu. 
 

RESULTS 
 

TIMP-2 was elevated in 5-FU resistant CRC patients 

and correlated with poor prognosis 

 

Cytokines are important in drug resistance. First, we 

clinically selected three typical 5-Fu-resistant and three 

typical 5-Fu-sensitive CRC patients. Patient 

characteristics are shown in Table 1. In this study, 

cytokines such as TIMP-2, GRO, ANGPT2, and EGF, 

among others, were found to be significantly elevated in 

serum from 5-Fu-resistant patients (Figure 1A). Since 

TIMP-2 exhibited the greatest change in expression 

levels, we hypothesized that TIMP-2 is the key cause of 

CRC resistance to 5-Fu. To validate our hypothesis, we 

evaluated TIMP-2 serum levels in nine 5-Fu-resistant and 

nine 5-Fu-sensitive CRC patients using ELISA. Serum 

TIMP-2 protein levels in 5-Fu resistant CRC patients was 

73.61 ng/ml, 5.3 times higher than those of 5-Fu sensitive 

CRC patients (13.57 ng/ml) (Figure 1B). Patient 

characteristics are shown in Table 2. Prognostic 

outcomes for clinical patients are of great concern to 

oncologists. Therefore, we evaluated protein levels of 

TIMP-2 in serum of 84 CRC patients undergoing 5-Fu-

based chemotherapy and correlated it with prognosis. 

Characteristics of these patients are shown in Table 3. 

Median follow-up time was 54.4 months. Using the 

median value (36.60 ng/ml) of TIMP-2 protein 

expression level as the cut-off, patients were assigned 

into two groups: TIMP-2 high expression group (n = 42) 

and TIMP-2 low expression group (n = 42). According to 

major clinical outcomes of Overall survival (OS) and 

Disease-free survival (DFS), TIMP-2 high expression 

group exhibited worse prognostic outcomes, relative to 

TIMP-2 low expression group (Figure 1C and 1D). 

 

TIMP-2 levels were upregulated in 5-Fu resistant 

CRC cells and in PDX models 

 

By gradually increasing 5-Fu concentrations in the 

culture medium, we developed resistant cell lines from 

two CRC cell lines, DLD-1 and HCT116 [52]. These 

were named DLD-1 5-FuR and HCT116 5-FuR, 

respectively, while primary cells lines were named 

DLD-1 5-FuS and HCT116 5-FuS. Cell activity data 

obtained at different concentrations were used to 

determine the 50% inhibitory concentration (IC50). IC50 

value for 5-Fu was 11.8-fold in DLD-1 5-FuR, 

compared to DLD-1 5-FuS. In HCT116 5-FuR and 

HCT116 5-FuS, IC50 was 3.81-fold (Figure 2A and 2B). 

Given the relationship between cytokines and tumor 

resistance [15, 53], we designed a cell culture medium 

(CM) exchange experiment to verify the effects of 

cytokines on tumor cell resistance. We used the DLD-1 

5-FuR cell culture medium to culture DLD-1 5-FuS 

cells. These experiments showed that DLD-1 5-FuS 

cells co-cultured in DLD-1 5-FuR medium were more 

tolerant to different 5-Fu concentrations than those 

cultured in the conditioned medium (Figure 2C). The 

same experiment was repeated in HCT116 5-FuS cells, 

and similar results were obtained (Figure 2D). It was 

found that 5-Fu-resistant cell lines secrete cytokines that 

cause drug resistance. 

 

To determine whether TIMP-2 protein is involved in 

drug-resistance, we assessed the expression levels of 

TIMP-2 by real-time quantitative PCR and ELISA. 

Semi-quantitative mRNA analysis showed that TIMP-2 

transcription levels in drug-resistant cell lines were 

significantly higher than those of sensitive cell lines 

(Figure 2E). Assessment of TIMP-2 protein levels by 

ELISA showed that it was highly secreted in drug-

resistant cell lines, including DLD-1 5-FuR and 

HCT116 5-FuR (Figure 2F). 

 

To further show that TIMP-2 was also up-regulated 

during 5-Fu treatment in vivo, we used patient-derived 

xenograft (PDX) models. The PDX model maintains the 

donor's original biological behaviors and molecular 

characteristics [54–57]. Following the necessary 

construction processes, we constructed a PDX model of 

colorectal tumor with resistance to 5-Fu (Figure 3A). 

When the experimental group was treated with 5-Fu, 

subcutaneous tumors in the experimental group (5-FuS 

and 5-FuR group) began to be under control. After 

about 4 weeks of treatment, subcutaneous tumors of 
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5-FuS group PDX mice began to be resistant to 5-Fu, 

implying that the PDX model of colorectal tumor with 

resistance to 5-Fu had successfully been constructed 

(Figure 3B). TIMP-2 protein levels in the serum of 5-

Fu-resistant PDX models were found to be significantly 

higher than those of sensitive strains (Figure 3C). 

Immunohistochemical (IHC) analysis showed that 

tumor tissues, which showed elevated TIMP-2 

expression levels exhibited resistance to 5-Fu (Figure 

3D). Semi-quantitative immunohistochemical analysis 

further affirmed these results (Figure 3E). Similar 

results were obtained from tested patient serum. 

 

 
 

Figure 1. TIMP-2 is elevated in 5-Fu resistant CRC patients and predicts clinical outcomes. (A) Relative cytokine expression levels 

in the serum of 5-Fu sensitive and resistant patients. Patient details are shown in Table 1. Sen, sensitive patients. Res, resistant patients. (B) 
Differences in TIMP-2 protein expression levels in non-resistant (n = 9) and resistant patients (n = 9) with colorectal cancer. Patient details 
are shown in Table 2. Sen, sensitive patients. Res, resistant patients. (C) 6-year OS Kaplan–Meier survival curves for 84 colorectal cancer 
patients, differential grouping based on TIMP-2 expression (36.6 ng/ml) in serum. Table 3 shows patient information. (D) 6-year DFS 
Kaplan–Meier survival curves for 84 colorectal cancer patients, differential grouping based on TIMP-2 expression (36.6 ng/ml) in serum. 
Table 3 shows patient information. (A, B) *p < 0.05, **p < 0.01, ***p < 0.001 by unpaired Student’s t-test. (C, D) *p < 0.05 by logrank (Mantel-
Cox), HRs are shown in the figures. 
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Table 2. Characteristics of patients involved in assessment of 5-Fu sensitivity or resistance. 

Patient Age (years) Sex Stage Histology Chemotherapy 

P1631# 66 M IVA Adenocarcinoma 5-Fu + Irinotecan + Oxaliplatin  + Bevacizumab 

P1692 61 F IVA Adenocarcinoma 5-Fu + Irinotecan + Oxaliplatin + Bevacizumab 

P1699 78 F IVA Mucus adenocarcinoma 5-Fu + Oxaliplatin + Bevacizumab  

P1804 21 F IIIC Mucus adenocarcinoma 5-Fu + Irinotecan + Oxaliplatin 

P1822 76 M IVB Adenocarcinoma 5-Fu + Irinotecan + Oxaliplatin + Bevacizumab 

P1863# 47 F IVB Mucus adenocarcinoma 5-Fu + Irinotecan + Oxaliplatin + Bevacizumab 

P1893 55 M IVA Adenocarcinoma 5-Fu + Oxaliplatin  

P1957# 55 M IVB Adenocarcinoma 5-Fu + Irinotecan + Oxaliplatin + Cetuximab 

P1977# 51 F IVB Adenocarcinoma 5-Fu + Irinotecan + Oxaliplatin + Bevacizumab 

P2132# 55 M IVB Adenocarcinoma 5-Fu + Irinotecan + Oxaliplatin + Bevacizumab 

P2167 66 M IVA Adenocarcinoma 5-Fu + Irinotecan + Oxaliplatin + Bevacizumab 

P2180# 53 F IVB Adenocarcinoma 5-Fu + Oxaliplatin 

P2186# 65 M IIIC Adenocarcinoma 5-Fu + Irinotecan + Oxaliplatin 

P2286# 59 M IVA Adenocarcinoma 
5-Fu + Irinotecan + Oxaliplatin + Cetuximab  +  

Bevacizumab  

P2295# 48 M IIIC Adenocarcinoma 5-Fu + Irinotecan + Oxaliplatin + Bevacizumab 

P2338 66 M IVB Adenocarcinoma 5-Fu + Irinotecan + Oxaliplatin + Cetuximab 

P2357 70 M IIIB Adenocarcinoma 5-Fu + Irinotecan + Bevacizumab 

P2653 65 M IIIC Adenocarcinoma 5-Fu + Irinotecan + Oxaliplatin  + Cetuximab 

#Refers to colorectal cancer patients resistant to 5-Fu. 
 

 

Table 3. Correlations between patient serum TIMP-2 levels and clinical characteristics. 

Characteristics Total 
serum TIMP-2 levels 

OR 95% CI p-value 
<36.6 ng/ml ≥36.6 ng/ml 

All Cases 84 42 (39.0%) 42 (61.0%)    

Age (years)       

≥65 45 19 (42.2%) 26 (57.8%)    

<65 39 23 (59.0%) 16 (41.0%) 0.508 0.213–1.214 0.189 

Gender       

Male 48 19 (39.6%) 29 (60.4%)    

Female 36 23 (63.9%) 13 (36.1%) 0.37 0.151–1.043 0.179 

Stage       

IIIA 7 3 (42.9%) 4 (57.1%)    

IIIB 62 33 (53.2%) 29 (46.8%)    

IIIC 10 6 (60.0%) 4 (40.4%)    

IVA 3 0 3 (100%)    

IVB 2 0 2 (100%)   0.215 

Histological type       

Adenocarcinoma 67 33 (49.3%) 34 (50.7%)    

Mucus adenocarcinoma 14 8 (57.1%) 6 (42.9%)    

Others 3 1 (33.3%) 2 (66.7%)   0.728 

p-value calculated by the Chi-square test. 
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TIMP-2 promotes CRC cell resistance to 5-Fu 

through an autocrine mechanism 

 

We have confirmed that TIMP-2 is elevated in 5-FU 

resistant CRC patients and is correlated with poor 

prognostic outcomes. Furthermore, we confirmed that 

TIMP-2 is closely associated with 5-Fu resistance in 

CRC cells. Next, we set to confirm that it is TIMP-2 

and not other cytokines that cause 5-Fu resistance. This 

assay was done by adding recombinant TIMP-2 to the 

culture medium of 5-Fu sensitive cell lines and adding 

the neutralization TIMP-2 antibody to the culture 

medium of 5-Fu resistant cell lines. Following treatment 

of CRC cell lines (DLD-1 5-FuS and HCT116 5-FuS) 

 

 
 

Figure 2. Upregulation of TIMP-2 in 5-Fu resistant CRC cells in vitro. (A, B) Relative cell viabilities of DLD-1 5-FuS cells and DLD-1 5-
FuR cells, HCT116 5-FuS cells and HCT116 5-FuR cells under increasing concentrations of 5-Fu for 3 days. (C, D) Relative cell viabilities of 
DLD-1 5-FuS cells and HCT116 5-FuS cells in increasing concentrations of 5-Fu for 3 days after culture in conditioned medium of DLD-1 5-
FuR cells or HCT116 5-FuR cells for 2 days. (E) mRNA expression levels of TIMP-2 in paired DLD-1 5-FuS cells and DLD-1 5-FuR cells, HCT116 
5-FuS cells and HCT116 5-FuR cells. (F) Differences in TIMP-2 protein expression levels in paired DLD-1 5-FuS cells and DLD-1 5-FuR cells, 
HCT116 5-FuS cells and HCT116 5-FuR cells. Data from triplicate wells in 3 independent experiments. (A, B) ***p < 0.001 by 2 way ANOVA 
test. (C–F) *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t-test. 
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with recombinant TIMP-2, changes in TIMP-2 protein 

levels in cell culture medium (CM) of DLD-1 5-FuS 

cells and HCT116 5-FuS cells were determined. TIMP-

2 protein levels were elevated for 3 days, comparable to 

levels in the culture medium of 5-Fu resistant cell lines 

(Figure 4A). Interestingly, after the addition of TIMP-2, 

less sensitivity to 5-Fu and increased IC50 was observed 

in the 5-Fu sensitive cell lines (Figure 4B and 4C). 

When the TIMP-2 neutralization antibody was added to 

the culture medium of DLD-1 5-FuR and HCT116 5-

FuR cells, TIMP-2 protein levels were significantly 

suppressed (Figure 4D). Consistent with our prediction, 

 

 
 

Figure 3. Activation of TIMP-2 in 5-Fu resistant PDX models of CRC in vivo. (A) Schematic presentation of the constructing of a 

PDX-drug resistance model. (B) Changes in tumor volumes for Veh, 5-FuS and 5-FuR group PDX mice models during the experiment. (C) 
Differences in TIMP-2 protein levels in Veh, 5-FuS and 5-FuR group PDX mice models. (D) IHC for typical TIMP-2 staining images of 
subcutaneous tumors formed in Veh, 5-FuS and 5-FuR group PDX mice models. (E) Semi-quantitative IHC staining scores for TIMP-2 as 
shown in Figure 3C. Data is presented as mean ± SD. Three mice and 6 tumors per experimental group. *p < 0.05, **p < 0.01, ***p < 0.001 by 
Student’s t-test or two-way ANOVA. 
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IC50 of both 5-Fu resistant cell lines were significantly 

decreased, indicative of increased sensitivity of cells to 

drugs (Figure 4E and 4F). 

 

To validate the relationship between 5-Fu resistance and 

TIMP-2 protein expression levels in colorectal tumors, 

we used small interfering RNA (siRNA) to knock down 

TIMP-2 expression in cell lines. siRNA against TIMP-2 

showed excellent knock-down efficiency in DLD-1 5-

FuR and HCT116 5-FuR cells (Figure 5A). Besides, 

DLD-1 5-FuR and HCT116 5-FuR cells regained 

sensitivity to 5-Fu after knock-down of TIMP-2 

expression by siRNA (Figure 5B and 5C). Remarkably, 

the higher the concentration of 5-Fu in the culture 

 

 
 

Figure 4. TIMP-2 promotes CRC cell resistance to 5-Fu through an autocrine mechanism. (A) Changes in TIMP-2 protein levels in 
the cell culture medium (CM) of DLD-1 5-FuS cells and HCT116 5-FuS cells 3 days after treatment with 10 ng/mL of recombinant TIMP-2. (B, 
C) Relative cell viabilities of DLD-1 5-FuS cells and HCT116 5-FuS cells under increasing concentrations of 5-Fu for 3 days after culture with 
10 ng/mL of recombinant TIMP-2. (D) Changes in TIMP-2 protein levels in the cell culture medium (CM) of DLD-1 5-FuR cells and HCT116 5-
FuR cells for 3 days of culture with 5 μg/mL of TIMP-2 neutralizing antibody. (E, F) Relative cell viabilities of DLD-1 5-FuR cells and HCT116 5-
FuR cells under increasing concentrations of 5-Fu for 3 days of culture with control IgG or 5 μg/mL of TIMP-2 neutralizing antibody. Data 
from triplicate wells for 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t-test or one-way ANOVA. 
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solution, the more apparent the above effect. Addition 

of recombinant TIMP-2 protein to the siRNA-treated 

DLD-1 5-FuR and HCT116 5-FuR cells restored the 

resistance of cell lines to 5-Fu (Figure 5B and 5C). The 

IC50 for each group of cells in the above experiment are 

shown in Figure 5D. These results show that TIMP-2 

induces 5-Fu resistance in CRC cells. 

 

TIMP-2 induces 5-Fu resistance by activating 

ERK/MAPK in CRC cells 

 

We further determined the signaling pathway involved 

in TIMP-2 induced 5-Fu resistance in CRC. It has been 

reported that TIMP-2 mediates endothelial proliferation, 

formation of a capillary tube in obesity, and promotes 

tumor invasion in advanced squamous cell carcinomas 

[58, 59] by activating the ERK/MAPK signaling 

pathway. The role of the ERK/MAPK signaling 

pathway in tumor resistance has been widely reported 

[60–62]. Therefore, we explored the underlying 

mechanisms through which TIMP-2 mediates drug 

resistance by analyzing the expression levels of key 

proteins in the ERK/MAPK signaling pathway. 

When compared to DLD-1 5-FuS and HCT116 5-FuS 

cells, levels of p-ERK1/2/ERK1/2 and p-ERK5/ERK5 

were found to be significantly elevated in DLD-1 5-FuR 

and HCT116 5-FuR cells, implying that activation of 

ERK1/2 was accompanied by ERK5 phosphorylation 

(Figure 6A). Since Erk1/2 and pErk1/2 antibodies can 

recognize Thr202 and Tyr204 sites of Erk1 and Thr185 

as well as Tyr187 sites of Erk2, double bands are shown 

in the Figure 6. 

 

To confirm the effects of the ERK/MAPK signaling 

pathway on drug resistance in CRC, we performed a 

series of experiments. U0126 is an ERK/MAPK 

signaling pathway inhibitor. Phosphorylation of 

ERK1/2 and ERK5 in both DLD-1 5-FuR and HCT116 

5-FuR cells were markedly inhibited by U0126 

treatment (Figure 6B). Moreover, we evaluated the role 

of TIMP-2 in activation of the ERK/MAPK signaling 

pathway in CRC cells. Recombinant TIMP-2 treatment 

significantly enhanced ERK1/2 and ERK5 

phosphorylation in both DLD-1 5-FuS and HCT116 5-

FuS cells (Figure 6C). However, addition of TIMP-2 

neutralization antibody resulted in significantly 

 

 
 

Figure 5. Knockdown of TIMP-2 overcomes 5-Fu resistance in CRC cells. (A) Changes in expression levels of TIMP-2 in DLD-1 5-FuR 

cells and HCT116 5-FuR cells after control siRNA or TIMP-2 siRNA (30 pg/ml) transfections. (B, C) Relative cell viabilities of DLD-1 5-FuR cells 
and HCT116 5-FuR cells under increasing concentrations of 5-Fu for 3 days of culture with TIMP-2 siRNA (30 pg/ml) or TIMP-2 siRNA (30 
pg/ml) and recombinant TIMP-2 (10 ng/ml) together. (D) Differences in 5-Fu concentrations for 50% inhibition of cell growth (IC50) between 
the six groups of cells in Figure 5B and 5C above. Data from triplicate wells for 3 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 
by Student’s t-test or one-way ANOVA. 
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decreased phosphorylation levels of ERK1/2 and ERK5 

in both resistant cell lines (Figure 6D). 

 

U0126 inhibits 5-Fu resistance in CRC through the 

ERK/MAPK signaling pathway 

 

We have shown that the ERK/MAPK signaling pathway 

is vital for 5-Fu resistance in CRC, therefore, we 

determined whether U0126 can inhibit the drug 

resistance process. Synergistic effects were used to 

analyze the impact of U0126 on the ERK/MAPK 

signaling pathway in CRC cell resistance. Treatment of 

CRC resistant cell lines using different concentrations 

of 5-Fu and U0126, alone or in combination, exhibited 

different effects. Therefore, we calculated the 

Combination index (CI) values, which we used to 

 

 
 

Figure 6. TIMP-2 sustains the activation of ERK/MAPK in CRC cells. (A) Immunoblotting of phosphorylated ERK1/2 and ERK5 in 

DLD-1 5-FuS cells and DLD-1 5-FuR cells, HCT116 5-FuS cells and HCT116 5-FuR cells. (B) Immunoblotting of phosphorylated ERK1/2 and 
ERK5 in DLD-1 5-FuR cells and HCT116 5-FuR cells cultured with 5 μM of U0126 for 2 days, which down-regulates ERK/MAPK signaling. (C) 
Immunoblotting of phosphorylated ERK1/2 and ERK5 in DLD-1 5-FuS cells and HCT116 5-FuS cells cultured with 10 ng/mL of recombinant 
TIMP-2 for 6 h. (D) Immunoblotting of phosphorylated ERK1/2 and ERK5 in DLD-1 5-FuR cells and HCT116 5-FuR cells cultured with control 
IgG or 5 μg/mL of TIMP-2 neutralizing antibody for 6 h. Band intensities of western blotting for p-ERK5/ ERK5 and p-ERK1/2/ERK1/2 were 
analyzed. *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t-test. 
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quantitatively determine interactions between the two 

drugs, for evaluating the combined effects of U0126 

and 5-Fu. There was a strong synergistic effect from the 

combined U0126 and 5-Fu on both DLD-1 5-FuR and 

HCT116 5-FuR cells (Figure 7A and 7B). 

 

To further determine that U0126 can reverse TIMP-2-

induced 5-Fu resistance in CRC through the 

ERK/MAPK signaling pathway, we downregulated 

ERK/MAPK in DLD-1 5-FuS and HCT116 5-FuS cells 

using U0126. Then, cells were treated with recombinant 

TIMP-2, followed by increasing the concentrations of 5-

Fu in the culture (Figure 7C and 7D). Even though the 

addition of recombinant TIMP-2 induced resistance to 

5-Fu in DLD-1 5-FuS and HCT116 5-FuS cells 

containing ERK/MAPK, TIMP-2 did not induce 5-Fu 

resistance in CRC cells with downregulated 

ERK/MAPK signaling pathway (Figure 7C and 7D). 

These findings suggest that the ERK/MAPK signaling 

pathway plays a pivotal role in TIMP-2 mediated 

resistance of colorectal cancer cells to 5-Fu. When the 

ERK/MAPK signaling pathway is blocked, TIMP-2 

induced 5-Fu resistance is significantly inhibited. The 

inhibitor of the ERK/MAPK signaling pathway, U0126, 

effectively inhibited 5-Fu resistance in colorectal cancer 

cells. This finding provides a basis for future 

development of small molecule drugs that antagonize 5-

Fu resistance in tumors. 
 

DISCUSSION 
 

In recent years, global incidences of CRC have 

gradually increased, especially among the elderly. 

Advanced CRC has been attributed to 5-Fu resistance. 

Cytokines in the para cancerous and circulating systems 

affect immune responses, occurrence, and metastasis of 

tumors as well as tumor drug resistance [15–18]. We 

found that TIMP-2 serum levels in 5-Fu resistant CRC 

patients were elevated. 

 

TIMP-2 belongs to the tissue inhibitor of 

metalloproteinase (TIMP) family. This gene family 

 

 
 

Figure 7. U0126 inhibits 5-Fu resistance in CRC through the ERK/MAPK signaling pathway. (A, B) Synergistic effects of U0126 

and 5-Fu on DLD-1 5-FuR and HCT116 5-FuR cells. Combo = 5-Fu + U0126. (C, D) Knockdown ERK/MAPK by U0126 blocks TIMP-2 induced 5-
Fu resistance in CRC cells. DLD-1 5-FuS and HCT116 5-FuS cells were cultured with 5 μM of U0126 for 24 h and then cultured with 
recombinant TIMP-2 (10 ng/ml) for 6 h, followed by increasing concentrations of 5-Fu treatment for 3 days. Combo = TIMP-2 + U0126. 
Combination index (CI) is presented below the bars. Data from triplicate wells of 3 independent experiments. (A, B) *p < 0.05, **p < 0.01 by 
Student’s t-test between group +5Fu and group Combo. (C, D) *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA or two-way ANOVA. 
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encodes natural inhibitors of matrix metalloproteinases 

(MMPs), a group of peptidases involved in degradation 

of the extracellular matrix (ECM). Moreover, encoded 

proteins have a unique role in suppressing endothelial 

cell proliferation, inhibition of protease activities in 

tissues undergoing remodeling of the extracellular 

matrix, and possessing erythroid-potentiating activities 

[63–66]. High expression levels of TIMP-2 in breast 

cancer are associated with poor prognosis [67], whereas 

low expressions of TIMP-2 in lung cancer are correlated 

with poor prognosis [68]. In addition, high expression 

levels of TIMP-2 in tumor tissues and serum of liver 

cancer patients were associated with decreased 

metastases [69]. However, the roles of TIMP-2 in CRC 

prognosis and CRC drug resistance have not been 

elucidated. 

 

We found that CRC patients with elevated TIMP-2 

levels exhibited poor overall survival (OS), disease-free 

survival (DFS) and disease outcomes. These findings 

were a confirmation of preliminary clinical and 5-Fu-

resistant PDX model results that showed a high 

expression of TIMP-2 in drug-resistant CRC. Therefore, 

TIMP-2 is a potential marker for 5-Fu drug resistance in 

CRC patients. Since elevated TIMP-2 levels inform the 

prognosis of 5-Fu-resistant CRC patients, it is important 

to evaluate TIMP-2 levels in blood during 

chemotherapy to assess 5-Fu resistance as early as 

possible. Elevated TIMP-2 expression levels are 

accompanied by changes in patient's 5-Fu resistance 

status. Consequently, doctors can act appropriately to 

prevent tumor progression. However, studies should 

elucidate on the relationship between TIMP-2 

expression levels and clinical patient characteristics to 

ascertain these findings. 

 

Our cellular experiments confirmed the ability of 

TIMP-2 to cause resistance in CRC cells. Li et al. 

reported a new autocrine cytokine expression following 

drug resistance in leukemia [70]. Therefore, we aimed 

at determining whether TIMP-2 induces 5-Fu resistance 

through this mechanism. 5-Fu sensitive cells co-

cultured with 5-Fu resistant cells with a survival 

advantage were used to determine the cytokines 

endowing CRC with 5-Fu resistance. Effects of 

recombinant TIMP-2 treatment on CRC cells revealed 

that secreted TIMP-2 acts as an autocrine factor to 

induce 5-Fu resistance. Inhibition of TIMP-2 by 

neutralization antibodies or siRNA reversed drug 

resistance in 5-Fu resistant cells. Therefore, up-

regulation, down-regulation and rescue experiments 

proved that an autocrine mechanism is involved in 

TIMP-2 induced colorectal cancer cell resistance to 5-

Fu. These findings elucidate on the role of anti-TIMP-2 

antibody in preventing CRC patients from acquiring 

resistance to 5-Fu drugs during treatment. Moreover, 

serum TIMP-2 levels in CRC patients are potential 

biomarkers for evaluating potential resistance of 

patients to 5-Fu treatment. 

 

A small-molecule inhibitor (U0126) has been shown to 

target key proteins in the ERK/MAPK signaling 

pathway [44, 45]. We found that TIMP-2 mediates 5-Fu 

resistance through the ERK/MAPK signaling pathway 

in CRC cells. Targeting the ERK/MAPK signaling 

pathway can re-sensitize 5-Fu resistant CRC cells to 5-

Fu. From our results, we infer that U0126 can 

efficiently switch 5-Fu-resistant CRC cells to 5-Fu 

sensitive CRC cells due to its ability to inhibit the 

ERK/MAPK signaling pathway and to block the TIMP-

2 autocrine mechanism involved in 5-Fu resistance. 

 

Therefore, combined use of an agent targeting TIMP-2 

and 5-Fu has the potential for preventing or treating 

CRC resistance to 5-Fu in CRC patients. Alternatively, 

small molecule inhibitors that target the ERK/MAPK 

signaling pathway, such as U0126, can effectively cut 

off the pathway, thereby increasing sensitivity of 

colorectal tumors to 5-Fu. However, studies involving 

animal experiments and clinical trials should be 

performed to ascertain these findings. 

 

CONCLUSIONS 
 

TIMP-2 is overexpressed in CRC patients, which 

promotes drug resistance to 5-Fu through the 

EPK/MAPK signaling pathway. This elevation is 

indicative of poor disease prognosis. CRC resistance to 

5-Fu can be regulated by inhibition of TIMP-2 or 

ERK/MAPK signaling pathway. Finally, combined 

administration of TIMP-2 or ERK/MAPK signaling 

pathway inhibitors and 5-Fu is a promising 

chemotherapeutic option for the treatment of first time 

CRC patients as well as relapsed CRC patients 

previously treated using 5-Fu-based chemotherapy. 

 

AUTHOR CONTRIBUTIONS 
 

Study design: Zhou W, Song Z, Huang X; Experimental 

operation: Zhang G, Luo X, Zhang W; Data analysis: 

Xu J, Chen E; Data collection: Meng Q, Wang D. 

 

CONFLICTS OF INTEREST 
 

The authors declare no conflicts of interest related to 

this study. 
 

FUNDING 
 

This study was financially supported by the National 

Natural Science Foundation of China (No.81771502, 

81701820, 81402580), the Natural Science Foundation 



 

www.aging-us.com 311 AGING 

of Zhejiang Province (No. LH19H160001, 

LY20H180014) and the Department of Health of 

Zhejiang Province (No. 2018KY473 and 2018PY025). 

 

REFERENCES 
 
1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, 

Jemal A. Global cancer statistics 2018: GLOBOCAN 
estimates of incidence and mortality worldwide for 
36 cancers in 185 countries. CA Cancer J Clin. 2018; 
68:394–424. 
https://doi.org/10.3322/caac.21492 
PMID:30207593 

2. Center MM, Jemal A, Smith RA, Ward E. Worldwide 
variations in colorectal cancer. CA Cancer J Clin. 2009; 
59:366–78. 
https://doi.org/10.3322/caac.20038 
PMID:19897840 

3. Du C, Huang D, Peng Y, Yao Y, Zhao Y, Yang Y, Wang 
H, Cao L, Zhu WG, Gu J. 5-Fluorouracil targets histone 
acetyltransferases p300/CBP in the treatment of 
colorectal cancer. Cancer Lett. 2017; 400:183–93. 
https://doi.org/10.1016/j.canlet.2017.04.033 
PMID:28465257 

4. Lawrence W Jr, Terz JJ, Horsley S 3rd, Donaldson M, 
Lovett WL, Brown PW, Ruffner BW, Regelson W. 
Chemotherapy as an adjuvant to surgery for 
colorectal cancer. Ann Surg. 1975; 181:616–23. 
https://doi.org/10.1097/00000658-197505000-00016 
PMID:1130879 

5. Saltz LB, Cox JV, Blanke C, Rosen LS, Fehrenbacher L, 
Moore MJ, Maroun JA, Ackland SP, Locker PK, Pirotta 
N, Elfring GL, Miller LL, and Irinotecan Study Group. 
Irinotecan plus fluorouracil and leucovorin for 
metastatic colorectal cancer. N Engl J Med. 2000; 
343:905–14. 
https://doi.org/10.1056/NEJM200009283431302 
PMID:11006366 

6. Panczyk M. Pharmacogenetics research on 
chemotherapy resistance in colorectal cancer over the 
last 20 years. World J Gastroenterol. 2014; 20:9775–827. 
https://doi.org/10.3748/wjg.v20.i29.9775 
PMID:25110414 

7. Wu Q, Yang Z, Nie Y, Shi Y, Fan D. Multi-drug 
resistance in cancer chemotherapeutics: mechanisms 
and lab approaches. Cancer Lett. 2014; 347:159–66. 
https://doi.org/10.1016/j.canlet.2014.03.013 
PMID:24657660 

8. Iyer AK, Singh A, Ganta S, Amiji MM. Role of 
integrated cancer nanomedicine in overcoming drug 
resistance. Adv Drug Deliv Rev. 2013; 65:1784–802. 
https://doi.org/10.1016/j.addr.2013.07.012 
PMID:23880506 

 9. Marjaneh RM, Khazaei M, Ferns GA, Avan A, Aghaee-
Bakhtiari SH. The role of microRNAs in 5-FU 
resistance of colorectal cancer: Possible mechanisms. 
J Cell Physiol. 2019; 234:2306–16. 
https://doi.org/10.1002/jcp.27221 
PMID:30191973 

10. Akhdar H, Loyer P, Rauch C, Corlu A, Guillouzo A, 
Morel F. Involvement of Nrf2 activation in resistance 
to 5-fluorouracil in human colon cancer HT-29 cells. 
Eur J Cancer. 2009; 45:2219–27. 
https://doi.org/10.1016/j.ejca.2009.05.017 
PMID:19524433 

11. Zhang N, Yin Y, Xu SJ, Chen WS. 5-Fluorouracil: 
mechanisms of resistance and reversal strategies. 
Molecules. 2008; 13:1551–69. 
https://doi.org/10.3390/molecules13081551 
PMID:18794772 

12. Xie T, Huang M, Wang Y, Wang L, Chen C, Chu X. 
MicroRNAs as Regulators, Biomarkers and Therapeutic 
Targets in the Drug Resistance of Colorectal Cancer. 
Cell Physiol Biochem. 2016; 40:62–76. 
https://doi.org/10.1159/000452525 
PMID:27842308 

13. Shen Y, Tong M, Liang Q, Guo Y, Sun HQ, Zheng W, Ao 
L, Guo Z, She F. Epigenomics alternations and 
dynamic transcriptional changes in responses to 5-
fluorouracil stimulation reveal mechanisms of 
acquired drug resistance of colorectal cancer cells. 
Pharmacogenomics J. 2018; 18:23–8. 
https://doi.org/10.1038/tpj.2016.91 
PMID:28045128 

14. Lee JH, Yun CW, Lee SH. Cellular Prion Protein 
Enhances Drug Resistance of Colorectal Cancer Cells 
via Regulation of a Survival Signal Pathway. Biomol 
Ther (Seoul). 2018; 26:313–21. 
https://doi.org/10.4062/biomolther.2017.033 
PMID:28822989 

15. Butera G, Pacchiana R, Donadelli M. Autocrine 
mechanisms of cancer chemoresistance. Semin Cell 
Dev Biol. 2018; 78:3–12. 
https://doi.org/10.1016/j.semcdb.2017.07.019 
PMID:28751251 

16. Chow MT, Luster AD. Chemokines in cancer. Cancer 
Immunol Res. 2014; 2:1125–31. 
https://doi.org/10.1158/2326-6066.CIR-14-0160 
PMID:25480554 

17. Miller MA, Sullivan RJ, Lauffenburger DA. Molecular 
Pathways: Receptor Ectodomain Shedding in 
Treatment, Resistance, and Monitoring of Cancer. 
Clin Cancer Res. 2017; 23:623–9. 
https://doi.org/10.1158/1078-0432.CCR-16-0869 
PMID:27895032 

https://doi.org/10.3322/caac.21492
https://pubmed.ncbi.nlm.nih.gov/30207593
https://doi.org/10.3322/caac.20038
https://pubmed.ncbi.nlm.nih.gov/19897840
https://doi.org/10.1016/j.canlet.2017.04.033
https://pubmed.ncbi.nlm.nih.gov/28465257
https://doi.org/10.1097/00000658-197505000-00016
https://pubmed.ncbi.nlm.nih.gov/1130879
https://doi.org/10.1056/NEJM200009283431302
https://pubmed.ncbi.nlm.nih.gov/11006366
https://doi.org/10.3748/wjg.v20.i29.9775
https://pubmed.ncbi.nlm.nih.gov/25110414
https://doi.org/10.1016/j.canlet.2014.03.013
https://pubmed.ncbi.nlm.nih.gov/24657660
https://doi.org/10.1016/j.addr.2013.07.012
https://pubmed.ncbi.nlm.nih.gov/23880506
https://doi.org/10.1002/jcp.27221
https://pubmed.ncbi.nlm.nih.gov/30191973
https://doi.org/10.1016/j.ejca.2009.05.017
https://pubmed.ncbi.nlm.nih.gov/19524433
https://doi.org/10.3390/molecules13081551
https://pubmed.ncbi.nlm.nih.gov/18794772
https://doi.org/10.1159/000452525
https://pubmed.ncbi.nlm.nih.gov/27842308
https://doi.org/10.1038/tpj.2016.91
https://pubmed.ncbi.nlm.nih.gov/28045128
https://doi.org/10.4062/biomolther.2017.033
https://pubmed.ncbi.nlm.nih.gov/28822989
https://doi.org/10.1016/j.semcdb.2017.07.019
https://pubmed.ncbi.nlm.nih.gov/28751251
https://doi.org/10.1158/2326-6066.CIR-14-0160
https://pubmed.ncbi.nlm.nih.gov/25480554
https://doi.org/10.1158/1078-0432.CCR-16-0869
https://pubmed.ncbi.nlm.nih.gov/27895032


 

www.aging-us.com 312 AGING 

18. Zhou W, Sun W, Yung MMH, Dai S, Cai Y, Chen CW, 
Meng Y, Lee JB, Braisted JC, Xu Y, Southall NT, Shinn 
P, Huang X, et al. Autocrine activation of JAK2 by IL-11 
promotes platinum drug resistance. Oncogene. 2018; 
37:3981–97. 
https://doi.org/10.1038/s41388-018-0238-8 
PMID:29662190 

19. Jones VS, Huang RY, Chen LP, Chen ZS, Fu L, Huang 
RP. Cytokines in cancer drug resistance: Cues to new 
therapeutic strategies. Biochim Biophys Acta. 2016; 
1865:255–65. 
https://doi.org/10.1016/j.bbcan.2016.03.005 
PMID:26993403 

20. Zahreddine H, Borden KL. Mechanisms and insights 
into drug resistance in cancer. Front Pharmacol. 
2013; 4:28. 
https://doi.org/10.3389/fphar.2013.00028 
PMID:23504227 

21. Brooks KM, George JM, Pau AK, Rupert A, Mehaffy C, 
De P, Dobos KM, Kellogg A, McLaughlin M, McManus 
M, Alfaro RM, Hadigan C, Kovacs JA, Kumar P. 
Cytokine-Mediated Systemic Adverse Drug Reactions 
in a Drug-Drug Interaction Study of Dolutegravir With 
Once-Weekly Isoniazid and Rifapentine. Clin Infect 
Dis. 2018; 67:193–201. 
https://doi.org/10.1093/cid/ciy082 
PMID:29415190 

22. Wagenaar-Miller RA, Gorden L, Matrisian LM. Matrix 
metalloproteinases in colorectal cancer: is it worth 
talking about? Cancer Metastasis Rev. 2004; 23:119–35. 
https://doi.org/10.1023/a:1025819214508 
PMID:15000153 

23. Kabashima A, Maehara Y, Kakeji Y, Baba H, Koga T, 
Sugimachi K. Clinicopathological features and 
overexpression of matrix metalloproteinases in 
intramucosal gastric carcinoma with lymph node 
metastasis. Clin Cancer Res. 2000; 6:3581–4. 
PMID:10999748 

24. Nabeshima K, Inoue T, Shimao Y, Sameshima T. 
Matrix metalloproteinases in tumor invasion: role for 
cell migration. Pathol Int. 2002; 52:255–64. 
https://doi.org/10.1046/j.1440-1827.2002.01343.x 
PMID:12031080 

25. Schwartz GK. Invasion and metastases in gastric 
cancer: in vitro and in vivo models with clinical 
correlations. Semin Oncol. 1996; 23:316–24. 
PMID:8658215 

26. Kähäri VM, Saarialho-Kere U. Matrix 
metalloproteinases and their inhibitors in tumour 
growth and invasion. Ann Med. 1999; 31:34–45. 
https://doi.org/10.3109/07853899909019260 
PMID:10219712 

27. Kandasamy AD, Chow AK, Ali MA, Schulz R. Matrix 
metalloproteinase-2 and myocardial oxidative stress 
injury: beyond the matrix. Cardiovasc Res. 2010; 
85:413–23. 
https://doi.org/10.1093/cvr/cvp268 
PMID:19656780 

28. Stetler-Stevenson WG. Tissue inhibitors of 
metalloproteinases in cell signaling: 
metalloproteinase-independent biological activities. 
Sci Signal. 2008; 1:re6. 
https://doi.org/10.1126/scisignal.127re6 
PMID:18612141 

29. Saghatelian A, Jessani N, Joseph A, Humphrey M, 
Cravatt BF. Activity-based probes for the proteomic 
profiling of metalloproteases. Proc Natl Acad Sci U S 
A. 2004; 101:10000–5. 
https://doi.org/10.1073/pnas.0402784101 
PMID:15220480 

30. Jezierska A, Motyl T. Matrix metalloproteinase-2 
involvement in breast cancer progression: a mini-
review. Med Sci Monit. 2009; 15:RA32–40. 
PMID:19182722 

31. Butler GS, Butler MJ, Atkinson SJ, Will H, Tamura T, 
Schade van Westrum S, Crabbe T, Clements J, d'Ortho 
MP, Murphy G. The TIMP2 membrane type 1 
metalloproteinase "receptor" regulates the 
concentration and efficient activation of 
progelatinase A. A kinetic study. J Biol Chem. 1998; 
273:871–80. 
https://doi.org/10.1074/jbc.273.2.871 
PMID:9422744 

32. Bjørnland K, Lehne G, Johansen HT, Fodstad O, 
Rugstad HE, Aasen AO, Ree AH. Human hepatoma 
cells rich in P-glycoprotein display enhanced in vitro 
invasive properties compared to P-glycoprotein-poor 
hepatoma cells. Oncol Res. 1998; 10:255–62. 
PMID:9802060 

33. Tavakoli F, Jahanban-Esfahlan R, Seidi K, Jabbari M, 
Behzadi R, Pilehvar-Soltanahmadi Y, Zarghami N. 
Effects of nano-encapsulated curcumin-chrysin on 
telomerase, MMPs and TIMPs gene expression in 
mouse B16F10 melanoma tumour model. Artif Cells 
Nanomed Biotechnol. 2018; 46:75–86. 
https://doi.org/10.1080/21691401.2018.1452021 
PMID:29607740 

34. Waleh NS, Murphy BJ, Zaveri NT. Increase in tissue 
inhibitor of metalloproteinase-2 (TIMP-2) levels and 
inhibition of MMP-2 activity in a metastatic breast 
cancer cell line by an anti-invasive small molecule 
SR13179. Cancer Lett. 2010; 289:111–8. 
https://doi.org/10.1016/j.canlet.2009.08.006 
PMID:19751965 

https://doi.org/10.1038/s41388-018-0238-8
https://pubmed.ncbi.nlm.nih.gov/29662190
https://doi.org/10.1016/j.bbcan.2016.03.005
https://pubmed.ncbi.nlm.nih.gov/26993403
https://doi.org/10.3389/fphar.2013.00028
https://pubmed.ncbi.nlm.nih.gov/23504227
https://doi.org/10.1093/cid/ciy082
https://pubmed.ncbi.nlm.nih.gov/29415190
https://doi.org/10.1023/a:1025819214508
https://pubmed.ncbi.nlm.nih.gov/15000153
https://pubmed.ncbi.nlm.nih.gov/10999748
https://doi.org/10.1046/j.1440-1827.2002.01343.x
https://pubmed.ncbi.nlm.nih.gov/12031080
https://pubmed.ncbi.nlm.nih.gov/8658215
https://doi.org/10.3109/07853899909019260
https://pubmed.ncbi.nlm.nih.gov/10219712
https://doi.org/10.1093/cvr/cvp268
https://pubmed.ncbi.nlm.nih.gov/19656780
https://doi.org/10.1126/scisignal.127re6
https://pubmed.ncbi.nlm.nih.gov/18612141
https://doi.org/10.1073/pnas.0402784101
https://pubmed.ncbi.nlm.nih.gov/15220480
https://pubmed.ncbi.nlm.nih.gov/19182722
https://doi.org/10.1074/jbc.273.2.871
https://pubmed.ncbi.nlm.nih.gov/9422744
https://pubmed.ncbi.nlm.nih.gov/9802060
https://doi.org/10.1080/21691401.2018.1452021
https://pubmed.ncbi.nlm.nih.gov/29607740
https://doi.org/10.1016/j.canlet.2009.08.006
https://pubmed.ncbi.nlm.nih.gov/19751965


 

www.aging-us.com 313 AGING 

35. Avruch J. MAP kinase pathways: the first twenty 
years. Biochim Biophys Acta. 2007; 1773:1150–60. 
https://doi.org/10.1016/j.bbamcr.2006.11.006 
PMID:17229475 

36. Gentner B, Wein A, Croner RS, Zeittraeger I, Wirtz 
RM, Roedel F, Dimmler A, Dorlaque L, Hohenberger 
W, Hahn EG, Brueckl WM. Differences in the gene 
expression profile of matrix metalloproteinases 
(MMPs) and their inhibitors (TIMPs) in primary 
colorectal tumors and their synchronous liver 
metastases. Anticancer Res. 2009; 29:67–74. 
PMID:19331134 

37. Groblewska M, Mroczko B, Gryko M, Pryczynicz A, 
Guzińska-Ustymowicz K, Kędra B, Kemona A, 
Szmitkowski M. Serum levels and tissue expression of 
matrix metalloproteinase 2 (MMP-2) and tissue 
inhibitor of metalloproteinases 2 (TIMP-2) in 
colorectal cancer patients. Tumour Biol. 2014; 
35:3793–802. 
https://doi.org/10.1007/s13277-013-1502-8 
PMID:24395652 

38. Park KS, Kim SJ, Kim KH, Kim JC. Clinical 
characteristics of TIMP2, MMP2, and MMP9 gene 
polymorphisms in colorectal cancer. J Gastroenterol 
Hepatol. 2011; 26:391–7. 
https://doi.org/10.1111/j.1440-1746.2010.06504.x 
PMID:21261731 

39. Wagner EF, Nebreda AR. Signal integration by JNK 
and p38 MAPK pathways in cancer development. Nat 
Rev Cancer. 2009; 9:537–49. 
https://doi.org/10.1038/nrc2694 
PMID:19629069 

40. Chang L, Karin M. Mammalian MAP kinase signalling 
cascades. Nature. 2001; 410:37–40. 
https://doi.org/10.1038/35065000 
PMID:11242034 

41. Soleimani A, Rahmani F, Saeedi N, Ghaffarian R, 
Khazaei M, Ferns GA, Avan A, Hassanian SM. The 
potential role of regulatory microRNAs of 
RAS/MAPK signaling pathway in the pathogenesis 
of colorectal cancer. J Cell Biochem. 2019; 
120:19245–53. 
https://doi.org/10.1002/jcb.29268 
PMID:31512778 

42. Yong HY, Koh MS, Moon A. The p38 MAPK 
inhibitors for the treatment of inflammatory 
diseases and cancer. Expert Opin Investig Drugs. 
2009; 18:1893–905. 
https://doi.org/10.1517/13543780903321490 
PMID:19852565 

43. Morrison DK, Davis RJ. Regulation of MAP kinase 
signaling modules by scaffold proteins in mammals. 
Annu Rev Cell Dev Biol. 2003; 19:91–118. 

https://doi.org/10.1146/annurev.cellbio.19.111401.0
91942 
PMID:14570565 

44. Cavanaugh JE, Ham J, Hetman M, Poser S, Yan C, Xia 
Z. Differential regulation of mitogen-activated protein 
kinases ERK1/2 and ERK5 by neurotrophins, neuronal 
activity, and cAMP in neurons. J Neurosci. 2001; 
21:434–43. 
https://doi.org/10.1523/JNEUROSCI.21-02-
00434.2001 
PMID:11160424 

45. Nishimoto S, Nishida E. MAPK signalling: ERK5 versus 
ERK1/2. EMBO Rep. 2006; 7:782–6. 
https://doi.org/10.1038/sj.embor.7400755 
PMID:16880823 

46. Sarközi R, Miller B, Pollack V, Feifel E, Mayer G, 
Sorokin A, Schramek H. ERK1/2-driven and MKP-
mediated inhibition of EGF-induced ERK5 signaling in 
human proximal tubular cells. J Cell Physiol. 2007; 
211:88–100. 
https://doi.org/10.1002/jcp.20909 
PMID:17131384 

47. Vaseva AV, Blake DR, Gilbert TSK, Ng S, Hostetter G, 
Azam SH, Ozkan-Dagliyan I, Gautam P, Bryant KL, 
Pearce KH, Herring LE, Han H, Graves LM, et al. KRAS 
Suppression-Induced Degradation of MYC Is 
Antagonized by a MEK5-ERK5 Compensatory 
Mechanism. Cancer Cell. 2018; 34:807–22.e7. 
https://doi.org/10.1016/j.ccell.2018.10.001 
PMID:30423298 

48. Peng L, Xing X, Li W, Qu L, Meng L, Lian S, Jiang B, Wu 
J, Shou C. PRL-3 promotes the motility, invasion, and 
metastasis of LoVo colon cancer cells through PRL-3-
integrin beta1-ERK1/2 and-MMP2 signaling. Mol 
Cancer. 2009; 8:110. 
https://doi.org/10.1186/1476-4598-8-110 
PMID:19930715 

49. Brummer C, Faerber S, Bruss C, Blank C, Lacroix R, 
Haferkamp S, Herr W, Kreutz M, Renner K. Metabolic 
targeting synergizes with MAPK inhibition and delays 
drug resistance in melanoma. Cancer Lett. 2019; 
442:453–63. 
https://doi.org/10.1016/j.canlet.2018.11.018 
PMID:30481565 

50. Echevarría-Vargas IM, Reyes-Uribe PI, Guterres AN, 
Yin X, Kossenkov AV, Liu Q, Zhang G, Krepler C, 
Cheng C, Wei Z, Somasundaram R, Karakousis G, Xu 
W, et al. Co-targeting BET and MEK as salvage 
therapy for MAPK and checkpoint inhibitor-
resistant melanoma. EMBO Mol Med. 2018; 
10:e8446. 
https://doi.org/10.15252/emmm.201708446 
PMID:29650805 

https://doi.org/10.1016/j.bbamcr.2006.11.006
https://pubmed.ncbi.nlm.nih.gov/17229475
https://pubmed.ncbi.nlm.nih.gov/19331134
https://doi.org/10.1007/s13277-013-1502-8
https://pubmed.ncbi.nlm.nih.gov/24395652
https://doi.org/10.1111/j.1440-1746.2010.06504.x
https://pubmed.ncbi.nlm.nih.gov/21261731
https://doi.org/10.1038/nrc2694
https://pubmed.ncbi.nlm.nih.gov/19629069
https://doi.org/10.1038/35065000
https://pubmed.ncbi.nlm.nih.gov/11242034
https://doi.org/10.1002/jcb.29268
https://pubmed.ncbi.nlm.nih.gov/31512778
https://doi.org/10.1517/13543780903321490
https://pubmed.ncbi.nlm.nih.gov/19852565
https://doi.org/10.1146/annurev.cellbio.19.111401.091942
https://doi.org/10.1146/annurev.cellbio.19.111401.091942
https://pubmed.ncbi.nlm.nih.gov/14570565
https://doi.org/10.1523/JNEUROSCI.21-02-00434.2001
https://doi.org/10.1523/JNEUROSCI.21-02-00434.2001
https://pubmed.ncbi.nlm.nih.gov/11160424
https://doi.org/10.1038/sj.embor.7400755
https://pubmed.ncbi.nlm.nih.gov/16880823
https://doi.org/10.1002/jcp.20909
https://pubmed.ncbi.nlm.nih.gov/17131384
https://doi.org/10.1016/j.ccell.2018.10.001
https://pubmed.ncbi.nlm.nih.gov/30423298
https://doi.org/10.1186/1476-4598-8-110
https://pubmed.ncbi.nlm.nih.gov/19930715
https://doi.org/10.1016/j.canlet.2018.11.018
https://pubmed.ncbi.nlm.nih.gov/30481565
https://doi.org/10.15252/emmm.201708446
https://pubmed.ncbi.nlm.nih.gov/29650805


 

www.aging-us.com 314 AGING 

51. Lu H, Liu S, Zhang G, Wu B, Zhu Y, Frederick DT, Hu Y, 
Zhong W, Randell S, Sadek N, Zhang W, Chen G, 
Cheng C, et al. PAK signalling drives acquired drug 
resistance to MAPK inhibitors in BRAF-mutant 
melanomas. Nature. 2017; 550:133–6. 
https://doi.org/10.1038/nature24040 
PMID:28953887 

52. Murakami Y, Kazuno H, Emura T, Tsujimoto H, Suzuki 
N, Fukushima M. Different mechanisms of acquired 
resistance to fluorinated pyrimidines in human 
colorectal cancer cells. Int J Oncol. 2000; 17:277–83. 
https://doi.org/10.3892/ijo.17.2.277 
PMID:10891536 

53. Singh A, Settleman J. EMT, cancer stem cells and drug 
resistance: an emerging axis of evil in the war on 
cancer. Oncogene. 2010; 29:4741–51. 
https://doi.org/10.1038/onc.2010.215 
PMID:20531305 

54. Gao H, Korn JM, Ferretti S, Monahan JE, Wang Y, 
Singh M, Zhang C, Schnell C, Yang G, Zhang Y, Balbin 
OA, Barbe S, Cai H, et al. High-throughput screening 
using patient-derived tumor xenografts to predict 
clinical trial drug response. Nat Med. 2015; 
21:1318–25. 
https://doi.org/10.1038/nm.3954 
PMID:26479923 

55. Hidalgo M, Amant F, Biankin AV, Budinská E, Byrne 
AT, Caldas C, Clarke RB, de Jong S, Jonkers J, 
Mælandsmo GM, Roman-Roman S, Seoane J, 
Trusolino L, Villanueva A. Patient-derived xenograft 
models: an emerging platform for translational 
cancer research. Cancer Discov. 2014; 4:998–1013. 
https://doi.org/10.1158/2159-8290.CD-14-0001 
PMID:25185190 

56. Li S, Shen D, Shao J, Crowder R, Liu W, Prat A, He X, 
Liu S, Hoog J, Lu C, Ding L, Griffith OL, Miller C, et al. 
Endocrine-therapy-resistant ESR1 variants revealed 
by genomic characterization of breast-cancer-derived 
xenografts. Cell Rep. 2013; 4:1116–30. 
https://doi.org/10.1016/j.celrep.2013.08.022 
PMID:24055055 

57. Siolas D, Hannon GJ. Patient-derived tumor 
xenografts: transforming clinical samples into mouse 
models. Cancer Res. 2013; 73:5315–9. 
https://doi.org/10.1158/0008-5472.CAN-13-1069 
PMID:23733750 

58. Munshi HG, Wu YI, Mukhopadhyay S, Ottaviano AJ, 
Sassano A, Koblinski JE, Platanias LC, Stack MS. 
Differential regulation of membrane type 1-matrix 
metalloproteinase activity by ERK 1/2- and p38 
MAPK-modulated tissue inhibitor of 
metalloproteinases 2 expression controls 
transforming growth factor-beta1-induced 

pericellular collagenolysis. J Biol Chem. 2004; 
279:39042–50. 
https://doi.org/10.1074/jbc.M404958200 
PMID:15247230 

59. Adya R, Tan BK, Punn A, Chen J, Randeva HS. 
Visfatin induces human endothelial VEGF and 
MMP-2/9 production via MAPK and PI3K/Akt 
signalling pathways: novel insights into visfatin-
induced angiogenesis. Cardiovasc Res. 2008; 
78:356–65. 
https://doi.org/10.1093/cvr/cvm111 
PMID:18093986 

60. Duan S, Tsai Y, Keng P, Chen Y, Lee SO, Chen Y. IL-6 
signaling contributes to cisplatin resistance in non-
small cell lung cancer via the up-regulation of anti-
apoptotic and DNA repair associated molecules. 
Oncotarget. 2015; 6:27651–60. 
https://doi.org/10.18632/oncotarget.4753 
PMID:26313152 

61. Navarro P, Bueno MJ, Zagorac I, Mondejar T, Sanchez 
J, Mourón S, Muñoz J, Gómez-López G, Jimenez-
Renard V, Mulero F, Chandel NS, Quintela-Fandino M. 
Targeting Tumor Mitochondrial Metabolism 
Overcomes Resistance to Antiangiogenics. Cell Rep. 
2016; 15:2705–18. 
https://doi.org/10.1016/j.celrep.2016.05.052 
PMID:27292634 

62. Wang T, Xiao M, Ge Y, Krepler C, Belser E, Lopez-Coral 
A, Xu X, Zhang G, Azuma R, Liu Q, Liu R, Li L, 
Amaravadi RK, et al. BRAF Inhibition Stimulates 
Melanoma-Associated Macrophages to Drive Tumor 
Growth. Clin Cancer Res. 2015; 21:1652–64. 
https://doi.org/10.1158/1078-0432.CCR-14-1554 
PMID:25617424 

63. Chirco R, Liu XW, Jung KK, Kim HR. Novel functions of 
TIMPs in cell signaling. Cancer Metastasis Rev. 2006; 
25:99–113. 
https://doi.org/10.1007/s10555-006-7893-x 
PMID:16680576 

64. Goldberg GI, Marmer BL, Grant GA, Eisen AZ, Wilhelm 
S, He CS. Human 72-kilodalton type IV collagenase 
forms a complex with a tissue inhibitor of 
metalloproteases designated TIMP-2. Proc Natl Acad 
Sci U S A. 1989; 86:8207–11. 
https://doi.org/10.1073/pnas.86.21.8207 
PMID:2554304 

65. Stetler-Stevenson WG, Bersch N, Golde DW. Tissue 
inhibitor of metalloproteinase-2 (TIMP-2) has 
erythroid-potentiating activity. FEBS Lett. 1992; 
296:231–4. 
https://doi.org/10.1016/0014-5793(92)80386-u 
PMID:1370805 

https://doi.org/10.1038/nature24040
https://pubmed.ncbi.nlm.nih.gov/28953887
https://doi.org/10.3892/ijo.17.2.277
https://pubmed.ncbi.nlm.nih.gov/10891536
https://doi.org/10.1038/onc.2010.215
https://pubmed.ncbi.nlm.nih.gov/20531305
https://doi.org/10.1038/nm.3954
https://pubmed.ncbi.nlm.nih.gov/26479923
https://doi.org/10.1158/2159-8290.CD-14-0001
https://pubmed.ncbi.nlm.nih.gov/25185190
https://doi.org/10.1016/j.celrep.2013.08.022
https://pubmed.ncbi.nlm.nih.gov/24055055
https://doi.org/10.1158/0008-5472.CAN-13-1069
https://pubmed.ncbi.nlm.nih.gov/23733750
https://doi.org/10.1074/jbc.M404958200
https://pubmed.ncbi.nlm.nih.gov/15247230
https://doi.org/10.1093/cvr/cvm111
https://pubmed.ncbi.nlm.nih.gov/18093986
https://doi.org/10.18632/oncotarget.4753
https://pubmed.ncbi.nlm.nih.gov/26313152
https://doi.org/10.1016/j.celrep.2016.05.052
https://pubmed.ncbi.nlm.nih.gov/27292634
https://doi.org/10.1158/1078-0432.CCR-14-1554
https://pubmed.ncbi.nlm.nih.gov/25617424
https://doi.org/10.1007/s10555-006-7893-x
https://pubmed.ncbi.nlm.nih.gov/16680576
https://doi.org/10.1073/pnas.86.21.8207
https://pubmed.ncbi.nlm.nih.gov/2554304
https://doi.org/10.1016/0014-5793(92)80386-u
https://pubmed.ncbi.nlm.nih.gov/1370805


 

www.aging-us.com 315 AGING 

66. Stetler-Stevenson WG, Brown PD, Onisto M, Levy 
AT, Liotta LA. Tissue inhibitor of metalloproteinases-2 
(TIMP-2) mRNA expression in tumor cell lines and 
human tumor tissues. J Biol Chem. 1990; 
265:13933–8. 
https://doi.org/10.1016/S0021-9258(18)77438-3 
PMID:2380196 

67. Visscher DW, Höyhtyä M, Ottosen SK, Liang CM, 
Sarkar FH, Crissman JD, Fridman R. Enhanced 
expression of tissue inhibitor of metalloproteinase-2 
(TIMP-2) in the stroma of breast carcinomas 
correlates with tumor recurrence. Int J Cancer. 1994; 
59:339–44. 
https://doi.org/10.1002/ijc.2910590308 
PMID:7927938 

68. Gouyer V, Conti M, Devos P, Zerimech F, Copin MC, 
Créme E, Wurtz A, Porte H, Huet G. Tissue inhibitor of 
metalloproteinase 1 is an independent predictor of 
prognosis in patients with nonsmall cell lung 
carcinoma who undergo resection with curative 
intent. Cancer. 2005; 103:1676–84. 
https://doi.org/10.1002/cncr.20965 
PMID:15754326 

69. Giannelli G, Bergamini C, Marinosci F, Fransvea E, 
Quaranta M, Lupo L, Schiraldi O, Antonaci S. Clinical 
role of MMP-2/TIMP-2 imbalance in hepatocellular 
carcinoma. Int J Cancer. 2002; 97:425–31. 
https://doi.org/10.1002/ijc.1635 
PMID:11802202 

70. Li S, Ferguson MJ, Hawkins CJ, Smith C, Elwood NJ. 
Human telomerase reverse transcriptase protects 
hematopoietic progenitor TF-1 cells from death and 
quiescence induced by cytokine withdrawal. 
Leukemia. 2006; 20:1270–8. 
https://doi.org/10.1038/sj.leu.2404251 
PMID:16673017 

 

 

https://doi.org/10.1016/S0021-9258(18)77438-3
https://pubmed.ncbi.nlm.nih.gov/2380196
https://doi.org/10.1002/ijc.2910590308
https://pubmed.ncbi.nlm.nih.gov/7927938
https://doi.org/10.1002/cncr.20965
https://pubmed.ncbi.nlm.nih.gov/15754326
https://doi.org/10.1002/ijc.1635
https://pubmed.ncbi.nlm.nih.gov/11802202
https://doi.org/10.1038/sj.leu.2404251
https://pubmed.ncbi.nlm.nih.gov/16673017


www.aging-us.com 1200 AGING 

www.aging-us.com AGING 2022, Vol. 14, No. 3 

Research Paper 

Binding of the angiogenic/senescence inducer CCN1/CYR61 to integrin 
α6β1 drives endocrine resistance in breast cancer cells 
 

Ingrid Espinoza1,*,8,9, Lin Yang1,*, Travis Vander Steen1, Luciano Vellon2, Elisabet Cuyàs3,4,  
Sara Verdura3,4, Lester Lau5, Javier A. Menendez3,4, Ruth Lupu1,6,7 
 
1Department of Laboratory Medicine and Pathology, Division of Experimental Pathology, Mayo Clinic, Rochester, 
55905 MN, USA 
2Stem Cells Laboratory, Institute of Biology and Experimental Medicine (IBYME-CONICET), Buenos Aires 
C1428ADN, Argentina 
3Program Against Cancer Therapeutic Resistance (ProCURE), Metabolism and Cancer Group, Catalan Institute of 
Oncology, Girona 17005, Spain 
4Girona Biomedical Research Institute, Salt, Girona 17190, Spain 
5Department of Biochemistry and Molecular Genetics, College of Medicine, The University of Illinois at Chicago, 
Chicago, IL 60607, USA 
6Department of Biochemistry and Molecular Biology Laboratory, Mayo Clinic Minnesota, Rochester, MN 55905, USA 
7Mayo Clinic Cancer Center, Rochester, MN 55905, USA 
8Current address: Department of Preventive Medicine, John D. Bower School of Population Health, University of 
Mississippi Medical Center, Jackson, MS 39216, USA 
9Current address: Cancer Institute, School of Medicine, University of Mississippi Medical Center, Jackson, MS 
39216, USA 
*Equal contribution 
 

Correspondence to: Javier A. Menendez, Ruth Lupu; email: jmenendez@idibgi.org, lupu.ruth@mayo.edu 
Keywords: matricellular proteins, CYR61, integrins, estrogen receptor, tamoxifen 
Received: March 5, 2021 Accepted: January 29, 2022  Published: February 11, 2022 

 
Copyright: © 2022 Espinoza et al. This is an open access article distributed under the terms of the Creative Commons 
Attribution License (CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the 
original author and source are credited. 
 

ABSTRACT 
 

CCN1/CYR61 promotes angiogenesis, tumor growth and chemoresistance by binding to its integrin receptor αvβ3 in 
endothelial and breast cancer (BC) cells. CCN1 controls also tissue regeneration by engaging its integrin receptor 
α6β1 to induce fibroblast senescence. Here, we explored if the ability of CCN1 to drive an endocrine resistance 
phenotype in estrogen receptor-positive BC cells relies on interactions with either αvβ3 or α6β1. First, we took 
advantage of site-specific mutagenesis abolishing the CCN1 receptor-binding sites to αvβ3 and α6β1 to determine the 
integrin partner responsible for CCN1-driven endocrine resistance. Second, we explored a putative nuclear role of 
CCN1 in regulating ERα-driven transcriptional responses. Retroviral forced expression of a CCN1 derivative with a 
single amino acid change (D125A) that abrogates binding to αvβ3 partially phenocopied the endocrine resistance 
phenotype induced upon overexpression of wild-type (WT) CCN1. Forced expression of the CCN1 mutant TM, 
which abrogates all the T1, H1, and H2 binding sites to α6β1, failed to bypass the estrogen requirement for 
anchorage-independent growth or to promote resistance to tamoxifen. Wild-type CCN1 promoted estradiol-
independent transcriptional activity of ERα and enhanced ERα agonist response to tamoxifen. The α6β1-binding-
defective TM-CCN1 mutant lost the ERα co-activator-like behavior of WT-CCN1. Co-immunoprecipitation assays 
revealed a direct interaction between endogenous CCN1 and ERα, and in vitro approaches confirmed the ability of 
recombinant CCN1 to bind ERα. CCN1 signaling via α6β1, but not via αvβ3, drives an endocrine resistance phenotype 
that involves a direct binding of CCN1 to ERα to regulate its transcriptional activity in ER+ BC cells. 
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INTRODUCTION 
 

CCN1 (also named cysteine-rich angiogenic inducer 61 

[CYR61]) is an archetypal component of the CCN 

(CYR61, CTGF, NOV) family of matricellular proteins 

[1–4]. CCN1 has diverse developmental functions in early 

life (e.g., placental angiogenesis, vascular integrity, and 

cardiac morphogenesis) and also plays critical roles in 

inflammation, wound healing, and tissue repair in the 

adult [5–13]. Aberrantly expressed CCN1 correlates with 

numerous chronic inflammation-related diseases, 

including cancer [14–20]. The ability of CCN1 to interact 

directly with multiple binding partners, particularly cell-

surface integrin receptors but also as-yet-unidentified 

proteins, underlies its functional versality [21, 22]. 

Crucially, the multifunctionality of CCN1 can be 

attributed to its multimodular architecture, in which the 

location of several receptor-binding sites throughout the 

modular domains of CCN1 physically links CCN1-

triggered signaling events to biological activities in a cell- 

and context- (physiological versus pathological) 

dependent manner [reviewed in 23, 24]. For instance, the 

interaction of the V2 functional site at the von Willebrand 

factor type C repeat (vWC) domain of CCN1 with 

integrin αvβ3 in endothelial and cancer cells is critical for 

angiogenic and proliferative activities in embryonic 

development and tumor growth. By contrast, the 

interaction of the T1, H1, and H2 functional sites at the 

carboxy-terminal (CT) domain with integrin α6β1 (T1) and 

heparan sulfate proteoglycans (H1, H2) in fibroblasts is 

critical for apoptosis and cellular senescence phenomena 

during fibrosis and wound healing [25–28] (Figure 1). 

 

 
 

Figure 1. Expression of CCN1 and CCN1 mutants in MCF-7 breast cancer cells. Top: Schematic diagram showing the modular domain 

structure of wild-type CCN1 with the localization of several identified integrin-binding sites, and mutants either bearing the D125A mutation 
in vWC (D125A-CCN1) or combined mutations in T1, H1, and H2 in TSP1 and TC domains (TM-CCN1). IGFBP, insulin-like growth factor binding 
protein; vWC, von Willebrand factor type C repeats; TSP-1, thrombospondin type 1; CT, C-terminus. Bottom: Immunoblotting assessment of 
endogenous CCN1 protein in CCN1-overexpressing MDA-MB-231 cells and in MCF-7 cells retrovirally transduced with an empty vector 
(pBABE) or a vector containing either wild-type CCN1 or D125A-CCN1 and TM-CCN1 mutants. Microphotographs show representative in situ 
immunofluorescence staining of CCN1 in MCF-7/pBABE, MCF-7/CCN1, MCF-7/D125A-CCN1, and MCF-7/TM-CCN1 cells. Scale bar is 10 μm. 
Results are representative of three independent experiments. 
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Our own previous studies and those of others have 

established a significant correlation between elevated 

levels of CCN1 and more advanced disease and 

metastatic phenotypes in in vitro breast cancer models 

and in patients [14–17, 20, 29–33]. Specifically, we 

demonstrated that the ability of CCN1 to drive breast 

tumor initiation, vascularization, and invasiveness, as 

well as to provide protection of breast cancer cells 

against chemotherapy-induced apoptosis, was largely 

mediated through binding to integrin αvβ3, whose 

expression is also induced by CCN1 [30, 34, 35]. In 
vitro studies have also clarified the ability of CCN1 to 

overcome estrogen dependency and elicit resistance to 

the selective estrogen receptor (ER) modulators and 

down-regulators (SERMs/SERDs) tamoxifen and 

fulvestrant in ER-positive breast cancer cells [15–17, 

29, 31]. Patients with CCN1-overexpressing, hormone-

dependent breast cancer respond poorly to the 

aromatase inhibitor letrozole [32]. In this context, a 

recent study has highlighted a role for CCN1 in the 

development of endocrine resistance in patients with 

breast cancer [33], identifying it as a potential 

therapeutic target to overcome refractoriness to a wide-

range of antiestrogen therapies. Nonetheless, it is not 

clear whether the ability of CCN1 to bypass estrogen-

dependence and drive resistance to endocrine therapy 

relies on the interaction with its cell-surface integrin 

receptors (αvβ3/αvβ5 and α6β1) and/or with potential 

nuclear functions of CCN1 [36–38] that might affect 

ERα-driven transcriptional activity.  
 

In the present study, we used previous mutational 

analyses showing that distinct integrin-binding sites of 

CCN1 can function independently of one another [25–

28] to determine the signaling pathway through which 

CCN1 mediates endocrine resistance in breast cancer. 

We first employed site-specific CCN1 mutations 

specifically abolishing the receptor-binding sites to 

either αvβ3/αvβ5 or α6β1 to delineate the integrin partner 

responsible for CCN1-driven endocrine resistance in 

breast cancer. Also, given the intriguing possibility that 

the nuclear localization of CCN1 may regulate gene 

transcription, we explored a putative nuclear role  

for CCN1 in regulating ERα-driven transcriptional 

responses. 

 

RESULTS 
 

Generation of ER-positive breast cancer cells 

overexpressing CCN1 and αvβ3/α6β1-binding-defective 

CCN1 mutants 
 

Estrogen-dependent MCF-7 breast cancer cells, which 

naturally express very low levels of CCN1, were 

engineered to stably overexpress either wild-type CCN1 

or the mutational derivatives D125A-CCN1, which 

exhibits a disrupted αvβ3-binding site through the 

D125A mutation, and TM-CCN1, which abrogates all 

the T1, H1, and H2 binding sites to α6β1 (Figure 1)  

[25–28]. Immunoblotting procedures, which were 

performed following cell starvation to prevent the 

serum effect on CCN1 expression, confirmed that 

CCN1 was almost undetectable in MCF-7 parental and 

MCF-7/pBABE control cells but was noticeably 

elevated in MCF-7/CCN1, MCF-7/D125A-CCN1, and 

MCF-7/TM-CCN1 cells (Figure 1). CCN1 protein 

levels in MCF-7/CCN1, MCF-7/D125A-CCN1, and 

MCF-7/TM-CCN1 cells were comparable to those of 

MDA-MB-231 cells, a triple-negative breast cancer 

model naturally overexpressing CCN1 [15, 16]. 

Immunofluorescence analysis of CCN1 protein revealed 

that, in addition to its cytoplasmic location, CCN1 

exhibited an apparent nuclear-staining pattern in the 

majority of MCF-7 breast cancer cell lines, with no 

evident differences between wild-type and mutant 

CCN1 (Figure 1).  

 

D125A-CCN1, but not TM-CCN1, phenocopies wild-

type CCN1 to drive long-term acquisition of an 

estrogen-independent phenotype 

 

We assessed whether specific modification of CCN1-

integrin(s) binding would impact the ability of CCN1 to 

modulate estrogen dependency of ER-positive breast 

cancer cells. To do this, we first compared short-term 

(10 days) anchorage-independent growth of MCF-

7/pBABE, MCF-7/CCN1, MCF-7/D125A-CCN1, and 

MCF-7/TM-CCN1 cells by colony formation assays in 

soft agar (Figure 2A, left panel). Forced expression of 

wild-type CCN1 promoted robust anchorage-

independent growth of MCF-7/CCN1 cells in the 

absence of estradiol supplementation. By contrast, 

neither MCF-7/D125A-CCN1 nor MCF-7/TM-CCN1 

cells formed colonies in the absence of estradiol (Figure 

2A, left panel). Addition of estradiol failed to increase 

further the already strong colony formation capacity of 

MCF-7/CCN1 cells. E2 supplementation augmented the 

anchorage-independent growth in MCF-7/D125A-

CCN1 cells beyond that observed in E2-treated MCF-

7/pBABE control cells (Figure 2A, left panel). 

Conversely, the estradiol-driven potentiation of 

anchorage-independent growth in MCF-7/TM-CCN1 

cells was indistinguishable from that produced in MCF-

7/pBABE control cells (Figure 2A, left panel).  

 

We then re-assessed the patterns of anchorage-

independent growth in the long-term absence of 

estrogens (up to 18 days in soft-agar). MCF-7/D125A-

CCN1 cells were capable of strikingly circumvent 
estradiol requirement to form a similar number of 

colonies to those generated by MCF-7/CCN1 cells in 

the long-term (Figure 2A, right panel). The ability of 
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D125A-CCN1 to drive long-term acquisition of an 

estrogen-independent phenotype was much less 

pronounced with the TM-CCN1 derivative. Thus, 

although capable of forming colonies after long-term 

culture in the absence of estradiol, MCF-7/TM-CCN1 

cells failed to fully recapitulate the highly-aggressive, 

estrogen-independent phenotype of MCF-7/CCN1 and 

MCF-7/D125A-CCN1 cells (Figure 2A, right panel).  

TM-CCN1, but not D125A-CCN1, loses the capacity 

of wild-type CCN1 to promote resistance to anti-

estrogens 
 

We next assessed whether modulation of CCN1 

expression and/or specific modification of CCN1-

integrin(s) binding would affect the anti-estrogen 

sensitivity of ER-positive breast cancer cells. 

 

 
 

Figure 2. CCN1 and D125A-CCN1, but not TM-CCN1, promote acquisition of an endocrine resistance phenotype in MCF-7 
breast cancer cells. (A, B) Estradiol (E2)-depleted cells were plated in soft agarose either containing or not E2 (10−9 M), tamoxifen (10−7 M), 
fulvestrant (10−7 M), their combinations, or vehicles only for either 10 or 18 days. Colony formation (≥50 μm) was assessed using a colony 
counter. Each experimental value represents the mean colony number (columns) ± S.D. (bars) from at least three separate experiments in 
which triplicate dishes were counted. (C) Immunoblot analyses of total and activated (phosphorylated) MAPK protein levels in MCF-7/pBABE, 
MCF-7/CCN1, MCF-7/D125A-CCN1, and MCF-7/TM-CCN1 cells. Blots were reprobed with an antibody for β-actin to control for protein 
loading and transfer. Results are representative of three independent experiments. (D) Phase contrast images of MCF-7/pBABE, MCF-
7/CCN1, MCF-7/D125A-CCN1, and MCF-7/TM-CCN1 cells cultured in Matrigel® in the absence or presence of E2 (10−9 M). Scale bar is 100 μm. 
3D cultures were stained for E-cadherin and nuclei were counterstained with DAPI.  
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Tamoxifen and fulvestrant completely inhibited the 

estradiol-stimulated anchorage-independent growth of 

MCF-7/pBABE cells, whereas forced expression of 

CCN1 fully abrogated the inhibitory effects of 

tamoxifen and fulvestrant on soft-agar colony formation 

irrespective of the presence or absence of estradiol 

(Figure 2B). Estradiol-independent colony formation 

capacity in MCF-7/D125A-CCN1 cells was weakly but 

significantly stimulated by tamoxifen and fulvestrant; 

such agonist effects on the anchorage-independent 

growth of MCF-7/D125A-CCN1 cells were not further 

enhanced by estradiol (Figure 2B). MCF-7/TM-CCN1 

cells retained a bona fide endocrine-sensitive phenotype 

in which tamoxifen and fulvestrant failed to exhibit any 

agonist effect on the estradiol-independent colony 

formation capacity and estradiol stimulation failed to 

promote anchorage-independent growth in the presence 

of anti-estrogens (Figure 2B).  

 

Because αvβ3-dependent activation of the MAPK 

pathway was previously found to drive CCN1-directed 

cell survival and chemoresistance [30], we explored 

whether specific modulation of the CCN1-integrin(s) 

binding differentially altered ERK1/ERK2 activity in 

breast cancer cells. The activation status of MAPK was 

significantly higher in MCF-7/CCN1 cells than in 

matched control MCF-7/pBABE cells by immuno-

blotting analysis (Figure 2C). Abrogation of CCN1 

binding to αvβ3 fully prevented CCN1-driven MAPK 

hyperactivation in MCF-7/D125-CCN1 cells, but the 

abrogation of CCN1 binding to α6β1 fully retained the 

ability of wild-type CCN1 to activate MAPK in MCF-

7/TM-CCN1 cells (Figure 2C). 

 

CCN1-driven endocrine resistance does not alter 3D 

breast cancer colony morphology 

 

Because cell culture in three-dimensional (3D) 

extracellular matrix (ECM) is considered as a more 

relevant model system to evaluate cancer cell behavior 

[39, 40], we evaluated the size, form, and E-cadherin 

distribution of colonies formed by MCF-7/pBABE, 

MCF-7/CCN1, MCF-7/D125A-CCN1, and MCF-7/TM-

CCN1 cells cultured in Matrigel®. MCF-7/CCN1 cells 

formed larger colonies than MCF-7/pBABE, MCF-

7/D125A-CCN1, and MCF-7/TM-CCN1 cells, an effect 

that was more notable in the presence of estradiol 

(Figure 2D, left panels). Despite the obvious differences 

in their colony sizes when grown on top an ECM gel, 

the expression of E-cadherin was not down-regulated in 

none of the CCN1-overexpressing cell models (Figure 

2D, right panels). Overexpression of wild-type CCN1 

and abrogation of CCN1 binding to αvβ3 in MCF-
7/D125-CCN1 cells and to α6β1 in MCF-7/TM-CCN1 

cells were insufficient to promote the formation of 

branching colonies in 3D Matrigel cultures – a hallmark 

of the invasive mesenchymal phenotype. Accordingly, 

MCF-7/pBABE, MCF-7/CCN1, MCF-7/D125A-CCN1, 

and MCF-7/TM-CCN1 cells all exhibited a mass-like 

morphology with disorganized nuclei and filled colony 

centers characteristic of luminal-like breast cancer cells 

[39, 40] (Figure 2D, right panels). 

 

CCN1 drives the constitutive activation of estrogen 

receptor transcriptional activity 

 

To evaluate the effects of CCN1 expression and/or 

specific modification of CCN1-integrin(s) binding on 

ERα-transactivation and estradiol responsiveness, we 

transfected MCF-7/pBABE, MCF-7/CCN1, MCF-

7/D125A-CCN1, and MCF-7/TM-CCN1 cells together 

with a Luciferase reporter gene linked to the consensus 

Estrogen Response Element (ERE-Luciferase). 

Transfected cells were then evaluated for changes in the 

levels of basal (estradiol-independent) and induced 

(estradiol-stimulated) ERα activity in the absence or 

presence of anti-estrogens. MCF-7/CCN1 cells showed 

a very strong constitutive activation of ERα trans-

criptional activity in the absence of estradiol 

stimulation, which was largely reduced in MCF-

7/D125A-CCN1 cells and fully prevented in MCF-

7/TM-CCN1 cells (Figure 3A). Both tamoxifen and 

fulvestrant failed to suppress the constitutive 

hyperactivation of ERα-driven transcription in MCF-

7/CCN1 cells irrespective of the presence or absence  

of estradiol. Fulvestrant, but not tamoxifen, suppressed 

estradiol-induced activation of ERE activity in MCF-

7/D125A-CCN1 cells (Figure 3A). Similar to MCF-

7/pBABE control cells, MCF-7/TM-CCN1 cells were 

exquisitely responsive to the ability of tamoxifen and 

fulvestrant to suppress estradiol-induced agonist 

transactivation of ERα transcriptional activity  

(Figure 3A).  

 

CCN1 directly interacts with the estrogen receptor 

 

Given the nuclear staining pattern of CCN1 in MCF-

7/CCN1 cells, we envisioned that CCN1 might 

interact with ERα. Double immunofluorescence 

staining of CCN1 and ERα suggested a nuclear co-

localization of these proteins in MCF-7/CCN1 cells 

(Figure 3B, top panels). Co-immunoprecipitation 

assays of whole cell extracts using anti-ERα, anti-

CCN1, and nonspecific IgG antibodies confirmed the 

interaction between endogenous CCN1 and ERα in 

MCF-7/CCN1 cells (Figure 3B, bottom panels). Such 

a strong CCN1-ERα interaction was not detected in 

immunoblot analyses of immunoprecipitates from 

CCN1-negative MCF-7/pBABE cells. In vitro 
approaches confirmed the specific ability of 

recombinant GST-CCN1 to bind recombinant poly-

histidine-tagged ERα (Figure 3C). 
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DISCUSSION 
 

We show that CCN1/CYR61 signaling via α6β1, but not 

via αvβ3/αvβ5, drives an endocrine resistance phenotype 

that involves the unforeseen direct binding of CCN1 to 

ERα to regulate its transcriptional activity in breast 

cancer cells.  

Increased expression of CCN1 might promote 

angiogenesis, deregulated proliferation, enhanced cell 

survival and tumor invasiveness, and chemoresistance 

in breast cancer cells by activating integrin αvβ3-driven 

cellular signaling [14, 17, 30, 41]. While accumulating 

evidence indicated that CCN1 serves a role in the 

development and maintenance of endocrine-resistant 

 

 
 

Figure 3. CCN1 directly binds the estrogen receptor and regulates its transcriptional activity. (A) MCF-7/pBABE, MCF-7/CCN1, 

MCF-7/D125A-CCN1, and MCF-7/TM-CCN1 cells were transiently with an ERE-Luciferase reporter (the ERE-containing reporter plasmid) and 
pRL/CMV (an internal reporter plasmid to control for transfection efficiency). Cells were incubated in the absence or presence of estradiol (E2, 
10−9 M), tamoxifen (10−7 M), fulvestrant (10−7 M), their combinations, or vehicles for 24 h, and cell extracts were analyzed for Luciferase 
activity. Data shown represent mean (columns) ± S.D. (bars) (n=3). (B) Top: Microphotographs show representative in situ 
immunofluorescence staining of CCN1 and/or estrogen receptor (ERα) in MCF-7/CCN1 cells. Scale bar is 10 μm. Bottom:  ERα in the cell 
lysates of MCF-7 and MCF-7/CCN1 cells was immunoprecipitated and immunoblotted with anti-ERα and anti-CCN1 antibodies. (C) 
Representative immunoprecipitation results of His-tagged ERα and GST-CCN1 using immobilized Ni2+. Purified GST-CCN1 protein was 
incubated with human recombinant ERα-His protein and Ni-NTA His•Bind resin beads. As controls, ERα-His protein was incubated with GST-
only beads or GST-CCN1 was incubated with Ni-NTA beads alone. Proteins retained in the beads were denatured and blotted with the 
indicated antibodies. Results in (B, C) are representative of three independent experiments. (S: Short exposure; L: Long exposure).  
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phenotypes in ER-positive breast carcinomas [16, 17, 29, 

32, 33], it remained untested whether the anti-estrogen 

activities of CCN1 were similarly mediated through 

binding to integrin αvβ3 and/or to another integrin 

receptor such as α6β1. To identify and dissect the 

differential functional roles of the CCN1-integrin 

interactions, we used a molecular strategy based on the 

specific disruption of integrin receptor-binding sites to 

test integrin-specific CCN1 functions in endocrine 

resistance. Importantly, CCN1 mutants employed in this 

study are biologically active, and their functional defects 

are indeed due to mutation of the specific receptor 

binding sites rather than structural perturbations [28]. 

Thus, whereas disruption of the CCN1 αvβ3-binding site 

(D125A) specifically abolishes αvβ3- but not α6β1-driven 

functions, a triple-CCN1 mutant disrupting all the α6β1-

binding sites (TM-CCN1) specifically abolishes α6β1-

dependent functions without affecting any of the αvβ3-

mediated activities of CCN1 [23, 28]. We show that a 

single amino acid mutation in the αvβ3 binding site within 

a 20-amino acid sequence (V2) in CCN1 failed to 

suppress the endocrine resistance phenotype induced by 

overexpressing the wild-type form of CCN1 in ER-

positive MCF-7 breast cancer cells. Because D125A  

does not impair the binding of CCN1 to α6β1, but  

fully prevents αvβ3-mediated intracellular signaling 

including induction of MAPK––which was previously 

demonstrated to drive chemoresistance in breast cancer 

cells [30]–CCN1-driven activation of MAPK appears to 

be dispensable for CCN1-driven endocrine resistance in 

breast cancer. Conversely, the CCN1 mutant TM, which 

abrogates all the T1, H1, and H2 binding sites to α6β1 but 

maintains its capacity to bind αvβ3 (enabling the sustained 

activation of MAPK), fails to bypass the estrogen 

requirement for anchorage-independent growth or to 

promote resistance to tamoxifen. To our knowledge, this 

is first demonstration that the interaction between CCN1 

with α6β1, which is known to induce apoptosis or cellular 

senescence in fibroblasts to regulate the inflammatory 

response and control fibrosis during wound healing [11–

13, 23], can be co-opted by ER-positive breast cancer 

cells to over-ride estrogen dependency and evade the 

growth-inhibitory effects of anti-estrogens (Figure 4A). 

Stimulation of breast cancer cell proliferation by estrogen 

and ERα might be, in part, due to the inhibition of 

senescence-like growth induced by oncogenic events in 

ER-positive breast cancer cells [42]. Suppressing ERα 

signaling with anti-estrogens such as tamoxifen is known 

to induce senescence-like phenotypes via induction of 

reactive oxygen species (ROS) [43]. Future studies are 

required to clarify whether the conversion of CCN1-

overexpressing ER-positive breast cancer cells to an 

antiestrogen-resistant phenotype might associate with a 
shift toward a pro-oxidant environment as a result of the 

robust augmentation of ROS levels through binding of 

CCN1 to integrin α6β1 [44–46].  

Despite the absence of a classical nuclear localization 

signal, CCN1 has unexpectedly been detected in the 

nucleus of cells [36]. Earlier studies suggested the 

intriguing possibility that CCN1 might regulate nuclear 

gene transcription through direct binding to DNA 

and/or to DNA-binding proteins [23, 36–38]. Here we 

found that overexpression of wild-type CCN1 promoted 

estradiol-independent transcriptional activity of ERα 

and enhanced ERα agonist response to tamoxifen. 

Moreover, we identified CCN1 as a previously 

unrecognized ERα-interacting protein and co-localizing 

with ERα in cell nuclei. Because the balance of 

coactivator and corepressor proteins in a cell may 

determine the response of the ERα to a particular ligand, 

these findings, overall, appear to illuminate an 

unforeseen coactivator-like behavior of nuclear CCN1 

that could reduce the antagonist activity of tamoxifen-

bound ERα. Intriguingly, whereas secreted wild-type 

CCN1 significantly modified ERα transcriptional 

activity, the tested secreted CCN1 mutants that failed to 

interact with either αvβ3 or α6β1 notably differed in their 

ability to alter ERα-driven gene transcription (Figure 

4B). The αvβ3-binding-defective D125A-CCN1 mutant 

was less potent than wild-type CCN1 at promoting 

estradiol-independent ERα transcriptional activity, but 

still retained its capacity to promote an ERα agonist 

response to tamoxifen in the presence of estradiol. It 

cannot, therefore, be excluded that bi-directional cross-

talk between integrin αvβ3 and ERα via ERK1/ERK2 

activation in membrane-associated and/or cytosol 

localizations, which may result in the phosphorylation 

of nuclear tamoxifen-liganded ERα and its associated 

coactivators, might be part of the CCN1-driven 

endocrine resistant phenotype in breast cancer cells. It is 

noteworthy that connective tissue growth factor 

(CTGF), another archetypal member of the CCN family 

of matricellular proteins, has been shown to physically 

and functionally associate with ERα to inhibit its 

transcriptional activity as well as the expression of 

estradiol-responsive genes [47]. The interaction 

between the CTGF thrombospondin type I repeat, a cell 

attachment motif, and the DNA-binding domain of ERα 

was required for the repression of estrogen-responsive 

transcription by CTGF [47]. Here we show that the 

α6β1-binding-defective TM-CCN1 protein entirely 

lacked the ability of wild-type CCN1 to exhibit an ERα 

co-activator-like behavior. While these data might 

suggest that binding to α6β1 is largely responsible for 

the capacity of CCN1 to regulate ERα transcriptional 

activity in an endocrine-resistant phenotype, future 

studies will be needed to clarify whether a direct 

interaction between CCN1 and ERα, which might be 

disrupted in the case of TM-CCN1, is required for the 
activation of estrogen/tamoxifen-responsive transcript-

tion by CCN1 in endocrine-resistant breast cancer cells 

(Figure 4).  
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Figure 4. Binding of the angiogenic/senescence inducer CCN1/CYR61 to integrin α6β1, but not to αvβ3, drives endocrine 
resistance in breast cancer cells. (A) Top: The binding of CCN1/CYR61 to its α6β1 receptor promotes myofibroblast senescence to impose 

self-limiting control on fibrogenesis during wound healing, thereby allowing tissue regeneration [11–13, 23, 48]. Bottom: CCN1 signaling via 
α6β1, but not via αvβ3, drives an endocrine resistance phenotype in ER+ breast cancer cells. (B) The interaction between CCN1 and αvβ3 is 
critical for angiogenic activities in endothelial cells and MAPK-related cell survival/chemosensitivity signaling in breast cancer cells. The 
interaction of CCN1 with α6β1 in fibroblasts is known to induce apoptosis or cellular senescence and has been widely regarded as a 
tumorigenesis-suppressing signaling mechanism. Here, we unveil the unforeseen capacity of CCN1 to signal through α6β1 in breast cancer 
cells to drive an endocrine resistant phenotype that might involve direct binding of CCN1 to ERα to regulate transcriptional events underlying 
estrogen-independence and anti-estrogen resistance in ERα-positive breast cancer cells. (ERE: Estrogen Response Elements).  
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CCN1/CYR61 might promote enhanced angiogenesis 

and deregulated proliferation and chemoresistance in 

breast tumors by binding to and activating αvβ3 

integrin signaling. CCN1/CYR61 promotes resolution 

of tissue fibrosis through induction of cellular 

senescence in myofibroblasts by engaging integrin 

α6β1 [11–13, 23]. Our present description of a novel 

role for the angiogenic/senescence inducer CCN1 in 

driving antiestrogen-resistance via α6β1 might provide 

a starting point to accelerate the development of 

CCN1/α6β1 integrin antagonists to therapeutically 

prevent the emergence of endocrine resistant pheno-

types in ER-positive breast carcinomas. 

 

MATERIALS AND METHODS 
 

Cell culture 

 

MCF-7 breast cancer cells were obtained from the 

American Type Culture Collection (ATCC) and were 

grown in phenol red-containing improved MEM 

(IMEM, Biosource International, Camarillo, CA, 

USA) supplemented with 5% fetal bovine serum (FBS) 

and 2 mM L-glutamine at 37° C in a humidified 

atmosphere of 95% air and 5% CO2. MCF-7 cells were 

authenticated to ensure their identity using a short 

tandem repeat profiling method provided by the 

Genotyping Shared Resource at Mayo Clinic 

Rochester.  

 

MCF-7 cells were engineered to overexpress either 

wild-type CCN1 or CCN1 mutants with a single amino 

acid change (D125 to A), which abrogates binding to 

αvβ3/αvβ5-dependent activities (CCN1-D125A) or 

CCN1 disrupted in all three T1, H1, and H2 sites that 

completely abolishes α6β1-mediated activities (CCN1-

TM), which were generated as described [25–28]. For 

virus production, TSA54 cells were grown in 10-cm 

dishes until 70–80% confluency and were transfected 

using FuGENE 6 (Roche Biochemicals, Indianapolis, 

IN, USA) with pBABE-Puro Retroviral Vector (10 μg) 

or CCN1 mutants cloned into the pBABE-Puro vector 

(10 μg) plus packaging plasmid PIK (10 μg). Twenty-

four hours after transfection, the medium containing 

viral particles was collected and filtered through a 

0.45-μm filter. MCF-7 cells growing at 70–80% 

confluency were infected twice with the viral particles 

and selected with 2.5 μg/ml puromycin. Stable 

transfected pools were maintained in puromycin-

containing media for 4 weeks. CCN1/CYR61 

expression levels were monitored by immunoblotting 

and immunofluorescence. Cells were regularly tested 

to confirm the absence of mycoplasma using the 

MycoAlert® Mycoplasma Detection Kit (Lonza, 

Walkersville, MD, USA). 

Immunoblotting analysis of CCN1 

 

Cells were serum-starved overnight, washed twice with 

phosphate buffered saline (PBS) and lysed in a buffer 

(20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 

mM EGTA, 1% Triton X-100, 2.5 mM sodium 

pyrophosphate, 1 mM β-glycerolphosphate, 1 mM 

Na3VO4, 1 μg/mL leupeptin, 1 mM phenyl-

methylsulfonylfluoride) for 30 min on ice. Lysates were 

cleared by centrifugation (15 min at 14,000 rpm at 4° 

C). Protein content was determined against a 

standardized control using the Pierce Protein Assay Kit 

(Rockford, IL, USA). Equal amounts of protein (50 μg) 

were resuspended in 5× Laemmli sample buffer and 

denatured for 5 min at 99° C. Proteins were resolved by 

electrophoresis in 10% SDS-PAGE gels, and transferred 

to PVDF membranes (Amersham Biosciences Ltd., 

Little Chalfont, Bucks, UK). Non-specific binding was 

minimized by blocking membranes with PBS-T (PBS 

and 0.5% Tween 20) containing 5% (w/v) non-fat dry 

milk for 1 h at room temperature. Membranes were 

washed in PBS-T and incubated overnight with a 1:2000 

dilution of a rabbit anti-CCN1 polyclonal antibody 

(ab2026, Novus Biologicals, Inc., Littleton, CO, USA) at 

4° C. After three washes with PBS-T, blots were 

incubated with 1:2000 dilution of a horseradish 

peroxidase-linked donkey anti-rabbit IgG secondary 

antibody for 45 min, and immunoreactive bands of 

CCN1 were detected using the enhanced chemi-

luminescence reagent (Pierce). Blots were re-probed with 

an antibody for β-actin goat polyclonal antibody (Santa 

Cruz Biotechnology, Santa Cruz, CA, USA). 

Densitometric values of CCN1 protein bands were 

quantified using the Scion Imaging software (Scion 

Corp., Frederick, MD, USA).  

 

In situ immunofluorescence staining 

 
Cells were seeded at a density of 5×103 cells/well in an 

8-well chamber slide (Nalge Nunc International, 

Rochester, NY, USA). After 24 h of incubation, cells 

were washed with PBS, fixed in 4% paraformaldehyde in 

PBS for 15 min at room temperature, permeabilized with 

0.2% Triton X-100/PBS for 15 min, and stored overnight 

at 4° C with 10% horse serum in PBS. Cells were then 

washed and then incubated for 1 h with an anti-CCN1 

antibody diluted 1:200 in 5% BSA. After extensive 

washes, the cells were incubated for 1 h with a TRITC-

conjugated anti-rabbit IgG secondary antibody (Jackson 

ImmunoResearch Labs, West Grove, PA, USA) diluted 

1:200 in 5% BSA. The cells were washed five times with 

PBS and mounted with VECTASHIELD+DAPI (Vector 

Laboratories, Burlingame, CA, USA). As controls, cells 

were stained with primary or secondary antibody alone. 

No significant fluorescence was found in control 

experiments (data not shown). Indirect immuno-
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fluorescence was recorded on a Zeiss microscope (Jena, 

Germany). Images were noise-filtered, corrected for 

background, and prepared using Adobe Photoshop (San 

Jose, CA, USA).  

 

Soft agar colony formation assays 

 

The efficiency of colony formation in liquid culture was 

determined by monitoring anchorage-independent cell 

growth in soft-agar. Cells were grown in phenol red-

free IMEM and 5% charcoal calf serum (CCS) for 5 

days in T-75 flasks to deplete estrogen. A bottom layer 

of 1.5 mL (2×) phenol red-free IMEM containing 1.2% 

agar and 10% CCS was prepared in 6 well plates. After 

the bottom layer solidified, cells (20,000 cells/well) 

were added in a 1 mL top layer containing either 

estradiol (10-9 M) and/or the anti-estrogens 4-OH-

tamoxifen (10-7 M) or fulvestrant (10-7 M) in 0.7% agar 

and 10% CCS. Plates were incubated in a humidified 

5% CO2 incubator at 37° C, and colonies measuring ≥50 

μm were counted after 10–18 days using a cell colony 

counter (Optronix GelCount™, Abingdon, UK) after 

staining with nitroblue tetrazolium (Sigma-Aldrich, St. 

Louis, MO, USA). Assays were carried out in triplicate.  

 

Three-dimensional culture on Matrigel® 

 

Single-cell suspensions of cells were prepared using 

trypsin. Cells (2×103/well) in 0.4 mL of 2% Matrigel® 

in 1× IMEM were then plated on top of a polymerized 

layer of 100% Matrigel® using 8-well chamber slides. 

Cells were treated with estradiol and medium was 

replenished every 3 days. Control wells were 

maintained in medium containing 5% FBS. Cultures 

were kept for 5 days. Phase-contrast images were 

obtained under ×100 magnification.  

 

ERE-Luciferase activity 

 

ER transcriptional activity was assessed using an ERE-

driven reporter assay. Cells were propagated in 

estradiol-deprived (phenol red-free) IMEM 

supplemented with 5% CCS for 4 days before the 

onset of experiments, thereby ensuring the complete 

depletion of estradiol-like compounds from the 

medium. For experiments, cells were seeded into 12-

well plates at 1×105 cells/well. Cells were transfected 

using FuGENE 6 (Roche Biochemicals) with 0.75 

μg/well of the estrogen-responsive reporter (ERE), 

containing a Xenopus vitellogenin A2-derived ERE, 

along with 0.05 μg/well of the internal control plasmid 

pRL-CMV, employed to correct for transfection 

efficiency. After 18 h, the transfected cells were 
washed and then incubated in fresh medium containing 

5% CCS, supplemented with estradiol (10-9 M), 

tamoxifen (10-7 M), fulvestrant (10-7 M), or their 

combinations, as specified. Approximately 24 h after 

treatments, Luciferase activity from cell extracts was 

measured using a Dual Luciferase Assay System 

(Promega, Madison, WI, USA) on a TD-20/20 

luminometer (Turner Designs, Sunnyvale, CA, USA). 

The magnitude of activation in ERE-Luciferase-

transfected cells treated with the vehicle was determined 

after normalization to the activity of pRL-CMV and was 

defined as 1.0-fold. This control value was used to 

calculate the relative (fold) change in transcriptional 

activities of ERE-Luciferase-transfected cells in 

response to treatments after normalization to pRL-CMV 

activity. All data were normalized as the ratio of raw 

light units to pRL-CMV unit corrected for pRL-CMV 

activity, and were shown as the mean ± SD from three 

separate experiments performed in triplicate. 

 

In vitro binding assays 

 

The CCN1 coding sequence was cloned in-frame with 

the glutathione S-transferase (GST) gene at the EcoRI 

and SalI sites in the pGEX-4T1 vector. Production and 

purification of the CCN1-GST fusion protein was 

carried out as described [49]. Recombinant human 

estrogen receptor alpha (His-tag) (ab240853) was 

purchased from Abcam (Cambridge, UK). Ni-NTA 

His•Bind Resin, a high-performance Ni2+-charged 

agarose used for rapid one-step purification of proteins 

containing a His•Tag sequence by metal chelation 

chromatography, was purchased from Sigma-Aldrich 

(70666-3). Pierce™ Glutathione Agarose was obtained 

from ThermoFisher Scientific (San Jose, CA, USA) 

(16102BID). GST-CCN1 fusion protein was incubated 

with recombinant human estrogen receptor His-tagged 

protein and Ni-NTA His beads in the incubation buffer 

(pH 7.35, 150 mM NaCl, 0.5 mM EDTA, 50 mM Tri-

HCl and 0.5% NP-40) at 4° C for 4 hours. After the 

incubation, the beads were washed for 15 min with 

washing buffer (pH 7.35, 0.5–1% NP-40+0.5–1% 

Triton-X100+10% glycerol) on a shaker in the cold 

room 5 times. The protein complexes bound to the 

beads were separated with SDS-PAGE and blotted with 

the indicated antibodies.  

 

Statistical analysis 

 

For all experiments, at least 3 independent experiments 

were performed with n≥3 replicate samples per 

experiment. Data were presented as mean ± S.D. 

Comparisons of means of ≥3 groups were performed by 

one-way analysis of variance and Dunnett’s t-test for 

multiple comparisons using GraphPad Prism (GraphPad 

Software, San Diego, CA, USA). In all studies, p-values 
<0.05 and <0.005 were considered to be statistically 

significant (denoted as * and **, respectively). All 

statistical tests were two-sided. 
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INTRODUCTION 
 

Colorectal cancer (CRC) is one of the most frequent 

cancers, with more than 1.2 million new cases and 

500,00 deaths annually around the world, the 

cornerstones of therapy are surgery, radiotherapy (for 

patients with rectal cancer), and chemotherapy [1]. 

Triptolide, the major active component of Triptergium 

wilfordii Hook. f, works against CRC by inhibiting 

colon cancer cell proliferation, colony formation, and 

organoid growth in vitro [2, 3]. The triptolide analog 

minnelide markedly inhibits the growth of CRC 

xenografts and the metastasis of CRC to liver, more 

than doubling the median survival of animals whose 

CRC has metastasized to the liver [4]. Triptolide  

also appears to inhibit the epithelial-mesenchymal 

transition and growth of colon cancer stem cells [5]. 

Thus, triptolide shows strong potential to treat CRC, 

but how it works is controversial. 

 

Here we explored protein expression and 

phosphorylation in CRC cells treated with triptolide  

in an effort to identify the molecules and pathways  

that may mediate the drug’s anticancer effects. We 

applied quantitative proteomics and phosphoproteomics 

based on tandem mass tagging and nanospray  

liquid chromatography-tandem mass spectrometry. 

Proteomics allows global analysis of complex  

changes in protein expression [6, 7], and tandem mass 

tagging allows high-throughput, high-resolution 

quantification of changes in protein levels and their 

phosphorylation [8–10]. Our analyses may help clarify 

the anticancer mechanism of triptolide and identify 

druggable targets. 
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ABSTRACT 
 

Triptolide is a potent anti-inflammatory agent that also possesses anticancer activity, including against 
colorectal cancer (CRC), one of the most frequent cancers around the world. In order to clarify how triptolide 
may be effective against CRC, we analyzed the proteome and phosphoproteome of CRC cell line HCT116 after 
incubation for 48 h with the drug (40 nM) or vehicle. Tandem mass tagging led to the identification of 403 
proteins whose levels increased and 559 whose levels decreased in the presence of triptolide. We also 
identified 3,110 sites in proteins that were phosphorylated at higher levels and 3,161 sites phosphorylated at 
lower levels in the presence of the drug. Analysis of these differentially expressed and/or phosphorylated 
proteins showed that they were enriched in pathways involving ribosome biogenesis, PI3K−Akt signaling, MAPK 
signaling, nucleic acid binding as well as other pathways. Protein–protein interactions were explored using the 
STRING database, and we identified nine protein modules and 15 hub proteins. Finally, we identified 57 motifs 
using motif analysis of phosphosites and found 16 motifs were experimentally verified for known protein 
kinases, while 41 appear to be novel. These findings may help clarify how triptolide works against CRC and may 
guide the development of novel treatments. 
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RESULTS 
 

Proteome and phosphoproteome in HCT-116 cells 

 

Using tandem mass tagging of total proteins as well as 

enrichment for phosphopeptides, followed by tandem 

mass spectrometry (Figure 1A), we identified 33,390 

unique peptides corresponding to 5,860 proteins, of 

which 5,710 proteins could be quantified in triptolide-

treated and control groups (Supplementary Table 1 and 

Supplementary Figures 1, 2A). Of these, 962 proteins 

were differentially expressed: 403 were present at 

higher levels and 559 proteins at lower levels in the 

presence of triptolide (Figure 1B). Triptolide was also 

associated with higher levels of phosphorylation at 

3,110 sites in proteins and lower phosphorylation at 

3,161 sites (Figure 1D). Most differentially expressed 

and/or phosphorylated proteins localized to the nucleus 

and cytoplasm (Figure 1C, 1E). 

 

Functional analysis of differentially expressed 

proteins in CRC 

 

A total of 5710 quantitative proteins were identified in 

the proteome analysis (Supplementary Figure 2A). We 

defined proteins that were significantly different 

(Student’s t-test, p < 0.05) and used the criterion of 1.2-

fold or greater change as the criteria to screen candidate 

proteins, finally we identified 403 proteins with higher 

levels and 559 proteins with lower levels in the 

triptolide-treated group than in the control group 

(Figure 2A). Heatmaps were applied to indicate the 

expression levels of the differentially expressed proteins 

screened by the volcano map in three replicate samples 

of the triptolide-treated group and the control group 

(Figure 2B). The potential functions of these proteins 

were explored based on enrichment in GO terms (Figure 

2C and Supplementary Figure 3A–3C). They were 

enriched in the following GO biological processes: 

rRNA processing, ribosome biogenesis, keratinocyte 

proliferation, maturation of SSU−rRNA, regulation of 

keratinocyte proliferation, RNA phosphodiester bond 

hydrolysis, and endonucleolysis. The differentially 

expressed proteins were enriched in the following GO 

cellular components: preribosome, small−subunit 

processome, 90S preribosome, MCM complex, intrinsic 

components of the plasma membrane, intrinsic 

components of the membrane, integral components of 

the plasma membrane, and nucleolus. The differentially 

expressed proteins were enriched in the following GO 

molecular functions: peptidase inhibitor activity, 

endopeptidase inhibitor activity, peptidase regulator 

activity, translation repressor activity, olfactory receptor 

activity, metalloendopeptidase inhibitor activity, 

transcription corepressor activity, signaling receptor 

activity and transmembrane signaling receptor activity. 

Analysis of differentially expressed proteins for 

enrichment in domains and KEGG pathways, 

protein-protein interactions and modules 

 

Differentially expressed proteins were enriched with 

the following domains (Figure 3A and Supplementary 

Figure 3E): PHD−finger, leucine-rich repeat, 

N−terminal MCM, CHRromatin Organisation 

MOdifier (“Chromo”), MCM2/3/5 family, MCM OB, 

and EGF−like. We identified several KEGG pathways 

that were enriched in upregulated proteins: chemical 

carcinogenesis, bile secretion, complement and 

coagulation cascades, prostate cancer and drug 

metabolism-cytochrome P450 (Figure 3B and 

Supplementary Figure 3D). Several KEGG pathways 

were enriched in downregulated proteins: PPAR 

signaling, mucin type O-glycan biosynthesis, starch 

and sucrose metabolism, various types of N-glycan 

biosynthesis, hedgehog signaling, basal transcription 

factors and longevity-regulating pathway. 

 

We predicted interactions among differentially 

expressed proteins using STRING and Cytoscape 

(Figure 3C), and the protein-protein interaction network 

revealed four critical protein groups (Figure 3D–3G): 

MCODE 1 (MCODE score = 37.436), consisting of 40 

nodes and 730 edges; MCODE 2 (score = 7.5), 

consisting of 9 nodes and 306 edges; MCODE 3 (score = 

5.667), comprising 7 nodes and 17 edges; and MCODE 

4 (score = 3.333), consisting of 4 nodes and 5 edges. 

Four classification methods in CytoHubba were used to 

identify the top 10 proteins (Supplementary Table 1), 

which when combined with the analysis of MCODE 

modules identified seven proteins as hub proteins: IMP3, 

BYSL, PDCD11, PNO1, NSA2, RRS1 and RPF2 

(Supplementary Figure 6A). 

 

Functional analysis of differentially phosphorylated 

proteins in CRC 

 

A total of 3410 quantitative proteins were identified in 

the experimental group and the control group 

(Supplementary Figure 2B). Similarly, we identified 

3110 proteins with higher phosphorylation levels and 

3161 proteins with lower phosphorylation levels in 

triptolide-treated cells group than in the control group 

(Figure 4A). Besides, a total of 17,056 phosphosites were 

identified, of which 88.22% were serines, 11.33% were 

threonines, and 0.45% were tyrosines (Supplementary 

Figure 4). The R package “pheatmap” was used to draw a 

heatmap (Figure 4B), which shows the expression levels 

of the differentially expressed proteins at the 

phosphorylation site screened by the volcano map. 
 

Analysis of differentially phosphorylated proteins 

showed enrichment of the following GO biological 
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Figure 1. Global proteomic and phosphoproteomic analysis of colorectal cancer cells. (A) Schematic of the experimental workflow; 

LC, liquid chromatography; MS, mass spectrometry; TMT, tandem mass tags. (B) Numbers of proteins whose levels were significantly higher 
(red) or lower (blue) in triptolide-treated cell cultures than in control cultures. (C) Numbers of differentially expressed proteins in different 
subcellular compartments. (D) Numbers of sites in proteins whose phosphorylation was significantly higher (red) or lower (blue) in triptolide-
treated cell cultures than in control cultures. (E) Numbers of differentially phosphorylated proteins in different subcellular compartments. 
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processes (Figure 4C and Supplementary Figure  

5A–5C): cellular processes, biological regulation  

of biological processes, regulation of cellular 

processes, response to stimulus, cellular response  

to stress, and nucleic acid metabolism. The proteins 

were enriched in the following GO cellular 

components: nucleus, organelles, intracellular space, 

membrane−enclosed lumen, and nuclear lumen. 

Differentially phosphorylated proteins were enriched 

in the following GO molecular functions: binding, 

catalytic activity, heterocyclic compound binding, 

organic cyclic compound binding, nucleic acid binding, 

protein binding, RNA binding and cytoskeletal protein 

binding. 

 

 
 

Figure 2. Differential expression levels of the quantitative proteome and their enrichment in Gene Ontology terms.  
(A) Heatmap of the quantitative proteome based on fold differences in expression. (B) Volcano plot of the differences in protein levels. The 
volcano map was drawn based on the expression of FC and P value (T-test). The significantly down-regulated proteins were blue (FC< 0.83 
and P <0.05), the significantly up-regulated proteins were red (FC>1.2 and P <0.05), and the proteins with no difference were gray.  
(C) Classification of differentially expressed proteins based on Gene Ontology biological processes, cellular components and molecular 
functions. 
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Analysis of differentially phosphorylated proteins 

for enrichment in domains and KEGG pathways, 

protein-protein interactions and modules 

 

Differentially phosphorylated proteins were enriched 

in several domains (Figure 5A and Supplementary 

Figure 5E): protein kinase, RNA recognition motif, 

WD, G−beta repeat, PDZ, LIM, PHD−finger, and KH. 

The proteins were enriched in the following  

KEGG pathways (Figure 5B and Supplementary 

Figure 5D): proteoglycans in cancer, human 

immunodeficiency virus 1 infection, regulation of 

actin cytoskeleton, tight junction, pathogenic 

Escherichia coli infection, animal autophagy, 

cGMP−PKG signaling, renal cell carcinoma, AMPK 

signaling, and axon guidance. 

 

 
 

Figure 3. Analysis of predicted interactions among differentially expressed proteins. The four most significant modules were 

identified by the molecular complex detection (MCODE) algorithm. (A) Enrichment of domains in differentially expressed proteins.  
(B) Enrichment of KEGG pathways in differentially expressed proteins. (C) Interaction network of differentially expressed proteins. (D–G) The 
four most significant MCODE modules. 
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A network of potential interactions among differentially 

phosphorylated proteins (Figure 5C) led to the 

identification of five critical groups (Figure 5D–5H): 

MCODE 1 (MCODE score = 19.778), consisting of 28 

nodes and 267 edges; MCODE 2 (score = 9.81), 

consisting of 22 nodes and 103 edges; MCODE 3 (score 

= 7.459), comprising 38 nodes and 138 edges; MCODE 

4 (score = 4.286), comprising 8 nodes and 15 edges; and 

MCODE 5 (score = 4), comprising 4 nodes and 6 edges. 

The four classification methods in CytoHubba 

(Supplementary Table 2) converged on the following 

eight proteins as hub phosphorylated proteins: SRSF1, 

HNRNPC, NCBP1, HNRNPA1, DHX9, DDX5, 

RBM25 and SF3B1 (Supplementary Figure 6B). 

 

 
 

Figure 4. Differential phosphorylation of the quantitative proteome and enrichment in Gene Ontology terms. (A) Heatmap 

based on differential phosphorylation levels. (B) Volcano plot of the differences in phosphorylation levels. (C) Classification of differentially 
phosphorylated proteins based on Gene Ontology biological processes, cellular components and molecular functions. 
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Figure 5. Protein-protein interaction (PPI) network analyses of PDEPs were performed, and the four most significant 
modules were identified by the molecular complex detection (MCODE) algorithm. (A) Enrichment of domains in differentially 

expressed proteins. (B) Enrichment of KEGG pathways in differentially expressed proteins. (C) Interaction network of differentially expressed 
proteins. (D–H) The five most significant MCODE modules. 
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Motif analysis of the phosphosites 

 

Among the protein sequences differentially 

phosphorylated between triptolide and control CRC 

cultures, we identified 50 conserved motifs in which a 

serine was phosphorylated and 7 conserved motifs in 

which a threonine was phosphorylated (Supplementary 

Table 2). Several of the motifs were upregulated by 

triptolide (Figure 6A), while other motifs were 

downregulated (Figure 6B). Based on motif score, we 

identified the top six hub motifs that were down- or 

upregulated (Figure 6C, 6D). 

 

According to the Human Protein Reference Database 

(HPRD), 16 phosphorylation motifs have previously been 

verified as substrates of certain protein kinases,  

while 41 have not yet been linked to kinases 

(Supplementary Table 2). Particularly conserved  

motifs were [xpSxxxx_pS_PxxxxK] (motif 1), 

[xxpSxxx_pS_PxxxK] (motif 3), [xxpSxxx_pS_PpTxxx] 

(motif 5), [xxxRpSx_pS_xpSxxx] (motif 15) and 

[xxxxSx_pS_ExExxx] (motif 24). All these motifs scored 

> 40.00. Several motifs have previously been shown to 

be phosphorylated by casein kinase II [11–14]: 

[xxxxxx_S_xExxxx] (motif 8), [xxxxxx_S_DxExxx] 

(motif 16), [xxxxxx_S_EEExxx] (motif 25), 

[xxxxxx_S_xDxxxx] (motif 40), [xxxSxx_S_xxxxxx] 

(motif 50), [xxxxxx_T_xxExxx] (motif 55), and 

[xxxxSx_T_xxxxxx] (motif 56). Casein kinase II is 

upregulated in numerous cancers, and it has been 

proposed as a therapeutic target in CRC [15–17]. 

Meanwhile, elevated Casein kinase II activity play a role 

in transcriptional regulator of cell cycle and PI3K-

promoting genes [18]. The motifs [xxxxxx_S_Pxxxxx] 

(motif 26) and [xxxxxx_T_Pxxxxx] (motif 54) are 

known to be phosphorylated by kinases containing a WW 

domain [19–21]. The motif [xLxRxx_S_xxxxxx] (motif 

29), for its part, is phosphorylated by calmodulin-

dependent protein kinase II [22], which may be a 

therapeutic target in cancer [23]. In this way, our findings 

identify several kinases that may help mediate the effects 

of triptolide against CRC. 

 

Verification with molecular docking 

 

To further validate potential targets in triptolide, we 

performed molecular docking with hub genes. Docking 

analysis successfully predicted binding energy (ΔGb), 

which were all negative and less than −5, between 

quercetin and the hub genes. The scores of triptolide-

AMD1, -IMP3, -HNRNPC, -DHX9 was −5.7634, 

−6.1944, −5.5740 and −5.4239 kcal/ mol, respectively 

(Supplementary Table 3). Docked compounds showed 
hydrogen bonds in the active site. These selected 

compounds bind to the hub genes protein by interacting 

with different amino acid residues, such as Arg20, Lys 

3, Asn146, Arg17 and Thr 216. Overall, molecular 

docking results indicated that triptolide had good 

binding activities to AMP1, IMP3, HNRNPC and 

DHX9, as shown in Figure 7. 

 

DISCUSSION 
 

Globally CRC is the third most frequent cancer and the 

second most frequent cause of cancer-related deaths 

[24]. Triptolide has been reported to affect CRC in 

various ways, such as by arresting the cell cycle [4, 25] 

and decreasing vascular endothelial growth factor 

expression to inhibit migration [26]. Since CRC onset 

and progression likely involve complex interactions 

among many genes and proteins [27, 28], we did not 

focus here on specific proteins but instead examined the 

entire (phospho)proteomic landscape using liquid 

chromatography-tandem mass spectrometry [29].  

We identified 559 proteins whose expression was 

downregulated and 403 proteins whose expression was 

upregulated by triptolide. 

 

For example, we found that triptolide downregulated 

ZFP36L2, consistent with previous studies [30, 31]. In 

the case of pancreatic ductal adenocarcinoma, high 

expression of ZFP36L2 predicts shorter survival, and 

silencing it inhibits cancer cell aggressiveness [31]. We 

also found that triptolide downregulated AMD1, which is 

upregulated in many cancers and is associated with 

patient prognosis [32, 33]. Similarly, triptolide 

downregulated the RNA helicase DHX9, which is highly 

expressed in several cancers and is involved mainly in 

RNA splicing and processing, ribosome synthesis, as 

well as translation and transcription [34]. Triptolide 

downregulated the RNA-binding protein HNRNPC. This 

protein is upregulated in various cancers, and its 

inhibition slows cancer cell proliferation and tumor 

growth [35]. Our research highlights that triptolide can 

directly or indirectly phosphorylate HNRNPC and it is 

down regulated in triptolide treated group. Therefore, we 

attribute that triptolide may mediate the proliferation of 

tumor by HNRNPC. These indicates that triptolide plays 

a critical role in a variety of cellular processes, especially 

in cell growth, cell migration and immunoreactivity. 
 

Many of the GO terms enriched in the proteins whose 

expression was altered by triptolide localized to the 

nucleus and were related to the ribosome. An important 

feature of cancer cells is increased ribosomal production 

and strong disruption of ribosome biogenesis [36, 37]. 

The production of functional ribosomes begins in the 

nucleolus [38–40], so this may be an important site of 

triptolide anticancer activity. 

 

Triptolide downregulated hedgehog signaling, and it 

altered the phosphorylation of proteins involved in 
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Figure 6. Analysis of motifs differentially phosphorylated between CRC cultures treated with triptolide or vehicle. (A) Motifs 

whose phosphorylation is upregulated by triptolide. (B) Motifs whose phosphorylation is downregulated by triptolide. (C) Ranking of the top 
six motifs upregulated by triptolide. (D) Ranking of the top six motifs downregulated by triptolide. 
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Figure 7. Shows the binding interactions of triptolide with the CRC-related hub genes protein. Triptolide binds to AMD1(A), 

IMP3(B), HNRNP(C) and DHX9(D). Ball and stick represent triptolide; cartoon represents a hub target. 
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PI3K−Akt signaling and MAPK signaling. Hedgehog 

signaling has been linked to cancer, in particular for 

maintaining tumor-initiating/stem cells [41]. The 

pathway contributes to tumorigenesis and tumor growth 

through several mechanisms [42, 43], including 

processes affecting cell proliferation, survival and 

angiogenesis [44]. The pathway can be activated by 

TNF-α, KRAS–MAPK/ERK, and PI3K–Akt [45–47]. 

In fact, PI3K activates Akt to regulate hedgehog 

signaling during the specification of neuronal fate [48]. 

Our results suggest that triptolide acts partly through 

hedgehog and associated signaling pathways. 

 

We found that triptolide downregulated the RNA-

binding protein IMP3, which is required for ribosomal 

RNA processing and may predict prognosis in many 

cancers [49–51]. In breast cancer, IMP3 activates TAZ, 

a transcriptional co-activator of Hippo signaling that 

helps drive breast cancer stem cell function [49].  

In prostate cancer, IMP3 is overexpressed, and it 

accelerates the cancer’s progression by increasing 

SMURF1-mediated PTEN ubiquitination, which in turn 

activates PI3K/AKT/mTOR signaling [50]. In CRC, 

IMP3 regulates MEKK1 to activate MEK1/ERK 

signaling, driving cancer progression [52]. Our results 

suggest that triptolide acts in part through IMP3 and 

associated pathways. Clinical therapeutic effect need to 

be further validated in controlled clinical trials. 

 

Altogether, our analysis identifies several pathways 

through which triptolide may suppress CRC proliferation, 

including pathways involving IMP3/ PI3K/AKT/mTOR, 

Hedgehog/ PI3K/AKT and ZFP36L2, AMD1, DHX9  

and HNRNPC. These results may help optimize the 

anticancer efficacy of triptolide as well as develop new 

druggable targets against CRC. 

 

MATERIALS AND METHODS 
 

Cell culture and treatment 
 

The human colon carcinoma cell line HCT 116 was 

obtained from National Infrastructure of Cell Line 

Resource (Beijing, China). Cells were treated for 48 h 

with triptolide (40 ng/ml) dissolved in DMSO or DMSO 

vehicle. The medium for all cell culture was RPMI 1640 

(Life Technologies, Shanghai, China) supplemented 

with 10% fetal bovine serum (FBS; Thermo Scientific, 

Shanghai, China). Cultures were incubated at 37° C in 

an atmosphere of 5% CO2. 

 

Protein extraction and preparation 
 

HCT116 cells were cultured to 70% confluence, then 

lysed using a buffer containing 100 mM Tris-HCl (pH 

7.6), 4% SDS, 1 mM DTT. Protein concentration were 

quantified using the BCA assay (Bio-Rad, Hercules, 

California, USA). The protein solution was sequentially 

diluted (5 mmol/L dithiothreitol for 30 min at 56° C) 

and alkylated with 11 mmol/L iodoacetamide for 15 

min. These procedures were performed in darkness at 

room temperature. Then, the assembled protein sample 

was diluted to a urea concentration of less than 2 mol/L. 

Finally, trypsin was added to initiate overnight digestion 

(the ratio of trypsin to the protein mass ratio was 1:50) 

at 37° C and a subsequent 4 h digestion (the ratio of 

trypsin to protein mass was 1:100). The resulting 

peptides were desalted on a Empore™ SPE C18 

cartridge (standard density, 7 mm inner bed diameter, 3 

ml volume; Sigma, Shanghai, China). The eluted 

peptides were concentrated by vacuum centrifugation 

and reconstituted in 40 µl of 0.1% (v/v) formic acid. 

 

Tandem mass tagging and enrichment of 

phosphopeptides 

 

Tryptic peptide mixtures were labeled with TMT 

Reagent (Thermo Fisher Scientific) according to the 

manufacturer’s instructions. Three independent cultures 

of untreated HCT116 were tagged (tags 126, 127 and 

128), as well as three independent cultures of triptolide-

treated HCT116 cells (tags 129, 130 and 131). Peptide 

mixtures were enriched for phosphorylated peptides 

using the High-Select™ Fe-NTA Kit (Thermo 

Scientific) according to the manufacturer’s instructions. 

The resulting phosphopeptide mixtures were lyophi-

lized, then resuspended in 20 µL of 0.1% (v/v) formic 

acid. 

 

Liquid chromatography-tandem mass spectrometry 

 

Total peptide and phosphopeptide-enriched samples 

were loaded onto an Acclaim PepMap100 nanoViper 

C18 reverse-phase trap column (Thermo Scientific; 

dimensions, 100 μm x 2 cm) connected to an Easy C18 

reverse-phase analytical column (Thermo Scientific; 

inner diameter, 75 μm; length, 10 cm; resin diameter, 3 

μm) in buffer A (0.1% formic acid). Peptides were 

separated using a linear gradient of buffer B (84% 

acetonitrile, 0.1% formic acid) at a flow rate of 300 

nl/min. 

 

The separated peptides were then subjected to tandem 

mass spectrometry on a Q Exactive mass spectrometer 

(Thermo Scientific) for 60-90 min, operated in positive 

ion mode. Data were acquired using a data-dependent 

top10 method that dynamically selected the most 

abundant precursor ions from the survey scan (300–

1800 m/z) for Higher energy Collision Induced 
Dissociation (HCD) fragmentation. The system was 

operated in peptide recognition mode, and the following 

device parameters were used: automatic gain control 
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target, 3e6; maximum injection time, 10 ms; dynamic 

exclusion duration, 40.0 s; survey scan resolution, 

70,000 at m/z 200; HCD spectrum resolution, 17,500 at 

m/z 200; isolation width, 2 m/z; normalized collision 

energy, 30 eV; and underfill ratio (minimum percentage 

of the target value likely to be reached at maximum fill 

time), 0.1%. 

 

Database search 

 

The resulting MS/MS data were processed using the 

MASCOT engine (Matrix Science, London, UK; 

version 2.2) embedded into Proteome Discoverer 2.4. 

The data were searched against the database 

“Homo_sapiens_194324” and against a library of 

common protein contaminants (for filtering out 

contaminant proteins), and an anti-database was added 

to assess the false discovery rate (FDR) due to random 

matches. The following system parameters were 

applied: restriction enzyme digestion method, trypsin/P; 

number of missed cleavage sites, 2; peptide mass 

tolerance, ± 20.0 ppm; fragment mass tolerance, 0.1 Da; 

fixed modification, carbamidomethyl (C); variable 

modifications, “Oxidation (M)”, “Phospho(ST)”, 

“Phosp (Y)”; and FDR, 1%. 

 

Only proteins whose levels differed > 2-fold or < 0.83-

fold between cultures treated with triptolide or vehicle (in 

association with p < 0.05) were considered in subsequent 

bioinformatics analyses. A similar criterion was applied 

to select phosphorylation sites in the proteome. 

 

Bioinformatic analyses 

 

Differentially expressed proteins were searched against 

the NCBI BLAST+ database (ncbi-blast-2.2.28+-

win32.exe) and homologous sequences were identified 

using InterProScan. Potential functions of the proteins 

were explored using Gene Ontology (GO) terms and 

annotated using Blast2GO (https://www.blast2go.com/) 

according to GO biological processes, cellular 

components and molecular functions. 

 

After annotation, proteins were mapped to Kyoto 

Encyclopedia of Genes and Genomes (KEGG) 

pathways (http://www.genome.jp/kegg/). Their 

subcellular localizations were predicted using CELLO 

(http://cello.life.nctu.edu.tw). In addition, the InterPro 

(providing resources for functional analysis of protein 

sequence family classification, prediction of structural 

domains and special sites) database was used to analyze 

the enrichment of functional domains of differentially 

expressed proteins. Enrichment of a given differentially 
expressed protein or protein domain was defined as p < 

0.05 in a two-tailed Fisher’s exact test. We examined 

enrichment in terms of GO terms, KEGG and domains. 

Categories that contained at least one enriched cluster 

and that were associated with p < 0.05 were considered 

significant. 
 

The STRING database (version 10.5) was used to create 

a protein-protein interaction network, and interactions 

with a confidence score > 0.7 were considered probable. 

Finally, we integrated databases and protein-protein 

interaction network, then explored densely connected 

regions using MCODE and Cytohubba. 
 

Phosphorylation motifs were analyzed using MeMe 

(http://meme-suite.org/index.htm). We extracted amino 

acid sequences containing the phosphorylated residue as 

well as six residues upstream and six downstream. Only 

when the minimum number of occurrences was set to 

20 and the statistical test P value is less than 0.000001, 

the characteristic sequence form is considered to be a 

motif of the modified peptide. Finally, we estimate the 

molecular binding capacities of the compounds with the 

target proteins. The structures of triptolide were 

downloaded from the TCMSP database. Then, the 

downloaded structures were converted to three 

dimensional (3D) structures, and the energy of them 

was minimized through the Molecular Operating 

Environment (MOE) 2019.10 software. Molecular 

docking analysis was conducted for comparing the 

combined action between the compounds and the 

crystal structures of AMD1 (PDB ID: 3DZ7), IMP3 

(PDB ID:6FQR), HNRNPC (PDB ID: 2MZ1), DHX9 

(PDB ID: 3VYX) using MOE. For each molecular 

compounds, a number of placements called poses. 

Among the placement of the compounds, the best pose 

with the lowest binding energy (ΔGb) was selected as 

the output result. 
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SUPPLEMENTARY MATERIALS 

 

Supplementary Figures 

 

 

 

 
 

Supplementary Figure 1. (A) Distribution of peptide lengths identified by mass spectrometry. (B) Distribution of molecular weights of all 

proteins identified. 
 

 
 

Supplementary Figure 2. (A) Results of proteome quantitation. (B) Results of phosphoproteome quantitation. 
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Supplementary Figure 3. (A) Clustering of differentially expressed proteins based on enrichment in Gene Ontology (GO) cellular 

components. (B) Clustering of differentially expressed proteins based on enrichment in GO molecular functions. (C) Clustering of differentially 
expressed proteins based on enrichment in GO biological processes. (D) Clustering of differentially expressed proteins based on enrichment 
in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. (E) Clustering of differentially expressed proteins based on protein domains. 

 

 
 

Supplementary Figure 4. (A) Distribution of serine (S), threonine (T) and tyrosine (Y) phosphorylation among all phosphoproteins 
identified by mass spectrometry. (B) Distribution of phosphoproteins based on number of phosphorylation sites per protein. 
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Supplementary Figure 5. (A) Clustering of differentially phosphorylated proteins based on enrichment in Gene Ontology (GO) cellular 
components. (B) Clustering of differentially phosphorylated proteins based on enrichment in Gene Ontology (GO) biological processes.  
(C) Clustering of differentially phosphorylated proteins based on enrichment in Gene Ontology (GO) molecular functions. (D) Clustering of 
differentially phosphorylated proteins based on enrichment in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. (E) Clustering of 
differentially phosphorylated proteins based on enrichment in protein domains. 
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Supplementary Figure 6. (A) Venn diagram of differentially expressed proteins screened by four classification methods in order to identify 

hub proteins. (B) Venn diagram of differentially phosphorylated proteins screened by four classification methods in order to identify hub 
phosphorylated proteins. 
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Supplementary Tables 
 

Supplementary Table 1. The top ten proteins screened by four classification methods. 

Degree Closeness EPC MNC 

IMP3 IMP3 IMP3 IMP3 

BYSL PDCD11 BYSL BYSL 

PDCD11 BYSL PDCD11 PDCD11 

PNO1 PNO1 RRS1 PNO1 

NSA2 NSA2 RPF2 NSA2 

MPHOSPH10 MPHOSPH10 BMS1 MPHOSPH10 

RPF2 RPF2 NOC4L RPF2 

RSL1D1 RRS1 NSA2 RSL1D1 

RBM28 NOC4L PNO1 RBM28 

RRS1 RSL1D1 KIAA0020 RRS1 

 

Supplementary Table 2. The top ten phosphorylation modified proteins screened by four 
classification methods. 

Degree Closeness EPC MNC 

SRSF1 SRSF1 SRSF1 SRSF1 

NCBP1 HNRNPC HNRNPC NCBP1 

HNRNPC NCBP1 HNRNPA1 HNRNPC 

HNRNPA1 HNRNPA1 NCBP1 HNRNPA1 

DHX9 DHX9 DHX9 DHX9 

SF3B1 SF3B1 SF3B1 SF3B1 

DDX5 DDX5 RBM25 DDX5 

RBM25 HIST1H4F SRSF9 RBM25 

SNRNP70 RBM25 DDX5 SNRNP70 

HIST1H4F SRSF9 SF3B3 HIST1H4F 

 

Supplementary Table 3. Interaction of hub genes with triptolide. 

Gene name PDB ID Herbs ΔGb 
H-Bonds 

Type amino acid 

AMD1 3DZ7 Triptolide -5.2803--5.7650 H-donor Arg A-20 

IMP3 6FQR Triptolide -5.6453--6.1944 H-donor Lys A-3 

    H-donor Asn B-146 

    H-acceptor Asn B-146 

HNRNPC 2MZ1 Triptolide -5.0554--5.8036 H-donor Arg 17 

DHX9 3VYX Triptolide -5.3092--5.4239 H-donor Thr 216 
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INTRODUCTION 
 

Pancreatic ductal adenocarcinoma (PDAC) is a highly 

fatal malignancy with a rapid incidence rate worldwide 

[1]. Approximately 80–85% of PDAC patients have 
unresectable or metastatic disease at the time of 

diagnosis [2]. In addition, the genetic and heterogeneity 

of PDAC make for a lack of effective therapeutic 

options, leading to a 5-year survival rate of less than 

10% worldwide [3]. It is estimated that pancreatic 

cancer will become the second leading cause of cancer 

death by 2030 [4]. 

 

Studies have revealed that up to 90% of PDAC patients 

harbor oncogene KRAS activating alterations, which 

play an essential role in PDAC initiation and 
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ABSTRACT 
 

Background: Pancreatic ductal adenocarcinoma (PDAC) is a highly fatal malignancy and lacks effective 
therapeutic targets. Trametinib is considered to be a promising potential indirectly targeted KRAS inhibitor in 
PDAC. However, the clinical outcomes were poor. JQ1 displayed a significant synergistic effect when combined 
with chemotherapy or potential targeted therapy in pancreatic cancer. The impact of Trametinib and JQ1 
combination treatment in PDAC remains to be fully elucidated.  
Methods: The efficacy of trametinib and JQ1 on cell proliferation and cytotoxicity was assayed in 7 KRAS 
mutant pancreatic cancer cell lines. The cytotoxic effects of drugs either alone or in combination were 
evaluated using a luminescent cell viability assay. Immunoblot analysis was carried out to investigate changes 
in p62 and autophagy. 
Results: We found that either trametinib or JQ1 alone inhibited the proliferation of some pancreatic cancer 
cell lines with KRAS alterations, irrespective of the mutational loci of KRAS and the aberrant status of the 
other driver genes. The synergistic effects of combination treatment of trametinib and JQ1 were observed in 
both trametinib-resistant and trametinib-sensitive cells. In trametinib-sensitive PDAC cells, the combined 
treatment definitely inhibited p62 expression compared with trametinib alone, while LC3 expression at high 
levels changed little. In trametinib-resistant PDAC cells, the combination of MEK/BET inhibitor dramatically 
decreased p62 expression compared with single agent, while p62 expression increased after anti-autophagic 
therapy was added. 
Conclusions: Blocking RAS downstream signaling and epigenetic pathway synergistically increases the 
antiproliferative activity in KRAS mutant PDAC cells. Combination therapeutic synergism may induce different 
cell death modes in different pancreatic cancer subtypes. 
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maintenance [5]. Directly inhibiting KRAS seems to be 

a desirable approach for specifically treating PDAC 

patients with KRAS mutations. However, with the 

exception of KRAS p.G12C specific inhibitors (a 

mutation merely accounts for 1% of PDAC patients), 

various attempts to directly inhibit KRAS have been 

unsuccessful [6]. As an alternative approach, targeting 

KRAS downstream effectors has been clinically 

explored [7]. Trametinib, as a highly selective MEK1/2 

inhibitor, targets mitogen-activated protein kinase 

(MAPK) signaling which is a main pathway downstream 

of KRAS; however, a clinical study has been less 

encouraging when combined with chemotherapy in 

PDAC patients [8]. The failure of trametinib in  

PDAC is probably due to the activation of adaptive 

signaling, resulting in acquired drug resistance. 

However, whether there are potential epigenetic-based 

mechanisms regulating drug sensitivity remains to be 

fully elucidated. 

 

JQ1, an epigenetic reader protein BET inhibitor of 

bromodomain-containing protein 4 (BRD4) has emerged 

as a potential modulation agent [9]. In pancreatic cancer, 

JQ1 has been reported to exert a synergistic effect  

and induce tumor regression when combined with 

gemcitabine, HDAC inhibitors, or even PARP inhibitors 

[10, 11]. Combination therapy based on BET inhibitors is 

considered to have promising therapeutic potential for 

pancreatic cancer [12]. 

 

In this study, we aimed to explore the impact of 

trametinib and/or JQ1 on KRAS mutant pancreatic 

cancer and address the potential mechanism. 

RESULTS 
 

MEK inhibitor trametinib suppresses pancreatic 

cancer cells 

 

First, we demonstrated the structure of trametinib 

(Figure 1A) and the main genetic alterations in our 

human PDAC cell lines (Table 1). We found that all 7-

cell lines carried KRAS and TP53 mutations. AsPC-1 

also had SMAD4 and CDKN2A alterations. PSN1 and 

CFPAC-1 had SMAD4 copy number variation (CNV) 

loss alterations, while Mia PaCa-2, PANC-1, HuP-T3, 

and HuP-T4 carried CDKN2A CNV loss alterations. 

Then we treated all PDAC cell lines with a decreasing 

concentration gradient of trametinib. Cytostatic 

responses were observed in all PDAC cell lines, but the 

effectiveness was totally different in different cell lines 

from the fitting curve (Figure 1B). AsPC-1, PSN1, and 

Mia PaCa-2 cells were relatively sensitive to trametinib, 

and their half maximal inhibitory (IC50) values were 

1.046 nM, 3.866 nM, and 9.167 nM, respectively 

(Supplementary Table 1). The IC50 values of CFPAC-1 

and PANC-1 was 61.22 nM and 1031 nM, respectively, 

which were relatively resistant to trametinib. However, 

the IC50 values of HuP-T3 and HuP-T4 were not 

reached when treated with the maximum concentration 

of 10 μM trametinib. 

 

BET inhibitor JQ1 suppresses pancreatic cancer 

cells 

 

To identify sensitivity or resistance to BET inhibitors, 

we demonstrated the structure of JQ1 (Figure 2A) and 

 

 
 

Figure 1. The MEK inhibitor trametinib suppresses KRAS mutant pancreatic cancer cells. (A) The structure of the MEK inhibitor 

trametinib. (B) Fitting curve of cytostatic responses illustrated a decreasing concentration gradient of trametinib in 7 KRAS mutant pancreatic 
cancer cell lines (AsPC-1, MIA PaCa-2, PANC-1, HuP-T4, HuP-T3, PSN1, and CFPAC-1). 
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Table 1. Main mutation analysis of the PDAC cell lines. 

Cell lines KRAS TP53 SMAD4 CDKN2A 

AsPC-1 p.G12D p.C135fs p.R100T p.L78fs 

MIA PaCa-2 p.G12C p.R248W wild type CNV Loss 

PANC-1 p.G12D p.R273H wild type CNV Loss 

HuP-T4 p.G12V p.I255T wild type CNV Loss 

HuP-T3 p.G12R p.R282W wild type CNV Loss 

PSN1 p.G12R p.K132Q CNV Loss wild type 

CFPAC-1 p.G12V p.C242R CNV Loss wild type 

Abbreviations: p, protein; fs, frame shift; CNV, copy number variations. 

 

examined the antiproliferative activity of JQ1 in 7 

PDAC cell lines. Cytostatic responses were also 

observed in all cell lines (Figure 2B). We observed that 

the IC50 values of AsPC-1, PANC-1, HuP-T3, and 

PSN1 were not reached even if the maximum 

concentration of 10 μM JQ1 was used (Supplementary 

Table 2). The IC50 values of the other three cell lines 

(HuP-T4, Mia PaCa-2, CFPAC-1) were 177.6 nM, 

238.7 nM, and 362.3 nM, respectively.  

 

Synergistic effects elicited by combined trametinib 

and JQ1 treatment in pancreatic cancer 

 

To confirm the inhibitory effect of blocking the RAS 

downstream pathway and BET epigenetic transcriptional 

pathway, we screened the activity of BET/MEK 

inhibitor combinations in human KRAS mutant PDAC 

cell lines. In trametinib-sensitive cell lines (AsPC-1 and 

PSN1), the combination of trametinib and JQ1 

substantially reduced the percentage of cell viability,  

in AsPC-1 cells matching the multiplicative expectation 

and in PSN1 cells exceeding that which would be 

expected if monotherapy effects were multiplied  

(Figure 3A). In trametinib-resistant cells (CFPAC-1  

and PANC-1), trametinib had little impact on cell 

viability. However, combined trametinib/JQ1 treatment 

resulted in a significantly greater reduction in cell 

viability than trametinib alone. In CFPAC-1 cells, the 

effect of trametinib and JQ1 combined was even 

stronger than would be expected if a single agent was 

used (Figure 3B). In PANC-1 cells, the effect of 

trametinib at a low concentration and JQ1 combination 

treatment still slightly exceeded expectations (Figure 

3B). The following isobologram and combination

 

 
 

Figure 2. The BET inhibitor JQ1 suppresses KRAS mutant pancreatic cancer cells. (A) The structure of the BET inhibitor JQ1.  

(B) Fitting curve of cytostatic responses illustrated a decreasing concentration gradient of JQ1 treated with 7 KRAS mutant pancreatic cancer 
cell lines (AsPC-1, MIA PaCa-2, PANC-1, HuP-T4, HuP-T3, PSN1, and CFPAC-1). 
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Figure 3. Synergistic effects elicited by combined treatment trametinib and JQ1 in pancreatic cancer. (A) Effect of trametinib 

and/or JQ1 on the percentage of cells in relative trametinib-sensitive PDAC cell lines (AsPC-1 and PSN-1). Light gray bars show control values. 
‘‘Multiplication’’ indicates the expected effect of combined treatment if single-agent effects were multiplied; the red arrow indicates the 
actual effect of the combination. (B) Effect of trametinib and/or JQ1 on the percentage of cells in relative trametinib-resistant PDAC cell lines 
(PANC-1 and CFPAC-1). (C–F) Combination index (CI) (top) and isobologram (bottom) analyses reveal the synergistic effect of trametinib and 
JQ1 not only in trametinib-sensitive PDAC cell lines (AsPC-1 and PSN-1), but also in trametinib-resistant PDAC cell lines (PANC-1 and CFPAC-1). 
Fraction affected (Fa)-CI plots (top) and normalized isobolograms (bottom) are shown. 



www.aging-us.com 3601 AGING 

index (CI) analyses demonstrated that combined 

trametinib/JQ1 treatment had synergistic inhibitory 

effects on both trametinib-sensitive and trametinib-

resistant KRAS mutant PDAC cell growth for most 

concentration pairings (Figure 3C–3F). Except for 

AsPC-1 treated with a high concentration of trametinib, 

trametinib-sensitive cell lines with different combined 

treatment concentrations showed strongly synergistic 

inhibition with CI < 0.5 (Figure 3C, 3D). Interestingly, 

trametinib-resistant PDAC cell lines also displayed 

potent synergistic inhibitory effects of trametinib/JQ1 

combination therapy (Figure 3E, 3F). It is worth 

mentioning that PANC-1 cells had almost no response 

to trametinib treatment alone, but there was a strong 

synergistic effect of combination therapy when JQ1 was 

used at low and median concentrations (Figure 3E). 

Together, the combined inhibition of the RAS 

downstream pathway and BET family proteins results in 

a potent synergistic antitumoral response to KRAS 

mutant pancreatic cancer cells. 

 

The combination of trametinib and JQ1 via different 

cell death modes inhibits pancreatic cancer 

 

Recently, it has been reported that inhibition of the 

RAS-MEK-ERK signaling pathway induces protective 

autophagy in pancreatic cancer cells preventing the 

cytotoxic effects of KRAS pathway inhibition [13]. 

Next, we preliminarily explored the mechanisms 

between autophagy and MEKi resistance and the 

synergistic effect with BET inhibitors. We examined 

the expression of autophagy-related proteins after 

treatment in the relative trametinib-sensitive cell line 

PSN-1 and the relative trametinib-resistant cell line 

CFPAC-1 by immunoblotting. We observed high 

expression of LC3 and accumulation of p62/SQSTM1 

in PSN-1 cells treated with trametinib alone, JQ1 alone 

or the combination treatment, respectively (Figure 4A). 

Compared with trametinib alone, p62 expression was 

more increased in the combination treatment. It was 

suggested that the synergistic effect of PSN1 combined 

therapy inhibited autophagy, thus strengthening the 

apoptotic pathway. For the trametinib-resistant cell line 

CFPAC-1, the expression levels of LC3 and p62 did 

not change after treatment with trametinib alone 

(Figure 4B). Interestingly, the expression levels of LC3 

were not altered in a time-dependent manner when 

combined with trametinib and JQ1 but were much 

lower than those of trametinib alone. However, p62 

expression disappeared after combined treatment. The 

synergistic effect of CFPAC-1 combined therapy 

mainly activated autophagy-dependent cell death 

instead of apoptosis. To investigate whether the 

synergistic effect of the two different cell lines on 

combination therapy was involved in autophagy-

dependent cell death, we added the autophagy inhibitor 

HCQ to PSN1 and CFPAC1 combination therapy. We 

found that the expression of p62 in PSN1 was slightly 

enhanced, while that in CFPAC1 was re-expressed 

after combined therapy plus HCQ (Figure 4A, 4B). 

This result indicated that autophagy-dependent cell 

death was mainly induced by the synergistic effect of 

combined therapy in trametinib-resistant cells but not 

in trametinib-sensitive cells. 

 

 
 

Figure 4. The combination of trametinib and JQ1 via different cell death modes inhibits pancreatic cancer. (A) Cell lysates 
prepared from PSN-1 cells treated with trametinib alone, JQ1 alone, trametinib+JQ1, and trametinib+JQ1+HCQ over a time course were 
analyzed by immunoblotting for p62, LC3, or actin, as indicated. (B) Cell lysates prepared from CFPAC-1 cells treated with trametinib alone, 
JQ1 alone, trametinib+JQ1, and trametinib+JQ1+HCQ over a time course were analyzed by immunoblotting for p62, LC3, or actin, as 
indicated. (C) Model of the synergistic effects induced by the combination treatment of trametinib and JQ1 in KRAS mutant pancreatic 
cancer.  
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DISCUSSION 
 

In this study, we screened the inhibitory effects of the 

MEK inhibitor trametinib and BET inhibitor JQ1 on 7 

different pancreatic cancer KRAS mutant cell lines. Four 

cell lines that were relatively sensitive and resistant to 

trametinib were respectively tested for combination 

therapy. We observed a synergistic interaction from 

combination therapy on all cell lines, especially 

trametinib-resistant CFPAC-1 and trametinib-sensitive 

PSN1. Further mechanistic analysis showed that the 

combination therapy synergistic effect of trametinib-

sensitive PDAC cells mainly came from apoptosis, while 

that of trametinib-resistant PDAC cells mainly activated 

autophagy-dependent cell death. This study was the first 

to clarify that combined trametinib and JQ1 treatment 

had a synergistic effect on KRAS mutant PDAC cells and 

elucidate that synergism induced different mechanisms 

of cell death in different PDAC cell lines. 

 

Trametinib, an MEK1 and MEK2 kinase inhibitor, 

blocked ERK phosphorylation which downregulated 

MYC protein causing G1 cell cycle arrest and inducing 

apoptosis [14]. JQ1 a selective small-molecule 

bromodomain inhibitor, downregulated MYC trans-

cription which produced a potent antiproliferative effect 

associated with cellular senescence and cell cycle arrest 

[9]. Combined treatment with BET and MEK inhibitors 

was reported to promote anaplastic thyroid tumors and 

colorectal cancer regression via synergistic suppression 

of MYC transcription [15, 16]. Recently, it has been 

demonstrated that combined MEK/BET inhibitors are 

much more effective depending on some biomarker in 

triple-negative breast cancer (TNBC) and in KRAS 

mutant non-small cell lung cancer (NSCLC) [17, 18]. 

However, the combinational effect of BET and MEK 

inhibitors has not been systematically evaluated in 

PDAC. 

 

In our study, we found that either trametinib or JQ1 

alone could inhibit the proliferation of some pancreatic 

cancer cell lines with KRAS alterations, irrespective of 

the mutational loci of KRAS and the mutational status of 

the other driver genes. Further studies demonstrated 

synergistic effects of the combination treatment of 

trametinib and JQ1 in both trametinib-resistant and 

trametinib-sensitive cell lines. It was shown that the 

BET inhibitor not only further enhanced the sensitivity 

of trametinib in trametinib-sensitive PDAC cells, but 

also improved the sensitivity of trametinib in trametinib-

resistant PDAC cells. Finally, we preliminarily explored 

the mechanisms mediating the synergistic effects of the 

combination therapy in PDAC. 

 

In the trametinib-sensitive PDAC cell line, the 

combined treatment definitely inhibited MYC, leading 

to an increase in p62 expression compared with 

trametinib alone, while LC3 expression at high levels 

changed little. It was elucidated that the synergistic 

effect of MEK/BET inhibitors mainly induced apoptosis 

in trametinib-sensitive cells, despite slight protective 

autophagy. In the trametinib-resistant PDAC cell line, 

the combination of MEK inhibitor and BET inhibitor 

dramatically decreased p62 expression compared with 

single drug, while p62 expression increased after anti-

autophagy therapy was added. This result revealed that 

the synergistic effect of combination therapy mainly 

elicited autophagy-dependent cell death in trametinib-

resistant cells. P62/SQSTM1, a ubiquitin-binding 

multifunctional protein linked to the extrinsic apoptosis 

pathway promoting programmed cell death, binds 

directly to LC3 family proteins to negatively regulate 

autophagy as a marker to study autophagic flux [19]. 

Autophagy is considered a mechanism by which cancer 

cells maintain high metabolic levels in poor nutritious 

environments [20]. Protective autophagy has generally 

emerged as a drug resistance mechanism inducing 

metabolic stress for cell survival when pancreatic cancer 

cells are treated with MEK or ERK inhibitors [13, 21]. 

However, under certain conditions such as anticancer 

treatment, autophagy can directly or indirectly induce 

cell death [20]. Our studies demonstrated that the 

synergistic effect of trametinib and JQ1 combined 

therapy might induce different ways of cancer cell death 

in different pancreatic cancer subtypes (Figure 3C). 

This indicates that the current clinical exploration of 

autophagy inhibitors combined with chemotherapy or 

trametinib in PDAC patients may encounter some 

bottlenecks [22]. We believe that only screening 

pancreatic cancer patients who produce protective or 

adaptive autophagy after treatment could obtain real 

benefits from anti-autophagic therapy. 

 

Our study also has some limitations. We have not tested 

the synergistic effect of combination therapy in vivo. 

Animal assays to evaluate the safety and immune effect 

of trametinib/JQ1 combination therapy have been 

confirmed in other tumors [17, 18]. We preliminarily 

verified that blocking the KRAS downstream pathway 

combined with an anti-epigenetic BET inhibitor has a 

favorable synergistic effect in KRAS mutant PDAC cells. 

In addition, KRAS wild-type pancreatic cancer and the 

detailed regulatory molecular mechanism of different cell 

death modes induced by combined therapy should be 

explored and confirmed in the future. Finally, the 

mechanism of trametinib/JQ1/HCQ combined treatment 

is complex, and the antiproliferative effect and the cell 

death mode need strict designed experiments to be further 

evaluated. 
 

In summary, our findings show that blocking RAS 

downstream signaling and epigenetic pathway 
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synergistically increases the antiproliferative activity 

in KRAS mutant pancreatic cancer cells. Combination 

therapeutic synergism induces autophagy-dependent 

cell death in some pancreatic cancer subtypes. This 

suggests that trametinib and JQ1 can be viewed as 

potential combination therapeutic options for PDAC 

patients with KRAS alterations. Treatment containing 

anti-autophagic regimens requires screening suitable 

pancreatic cancer patients, which needs to be further 

verified. 

 

MATERIALS AND METHODS 
 

Cell culture 

 

The human pancreatic cancer cell lines AsPC-1, MIA 

PaCa-2, PANC-1, HuP-T4, HuP-T3, PSN1, and 

CFPAC-1 were purchased from American Type Culture 

Collection (ATCC) and provided by Suzhou Truway 

Biotechnology Inc. All cell genetic information was 

analyzed and downloaded from the Cancer Cell Line 

Encyclopedia (CCLE) or Catalogu of Somatic 

Mutations in Cancer (COSMIC) database. Cells were 

cultured in RPMI 1640, McCoy's 5a, MEM or DMEM 

supplemented with 10% fetal bovine serum (FBS) and 

1% penicillin/streptomycin under the recommended 

conditions. The ATCC has performed morphological, 

cytogenetic and DNA profile analyses for charac-

terization of these cell lines. The cell passages were 

limited to 15 generations for all experiments in this 

study. Mycoplasma contamination was excluded using 

the antibiotic mycoplasmincin (InvivoGen) and was 

periodically examined using a MycoFluor Mycoplasma 

Detection Kit (Invitrogen, #M7006). 

 
Compounds 

 

Trametinib (GSK1120212, MEK inhibitor, APExBio 

Technology, Shanghai, China), JQ1 (BET bromodomain 

inhibitor, APExBio Technology, Shanghai, China),  

and hydroxychloroquine (HCQ, autophagy inhibitor, 

APExBio Technology, Shanghai, China) were dissolved 

in DMSO. 

 
Cell viability assay 

 

Cell viability assays were carried out using the 

CellTiter-Glo® Luminescent Cell Viability Assay 

(Promega, USA). Cells were seeded into 96-well  

cell culture plates at a density of 5000 cells per well  

in 100 μL of culture medium and treated with the 

indicated drugs at various concentrations. After 72 h  

of incubation, the cells were lysed with CellTiter  

Glo reagent (Promega, #G7573), and the luminescence 

signals produced by ATP molecules from live cells 

were measured using a SPARK microplate reader 

(TECAN, Switzerland) after 30 min of incubation  

at room temperature. The dose–response curve was 

fitted based on the relative survival cell percentage  

in nonlinear fitness (curve fit) using GraphPad  

Prism 8 software (http://www.graphpad.com/scientific-

software/prism/). The software build-in analyses 

“nonlinear regression (curve fit)” and equation “log 

(inhibitor) vs. response-variable slope” were used for 

the data analysis and IC50 calculation. 

 

Immunoblot analysis 

 

Cultured cells were extracted with RIPA buffer 

containing protease inhibitors and a phosphatase inhibitor 

cocktail (Roche). The protein concentration was 

determined by the BCA assay (Pierce). Proteins were 

resolved by SDS-PAGE, transferred to PVDF 

membranes (Millipore) and analyzed by immunoblotting. 

The antibodies used were as follows: LC3A/B antibody 

(#4108, 1:2000) and SQSTM1/p62 antibody (#5114, 

1:2000) were purchased from Cell Signaling Technology, 

and β-actin (#A5316, 1:2500) was purchased from 

GenScript. 

 
Statistical analysis 

 

All statistical analyses were performed using GraphPad 

Prism 8 (San Diego, CA, USA). Student’s unpaired t-

tests were used to compare two independent groups 

before and after different treatments as appropriate. P 

values less than 0.05 were considered to be statistically 

significant. 
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SUPPLEMENTARY MATERIALS 

 

Supplementary Tables 

 

 

 

 

Supplementary Table 1. Parameters of proliferation curve fitting 
with trametinib in PDAC. 

Cell lines Bottom Top LogIC50 HillSlope IC50(nM) 

AsPC-1 26.22 122 0.01952 -0.3883 1.046 

MIA PaCa-2 32.94 96.05 0.9622 -0.5241 9.167 

PANC-1 42.92 104.9 3.013 -0.2029 1031 

HuP-T4 54.26 194.6 -3.236 -0.2279 - 

HuP-T3 61.18 102.2 3.335 -0.6284 - 

PSN1 3.702 106 0.5873 -0.4583 3.866 

CFPAC-1 45.41 107.8 1.787 -0.6881 61.22 

Abbreviations: PDAC, pancreatic ductal adenocarcinoma. 

 

Supplementary Table 2. Parameters of proliferation curve fitting 
with JQ1 in PDAC. 

Cell lines Bottom Top LogIC50 HillSlope IC50(nM) 

AsPC-1 53.65 99.85 2.423 -0.7698 - 

MIA PaCa-2 44.3 102.9 2.378 -1.33 238.7 

PANC-1 53.97 102.4 2.506 -1.448 - 

HuP-T4 44.01 101.9 2.25 -1.738 177.6 

HuP-T3 52.07 104.6 2.244 -1.375 - 

PSN1 58.84 104.7 2.681 -1.478 - 

CFPAC-1 37.7 95.25 2.559 -0.8447 362.3 

Abbreviations: PDAC, pancreatic ductal adenocarcinoma. 
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INTRODUCTION 
 

Pancreatic cancer is often referred as the “king of 

cancers”, with a very poor prognosis, and is the fourth 

leading cause of cancer death in the world [1]. The main 

causes for the poor prognosis are its high aggressiveness, 

early metastasis, and profound chemoresistance [2, 3]. 

Due to the lack of specific diagnostic methods, more than 

80% of patients with PC were found to have locally 

unresectable or metastatic diseases [4]. Even for patients 

who underwent a successful operation or good response 

to chemotherapy, most patients will eventually have local 

recurrence or metastasis [5]. PC is prone to metastasize to 

the liver, lung, lymph nodes, and bones, which is closely 

related to patient death [6]. Thus, exploring the potential 

core gene affecting the malignant progression of 

pancreatic cancer is very crucial. 

 

MicroRNAs (miRNAs), containing 22 to 25 nucleotides, 

belong to single-stranded ribonucleic acid and exert 

function by degrading or inhibiting the translation  

of other proteins to regulate gene expression [7]. 

Dysregulation of miRNAs were closely associated  

with the occurrence of various diseases, especially 
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ABSTRACT 
 

MicroRNAs (miRNAs) are known to be involved in the development and progression of pancreatic cancer (PC). 
In this study, the prognostic significance and mechanistic role of microRNA-569 in PC were explored. 
Quantitative real-time PCR was used to detect the expression of microRNA-569 in PC tissues and cell lines. 
Scratch test and Transwell assay were conducted to detect migration and invasion ability. The xenograft nude 
mice model was used to determine tumor metastasis in vivo. The direct targets of microRNA-569 were 
determined by using bioinformatics analysis and a dual-luciferase reporter assay. The expression level of 
microRNA-569 was down-regulated in PC patients with a poor prognosis. In vitro and in vivo experiments 
indicated that over-expression of microRNA-569 inhibited the migration and invasion of PC cells. MicroRNA-569 
negatively regulated NUSAP1 by directly binding its 3'-untranslated region. Further mechanism research 
implied that the ZEB1 pathway was involved in microRNA-569/NUSAP1 mediation of the biological behaviors in 
PC. These data demonstrated that microRNA-569 may exert a tumor-suppressing effect in PC and maybe a 
potential therapeutic target for PC patients. 

mailto:xjqu@cmu.edu.cn
mailto:celi@cmu.edu.cn
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/


www.aging-us.com 3653 AGING 

cancers [8–12]. In lung cancer, miRNA-569 can be used 

as a tumor suppressor to induce apoptosis [13]. In 

mammary cancer, over-expression of miRNA-569 has a 

poor prognosis, and it could inhibit cancer progression by 

down-regulating TP53INP1 [14], however, there are no 

reports available on the effect of miR-569 in PC. 

 

Nucleolar and spindle-associated protein 1 (NUSAP1), 

mainly modulates spindle assembly and stability during 

mitosis [15]. Previous studies have reported abnormal 

NUSAP1 expression presenting in multiple malignant 

tumors. The expression of NUSAP1 was up-regulated in 

colon cancer, which demonstrated a poor prognosis 

[16]. Fang et al. that NUSAP1 was significantly up-

regulated in renal cell carcinoma, which strengthened a 

series of malignant biological behaviors of tumor cells 

[17]. However, NUSAP1 is rarely reported in pancreatic 

cancer. 

 

Our research is the first to investigate the miRNA-569 

expression in PC and reveal its relation with clinical 

outcomes. Furthermore, the biological role of miRNA-

569 and its potential molecular mechanisms were 

investigated. miRNA-569 directly targets NUSAP1, 

which in turn regulates ZEB1 expression and inhibits 

PC cell migration and invasion. 

 

RESULTS 
 

microRNA-569 is an indicator of good prognosis 
 

Patients with pancreatic cancer were divided into the 

following two groups: poor prognosis, 12 months or less; 

and good prognosis, above 21 months according to the 

survival time. As shown in Figure 1A, the high miRNA-

569 expression has a good prognosis, suggesting that 

miR-569 could serve as a good prognostic marker. 

Furthermore, the overall survival of PC patients with low 

miRNA-569 expression is shorter (Figure 1B). The 

median survival time of the low expression group was 

10.6 months, while the high-expression group was 24.0 

months. 

 

microRNA-569 over-expression suppresses migration 

and invasion in PC cells 

 

PC is prone to metastasis in the late stage, especially liver 

metastasis, leading to a poor prognosis. The expression 

levels of miR-569 after transfection of mimics in 

SW1990 and Capan-2 cells were confirmed. As expected, 

miR-569 levels were significantly up-regulated after 

transfection of mimics (Figure 2A). Scratch assay and 

Transwell experiment indicated that, compared to miR-

NC, the exogenous increase of miRNA-569 expression 

can inhibit the migration of PC cells (Figure 2B, 2C). 

Furthermore, the Transwell invasion assay also helped to 

confirm that overexpression of miRNA-569 could inhibit 

cell invasion (Figure 2D), thus, these data revealed that 

miRNA-569 has an obvious anti-metastatic effect. 

 

microRNA-569 inhibits PC liver metastasis in vivo 

 

Then, we focus on the antitumor effect of miRNA-569 

in vivo. Capan-2 was transfected with agomir-569 and 

control, respectively. Transfected cells were injected 

into the spleen of mice to establish the liver metastasis 

model, and the metastatic focus was evaluated ten 

weeks later (Figure 3A). Ex vivo luciferase imaging 

demonstrated that miRNA-569 overexpression 

significantly reduced liver metastasis in Capan-2 cells 

 

 
 

Figure 1. miR-569 was down-regulated in PC tissues and patients with high miR-569 expression had a good prognosis.  
(A) Analysis of miR-569 expression in PC tissues; (B) Kaplan-Meier Plotter analysis of the effect of miR-569 on PC patient survival. 
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compared with negative control (Figure 3B). The 

number of metastatic foci in mice injected with 

agomir-569 cells decreased significantly (Figure 3C). 

As indicated in Figure 3D, the hepatic metastatic foci 

were stained by hematoxylin and eosin (HE). In 

summary, it can be inferred that miRNA-569 can 

inhibit liver metastasis of PC, which might have 

certain clinical significance. 

 

 
 

Figure 2. miR-569 inhibited the migration and invasion of PC cells in vitro. (A) RT-qPCR showed the miR-569 transfection efficiency. 
(B) Wound healing assay demonstrated migratory abilities of PC cells after over-expression of miR-569; (C) Transwell assay showed migratory 
abilities of PC cells after over-expression of miR-569; (D) Transwell assay indicated invasive abilities of PC cells after over-expression of miR-
569. (* p < 0.05, ** p < 0.01, *** p < 0.001, n = 3, Student’s t-test, means ± 95% CI). 
 

 
 

Figure 3. miR-569 inhibited PC cell metastasis in vivo. (A) RT-qPCR showed miRNA agomir transfection efficiency. (B) In vivo 

bioluminescence imaging of representative animals from each treatment group 10 weeks after tumor cell inoculation. (C) Representative 
images of the liver of nude mice. Black arrows show metastatic tumor colonies in the liver. (D) HE staining of metastatic tumor colonies in the 
liver, magnification ×100. (* p < 0.05, ** p < 0.01, n = 5, Student’s t-test, means ± 95% CI). 
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Prediction and screening of target genes 

 

TargetScan was used for the prediction of the target 

genes. Then by interaction with up-regulated genes as 

evidenced by the TCGA database, 141 target genes were 

identified and viewed in the form of a Venn diagram 

(Figure 4A). GO and KEGG analyses were applied to 

clarify the function of miRNA-569. GO analysis is 

composed of Biological processes (BPs), cellular 

components (CCs), and molecular functions (MFs) [18], 

which mainly concentrated on the extracellular matrix 

organization, focal adhesion, and GTPase activity, which 

were critical in the processes of cell biology (Figure 4B). 

For KEGG analysis, the PI3K-Akt signaling pathway 

and MAPK signaling pathway were reported to be 

closely related to the cancerous process of PC (Figure 

4C). To screen hub genes, we constructed a protein-

protein interaction network that consists of 399 nodes 

and 1499 edges, and we then focused on the 16 hub 

genes in the network highlighted by cytoHubba 

according to their degree of overexpression (Figure 4D, 

4E). Since miRNA-569 was closely associated with 

prognosis, the LASSO Cox analysis was used to limit 

the possible choices of hub genes to facilitate the 

selection of only the most useful target genes. This 

allowed us to identify two genes (ECT2 and NUSAP1) 

(Figure 5A–5C). The biological function of ECT2 in 

pancreatic cancer had been discussed in our previous 

work [19], so we mainly focused on NUSAP1 during 

subsequent research. 

 

Verification of target genes 

 

By analyzing data available within the Oncomine 

database, NUSAP1 was found to be up-regulated in PC 

tissues relative to normal control (Figure 6A). High 

expression of NUSAP1 significantly shortened the 

overall survival time and disease-free survival time 

(Figure 6B). The base pairing was observed between 

mature miR-569 and the 3´-UTR region of the NUSAP1 

gene-seed sequence (Figure 6C). A dual-luciferase 

experiment was then performed: as shown in Figure 6D, 

for the NUSAP1-3’-UTR-WT group, compared with 

miR-NC, the luciferase activity of miR-569 mimics was 

weakened. However, there was no significant difference 

in the NUSAP1-3’-UTR-MT group. In addition, miR-

569 could block the expression of NUSAP1 protein 

(Figure 6E). 

 

 
 

Figure 4. Prediction and screening of the target gene of miR-569 through bioinformatics analysis. (A) Venn diagram for the 

intersections between DEGs and miRNA target genes. (B, C) GO and KEGG analysis shows pathways in which the miR-569 target gene 
participates. (D) Protein-protein interaction networks of the miR-569 target genes using the Cytoscape database. (E) Correlation heat map of 
hub genes. 
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NUSAP1 knockdown suppresses PC cell migration 

and invasion 
 

Then, we explored the influence of changes in the 

expression of NUSAP1 on the malignant biological 

behavior of PC. PCR and Western blot assay were 

carried out to validate the knockdown efficiency (Figure 

7A, 7B). As expected, NUSAP1 knockdown significantly 

inhibited PC cell migration (Figure 7C). In addition, 

Transwell experiment demonstrated that knockdown of 

endogenous NUSAP1 expression inhibited migration and 

invasion of SW1990 and Capan-2 (Figure 7D, 7E). 

 

The miRNA-569/NUSAP1/ZEB1 axis is involved in 

the metastasis of PC cells 

 

A functional rescue experiment was performed to further 

determine whether miRNA-569 inhibits the metastasis of 

PC cells by targeting NUSAP1. As shown in Figure 8A, 

8B, NUSAP1 over-expression reversed the suppression 

of miRNA-569 up-regulation on PC cell migration. 

Meanwhile, the reintroduction of NUSAP1 reversed  

the repression of miRNA-569 on PC cell invasion 

(Figure 8C). Those results showed that NUSAP1 was 

involved in mediating the inhibitory effect of miRNA-

569 on tumor metastasis. Zinc finger E-box binding 

homeobox 1 (ZEB1), was also related to tumor 

metastasis by promoting cell migration and invasion [20]. 

The GEPIA database showed a significantly positive 

correlation between NUSAP1 and ZEB1 in PC tissues 

(Figure 8D). We speculated that miRNA-569/NUSAP1 

probably changes the aggressiveness of PC cells by  

co-regulating ZEB1. As expected, Western blot  

assay showed that miRNA-569 up-regulation decreased 

ZEB1 protein levels, whereas over-expressing NUSAP1 

restored ZEB1 expression (Figure 8E, 8F). Collectively, 

these data suggested that NUSAP1 can promote 

metastasis via ZEB1 up-regulation, while the NUSAP1/ 

ZEB1 axis can be inhibited by miRNA-569. 

DISCUSSION 
 

PC remains one of the deadliest cancer in the world, 

mainly because most patients are already in the advanced 

stage when diagnosed [21]. Therefore, exploring new 

biomarkers and clarifying the potential mechanism of PC 

progression is very important to developing new PC 

treatments. An increasing number of literature reports 

that miRNA can perform a key function in cancer as 

onco-miRNAs or tumor-inhibited miRNAs during the 

development of PC [22, 23]. According to a previous 

study, microRNA-569 expression increased because of 

3q26.2 amplification in epithelial cancers, which down-

regulated TP53INP1 mRNA expression and enhanced the 

sensitivity of tumor cells to cisplatin [24]. Zheng et al. 
revealed that microRNA-569 downregulation occurred in 

lung cancer, while microRNA-569 overexpression leads 

to decreased proliferation and migration ability, inducing 

cell cycle arrest and apoptosis [13]. In addition, 

microRNA-569 can also be sponged by circ_0001721 to 

participate in the progression of osteosarcoma [25]. First 

of all, we observed that miRNA-569 downregulation 

predicted a poor prognosis in PC. MiRNA-569 was 

found to act as a suppressive miRNA in PC by directly 

targeting NUSAP1 to down-regulate ZEB1 expression, 

thus impeding PC metastasis and progression. These  

data indicated that microRNA-569 may be a potential 

therapeutic target for PC. 

 

NUSAP1, a protein binding with microtubules and 

chromatin, can unite DNA with mitotic spindles and 

promote microtubule cross-linking during mitosis. It has 

been reported that NUSAP1 is abnormally expressed in 

various cancers [26–28]. Li et al. found that NUSAP1 

accelerated epithelial-mesenchyme transition (EMT) 

progression and enhanced cancer stem cell (CSC) 

signature through the Wnt/β-catenin signal pathway, 

which led to cervical cancer [26]. Moreover, by 

activating the TGF-β signaling pathway, NUSAP1 can

 

 
 

Figure 5. Prediction and screening of the target gene of miR-569 through bioinformatics analysis. (A) Forest plot for hazard 

ratios of survival-associated hub genes in PC. (B) Partial likelihood deviance versus log (Ḽ) was drawn using a LASSO Cox regression model.  
(C) Coefficients of selected features are shown in the terms of λ. 
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enhance the proliferation, migration, invasion, and 

chemotherapy resistance of bladder cancer cells [29]. 

Furthermore, several previous researches revealed that 

microRNAs can target and regulate NUSAP1 expression 

[30, 31]. In our study, we found that NUSAP1 is highly 

expressed in pancreatic cancer, which is an indicator of 

poor prognosis. NUSAP1 promoted tumor cell migration 

and invasion, while microRNA-569 over-expression 

could reverse this effect by directly binding with its 3’-

UTR. These findings suggested that the microRNA-

569/NUSAP1 axis functions as a pivotal role in the PC 

progression. 

 

ZEB1, the member of the ZHF family, could regulate the 

expression of multiple oncogenes, thereby promoting the 

initiation and development of cancer [32, 33]. ZEB1 also 

was the common and important target of a range of 

signaling pathways (including miRNA signaling) which 

 

 
 

Figure 6. miR-569 directly targeted NUSAP1. (A) Oncomine database showing NUSAP1 mRNA expression level in PC and normal tissues. 
(B, C) Kaplan-Meier overall survival and disease-free survival curves for patients with PC stratified by high and low expression of NUSAP1. (D) 
Putative miR-569 target sequence in wild-type (WT) and mutated (MUT) 3’UTR of NUSAP1 was generated as indicated. (E) Relative luciferase 
activity of NUSAP1 3’UTR co-transfected with the indicated reporters and miR-569 mimic oligonucleotides. (F) Western blot assay 
demonstrated NUSAP1 protein level after over-pression of miR-569. (* p < 0.05, ** p < 0.01, n = 5, Student’s t-test, means ± 95% CI). 
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Figure 7. NUSAP1 promoted the migration and invasion of PC cells. (A) Western blot and (B) qRT-PCR were performed to verify 

transfection efficiency (*p < 0.05). (C) Wound healing assay showed migratory abilities of PC cells after knocking down NUSAP1; (D) Transwell 
assay indicated migratory abilities of PC cells after knocking down NUSAP1; (E) Transwell assay showed invasive abilities of PC cells after 
knocking down NUSAP1. GAPDH was used as a loading control in Western blot assay. (* p < 0.05, ** p < 0.01, *** p < 0.001, n = 3, Student’s t-
test, means ± 95% CI). 
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Figure 8. miR-569/NUSAP1/ZEB1 axis involved in the metastasis of PC cells. (A) Wound healing showed the migratory abilities of PC 

cells transfected with a combination of miR-NC and vector, or miR-569 mimics and vector, or miR-569 mimics and NUSAP1 OE; (B) Transwell 
assay showed the migratory abilities of PC cells transfected with a combination of miR-NC and vector, or miR-569 mimics and vector or miR-
569 mimics and NUSAP1 OE; (C) Transwell assay demonstrated the invasive abilities of PC cells transfected with a combination of miR-NC and 
vector, or miR-569 mimics and vector or miR-569 mimics and NUSAP1 OE; (D) The GEPIA database showed that a significant positive 
correlation between NUSAP1 and ZEB1 could be observed in PC tissues. (E) Western blot assay showed the ZEB1 protein expression level 
after over-expression of miR-569. (F) Western blot assay showed the protein expression levels of PC cells transfected with a combination of 
miR-NC and vector, or miR-569 mimics and vector or miR-569 mimics and NUSAP1 OE; (* p < 0.05, ** p < 0.01, n = 5, Student’s t-test, means ± 
95% CI). 
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can regulate cell differentiation, proliferation, plasticity, 

and survival [34]. For instance, the hepatocyte growth 

factor activates ERK/MAPK-ZEB1 signal axis to 

enhance the invasion ability of prostate cancer cells [35]. 

In the process of bone metastasis of lung cancer, ZEB1, 

as the downstream target of Wnt/β-catenin, leads to the 

decrease of E-cadherin expression, which further 

aggravates EMT [36]. ZEB1 expression was regulated 

by the well-known transcription factor GRHL2, which 

can form a double-negative feedback loop with the miR-

200 family and ZEB1 [37]. In this study, the microRNA-

569/NUSAP1 axis was found to be involved in the 

process of PC migration and invasion, partly by 

regulating the ZEB1 signaling pathway. Furthermore, a 

previous study showed that NUSAP1 contains a DNA 

binding domain, so it is possible that NUSAP1 acts 

directly as a transcriptional regulator [38], so we 

speculated that NUSAP1 protein may directly bind to the 

ZEB1 promoter and suppress the transcription and 

promotional activity of ZEB1; however, the binding 

pattern (direct or indirect) and regulatory mechanism of 

NUSAP1 and ZEB1 require further experimental 

verification, perhaps by chromosome co-precipitation or 

immunoprecipitation. 

 

To sum up, we firstly identified the biological role and 

regulatory mechanism of miRNA-569 during PC 

carcinogenesis. Our data concluded: miRNA-569 

modulates the NUSAP1/ZEB1 signaling axis, exert 

anti-tumor function, which is expected to be the clinical 

therapeutic target of pancreatic cancer. 

 

MATERIALS AND METHODS 
 

Cell cultures and tissue samples 

 

The Capan-2(#SUER0449) and SW1990(#TCHu201) 

were acquired from Suer Biological Technology 

(Shanghai, China) and the Type Culture Collection of 

the Chinese Academy of Sciences (Shanghai, China), 

respectively. Both the cell lines were cultured in 

DMEM containing 10% FBS, 100 units/ml penicillin-

streptomycin at 37° C containing 5% CO2. PC tissue 

specimens were gathered from the Department of 

Pathology, the Affiliated Shengjing Hospital, China 

Medical University, and confirmed by histopathological 

examination by two pathologists. More detailed patient 

information has been described in the earlier paper [39]. 

 

RNA isolation and RT-PCR 

 

Total RNA of cultured cells was extracted with Trizol 

reagent according to the manufacturer’s instructions, 

and the RNA was stored at -80° C. The concentration 

and purity of RNA were measured (RNA purity 

=A260/A280), and the One Step PrimeScript® miRNA 

cDNA Synthesis kit was used for reverse transcription 

(RT). Quantitative real-time PCR was performed on 

ABI 7500 Real-time PCR system (Applied Biosystems) 

using SYBR Premix Ex Taq II. All the reactions were 

performed for triplicates. Primer sequences were listed 

in Table 1. 

 

Transient transfection 

 

NUSAP1 siRNA was designed and synthesized by 

GENEWIZ (Beijing, China). The NUSAP1 plasmid was 

purchased from GeneChem (Shanghai, China). miRNA-

569 mimics and its control were synthesized and gained 

from RiboBio (Guangzhou, China). Cells were 

transiently transfected in vitro using jetPRIME reagent 

(Polyplus) according to protocol. 

 

The siRNA sequences of NC and NUSAP1 were listed: 

 

siNUSAP1-1: 5’-GGAAGACUCUCUGUGGUUTT-3’ 

siNUSAP1-2: 5’-CCAAGACUCCAGCCAGAAATT-3’ 

NC siRNA: 5’-AATTCTGCGAACGAGTCACGT-3’ 

 

As shown in Supplementary Figure 1, siNUSAP1-1 was 

more efficient than siNUSAP1-2, which was selected 

for the follow-up experiments. 

 

Scratch assay 

 

When the transfected cells reached sufficient confluency, 

the cell monolayers were scratched across with a 200-ul 

pipette tip to create a linear wound. Then the supernatant 

at each well was replaced with a fresh medium without 

FBS. Migration images were captured at 0, 24 h after 

scratching by using an inverted bright-field microscope. 

 

Migration and invasion assay 

 

As for the migration assay: 200 µL serum-free medium 

containing 3×104 cells was placed in the upper chamber, 

and 500 µL medium containing 10% fetal bovine serum 

was added to the lower chamber. As for the invasion 

assay: the Matrigel was diluted with precooled serum-

free medium at a ratio of 1:30, and added 50 µL into the 

upper chamber. Other procedures were the same as the 

migration assay. 24 hours later, the chamber was taken 

out and fixed with 75% ethanol. After staining with 

Reyes-Giemsa, put it under a fluorescence microscope 

(Olympus, Tokyo, Japan) for observation and take 

photos. 

 

Western blot analysis 

 
Western blot was conducted as previously described [40]. 

The primary antibodies used are as follows: anti-

NUSAP1 (#ab137230), anti-ZEB1(#4650), anti-GAPDH 
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Table 1. Primer sequences. 

Name Forward primer (5'- >3') Reverse primer (5'- >3') 

miR-569 CCCGTAATGAATCCTGGAAAGT  

U6  GCTTCGGCAGCACATATACTAAAAT CGCTTCACGAATTTGCGTGTCAT 

NUSAP1 CAGCCCATCAATAAGGGAGGG AGTGACCCCTTCAGACCCAA 

ZEB1 CAATGATCAGCCTCAATCTGCA CCATTGGTGGTTGATCCCA 

18S CCCGGGGAGGTAGTGACGAAAAAT CGCCCGCCCGCTCCCAAGAT 

 

(#25778). Horseradish peroxidase coupled goat anti-

rabbit secondary antibody was diluted in TBST at 

1:2000. Enhanced chemiluminescence reagent was 

applied to detect protein bands. Finally, Western blot 

results were analyzed by NIH Image J software. 

 

Dual-luciferase reporter assay 

 

Dual-luciferase reporter assays were performed as we 

previously described [39]. Briefly, NUSAP1 3’UTR 

containing the predicted wild-type (WT) or mutated 

(Mut) binding sites of miR-569 were cloned into the 

pGL3 vector. At 48h after co-transfection of miR-569 

mimics and luciferase reporter vector into cells, 

luciferase activity was detected. 

 

In vivo metastasis assay 

 

Female BABL/c nude mice (n=10, 4–6 weeks old) were 

got from Vitalriver (Beijing, China). Capan-2 cells 

(1×106) were labeled with luciferase ahead of time. 

After transfection with agomir-NC (5µM) or agomir-

569 (5µM), transfected cells were injected into the 

mouse spleen (n=5 in each group), respectively. 10 

weeks after injection, the mice were killed according to 

the requirements, and the liver tissues were collected 

and embedded in paraffin. Then HE staining and 

pathological analysis was performed. The relevant 

experimental scheme and content were approved by the 

Ethics Committee of China Medical University 

(Approval no. 2020322). 

 

Bioinformatics 

 

The public database TargetScan 

(http://www.targetscan.org/vert_72/) was used to 

determine the potential miR-mRNA interactions.  

The predicted target genes are intersected with 

aberrantly expressed data from the TCGA portal 

(http://tumorsurvival.org/) database displayed by a 

Venn diagram. GO annotation and KEGG pathway of 

target genes were performed by DAVID 6.8 software 
(https://david.ncifcrf.gov/). The results were visualized 

with the “clusterProfiler _3.11.0” package of the R 

3.6.0 language. PPI networks were generated by 

STRING 11.0 (http://string-db.org), which aimed to 

assess and integrate proteins from prediction or 

experiments. The interaction network was visualized 

by Cytoscape 3.8.1 and the MCODE plugin was 

conducted to screen potential clusters. In the process 

of selecting model parameters, the minimum absolute 

contraction and LASSO regression methods are widely 

used. The “glmnet 4.1.2” package was selected  

for modeling research. The Oncomine database 

(http://www.oncomine.org) was applied to analyze the 

transcription expression level of the NUSAP1. 

 

Statistical analysis 

 

GraphPad Prism 8.0.1 and R 3.6.0 were selected to 

analyze the experimental data, and presented as the 

means ± standard deviations (SD). All experiments 

were carried out in triplicate. Group comparison was 

performed by Student’s t-test and the threshold of 

significant difference was p<0.05. 
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Supplementary Figure 1. Western blot of NUSAP1 knockdown. 
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Hallmarks of cancer: comparing apples and 
oranges 
 
As depicted by Hanahan and Weinberg in 2000 [1], the 
circle schema of six hallmarks of cancer somewhat 
compares apples and oranges https://els-jbs-prod-
cdn.jbs.elsevierhealth.com/cms/attachment/428dbc2e-
657c-429d-98f4-9910c7df1678/gr1_lrg.jpg. 
 
The hallmarks themselves are exact, but they are not 
equal. For example, limitless replicative potential (cell 
immortality) cannot be directly compared to sustained 
angiogenesis. Cell immortality is revealed outside the 
host (extra-organismal level), for example, in cell 
culture where clonal cell lines can proliferate 
indefinitely without interaction with normal tissues. In 
contrast, sustained angiogenesis requires interaction of 
cancer cells with normal cells of several tissues. 

Angiogenesis can be only understood on the tissue 
level. 
 
Second, cancer cells undergo Darwinian-type selection 
[2] for resistance to anti-growth signals, resistance to 
apoptosis and self-sufficiency in mitogenic signals. This 
trio represents three out of six hallmarks of cancer [1]. 
They can be combined in one super-hallmark: resistance 
to growth-limiting conditions [3]. (Note: The definition 
of oncogenic resistance to growth-limiting conditions 
was discussed previously [4]). Not only resistance to 
apoptosis and anti-growth signals but also self-
sufficiency in mitogenic signals render cells resistant to 
growth-limiting conditions. Examples of growth-
limiting conditions include lack of external mitogenic 
signals, cytostatic cytokines such as TGF-beta, 
cytotoxic carcinogens such as tobacco smoke, anti-
cancer drugs, contact inhibition, glucose deprivation, 
cellular senescence, hypoxia, absence of nutrients and 
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growth factors [5, 6]. For example, glucose deprivation 
selects for oncogenic Ras [6]. 
 
Whereas normal cells do not proliferate in growth-
limiting conditions, cancer cells do. Resistance to 
growth-limiting conditions provides an immediate 
selective advantage. But what immediate advantages 
can be provided by cellular immortality? The cell 
cannot tell the future, that it will live in cell culture one 
day. Cellular immortality is selected indirectly as 
derived hallmarks [3], because the same mutations that 
provide resistance to growth-limiting conditions also 
make cells immortal, angiogenic, invasive and 
metastatic [1, 7, 8]. Cellular immortality, angiogenesis, 
invasion and metastasis are derived hallmarks. 
 
Third, molecular alterations (e.g., DNA mutations) are 
absent in the six-hallmark circle by Hanahan and 
Weinberg [1]. As discussed by Gems and de Magalhães, 
the hallmarks do not include mutations (or genetic 
instability) because this hallmark is implicitly taken for 
granted [9]. In fact, Hanahan and Weinberg called it an 
enabling hallmark in their revised paper published in 
2011 [7]. 
 
In 2005, I explicitly included the molecular hallmark 
(mutations) and suggested the hierarchical principle to 
arrange these hallmarks from molecular to organismal 
levels [5]. 

Hierarchical model of hallmarks of cancer: 
arranging the oranges 
 
Here I present the hallmarks of cancer, depicted as a 
circle by Hanahan and Weinberg [1], not as the circle 
but hierarchically, from molecular levels to the 
organism (Figure 1). 
 
Molecular level: Somatically inheritable molecular 
alterations. 
 
Genome instability is an enabling hallmark of cancer 
because it enables the acquisition of molecular 
alterations, such as DNA mutations, aneuploidy and 
epigenetic alterations [7]. Vogelstein et al. suggested 
that a typical human tumor contains relatively few 
driver gene mutations that each confers a growth 
advantage of 0.4% and numerous passenger gene 
mutations that confer no selective advantage [8, 10]. 
 
Intracellular signaling pathways: Oncogenic 
translation of ambivalent signaling 
 
Signal-transduction pathways are ambivalent, causing 
opposite outcomes depending on cellular context. 
Oncogenic mutations re-wire signal transduction 
pathways. For example, MAPK pathways can 
simultaneously induce cyclin D1 and CDK inhibitors, 
leading either to cellular proliferation or senescence 

 

 
 
 
Figure 1. Hierarchical representation (from molecular to organismal levels) of the original hallmarks of cancer based on 
Hanahan and Weinberg. See text for explanation. 
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[11]. Inactivation of CDK inhibitors such as p16 may 
translate this ambivalent signaling into proliferation [3, 
12]. TGF-beta inhibits normal cell proliferation, but in 
cancer it can induce proliferation and invasion [7, 13]. 
 
Growth-promoting and mitogen/nutrient-sensing 
signaling pathways are constantly activated by 
mutations to promote growth and proliferation as well 
as self-sufficiency in mitogen signaling. This, in turn, is 
manifested as three hallmarks of cancer on the next 
hierarchical level: cellular. This trio can be combined as 
one super-hallmark of resistance to growth-limiting 
conditions. 
 
Cellular level: Resistance to growth-limiting 
conditions 
 
Oncogenic mutations make cancer cells resistant to 
growth-limiting conditions (a definition of oncogenic-
type of resistance was discussed previously [4]). This is 
the driver hallmark of cancer because it provides a 
selective advantage to cancer cells. Cells, capable of 
proliferation, are unicellular organisms in a Darwinian 
sense [2, 14, 15]. Selection can be “natural” (during 
carcinogenesis) and “artificial” (during cancer therapy) 
[14, 16]. For example, selection for therapy resistance 
increases oncogenic properties of cancer cells because 
many mutations in oncogenes and tumor suppressors 
that render cells drug-resistant also make them more 
oncogenic [5, 17–19]. Simultaneously, the same 
combination of mutations enables metastasis and other 
higher-level hallmarks. There is no direct selection for 
metastatic potential, angiogenesis and immortality. 
They are derived hallmarks. 
 
Tissue level: Invasion and angiogenesis 
 
Cancer cells produce cytokines and enzymes, which 
enable the cells to invade and to attract normal cells of 
different tissues in order to sustain angiogenesis [7]. 
 
Organismal level: Metastasis 
 
Metastasis is the deadliest hallmark of cancer. Yet, there 
is no direct selection for metastatic potential. Direct 
selection for metastatic potential could take place only 
if metastases produced new metastases; in other words, 
if metastases reproduce. Simply, selection for cells 
resistant to growth-limiting conditions (survival and 
proliferation) brings about mutations that confer not 
only resistance, but also metastatic potential. There are 
no specific “metastasis” genes [8, 20]. They are the 
same oncogenes and tumor suppressors that act on 
cellular levels for the “trio” hallmark. Let us consider an 
analogy. If we select people for their ability to run 
faster, these selected people will also jump higher than 

average, although selection was not for jumping ability. 
The fastest runners are the farthest jumpers. 
 
Extra-organismal level: Cellular immortality 
 
Some cancer cell lines live for more than half of a 
century in cell culture and for thousands of years in the 
wild. Originating in one animal, viable cancer cells are 
directly transmitted into unrelated hosts in a process 
similar to metastasis [21, 22]. Transmissible cancers 
have been observed in domestic dogs, the Tasmanian 
devil, hamsters and six bivalve species such as the soft-
shell clam [23]. Canine transmissible venereal tumors 
(transmitted during sexual intercourse) may have 
originated thousands of years ago from the cells of a 
wolf or East Asian breed of dog [21–25]. The 
Tasmanian devil facial tumor disease [24] spreads 
through the Tasmanian devil population by transfer of 
cancer cells through biting [22]. [26]. Derived from a 
single original clam, leukemia-like cancer spreads 
among marine bivalves through sea water, leading to 
massive population loss [23, 27]. 
 
Six levels rather than six hallmarks 
 
The number of hallmarks of cancer is arbitrary. Some 
can be combined, and others can be added. Numerous 
authors have re-visited the hallmarks of cancer, adding 
hallmarks or suggesting a new set of hallmarks [28–37]. 
 
Some hallmarks of cancer may be pseudo-hallmarks. 
For example, visiting an oncologist is a “hallmark” of 
cancer. We can be 99% sure that if someone has 20 
appointments in an oncology clinic, then this person has 
cancer. However, it would be ridiculous to include this 
pseudo-hallmark in Figure 1. And the hierarchical 
principle makes this impossible, because there is no 
level (among the six levels) to include it. 
 
Hallmarks of aging 
 
To start with, let us depict the hallmarks of aging 
suggested by López-Otín et al. [38] based on the 
hierarchical principle. This representation renders 
hallmarks tangible but reveals three shortcomings 
(Figure 2). 
 
First is the lack of hallmarks on the organismal level. 
Yet, the main hallmark of organismal aging is age-
related diseases in all species from C. elegans [39–42] 
to humans [39, 43]. Aging is the sum of all age-related 
diseases, which cause death “from aging”. 
 
Second, the relationship between hallmarks on different 
levels are unclear. 
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Third, the inclusion of genetic instability as a hallmark 
is based on the theory that aging is caused by 
accumulation of molecular damage. The molecular 
damage theory was refuted by key experiments, as 
discussed in detail [44–51]. 
 
Yes, damage accumulates and is harmful and potentially 
lethal [52–55] but it is not life-limiting because aging 
caused by hyper-functional signaling terminates life 
first. The reason why mTOR-driven aging is life-
limiting has been discussed [49, 56, 57]. 
 
It was also suggested that the levels of DNA repair 
needed to avoid cancer at a young age greatly exceeds 
the levels that are needed to prevent damage-induced 
aging during a normal lifetime [58]. As previously 
discussed, the role of molecular damage in cancer 
supports the role of mTOR-driven hyperfunction in 
aging [59]. 
 
Let us depict hallmarks of aging, according to the 
hyperfunction theory of aging (Figure 3). 
 
Hallmarks of aging and hyperfunction theory 
 
The hyperfunction theory of aging was extensively 
reviewed previously [44, 45, 49, 56, 57, 60–66], and 

responses [60, 67] to its critics [68, 69] were also 
provided. 
 
According to hyperfunction theory, aging is a 
continuation of developmental and reproductive 
programs that were not turned off upon their 
completion. Continuously active signaling pathways 
that initially drive developmental growth, drive aging 
later in life. Signaling pathways establish feedback 
loops, involving also gene expression and epigenetic 
modifications. These pathways become hyperfunctional, 
meaning that their activity is higher than optimal for 
longevity. 
 
How does normal function become a deadly 
hyperfunction? Consider an analogy. When you pump 
air into an inflatable balloon, it grows in size. But when 
it reaches its intended size and you continue to pump air 
at the same rate, it will not grow further but instead will 
burst. This event can be compared with a stroke due to 
hypertension, resulting in brain damage. The brain is 
not damaged by life-long accumulation of molecular 
damage, but by hyperfunction, such as hypertension and 
hypercoagulation, thrombosis. 
 
Hyper-function does not necessarily mean increased 
function. Even unchanged or slightly decreased activity 

 

 
 

Figure 2. Hierarchical representation of the hallmarks of aging based on López-Otín et al. See text for explanation. 
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of growth-promoting pathways, such as mTOR, can be 
hyperfunctional when developmental growth is 
completed. As an analogy, 55 mph on the highway is not 
speeding, but even 40 mph on the driveway is too fast. 
 
Hyperfunction causes organ damage and functional 
decline. The accumulation of molecular damage is 
associated with decline, but it is hyperfunction that 
causes decline during a normal lifetime. 
 
Unlike cancer, aging is not a molecular disease. 
Development is not driven by accumulation of 
molecular damage or mutations in signaling pathways, 
and aging is not either. Nutrient-sensing pathways (e.g., 
mTOR) are not altered by random mutations. 
 
The lowest level of hallmarks of aging is a continuous 
activation of normal signal transduction pathways. 
Deactivation of these pathways by knockout of a single 
gene extends lifespan in animals [70–73]. Rapamycin, a 
drug that inhibits normal mTOR signaling, extends 
lifespan [74–77]. 
 
Hyperfunctional signaling directly drives age-related 
diseases. There are no longevity pathways/mechanisms 
inhibitable by pro-aging pathways such as mTOR. Pro-

aging pathways do not drive aging by inhibiting 
longevity mechanisms. Why would nature create 
something that inhibits longevity mechanisms? Pro-
aging pathways such as mTOR directly drive age- 
related diseases because they are a continuation of 
development. 
 
The key to understanding aging: life-limiting vs. 
non-life-limiting hallmarks 
 
Among numerous harmful processes, only one can be 
life-limiting in a particular individual. If an animal dies 
from one cause, it cannot die from another cause even a 
day later. If quasi-programmed (e.g., mTOR-driven) 
aging is life-limiting, then accumulation of random 
damages cannot kill the organism. 
 
López-Otín et al. [38] suggested three criteria for 
hallmarks of aging but two of them are criteria for both 
life-limiting and non-life-limiting processes: (1) 
hallmarks are observed during normal aging and (2) its 
experimental aggravation should decrease lifespan. 
However, experimental aggravation can make any 
process life-limiting. Telomere shortening becomes life- 
limiting in mice lacking telomerase, but their symptoms 
are drastically different from normal age-related

 

 
 

Figure 3. Hierarchical hallmarks of aging based on hyperfunction theory, applicable to humans. Non-life-limiting hallmarks are 
shown in brown color. See text for explanation. 
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diseases [78]. Although telomere shortening is 
associated with cardiovascular disease (CVD) in 
humans, patients with dyskeratosis congenita (DKC), a 
condition caused by short telomeres, do not die from 
CVD but from bone marrow failure (which is not a 
typical age-related disease) [79]. Hyperfunction theory 
explains how hyper-functional signaling leads to CVD 
in humans [80]. But telomere shortening cannot 
explain it. 
 
Anything can shorten lifespan including starvation and 
the atomic bomb but they are not causes of aging. Only 
the third criterion matters: (3) its experimental 
amelioration should slow down aging and increase 
healthy lifespan. Not surprisingly, “the last criterion is 
the most difficult to achieve and not all of the hallmarks 
are fully supported yet by interventions,” as noted by 
López-Otín et al. [38]. In other words, they are not 
hallmarks of normal aging. 
 
(Note: Even the third criterion is not sufficient to define 
a life-limiting hallmark. 
 
Besides interventions may have off-target effects. For 
example, NAC, an antioxidant, is also a mTOR 
inhibitor [81]). 

In conclusion, numerous deadly processes develop in 
parallel but only a few (or one) are life-limiting. 
 
Therefore, non-limiting hallmarks are not included in the 
version of life-limiting hallmarks of aging (Figure 4). 
This final re-presentation is generic and can be applied 
to any species, from C. elegans to humans. 
 
Aging as a selective force for cancer 
 
Common cancers are age-related diseases. This cannot 
be explained by simple accumulation of mutations with 
age. For example, melanoma and lung cancer in 
smokers have atypically high mutation burden [8] but 
still develop at old age. Centenarians, who age slower, 
are protected from cancer. Rapamycin and calorie 
restriction slow aging in mice and prevent cancer. 
 
As discussed, the selective force driving carcinogenesis 
is growth-limiting conditions, also named micro-
environmental constraints in aging [16]. For example, 
the aging hematopoietic system selects for robust 
hematopoietic cells and such a preleukemic clone can 
originate leukemic clone [82]. Specifically, chronic 
inflammatory microenvironments in old age may select 
for cells harboring oncogenic mutations [83]. 

 

 
 
Figure 4. Hierarchical hallmarks of aging based on hyperfunction theory, universal. Hyperfunction of intracellular signaling 
pathways leads to cellular and systemic hyperfunctions, which in turn lead to age-related diseases on the organismal level [56]. Specific 
hyperfunctions and diseases may be different in different species and therefore are not shown. For example, human systemic 
hyperfunctions (e.g., hypertension, hyperlipidemia, hyperglycemia) and diseases (e.g., cardio-vascular diseases) differ from diseases in C 
elegans [40, 41]. 
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Chronic inflammation is a hyper-function and is in part 
mTOR-dependent [84–88]. An aging microenvironment 
puts stem cells on the path of hyper-activation [89] and 
geroconversion [90–92], leading to their exhaustion 
[89–92]. 
 
Mutations are necessary (with a few exceptions) but not 
sufficient for inducing cancer. The second requirement 
is selective force, favoring these mutations. Aging is a 
leading selective force. 
 
One of the potential mechanisms of growth-limiting 
conditions that drive cancer progression is mTOR-
dependent cellular senescence. 
 
Common hallmarks of cancer, aging and cell 
senescence 
 
Cellular senescence is a two-step process: cell cycle 
arrest followed by geroconversion [93]. Like organismal 
aging, geroconversion is a continuation of growth driven 
in part by hyperfunctional mTOR. When the cell cycle is 
blocked by p21/p16, but growth-promoting pathways 
such as mTOR and MAPK are active, the cells become 
hypertrophic (large cell morphology) and 
hyperfunctional: beta-Gal staining (lysosomal 
hyperfunction) and SASP. A hallmark of cellular 
senescence is active mTOR pathway in non-proliferating 
cells. Rapamycin suppresses geroconversion to 
senescence [93–97]. Figuratively, organismal aging is a 
quasi-growth after developmental growth is completed. 
 
In cancer, the PI3K/mTOR pathway is almost 
universally activated by mutations [98–100]. 
Figuratively, cancer cells are proliferating senescent 
cells. In organismal aging, cancer and cellular 
senescence, the same key signaling pathways, such as 
mTOR, are involved. This is why the same drugs, such 
as rapamycin, can suppress all of them. 
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