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ABSTRACT

p53 transcriptional activity has been proposed to regulate both homeostasis and sarcopenia of skeletal muscle
during aging. However, the exact molecular function of p53 remains to be clearly defined. We demonstrated a
requirement of nuclear p53 S-nitrosylation in inducing a nitric oxide/PGC-1a-mediated antioxidant pathway in
skeletal muscle. Importantly, mutant form of p53-DNA binding domain (C124S) did not undergo nuclear S-
nitrosylation and failed in inducing the expression of antioxidant genes (i.e. SOD2 and GCLC). Moreover, we
found that during aging the nuclear S-nitrosylation of p53 significantly declines in gastrocnemius/soleus leading
to an impairment of redox homeostasis of skeletal muscle. We suggested that decreased level of nuclear
neuronal nitric oxide synthase (nNOS)/Syntrophin complex, which we observed during aging, could be
responsible for impaired nuclear S-nitrosylation. Taken together, our data indicate that altered S-nitrosylation
of p53 during aging could be a contributing factor of sarcopenia condition and of other skeletal muscle
pathologies associated with oxidative/nitrosative stress.

INTRODUCTION has also been shown to induce atrophy/sarcopenia. In
particular, upon genotoxic stress p53 binds to a highly
conserved p53-RE on the Myogenin gene and
transcriptionally represses its transcription, favoring

muscle degeneration [10]. Despite such evidence, the

Sarcopenia is defined as the degenerative loss of
skeletal muscle size and function that occurs during
aging. This condition may be exacerbated by a decrease

in physical activity, metabolic changes and oxidative
stress [1, 2]. In fact, at the molecular level, increase of
oxidative/nitrosative stress has been implicated in
muscle wasting of aged skeletal muscle [3, 4].

Next to this, it is known in literature that p53
(transformation related protein 53, Trp53) transcription
factor plays important roles during both myogenesis and
sarcopenia of skeletal muscle [5-7]. Under unstressed
conditions p53 cooperates with the myogenic regulatory
factor MyoD (myogenic differentiation 1) to promote
myogenesis by binding p53-response elements (p53-
RE) on retinoblastoma (pRb) gene promoter, indicating
that this transcriptional control may play an important
role during myogenesis [6, 8, 9]. On the contrary, p53

molecular mechanisms responsible for the induction of
p53 in myogenesis or muscle atrophy/sarcopenia remain
to be clearly determined.

We previously highlighted a key role of p53 in
regulating an antioxidant response essential for skeletal
muscle homeostasis. Hence, under mild oxidative stress,
p53 binds to the peroxisome proliferator-activated
receptor gamma coactivator l-alpha (PGC-la)
promoter, inducing the activation of a nitric oxide
(NO)-dependent antioxidant signaling pathway [11].
Through this axis, p53 was able to buffer
oxidative/nitrosative stress that otherwise would lead to
premature sarcopenia and skeletal muscle atrophy.
Moreover, we have recently demonstrated an
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impairment in the NO/PGC-la-mediated signaling
process in skeletal muscle of old mice, which resulted in
increased oxidative/nitrosative stress [12].

In this work, we questioned whether the decline of the
antioxidant response could be due to an alteration of
pS3 transcriptional activity on the ppargcla promoter,
resulting in increased oxidative/nitrosative stress and
premature aging of skeletal muscle. We demonstrated
that p53 S-nitrosylation at a specific cysteine residue
(C124) 1is essential to assure efficient p53-mediated
antioxidant response. Moreover, an altered shuttle of
neuronal nitric oxide synthase (nNOS) to nuclear
membrane during muscle aging is responsible for a
decrement in nuclear S-nitrosylated p53. These findings
clarify the role of NO in signaling transduction and
provide evidence of its function in assuring a beneficial
antioxidant signaling pathway in muscle tissue upon
mild oxidative stress.

RESULTS

C124S mutation in p53-DBD causes inhibition of
NO/PGC-10-mediated antioxidant response

We have previously demonstrated that p53 was able to
orchestrate a PGC-la-mediated antioxidant response
upon mild oxidative stress. Moreover, the inhibition of
this signaling pathway results in increased levels of
atrophy-related molecular factors in C2C12 myoblasts
[11, 13]. Here, we deeply dissect the mechanism(s)
through which p53 imposes pro-survival or pro-death
pathway  upon  NO-mediated  post-translational
modifications of its DBD.

First, we transfected C2C12 myoblasts with either wild
type pS3 (Wt-p53) or single point mutation of DBD
Cys277, 275 and 124 to Ser (pS3C277S, p5S3C275S and
p53C124S) (Fig.1A). As shown in Fig.1B an increase of
PGC-1a protein level and its downstream antioxidant
genes was observed in Wt-p53, p53C277S and
p53C275S overexpressing myoblasts, upon ImM BSO
treatment.  Contrarily, p53C124S  mutant was
completely unresponsive. A corresponding increase in
the transcription levels of PGC-la, NFE2L2 (Nuclear
factor erythroid-derived 2-like 2), SOD2 (superoxide
dismutase 2) and CGCL (Glutamate-cysteine ligase
catalytic subunit) was also observed (Fig.1B and C).

To confirm the previously assessed involvement of NO
in the induction of p53 we treated C2C12 myoblasts
with a NOSs inhibitor, L-NAME, at the concentration
of 100 pM. Fig.1C shows that L-NAME is able to
prevent the increase of PGC-lo mRNA and its
downstream target genes only in BSO-treated Mock,
Wt-p53, p53C277S and p53C275S myoblasts.

It is known in literature that p53 is able to bind the -
2317 p53RE on the mouse ppargcla promoter, assuring
the expression of PGC-1a [11]. Therefore, we evaluated
whether the binding capacity of the mutant p53C124S
could be affected. A 10-fold increase in the occupancy
of -2317 p53RE in BSO-treated Wt-p53, -pS3C277S
and -p53C275S myoblasts was observed (Fig.1D). On
the contrary, ppargcla promoter was not bound by the
mutant p53C124S (Fig.1D). Consistent with the role of
NO in mediating PGC-1a expression, the binding of
Wt-p53, p53C277S and p53C275S was efficiently
reduced by L-NAME treatment (Fig.1D). These data
suggest that only specific sequences of p53-DBD are
capable to induce the ppargcla gene transcription in a
NO-dependent manner, contributing to the antioxidant
response necessary for muscle homeostasis.

S-nitrosylation of C124 promotes p53 binding on
ppargcla promoter

NO-mediated effects were primarily executed by
protein S-nitrosylation, a reversible post-translational
modification  that  produces  NO-cysteine-thiol
engagement [14]. S-nitrosylation represents an
important post-translational modification that affects the
functionality of p53, activating or inhibiting its binding
on gene promoters [15, 16]. Thus, on the basis of results
obtained, p53 S-nitrosylation status could be
responsible for the ability to repress/activate ppargcla
gene transcription in skeletal muscle cells. Using the
biotin-switch technique, we found that Wt-p53
myoblasts have increased level of S-nitrosylated p53 in
nuclei (p53-SNO) than p53C124S myoblasts upon BSO
treatment (Fig.2A). These results suggest that the
increment of endogenous flux of NO due to GSH
depletion [13], raises p53 transcriptional activity on
ppargcla promoter, through S-nitrosylation of a
specific cysteine of its DBD. To clarify whether the low
levels of nuclear p53C124S S-nitrosylation could affect
the total transcriptional activity of p53 we analyzed the
mRNA and protein levels of p21 (cyclin-dependent
kinase inhibitor 1), a well-known p53-target gene.
Fig.2B shows that mRNA (upper) and protein (bottom)
levels of p21 were significantly higher in p53C124S
myoblasts, demonstrating that the mutated form is
transcriptionally active. The absence of S-nitrosylation
on the specific C124 of p53-DBD mainly prevents the
transcription of ppargcla gene and the concomitant
activation of antioxidant response in skeletal muscle.

The same set of experiments was performed using a
triple p53-DBD mutant with the same three mutations
Cys277, 275 and 124 to Ser (3Cys-p53) (Fig.2C).
Western blot and RT-qPCR analysis of PGC-la,
NFE2L2, SOD2 and GCLC show that GSH deficiency
increased their expression both in terms of protein
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Figure 1. p53C124S mutant fails to induce NO/PGC-1la-mediated antioxidant pathway in C2C12 myoblasts. (A, B)
C2C12 myoblasts were transfected with pcDNA3.1 vector containing cDNA for wild type p53 (Wt-p53), three single p53 mutants in
DBD (p53C277S, p53C275S, p53C124S) or with empty vector (Mock). After 15 h from transfection, myoblasts were treated with 1 mM
BSO for 24 h. Cells were lysed and 20 pg of proteins were loaded for Western blot analysis of p53, PGC-1a, NFE2L2 and SOD2. Tubulin
was used as loading control. Numbers indicate the density of immunoreactive bands calculated using the Software Quantity one (Bio-
Rad) and reported as the ratio of PGC-1a, NFE2L2 and SOD2/Tubulin. (C) L-NAME (100 uM) was added 1 h before BSO treatment (15
h) and maintained throughout the experiment. Total RNA was isolated and relative mRNA levels of PGC-1a, NFE2L2, SOD2 and GCLC
were analyzed by RT-gPCR. Data are expressed as means + S.D. (n=4; *p<0.001 vs Mock; °p<0.001 vs BSO-treated cells). (D) ChIP assay
was carried out on cross-linked nuclei from Mock, Wt-p53, p53C277S, p53C275S and p53C124S cells using p53 antibody followed by
gPCR analysis of p53RE. Dashed line indicates the value of IgG control. Data are expressed as means + S.D. (n=3; *p<0.001 vs Mock;
°p<0.05 vs BSO-treated cells). All the immunoblots reported are from one experiment representative of four that gave similar results.
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(Fig.2D) and mRNA (Suppl.Fig.S1A) levels in Mock
and Wt-p53 myoblasts. Contrarily, the transfection of
3Cys-p53 mutant failed to induce PGC-1a-mediated
antioxidant pathway (Fig.2D and Suppl.Fig.S1A). Also,
in this case, the inhibition of NOSs activity significantly
reduced NO-mediated antioxidant pathway only in
Mock and Wt-p53 cells (Suppl.Fig.S1A).

To investigate whether the binding capacity of 3Cys-
p53 mutant on ppargcla gene was affected, C2C12
nuclear extracts were incubated with biotinylated
oligonucleotides representing -2317 p53RE and
Western blot analysis of p53 was carried out after oligo
pull-down. As reported in Suppl.Fig.S1B the p53 DNA-
binding activity was significantly enhanced in BSO-
treated Wt-p53 cells. Through quantitative ChIP
analysis we also observed p53 enrichment at -2317
pS3RE only in Wt-p53 myoblasts (Suppl.Fig.S1C) with
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Figure 2. p53C124S mutant does not undergo S-nitrosylation after BSO treatment in C2C12 myoblasts.

respect to 3Cys-p53 mutant. In line with previous
results, the concomitant administration of L-NAME
completely abrogated the binding of p53 on ppargcla
promoter (Suppl.Fig.S1B and C). Moreover, using the
biotin switch technique, we did not found any
modulation of p53-SNO in nuclei of 3Cys-p53
myoblasts with respect Wt-p53 cells (Suppl.Fig.S2A).
These results were also confirmed by evaluating Wt-
p53 and 3Cys-p53 binding activity on ppargcla
promoter after treatment with a NO donor, S-
nitrosoglutathione (GSNO). For this purpose we treated
isolated nuclei from Wt-p53 and 3Cys-p53 myoblasts
with GSNO and we performed an oligo-pull-down
assay by using Dbiotinylated oligonucleotides
corresponding to -2317 p53RE. Suppl.Fig.S2B shows
that the amount of Wt-p53 able to bind the -2317
pS3RE was markedly higher only in GSNO-Wt-p53
treated nuclei and L-NAME treatment was able to
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myoblasts were transfected with pcDNA3.1 vector containing cDNA for wild type p53 (Wt-p53), single p53 mutant in DBD (p53C124S)
or with empty vector (Mock). After 15 h from transfection myoblasts were treated with 1 mM BSO for 24 h. Nuclear proteins (500 pg)
were subject to S-NO derivatization with biotin. After Western blot the nitrocellulose was incubated with p53 antibody for detection
of p53-SNO. Spl was used as loading control. The possible presence of cytoplasmic contaminants was tested by incubating
nitrocellulose with rabbit anti-LDH. (B) Upper: Total RNA was isolated and relative mRNA level of p21 was analyzed by RT-gPCR . Data
are expressed as means + S.D. (n=3; *p<0.05). Bottom: Cells were lysed and 20 pg of proteins were loaded for Western blot analysis
of p21. Tubulin was used as loading control. (C, D) C2C12 myoblasts were transfected with pcDNA3.1 vector containing cDNA for wild
type p53 (Wt-p53), triple p53 mutant in DBD (C277S, C275S and C124S) (3Cys-p53) or with empty vector (Mock). After 15 h from
transfection myoblasts were treated with 1 mM BSO for 24 h. Cells were lysed and 20 ug of proteins were loaded for Western blot
analysis of p53, PGC-1a, NFE2L2 and SOD2. Tubulin was used as loading control. All the immunoblots reported are from one
experiment representative of five that gave similar results.
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Figure 3. NO/PGC-1la-mediated antioxidant pathway is inhibited after p53C124S overexpression in p53-null NCI-
H1299 cells. (A, B) NCI-H1299 cells were transfected with pcDNA3.1 vector containing cDNA for wild type p53 (Wt-p53), single p53
mutant in DBD (p53C124S) or with empty vector (Mock). Cells were lysed and 20 pg of proteins were loaded for Western blot analysis
of p53, PGC-1a, NFE2L2 and SOD2. Tubulin was used as loading control. (C) L-NAME (100 uM) was added 1 h before BSO treatment
(15 h) and maintained throughout the experiment. Total RNA was isolated and relative mRNA levels of PGC-1a, NFE2L2, SOD2 and
GCLC were analyzed by RT-gqPCR. Data are expressed as means * S.D. (n=3; *p<0.05 vs untreated Wt-p53; °p<0.001 vs BSO-treated
Wt-p53 cells). (D) Nuclear proteins (500 pg) were subject to S-NO derivatization with biotin. After Western blot the nitrocellulose was
incubated with p53 antibody for detection of p53-SNO. Spl was used as loading control. The possible presence of cytoplasmic
contaminants was tested by incubating nitrocellulose with rabbit anti-LDH. Numbers indicate the density of immunoreactive bands
calculated using the Software Quantity one (Bio-Rad) and reported as the ratio of p53-SNO/Sp1. (E) Nuclear protein extracts (500 pg)
were subjected to oligo-pull-down by using the biotinylated oligonucleotide representing the p53RE on the PPARGC1A promoter and
bound p53 was detected by Western blot. Twenty ug of nuclear proteins (input) were used for Western blot analysis of Sp1. (F) ChIP
assay was carried out on cross-linked nuclei from Wt-p53 and p53C124S NCI-H1299 cells using p53 antibody followed by gPCR
analysis of p53RE. Dashed line indicates the value of IgG control. Data are expressed as means * S.D. (n=4; *p<0.05 vs untreated Wt-
p53; °p<0.05 vs BSO-treated Wt-p53 cells). All the immunoblots reported are from one experiment representative of four that gave
similar results.
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restore this event. Contrarily, the use of NO scavenger
carboxy-PTIO was not able to reduce the Wt-p53-
binding on ppargcla promoter after GSNO treatment
(Suppl.Fig.S2B).

In summary, these data suggest that S-nitrosylation of
p53 increases its transcriptional activity on ppargcla
gene after GSH depletion activating the antioxidants
and ensuring the skeletal muscle homeostasis.

S-nitrosylation of C124 is involved in p53 binding on
PPARGCI1A promoter also in p53-null-NCI-H1299
cell

Overall these results were confirmed in human lung
cancer NCI-H1299 cells, which are null for p53. BSO
treatment in these cells was able to induce PGC-1la,
NFE2L2, SOD2 and GCLC up-regulation only after
Wt-p53 transfection and L-NAME is able to inhibit the
activation of this antioxidant pathway (Fig.3A, B and
C). In accordance with previous results, Wt-p53 NCI-
H1299 cells showed a significant increment of nuclear
p53-SNO after BSO administration (Fig.3D). The
capacity of Wt-p53 to bind the human PPARGCIA
promoter at -1237 position was also investigated in
NCI-H1299 cells. Fig.3E and F show the inability of
p53C124S mutant to bind the PPARGCIA promoter
upon GSH depletion. Conversely, an increase of
PPARGCI1A promoter occupancy in Wt-p53 cells was
observed after BSO treatment, confirming the
importance of a preserved p53-DBD and of p53 S-
nitrosylation status in the signaling pathway that leads
to NO/PGC-1a-mediated antioxidant response.

C124S mutation induces atrophy in C2C12
myoblasts

As mentioned above, p53C124S mutant interferes with
antioxidant pathways in C2C12 myoblasts, probably
altering the homeostasis of skeletal muscle. For this
reason, we explored the effect of p53 single mutants on
myoblasts differentiation program. We induced
differentiation of C2C12 cells after transfection of Wt-
p53, p53C277S p53C275S and p53C124S plasmids.
Consistent with our previous results, cells transfected
with Wt-p53, p53C277S, p53C275S and treated with
differentiation medium exhibited increased mRNA
levels of differentiation markers MyoD, Pax7 (Paired
box 7) and Myogenin. On the contrary, pS3C124S cells
failed to increase such markers, suggesting a defective
myogenesis (Fig.4A).

The effect of p53C124S overexpression on cell growth
and viability was analyzed by direct counting by Trypan
Blue staining. We found that the C124S mutation
profoundly affected cell proliferation (Fig.4B) with an

increase in dead cells (Fig.4C), indicating that both
proliferation arrest and death occur. This is in line with
the p21 protein increase observed in Fig.2B. Next, we
have analyzed the mRNA levels of two atrophy markers
Atrogin-1 (F-box protein 32) and MuRF-1 (tripartite
motif-containing 63), which are two muscle-specific E3
ubiquitin ligases that are increased transcriptionally in
skeletal muscle under atrophy-inducing conditions.
Fig.4D highlights a significant raise of their expression
only in undifferentiated and differentiated p53C124S
cells, suggesting that this mutation not only inhibits
antioxidant pathway but also blocks myoblasts cell
differentiation inducing a degenerative process. To
support the hypothesis that pS3C124S mutant promotes
the transcription of atrophy genes, we analyzed mouse
MuRF-1 and Atrogin-1 promoters using Genomatix
Software Suite database to identify p5S3RE. We have
found five and one p53RE in mouse Atrogin-1 and
MuRF-1 promoters, located at -519, -319, -82, -40, +31
and -351 respectively (Suppl.Fig.S2D, Suppl. Table
S1). ChIP analyses of all pS3RE were carried out to
confirm the regulatory role of p53C124 mutant on the
murine Atrogin-1 and MuRF-1 promoters. The qPCR
analysis shows a significant increase only in p53C124S
occupancy of -351 region on MuRF-1 promoter
(Fig.4E), while -519, -319, -82, -40 and +31 regions on
Atrogin-1 promoter did not show p53C124S binding at
day 0 and 4 of differentiation (data not shown).

Nuclear p53-S-nitrosylation diminished in aged
skeletal muscle inhibiting antioxidant response

We have recently demonstrated that during aging of
skeletal muscle a  significant increase  of
oxidative/nitrosative stress occurs. In particular, we
observed a decrease of GSH levels and a diminished
induction of NO/PGC-lo-mediated redox signaling
pathway accompanied by an accumulation of total S-
nitrosylated proteins [12]. Since S-nitrosylation of C124
on p53-DBD seems to play a key role in the induction
of NO/PGC-la-mediated antioxidant pathway, we
investigated the involvement of such mechanism in
PGC-lo-mediated antioxidant response decrement
during aging. Firstly, we confirmed the increase of total
S-nitrosylated protein in skeletal muscle of old mice
(Fig.5A). This result was also confirmed by the analysis
of NADH-dependent S-nitrosoglutathione (GSNO)
reductase (GSNOR), a denitrosylating enzyme that
indirectly buffers the concentration of protein SNOs, by
reducing the low-molecular-weight nitrosothiol GSNO.
Fig.5B clearly indicates diminished protein levels of
GSNOR in aged skeletal muscle, which could be in part
responsible for S-nitrosylation protein increase.
Moreover, total protein levels of p53 were slightly
decreased in old with respect to young mice (Fig.5B).
Subsequently, we analyzed the levels of nuclear S-
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Figure 4. p53C124S mutant induces atrophy of C2C12 myoblasts. (A) C2C12 myoblasts were transfected with pcDNA3.1
vector containing cDNA for wild type p53 (Wt-p53), three single p53 mutants in DBD (p53C277S, p53C275S, p53C124S) or with empty
vector (Mock). After 24 h from transfection C2C12 cells were differentiated for 4 days. Total RNA was isolated and relative mRNA
levels of MyoD, PAX7 and Myogenin were analyzed by RT-qPCR. Data are expressed as means + S.D. All the values were significantly
different with respect to Mock day 0/4 (n=3, p<0.05; *p<0.05 was significantly decreased with respect Mock day 0). (B) Cells were
counted by Trypan Blue exclusion. Data are expressed as means + S.D. All the values were significantly different with respect to day 0
(n=4 *p<0.05). (C) Dead cells were counted by Trypan blue exclusion. Data are expressed as means = SD (n=4, *p<0.001 vs Mock-, Wt-
p53-, p53C277S- and p53C275S-day 0/4 cells). (D) Total RNA was isolated and relative mRNA levels of MuRF-1 and Atrogin-1 were
analyzed by RT-gPCR. Data are expressed as means * S.D. (n=3; *p<0.05 vs Mock-, Wt-p53-, p53C277S- and p53C275S-day 0/4 cells).
(E) ChIP assay was carried out on cross-linked nuclei from Mock, Wt-p53, p53C277S, p53C275S and p53C124S cells at day 4 of
myogenesis using p53 antibody followed by gPCR analysis of p53RE. Dashed line indicates the value of IgG control. Data are

expressed as means + S.D. (n=3; *p<0.001 vs Mock-, Wt-p53-, p53C277S- and p53C275S-day 4 cells).
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promoter during aging. (A) Skeletal muscle of young (12 weeks) and old (80 weeks) mice was homogenized and total proteins (500
ug) were subjected to S-NO derivatization with biotin. After Western blot, biotin adducts were identified by incubating nitrocellulose
membrane with HRP-conjugate streptavidin. Proteins incubated in labeling buffer without ascorbate were used as negative control (-
Ascorbate). Tubulin was used as loading control. (B) Skeletal muscle of two young (12 weeks) and three old (80 weeks) mice was
homogenized and total proteins (20 pg) were loaded for Western blot analysis of GSNOR and p53. Tubulin was used as loading
control. (C) Skeletal muscle of young (12 weeks) and old (80 weeks) mice was homogenized and nuclear proteins (500 ug) were
subjected to S-NO derivatization with biotin. After Western blot, biotin adducts were identified by incubating nitrocellulose
membrane with HRP-conjugate streptavidin. Proteins incubated in labeling buffer without ascorbate were used as negative control (-
Ascorbate). Spl was used as loading control. (D) Skeletal muscle of two young (12 weeks) and three old (80 weeks) mice was
homogenized and nuclear proteins (500 pg) were subjected to S-NO derivatization with biotin. After Western blot the nitrocellulose
was incubated with p53 antibody for detection of p53-SNO. Sp1 was used as loading control. The possible presence of cytoplasmic
contaminants was tested by incubating nitrocellulose with rabbit anti-LDH. (E) ChIP assay was carried out on cross-linked nuclei from
two young (12 weeks) and three old (80 weeks) mice using p53 antibody followed by qPCR analysis of p53RE. Dashed line indicates
the value of IgG control. Data are expressed as means * S.D. (n=3; *p<0.05). (F) Skeletal muscle of two young (12 weeks) and two old
(80 weeks) mice was homogenized and 20 ug of nuclear and cytoplasmic extracts were loaded for detection of nNOS and Syntrophin
by Western blot. Sp1l was used as loading control. The possible presence of cytoplasmic contaminants was tested by incubating
nitrocellulose with rabbit anti-LDH. All the immunoblots reported are from one experiment representative of four that gave similar
results.
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nitrosylated proteins in aged skeletal muscle. As shown
in Fig.5C, a decrease of nuclear S-nitrosylation is
observed in skeletal muscle of aged mice. These results
were confirmed by a decrease of p53-SNO levels in
nuclei and a diminished binding of p53 on ppargcla
promoter (Fig.5D and E). These events probably
elicited decreased PGC-la-mediated antioxidant
response observed during aging. Next to this, we have
previously demonstrated that nNOS, interacting with
Syntrophin, locates on nuclear membrane favoring local
NO production, nuclear S-nitrosylation and induction of
mitochondrial biogenesis during myogenesis [17].
These results strongly suggest the importance of nuclear
nNOS activity in transcriptional regulation of NO/PGC-
lo-mediated antioxidant target genes also during aging.
For this reason, we analyzed nNOS and Syntrophin
nuclear and cytoplasmic localization in young and old
skeletal muscle. Western blot analysis of nNOS and
Syntrophin carried out on nuclear fraction showed that
these proteins were able to localize in nuclei only in
young mice (Fig.5F), which exhibited a higher extent of
S-nitrosylated proteins in nuclei with respect to aged
mice (Fig.5C). Contrarily, nuclear associated nNOS was
significantly diminished in aged mice, whereas its
content is likely increased in cytoplasmic extracts
(Fig.5F). Taken together, these results indicate that p53
binding on ppargcla promoter requires the nuclear NO
flux, which permits the transcription of ppargcla gene
and consequently the induction of antioxidant response,
through the nitrosylation of p53-DBDC124. The
decrement of nuclear nNOS localization during aging
determines a loss of nuclear S-nitrosylated p53 and a
failure in inducing PGC-1a-mediated pathway.

DISCUSSION

Among the multifactorial aspects characterizing aging,
sarcopenia, a continuous and progressive loss of muscle
mass, represents an important public health problem
related to frailty and disability [2]. Sarcopenia is
characterized by alteration of a multitude of pathways
largely ascribed to endocrine system and molecular
processes that lead to the tight-related alterations in grip
strength, physical performance and muscle mass
homeostasis. Moreover, age-related changes in skeletal
muscle are attributed also to activation and/or
repression of specific molecules, such as atrogenes and
PGC-1a [18, 19].

At molecular level a well-established hallmark of aged
muscle is the increase in oxidative/nitrosative damage,
which is recognized to contribute to skeletal muscle
degeneration [20, 21]. Moreover, we found that, upon
mild oxidative stress, nNOS is recruited to nuclei where
it increases local NO production, S-nitrosylation of
nuclear proteins and the induction of mitochondrial

biogenesis in C2C12 cells [17]. In this context, p53 was
capable to restrain oxidative stress, by orchestrating an
antioxidant response through induction of antioxidant
genes [11]. Overall data uncover an additional role for
p53 in transcriptional regulation of genes involved in
skeletal muscle homeostasis and functionality.

Here, we deeply dissected the p53-mediated signaling
process under mild oxidative stress and we were able to
identify a cysteine residue in the p53 DBD essential for
the antioxidant response activation. Indeed, the data
obtained with p53 mutants clearly indicated that the
cysteine 124 was the sole and pivotal for induction of
p53-mediated antioxidant response. Actually, the p53
C124S mutant failed to bind the p53RE on ppargcla
promoter abolishing the activation of antioxidant
response.

Cysteine-S-nitrosylation represents one of the post-
translational modifications through which redox
signaling pathways can be tuned. Therefore, being
aware that NO is the most suited molecule for
constraining such modification and that upon mild
redox unbalance its concentration raises at nuclear level,
the data obtained with the C124S mutant undoubtedly
indicated that this cysteine residue was prone to S-
nitrosylation and this process was necessary for
activating p53-downstream target genes. Even other
cysteine residues characterized the p53 DBD domain,
but only the C124S mutant did not undergo S-
nitrosylation abolishing the binding to the ppagcla
promoter, highlighting, at the molecular level, the
specificity of this residue in the redox signaling process.

We recently showed that during aging the increase of
oxidative damage to proteins was paralleled by a
decrement in glutathione, the main low molecular
weight antioxidant, and complemented by the alteration
of a PPAR-0/PGC-la-mediated antioxidant signaling
axis in gastrocnemius/soleus of old mice [4]. In this
report, we demonstrated that although an increase in
total protein S-nitrosylation occurred during muscle
aging, a decrease of such process at nuclear level was
observed. This evidence nicely associated with a
concomitant decrement in p53 S-nitrosylation and with
the observed diminished recruitment of
nNOS/Syntrophin complex on nuclear membrane. We
speculated that this failure by preventing nuclear sited
NO flux inhibited local S-nitrosylation of p53 and might
be responsible for the loss of efficient p53-SNO-
dependent antioxidant response during aging. On the
contrary, the increased total protein S-nitrosylation, in
aged muscle, found a rationale in the observed
glutathione decrement [4] as well as on the present data
indicating a significant diminution of the expression
levels of GSNOR. In fact, GSNOR is the primary
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system of the cell for degrading the main non-protein S-
nitrosothiol GSNO, which by being in equilibrium with
protein ~ S-NOs, indirectly  controls  cellular
concentrations of protein S-NOs [22]. The decrement in
both glutathione and GSNOR makes the physiological
NO flux more detrimental for proteins at cytosolic and
other compartments, unless nucleus; another oxidative
risk damage for aged muscle. Overall this evidence
confirmed that NO is the principal mediator of p53
transcriptional  activity on ppargcla promoter.
Accordingly, in-batch treatment of isolated nuclei with
NO donor significantly increases the binding capacity
of WT-p53 on its consensus sequence.

p53 plays important roles during differentiation and
sarcopenia of skeletal muscle, though the exact
mechanism(s) that regulate its transcriptional activity
are still unclear. Some evidence demonstrated that the
protein levels of p53 as well of p21 and GADD45a, two
established transcriptional targets of p53, are higher in
older muscle tissue, suggesting a requirement of p53 in
promoting and regulating sarcopenia of skeletal muscle
[23]. Schwarzkopf and colleagues suggested that
chronic activation of p53 leads to premature aging
associated with a significant atrophy [7, 24]. Contrarily,
Feng et al. demonstrated a progressive decline of p53
protein level and p53-dependent pathways in various
tissues of older mice, leading to premature aging [25].
Here, we give the proof that the inhibition of p53-
SNO/PGC-la-mediated  antioxidant  pathway is
associated with increased markers of myotube
degeneration. In particular, our data showed that failure
of C124 S-nitrosylation switched the binding of p53 on
MuRF-1 gene promoter inducing premature atrophy and
cell death of skeletal muscle cells. Similarly, other
studies reported that p53 knockout mice showed an
alteration of mitochondrial activity in mixed muscle and
lowered PGC-la protein levels in gastrocnemius.
Intermyofibrillar mitochondria of these animals were
characterized by reduced respiration and elevated
reactive oxygen species production. In addition, these
animals displayed greater fatigability and less
locomotor endurance [26].

It is possible to postulate that C124-S-nitrosilatyion of
p53 by inducing myogenesis and antioxidant response is
implicated in maintaining skeletal muscle homeostasis
and functions. Thus, our findings could be helpful for
the comprehension of molecular mechanism underlying
muscular pathologies or myopathies characterized by
alteration in antioxidant response.

In conclusion, our results show that under mild
oxidative stress nuclear NO is the primary mediator of
p53 post-translational modification in skeletal muscle.
S-nitrosylation of C124 is the mandatory event for

NO/p53/PGC-1a-mediated antioxidant response. Thus,
during aging the loss of nuclear nNOS/Syntrophin
complex located on nuclear membrane may contribute
to both an increase of total protein S-nitrosylation and
myopathy. Therefore, maintaining/restoring p53 S-
nitrosylation status could represent a new tool to
prevent or treat myopathies and atrophy condition.

METHODS
Animals

We conducted all mouse experimentations in
accordance with accepted standard of humane animal
care and with the approval by relevant national
(Ministry of Welfare) and local (Institutional Animal
Care and Use Committee, Tor Vergata University,
Rome, Italy) committees. C57BL/6 mice were
purchased from Harlan Laboratories Srl (Urbino, Italy).
12- and 80-weeks-old mice were considered as young
and old mice, respectively. Mice were fed ad libitum
with standard pellet diet and free access to water.
Before sacrifice mice were subjected to fasting for
seven hours. Mice were killed by cervical dislocation,
gastrocnemius/soleus muscle was explanted
immediately, frozen on dry ice and stored -80 °C.

Cell cultures and treatments

The murine skeletal muscle C2C12 cells and human
lung cancer NCI-H1299 cells were obtained from the
European Collection of Cell Cultures (Salisbury, UK).
NCI-H1299 cells lacking of p53 were a kind gift of
Prof. Gianni Cesareni (Department Biology, University
of Rome Tor Vergata). C2C12 myoblasts and NCI-
H1299 cells were cultured in growth medium composed
of Dulbecco’s Modified Eagle’s Medium (DMEM) and
RPMI-1640 medium respectively, supplemented with
10% fetal bovine serum, 100 U/ml penicillin/strepto-
mycin and 2mM glutamine (Lonza Sales, Basel,
Switzerland) and maintained at 37°C in an atmosphere
of 5% CO; in air. C2C12 myoblasts were plated at 80%
of confluence and cultured in growth medium for 24 h.
To induce differentiation, cells were washed in PBS and
growth medium was replaced with differentiation
medium (DM), which contained 2% heat inactivated
horse serum (Lonza, ECS0090D) [4].

BSO, a highly selective and potent inhibitor of the
enzyme GCLC, was added in the culture medium at a
concentration of 1 mM after 15 h from transfection. The
NOS inhibitor L-NAME was used at a concentration of
100 uM (1 h before BSO treatment) and maintained
throughout the experiment. The NO scavenger carboxy-
PTIO was added at a concentration of 2 puM and
maintained throughout the experiment as previously
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described [11, 27]. GSNO was added to purified nuclei
at a concentration of 5 mM at 4°C for 30 min in nucleus
lysis buffer (NLB) containing 50 mM Tris-HCl pH 8.1,
10 mM EDTA, 1% SDS, 10 mM sodium butyrate,
protease inhibitors and incubated 1 h at 4°C.

Transfection

C2C12 myoblasts and NCI-H1299 cells were stably
transfected with the following plasmids: pcDNA3.1-p53
(Wt-p53), four mutants (single mutants: p53C124S,
p53C277S, p53C275S and triple mutant C124-277-
275S) or pcDNA3.1 empty vector (kindly donated by
Dr. Yvonne Sun, The Cancer Institute of New Jersey,
NJ and Dr. Marikki Laiho, Marikki Laiho, Haartman
Institute, Department of Virology, University of
Helsinki, Hensinky) by electroporation using
Nucleofector 4D® (Lonza, Sales) according to the
manufacturer’s instructions, and were immediately
seeded into fresh medium. Transfection efficiency was
estimated by co-transfecting the cells with pMAX-FP-
GreenC vector (Lonza Sales). Only experiments that
gave transfection efficiency of 80% were considered.
Twenty-four hours after transfection (day 0),
differentiation was induced.

RT-qPCR analysis

Total RNA was extracted using TRI Reagent (Sigma-
Aldrich) and used for retro-transcription. qPCR was
performed in triplicate by using validated qPCR primers
(BLAST), Ex TAq qPCR Premix (Lonza Sales) and the
Roche Real Time PCR LightCycler II (Roche Applied
Science, Monza, Italy). mRNA levels were normalized
to RPL, and the relative mRNA levels were determined
by using the 2**“* method [28]. The primer sequences
are listed in Supplementary Table S2.

Preparation of cell lysates and Western blot analyses

Cell pellets were resuspended in RIPA buffer (50 mM
Tris-HCI, pH 8.0, 150 mM NaCl, 12 mM deoxycholic
acid, 0.5% Nonidet P-40 and protease inhibitors).
Protein samples were used for SDS-PAGE followed by
Western blotting as previously described [12].
Nitrocellulose membranes were stained with primary
antibodies against Tubulin (1:1000), PGC-1a (1:500),
SOD2 (1:2000), NFE2L2 (1:1000), p53 (1:1000), p21
(1:1000), Spl (1:500), GSNOR (1:500), nNOS (C-
terminal 1:500), Syntrophin (1:1000) and LDH
(1:1000). Afterward, the membranes were incubated
with the appropriate horseradish peroxidase conjugated
secondary antibody, and immunoreactive bands were
detected by a Fluorchem Imaging System upon staining

with ECL Select Western Blotting Detection Reagent
(GE Healthcare, Pittsburgh, PA, USA; RPN2235).
Immunoblots reported in the figures are representative
of at least four experiments that gave similar results.
Tubulin and Sp1 were used as loading controls.

Proteins were assayed by the method of Lowry [29].
Preparation of nuclear extracts

Cell pellets were resuspended in NLB. Nuclei were
collected by centrifugation at 600 x g for 5 min at 4°C
and pellets were resuspended in 1 ml of NLB.
Subsequently, nuclei were purified on NLB containing
30% sucrose (w/v) and centrifuged at 700 x g for 10
min. The pellets were resuspended in NLB to remove
nuclear debris and finally used for Western blot, oligo-
pull-down or ChIP assays.

Oligo-pull-down

The assay was performed essentially as previously
described [30] by using the p5S3RE at —2317 and -1237
on the mouse and human PGC-la gene promoter
(ppargcla and PPARGCI1A), respectively (Suppl. Table
S1). Briefly, nuclear protein extracts were incubated
with 1 ug of promoter biotinylated at 5’ and proteins
were allowed to bind the oligonucleotide for 30 min at
room temperature. The oligonucleotides were
precipitated with UltraLink streptavidin beads (Pierce)
for 1 h at 4°C. Bound fractions were washed three times
with wash buffer (20 mM Tris-HCI, pH 7.5, 1 mM
EDTA, 10% glycerol, 0.1% Triton X-100), eluted with
denaturing buffer, and analyzed by Western Blotting
using anti-p53 antibody. Oligo-pull-down specificity
was demonstrated with mutant oligonucleotides used as
negative controls (data not shown).

Chromatin immunoprecipitation assay

ChIP was carried out according to the protocol of Im et
al. [31] with some modifications. Briefly, after cross-
linking the nuclei extracted from C2C12 and NCI-
H1299 cells were fragmented by ultrasonication using
4x15 pulse (output 10%, duty 30%). Samples were pre-
cleared with pre-adsorbed salmon sperm Protein G
agarose beads (1 h, 4°C), and overnight
immunoprecipitation using anti-p53 or control IgG
antibody was carried out. After de-cross-linking (1%
SDS at 65°C for 3 h), qPCR was used to quantify the
promoter binding with 30 cycles total (95°C, 1 s; 60°C,
30 s; 72°C, 60 s). Results are expressed as fold
enrichment with respect to IgG control. The primers
used are reported in Supplementary Table S1.
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Biotin switch assay

Biotin switch assay was performed as previously
described [17]. Briefly, proteins were subjected to S-
NO derivatization by incubation in the presence of
ascorbate, which reduces S-NO groups. The same
sample incubated in the presence of biotin without
ascorbate was used as negative control. After protein
separation by non-reducing SDS-PAGE and Western
blot, biotinylated proteins were detected by incubation
of nitrocellulose membrane with HRP-conjugated
streptavidin (1:1000).

Analysis of cell viability

Adherent (after trypsinization) and detached cells were
combined, washed with PBS and directly counted by
optical microscope on hemocytometer, after Trypan
Blue staining.

Statistical analysis

The results are presented as means + S.D. Statistical
evaluation was conducted by ANOVA, followed by the
post Student-Newman-Keuls test. Differences were
considered to be significant at p<(0.05.
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SUPPLEMENTARY MATERIALS

Supplementary Table S1: List of primers used for ChIP analysis and

Oligo-pull-down assay.

Genes Sequence
mppargcla FW 5°-GCGAGGTTTCTGCTTAGTCA-3’
(-2317) RV 5’-ACAATGACTAAGCAGAAACCTCG-3’
hPPARGCIA FW 5’-TGTCTGTGAACTGAGGGAAAAA-3’
(-1237) RV 5’-AGGGCTAATGCAGGTAGGTG-3’
mMuRF-1 FW 5’-GAGCCGCGGGCGCCTCGGAAAAC-3’
(-351) RV 5’-AGAGCAGGCTGAGGACATGTGAAAG-3’
mAtrogin-1 Atrogin-1 agccgCATGgccaggecagatgtec -319
Atrogin-1 gatcgtggcctttcaCATGtcctca +31
Atrogin-1 agagCAGGctgaggacatgtgaaag -40
Atrogin-1 acccCAAGgtccctacaagttecca -82
Atrogin-1 atatgaggctctggcCATGacctaa -519
hPPARGCIA 5’-(btn)AACATGTTTATTCACACAGA-3’
(-1237) 5’-(btn) TCTGTGTGAATAAACATGTT-3’
mppargcla 5’-(btn)CTCTAAATAAAAAATGTTATAC-3’
(-2317) 5’-(btn)GTATAACATTTTTTATTTAGAG-3’
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Supplementary Table S2: List of primers used for RT-qPCR analysis.

Genes Sequences

mAtrogin-1 FW 5’-GCGACCTTCCCCAACGCCTG-3’
mAtrogin-1 RV 5’-GGCGACCGGGACAAGAGTGG-3’
mCGLC FW 5’-CGCACAGCGAGGAGCTTCGG-3’
mCGLC RV 5’-CTCCACTGCATGGGACATGGTGC-3’
hCGLC FW 5’-AGGAGCGAGGACTGGAGCCAT-3’
hCGLC RV 5’-GCAACATGCTGGGCCAGGAGA-3’
mMuRF-1 FW 5’-AGGGGCTACCTTCCTCTAAGTG-3’
mMuRF-1 RV 5’-TCTTCCCCAGCTGGCAGCCC-3’
mMyoD FW 5’-GGGGCCGCTGTAATCCATCATGC-3’
mMyoD RV 5’-GGAGATCCTGCGCAACGCCA-3’
mNFE2L2 FW 5’-TCCGCCAGCTACTCCCAGGTTG-3’
mNFE2L2 RV 5’-TGGGCCTGATGAGGGGCAGTG-3’
hNFE2L2 FW 5’-ACAGGAGGAGGAAGTGGAGGGACT-3’
hNFE2L2 RV 5’-TCAGCTGGCGCGTAGGTTTGT-3’
mPAX-7 FW 5’-TTCGATTAGCCGAGTGCTCA-3’
mPAX-7 RV 5’-ATCCAGACGGTTCCCTTTG-3’
mPGC-1a FW 5’-ACTGCAGGCCTAACTCCTCCCAC-3’
mPGC-1a RV 5’-CCCTCTTGGTTGGCGGTGGC-3’
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hPGC-1a FW

5’-ACTGCAGGCCTAACTCCACCCA-3’

hPGC-1a RV 5’-ACTCGGATTGCTCCGGCCCT-3’
mRPL FW 5’-GTACGACCACCACCTTCCGGC-3’
mRPL RV 5’-ATGGCGGAGGGGCAGGTTCTG-3’
hRPL FW 5’-GGCGGACCGTGCGAGGTATG-3’
hRPL RV 5’-GGCGGTGGGATGCCGTCAAA-3’
mSOD2 FW 5’-GTGTCTGTGGGAGTCCAAGG-3’
mSOD2 RV 5’-AGCGGAATAAGGCCTGTTGT-3’
hSOD2 FW 5’-GCAAGGAACAACAGGCCTTA-3
hSOD2 RV 5’-AAGAGCTTAACATACTCAGCATAAC-3’
mp21 FW 5’- CAGAATAAAAGGTGCCACAGGC-3
mp21 RV 5’- CGTCTCCGTGACGAAGTCAA-3’
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Supplementary Figure S1. 3Cys-p53 mutant impairs NO/PGC-1lo-mediated antioxidant response in C2C12
myoblasts. (A) C2C12 myoblasts were transfected with pcDNA3.1 vector containing cDNA for wild type p53 (Wt-p53), triple p53
mutant in DBD (C277S, C275S and C124S) (3Cys-p53) or with empty vector (Mock). After 15 h from transfection myoblasts were
treated with 1 mM BSO for 24 h. L-NAME (100 uM) was added 1 h before BSO treatment (15 h) and maintained throughout the
experiment. Total RNA was isolated and relative mRNA levels of PGC-1a, NFE2L2, SOD2 and GCLC were analyzed by RT-qPCR.
Data are expressed as means = S.D. (n=5; *p<0.001 vs Mock; °p<0.01 vs BSO-treated cells). (B) Nuclear protein extracts (500 pg)
were subjected to oligo-pull-down by using the biotinylated oligonucleotide representing the pS3RE on the ppargcla promoter and
bound p53 was detected by Western blot. Twenty pg of nuclear proteins (input) were used for Western blot analysis of Sp1. (C) ChIP
assay was carried out on cross-linked nuclei from Wt-p53 and 3Cys-p53 cells, using p53 antibody followed by qPCR analysis of
p53RE. Dashed line indicates the value of IgG control. Data are expressed as means = S.D. (n=4; *p<0.001 vs Mock; °p<0.001 vs
BSO-treated cells). All the immunoblots reported are from one experiment representative of four that gave similar results.
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Supplementary Figure S2. 3Cys-p53 mutant not bind the pS3RE on ppargcla promoter. (A) C2C12 myoblasts were
transfected with pcDNA3.1 vector containing cDNA for wild type p53 (Wt-p53), triple p53 mutant in DBD (C277S, C275S and
C124S) (3Cys-p53) or with empty vector (Mock). After 15 h from transfection myoblasts were treated with 1 mM BSO for 24 h.
Nuclear proteins (500 pg) were subjected to S-NO derivatization with biotin. After Western blot the nitrocellulose was incubated with
pS3 antibody for detection of p53-SNO. Spl was used as loading control. The possible presence of cytoplasmic contaminants was
tested by incubating nitrocellulose with rabbit anti-LDH. (B) L-NAME (100 uM) was added 1 h before BSO treatment (15 h) and
maintained throughout the experiment. Intact nuclei of C2C12 cells were pre-treated with 100 uM L-NAME or with 2 uM carboxy
PTIO (PTIO) for 10 minute and subsequently incubated with 5 mM GSNO at 4°C for 30 minute. Nuclear protein extracts (500 pg)
were subjected to oligo-pull-down by using the biotinylated oligonucleotide representing the pS3RE on the ppargcla promoter and
bound p53 was detected by Western blot. Twenty pg of nuclear proteins (input) were used for Western blot analysis of Spl. (C)
Schematic representation of murine Atrogin-1 (Fbox32, upper) and MuRF-1 (Trim63, bottom) promoters. The black arrows indicate
the pS3RE identified on Atrogin-1 and MuRF-1 promoters. All the immunoblots reported are from one experiment representative of
four that gave similar results.
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Fortifying p53 — beyond Mdm2 inhibitors

Anusha Sriraman, Yizhu Li, Matthias Dobbelstein

The tumor suppressor p53 is mutated in roughly 50% of
all human malignancies. However, in the other 50% of
tumors which retain wildtype p53, it appears
insufficiently active to confer tumor suppression,
through cell cycle arrest or apoptosis. Much of this p53-
inactivation occurs through the Mdm2 oncoprotein, the
product of a p53-inducible gene. Mdm2 is an E3
ubiquitin-ligase that targets p53 for proteasomal
degradation. In 2004, a small-molecule antagonist of
Mdm?2 was identified, known as Nutlin-3a or Nutlin. It
binds to Mdm2 at the p53 binding pocket, thereby
leading to activation of p53 and its target genes [2].
Recently, similar Mdm?2 antagonists were taken to

clinical trials, such as RG7388 (NCT02633059,
NCT02407080, NCT02828930, NCT02670044,
NCT02545283, NCT02624986), HDM201
(NCTO02780128, NCT02143635), and MI-773

(NCT01636479), but the results regarding their efficacy
have not been reported so far. Thus, delivering a wake-
up call to dormant p53 in tumors remains a tempting but
currently not proven option for cancer therapy.

While Nutlin readily induces cell cycle arrest, it was
found ineffective in causing apoptosis in most tumor
cells tested, even when p53 was wild type [3]. This
raises the need to fortify the ability of Mdm2
antagonists to induce the pro-apoptotic functions of p53.
In analogy to Mdm2, Wipl (Wild-type p53 induced
phosphatase, also known as PPMI1D) is another p53-
inducible antagonist to p53, often overexpressed in p53-
Wildty};e cancer cells. Wip1 belongs to the PP2C family
of Mg +/anJr—dependent serine/threonine phosphatases
and causes the dephosphorylation of p53 at Ser 15,
thereby reducing p53 activity. It also dephosphorylates
Mdm2, resulting in even more efficient p53 inhibition
[4]. In 2014, an allosteric inhibitor of Wipl known as
GSK 2830371 was identified. It binds to the structural
flap domain of Wipl and reduces tumor cell growth in
lymphoma xenograft models, the breast cancer cell line
MCF-7, and neuroblastoma cells [5].

In our study [1], we tested whether the simultaneous
inhibition of both p53-antagonists, Mdm2 and Wipl,
might induce p53 more potently than single inhibitors.
And indeed, the combination of Nutlin and Wipl
inhibitor led to increased activity and stability of p53
that resulted in a major proportion of cells arresting at
the G2/M phase of the cell cycle and/or undergoing

Editorial

senescence. Similar results were independently obtained
by others [6, 7]. Thus, p53 activity can be fortified by
the combined inhibition of factors that otherwise
provide negative feedback on p53. This raises the
perspective of interfering with p53-regulation at
multiple levels (Fig. 1) to further boost p53 for cancer
cell elimination.

The most traditional way of enhancing p53 activity in
tumor cells consists in the initiation of a DNA damage
response (DDR) by chemotherapy or irradiation. This
activates DDR kinases — ATM, ATR, Chkl and Chk2 —
that target p53, resulting in p53 stabilization and
activation. Future experiments might reveal whether
genotoxic treatment will act synergistically when
combined with inhibitors of Mdm2 and Wipl.

At present, even the combination of Nutlin and Wipl
inhibitor did not strongly induce apoptosis in the cells
we analyzed. This setback may be caused, at least in
part, by anti-apoptotic mechanisms frequently found in
tumor cells. Future efforts might therefore include pro-
apoptotic drugs such as BH3 mimetics or inhibitors of

PI3 Kinase-Akt-signaling. Such strategies could
complement p53 activation to induce cell death.
For successful application of Mdm2- or Wipl-

inhibitors, the selection of responsive tumors might be
essential. A wild type pS53 status is an obvious
requirement. Furthermore, tumors harboring amplified
Wipl, or otherwise an activating truncation of Wipl,
seem most promising regarding the successful use of a
Wipl inhibitor. These include breast cancer, neuro-
blastoma, medulloblastoma, and melanoma. Further-
more, Mdm2 antagonists appear most effective in
tumors that contain amplifications of Mdm2, such as
liposarcoma and osteosarcoma.

Of note, Nutlin can also confer protective effects on cells
against chemotherapy. We and others have shown that
Nutlin protects p53-proficient cells from the harmful
effects of gemcitabine, taxanes, or Weel inhibition, at
least in part by temporarily preventing the cells from
entry into S phase or mitosis. The induction of DNA
repair genes, such as Ribonucleotide reductase RRM2B,
might further protect cells against genotoxic stress. Thus,
care must be taken while combining Mdm2- and Wipl-
inhibitors with conventional chemotherapeutics, e. g. by
choosing a scheme where genotoxic drugs are applied
before the inhibitors of Mdm?2 or Wipl.
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Enhancing p53 activity still appears like an attractive
strategy to eliminate tumor cells that retain wild type
p53 status. However, interfering with the Mdm2-p53-
interaction often appears insufficient to eliminate
tumors. Targeting additional antagonists of p53, in
combination with genotoxic stress and pro-apoptotic
strategies, might fortify p53 to the point where it
induces cancer cell death.
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Gottingen Center of Molecular Biosciences (GZMB),

Figure 1. Strategies to fortify p53 in cancer therapy. p53
activation occurs through most conventional chemo-
therapeutics and irradiation, by DNA damage signaling.
However, p53 activation is also achieved by inhibitors of the
p53-antagonists Mdm2 and Wip1. p53, when active, promotes
apoptosis or cell cycle arrest. On the other hand, a number of
negative feedback loops attenuate p53. p53 activates the
expression of Mdm2 and Wip1, and Wipl further increases
Mdm2 activity. Both Mdm2 and Wipl antagonize p53.
Moreover, p53 induces the CDK inhibitor p21, which impairs
the activity of E2F1. Since E2F1 induces the Mdm2-antagonist
p14/ARF and also some of the pro-apoptotic p53 target genes
(e. g. NOXA), negative regulation of E2F1 attenuates some of
p53’s activities. Moreover, p2l-induced cell cycle arrest
prevents DNA replication and thus reduces DNA damage.
Finally, p53 can promote DNA repair, consequently
diminishing the efficacy of conventional chemotherapy. The
fortification of p53 in this situation can be achieved by
antagonists to Mdm2 and Wipl, but also through pro-
apoptotic drugs. Such strategies are particularly promising in
tumors that not only have wild type p53, but also
amplifications of the Mdm2 gene and/or amplifications or
activating truncations of Wip1.
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Targeting mutant p53 for cancer therapy

Moshe Oren, Perry Tal, and Varda Rotter

The p53 tumor suppressor protein serves as a major
barrier against cancer; consequently, mutations in the
TP53 gene, encoding p53, are the most frequent single
genetic alteration in human cancer, occurring in about
half of all individual cancer cases [1]. Besides
abrogating the tumor suppressive effects of the wild
type (WT) p53 protein, many of the TP53 mutations
endow the mutant p53 protein with new oncogenic gain-
of-function activities, which actively promote a variety
of features characteristic of aggressive tumors, such as
increased migratory and invasive capacities and
increased resistance to many types of anti-cancer
therapy agents [1]. This pertains particularly to tumors
that carry single amino acid substitutions (missense
mutations) within p53’s DNA binding domain (DBD),
and display abundant accumulation of the mutant p53
protein within the tumor cells [1].

In tumors that retain non-mutated TP53 genes, the
tumor suppressive effects of the remaining WTp53 are
also often compromised, owing to genetic and
epigenetic  alterations that occur during cancer
progression [1]. Altogether, the normal functionality of
p53 is thus abrogated in the vast majority of human
tumors. This realization has led to extensive attempts to
restore full p53 functionality in cancer cells, as a novel
cancer therapy strategy [1, 2]. However, these attempts
have been seriously hampered by the fact that p53 has
no known enzymatic activities, and rather operates
primarily as a sequence-specific transcription factor.
Furthermore, restoring the activity of a defective tumor
suppressor protein is vastly more difficult than
abrogating the activity of a hyperactive oncoprotein.
Nevertheless, significant advances have been achieved
in recent years, and hopes for the introduction of p53-
based novel cancer therapies into the clinic are
becoming increasingly supported by evidence. In
principle, attempts to develop such therapies have taken
3 main approaches: (1) Introduction of WTp53, mainly
via viral transduction (“gene therapy”), into tumors that
have sustained TP53 mutations; (2) enhancement of the
functionality of the endogenous WTp53 in tumors that
have retained a non-mutated TP53 gene, mainly be
disrupting the interaction of the WTp53 protein with its
major negative regulator MDM?2; and (3) “correction”
of the mutant p53 protein in tumors that have sustained
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TP53 missense mutations, thereby restoring its ability to
perform the tumor suppressive activities of WTp53 [1,
2].

The latter approach, namely the “re-education” of
mutant p53, is particularly appealing. First of all, it can
simultaneously reinstate WTp53 tumor suppressive
activity together with abrogating the gain-of-function
oncogenic effects of the mutant p53 protein.
Additionally, since cancer cells bearing TP53 missense
mutations often accumulate massive amounts of the
mutant p53, its conversion into a WT-like state will
potentially flood the cancer cell with excessive amounts
of tumor suppressive p53, far beyond what one finds in
normal cells. This may provide a large therapeutic
window and may potentially circumvent the severe
limiting toxicity observed with compounds that
augment the activity of non-mutated p53 in cancer cells
(approach #2 above).

Indeed, attempts to “re-educate” mutant p53 in cancer
cells have seen substantial progress in the last several
years. The most advanced effort has been spearheaded
by Wiman and coworkers, who identified a small
molecule named PRIMA-1, which can reactivate mutant
p53 (reviewed in [3]). PRIMA-1 was subsequently
further modified, and its derivative, PRIMA-1-met, has
recently entered a Phase 2 clinical trial under the
commercial name APR-246 [3]. An additional strategy,
developed by Carpizo, Levine and co-workers
(reviewed in [4]), is based on the facts that Zn(2+) ions
are crucial for stabilizing the correct folding of the DBD
of WTp53, and that many (but not all) cancer-associated
mutant p53 proteins bind Zn(2+) less avidly that
WTp53 and therefore tend to misfold. Specifically,
these investigators have identified small molecules (zinc
metallochaperones) that deliver Zn(2+) to the DBD of
mutant p53 and facilitate its correct refolding, thereby
restoring WTp53-like function [4]. However, such
molecules work only on a subset of p53 mutants, which
have a conformational defect due to reduced Zn(2+)
binding. Moreover, like PRIMA-1/APR-246, they
possess a rather generic chemical activity are not
specific for p53 only; this may result in undesirable side
effects that are presently hard to predict. Recently, El-
Deiry and coworkers have described 2 additional
mutant p53-targeing small molecules: prodigiosin,
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which disrupts the interaction of mutant p53 with the
p53 family member p73, and thereby unleashes the
cytotoxic and cytostatic activities of p73 [5], and
NSC59984, which augments p53 degradation and also
unleashes p73 activity [6].

We have opted for a different approach, based on
identification of small peptides that specifically stabilize
mutant p53 proteins in a functional state [7]. Combining
phage display screening with several alternating
functional readouts, which minimize the frequency of
false-positives, we were able to obtain a series of such
bioactive peptides. These peptides can stabilize the WT
conformation of mutant p53, and restore its ability to
engage in sequence-specific DNA binding and activate
canonical WTp53 target genes. Moreover, they promote
selective apoptotic death of cancer cells harboring
mutant p53, and very effectively reduce, and even
completely block, the growth of human cell line-derived
mouse xenograft tumors representing several types of
highly aggressive cancer [7]. Importantly, all common
p53 mutants tested in our study were found to be
amenable to functional stabilization by these peptides.
Remarkably, our lead peptide, pCAP-250, shares
perfect homology with the RAD9 protein, a validated
p53 interactor. This attests to the high specificity of the
interaction.

Of note, Eisenberg and coworkers have recently
described another type of mutant pS3-targeting peptide,
which acts by disrupting the aggregation of particular
aggregation-prone p53 mutants [8]. The spectrum of
mutants targeted by such peptide still remains to be
determined.

Bringing small peptides into the clinic remains
challenging, mainly owing to the need to deliver the
peptides efficiently into the tumor cells. Nevertheless,
their greater specificity, relative to small molecules of
the types described above, bears the hope for minimal
non-specific  toxicity, rendering such approach
potentially highly promising in the long run.
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Abstract: Osteoporosis is an age-related progressive bone disease. Trp53 (p53) is not only a famous senescence marker
but also a transcription regulator which played a critical role in osteogenesis. However, how p53 contributes to the bone
mass loss in age-related osteoporosis is still unclear. Here, we found that bone mass and osteogenic differentiation
capacity of mesenchymal stem cells (MSCs) is significantly reduced with advancing age. Serum levels of TNF-a and INF-y
and senescence-associated B-galactosidase, p16, p21 and p53 are significantly increased in elder mice, but antipodally,
osteogenic marker expression of Runx2, ALP and osterix are reduced. Overexpression p53 by lentivirus inhibits
osteogenesis in young MSCs in culture and upon implantation in NOD/SCID mice through inhibiting the transcription of
miR-17-92 cluster, which is decreased in old mice. In addition, miR-17 mimics could partially rescue the osteogenesis of old
MSCs both in vitro an in vivo. More importantly, Smurfl as a direct target gene of miR-17, plays an important role in the
p53/miR-17 cascade acting on osteogenesis. Our findings reveal that p53 inhibits osteogenesis via affecting the function of
MSCs through miRNA signaling pathways and provide a new potential target for treatment in future.

INTRODUCTION and especially osteoporosis. A reduction in these age-

related diseases will not only enhance the quality of life
Age—related diseases include cancer, cardiovascular but also reduce the overall burden to society and
disease, diabetes, various neurodegenerative diseases [1], families. Bone marrow mesenchymal stem cells
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(BMMSCs) are pluripotent cells with the potential for
self-renewal and multiple differentiations into other cell
types, dedicating them for regenerative medicine and
tissue engineering, as they provide tissue maintenance
and repair after damaging insults [2, 3]. In addition,
bone homeostasis is supposed to fundamentally depend
on the transformation potential of BMMSCs,
particularly in this case different into osteoblastic cells
[4]. However, the qualification of BMMSCs for
recovery of multiple tissue systems is contingently
compromised with age [3, 5]. As senescent cells can
remain and agglomerate in tissues in contrast to
apoptotic cells that are immediately removed by host-
defensively processes, their existence can profoundly
affect homeostatic mechanisms of the whole body [6-8].

The age-related restrictions of BMMSCs take special
effect on their osteogenic and adipogenic potential and
imply expression changes of associated marker genes
and of senescence-related molecules [2, 9, 10].
Osteogenesis and adipogenesis appear to decline with
age and passage of the cultivated cells [11-14], and the
loss of osteogenic potential is presumably connected
with an inhibited upregulation of key osteogenic
transcription factors due to an altered p53 level [4, 15],
which commonly recognized as tumor suppressing
gene, is also one of the most widely studied genes in
aging. A mutant p53 heterozygote mouse model
developed by Donehower et al. (p53+/m mice)
demonstrated increased osteoporosis, organ atrophy,
diminished stress tolerance and shortened life span in
the p53"™ mice as compared to wild type littermates
[16]. In addition, researches revealed that p53 occupies
a dual role in its mode of operation, as it manifests both
sequence-specific DNA-binding mechanisms and
transcription-independent capacities and can operate as
transcriptional activator as well as repressor on certain
genes [17-19].

MiRNAs consisting of 21-23 nucleotide RNA
molecules not only provide stability and translational
efficiency of target mRNAs, but also involved in
cellular differentiation, proliferation and apoptosis [20-
22]. Stem cell lineage commitment into osteoblasts is
likewise governed by diverse miRNAs, either in terms
of inhibition or enhancement of osteogenesis, by miR-
204/211 suppressing Runx2 or by miR-20a activating
BMP signaling for example [23, 24]. Our previous
research revealed that miR-17 acted as a negative
regulator of osteogenesis in a physiological
microenvironment, but contrarily as promoter for
osteoblastic commitment of tissue-specific MSCs under
inflammatory pathological conditions due to targeting
different genes [25, 26]. Recent investigations show that
p53 can repress miR-17-92, a cluster of 7 microRNA

(miRNAsS), on transcriptional level via action on p53-
binding site located on the proximal part of the miR-17-
92 promoter region [27, 28]. However, the detailed
mechisnam of how p53 contributes to bone mass loss in
age-related osteoporosis is still unclear. In this study,
we choose natural aging mice as our study model and
demonstrate that BMMSCs from 16-month old (old)
mice express decreased osteogenic differentiation
capacity and increased senescence markers, expecially
p53. Overexpression p53 in 4-month-old (young)
BMMSCs could inhibit the osteogensis of them both in
vitro and in vivo. In addition, miR-17 mimics particular
rescue the osteogenesis of old BMMSCs both in vitro
and in vivo. We also eclucidated the underlying
mechanism that p53 restained the osteogenesis via
modulating the trancription of pri-miR-17 and then
affecting the expression of Smurfl, a direct target of
miR-17. Our study aims to reveal a novel mechanism of
age-related osteoporosis and provide a new potential
target for treatment in future.

RESULTS

Bone formation and osteogenic differentiation
capacity are significantly reduced with advancing age

In order to assess bone formation ability with advancing
age in vivo, bone mass was analyzed in 4 (young) and
16-month-old (old) mice via micro-CT analysis as much
as via histological staining of femur tissue sections.
Both methods and the corresponding analyses
comprising BMD and BV/TV measurements as much as
determination of the number of bone trabeculae
revealed that bone mineral density was decreased in old
mice relative to young mice with significant loss in
trabecular bone volume and in the number of trabeculae
(Fig. 1A-B). In BMMSCs derived from young and old
mice, the CFU assay showed that the number of CFU-F
and CFU-Ob of old mice was significantly less
compared to young mice (Fig. 1C-D), especially the
CFU-Ob number, thus confirming the in vivo data. In
addition, analyses on serum levels of TNF-a and IFN-y
both in young and old mice revealed significantly
higher values of these cytokines in elder mice (Fig. 1E),
suggesting more inflammation with advancing age.

In old mice, senescence-associated B-galactosidase was
detectable to a significantly greater amount compared to
cells from young mice, and the senescence-associated
markers pl6, p21 and p53 were also significantly
increased both in bone tissues and in BMMSCs on gene
protein level (Fig. 2A-D). Additionally, the osteogenic
differentiation capacity of BMMSCs derived from old
mice was significantly reduced compared to the ones
obtained from young mice, which was evident from the
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results of the alizarin red staining as much as the gene
and protein expression analyses of osteogenic marker
expression, namely Runx2, ALP and osterix (Fig. 2E-
G). In addition, the proliferation capacity of BMMSCs
from old mice was also lower than BMMSCs from
young mice, as indicated by MTT and flow cytometric
cell cycle analysis (Supplementary Fig. 1).

p53 is causative for inhibited osteogenesis in
BMMSCs

As we observed that old BMMSCs express significantly
higher gene and protein levels of the senescence-related
markers p21, p16 and most substantially p53, we further
investigated the relationship between p53 and osteogenic
differentiation capacity of BMMSCs. We constructed the
lentiviral vector to induce a stable up-regulation of p53 in
BMMSCs. The lentiviral construct (pLenti-p53)
increased the p53 expression level more than 5-fold
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compared with the control (Supplementary Fig. 2). Then
we cultured the cells in osteogenic differentiation
medium for an additional 14 days. Alizarin red staining
and the expression of ALP, Runx2 and osterix showed
that the osteogenic differentiation of BMMSCs from
young mice was suppressed after transducing pLenti-
p53 in vitro (Fig. 3A-C). Then, we expended this study
for ectopic bone formation in vivo. The BMMSCs
transduced with pLenti-p53 or control vector were
loaded onto HA/TCP powder scaffolds and implanted in
NOD/SCID mice for 8 weeks. The control group was
found to form a considerable amount of bone tissue
around the HA/TCP powder. The new bone tissue was
stained red using HE staining. The pLenti-p53-
transduced BMMSCs only formed some threadlike
collagen fibers around the surface of the HA/TCP
powders. Osteoid formation was decreased 45% in the
implants treated with the pLenti-pS3 compared with
those treated with the vector control (Fig. 3D-E).
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Figure 1. The osteogenic capacity of old mice is significantly reduced both in vivo and in vitro. Statistically analyzed values show the
mean + SD (n=10). * p < 0.05. (A) Micro-CT analysis of trabecular bone mass in the tibiae of 4 (young) and 16 month-old (old) mice.
Quantitative analyses were performed via volumetric bone mineral density (BMD) and trabecular bone volume fraction (BV/TV)
measurements. (B) HE stainings of histological sections from femur derived from young and old mice for detection of the number of
bone trabeculae. (C-D) Representative images of the CFU-F assay for determination of proliferation capacity and of the CFU-Ob
assay for osteogenic differentiation ability of BMMSCs obtained from young and old mice and stained with crystal violet and alizarin
red, respectively. CFU efficiency was determined by the number of colonies relative to the total number of seeded cells in each
plate. (E) Serum levels of TNF-a and INF-y in young and old mice determined via ELISA. Results are expressed as pg/ml.
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Figure 2. BMMSCs from old mice express higher levels of senescence markers and lower osteoblast markers
compared to young ones. Statistically analyzed values show the mean + SD (n=10). * p < 0.05. (A) In vitro staining of
the senescence-related marker B-galactosidase in BMMSCs cultures derived from young and old mice. Quantitative
analysis of the total number of positively stained cells. (B-C) Real-time PCR analyses on whole bone tissue extracts
(B) and on BMMSCs (C) for the senescence-related genes p16, p21 and p53. Normalization to R-actin. (D) The
western blot showed that the protein level changed as the mRNA. (E) Alizarin red staining of BMMSCs from young
and old mice osteogenically induced for 14 d. Cont = Control, OS = osteogenically induced. (F-G) Real-time PCR and
western blot analyses on BMMSCs for the osteogenic markers Runx2, ALP, osterix. Normalization to R-actin.

p33 regulates the osteogenesis of BMMSCs through
inhibiting the transcription of miR-17-92 cluster

Considering that senescence can be correlated to a
chronic inflammatory microenvironment (Fig.1E) and as
our previous research revealed that miR-17 acts as
positive regulator of osteogenesis in an inflammatory
microenvironment [25], we investigated the expression
pattern of miR-17-92 cluster in BMMSCs from young
and old mice. Real-time PCR analyses showed a
significant decrease of miR-17, miR-18a, miR-20a and

miR-92a in bone tissues, reduction of all family members
in bone marrow and reduced expression of miR-17, miR-
18a, miR-19a, miR-20a and miR-92a could be observed
in BMMSCs (Fig. 4A-C). Importantly, the expression
pattern of p53 and miR-17 were exactly opposite in
BMMSCs from both 4 and 16-month-old mice during
osteogenic differentiation (Fig. 4D-F). Furthermore, the
expression of pri-miR-17 and mature miR-17-92 family
members significantly decreased upon overexpression of
p53, suggesting that pS53 can potently block the
transcription of miR-17-92 (Fig. 4G, H).
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Figure 3. Overexpression of p53 changed the phenotype of young BMMSCs into old BMMSCs. BMMSCs from young
mice were lentivirally transduced to upregulate the expression level of p53 (= plLenti-p53) or were transduced as
lentiviral control (= pLenti-Cont). Statistically analyzed values show the mean + SD (n=10). * p < 0.05. (A) Alizarin red
staining of pLenti-p53 and of pLenti-Cont after osteogenic inducing for 14 days. Cont = Control, OS = osteogenically
induced. The values show the mean + SD (n=10). * p < 0.05. (B-C) Real-time PCR and western blot analyses on BMMSCs
with lentiviral transduction (pLenti-p53 and plLenti-Cont) and with/without osteogenic induction for the osteogenic
markers Runx2, ALP, osterix. Normalization to R-actin. (D-E) Histological analyses and corresponding statistical analysis
of tissue sections from subcutaneous pockets on the backs of 6-week-old NOD/SCID mice with implanted HA/TCP
ceramic particles mixed with BMMSCs from young mice with lentiviral transduction of p53 and control.

Since miR-17 were decreased obvious in old mice
(bone, bone marrow and BMMSCs), we next used miR-
17 mimics to up-regulated expression of miR-17 in old
BMMSCs. Our data showed that the transfection
efficiencies of miR-17 mimics and inhibitor persisted at
least for 14 d (Supplementary Fig. 3). After osteogenic
induction of old BMMSCs for 14 d in vitro, alizarin red
staining suggested that the osteogenic differentiation of
BMMSCs was obviously enhanced after upregulating
miR-17 expression (Fig. SA). These data of the staining
results were supported by the transcriptional and protein
analyses of the osteoblast-related genes Runx2, ALP
and Osterix, which is illustrated in Fig. 5B-C. The in
vitro results could be substantiated in vivo by the
HA/TCP transplantation experiments earlier described,
as after a transplantation perio d for 8 weeks, BMMSCs
from old mice formed plenty of new bony structures
around the HA/TCP granules when miR-17 was
upregulated in the transplanted cells (Fig. 5SD-E).

Smurfl plays an important role in the p53/miR-17
cascade acting on osteogenesis of BMMSCs

As microRNA has to bind to its target gene for regulating
cellular characteristics, we subsequently tested the
expression of two direct target genes of miR-17, namely
TCF3 and Smurfl. Both real-time PCR and western blot
data showed that the expression of Smurfl was increased
after upregulating p53, and here especially on protein
level, as miRNA acts on post-transcriptional level and
mostly affects protein expression. However, the other
target gene TCF3 was not changed after upregulating p53
(Fig. 6A). Next, we transfected cells which were stably
upregulated p53 with miR-17 mimics for following
investigation of Smurfl expression. The western blot data
showed that the Smurfl level was almost unchanged
(Fig. 6B), suggesting that p53 affects the expression level
of Smurfl mainly through miR-17, which is illustrated as
an overview model in Fig. 7.
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Figure 4. p53 contribute to impaired osteogenesis of BMMSCs via inhibiting the transcription of miR-17-92 cluster.
BMMSCs were lentivirally transduced to upregulate the expression level of p53 (= plenti-p53) or were transduced as
lentiviral control (= pLenti-Cont). Statistically analyzed values show the mean + SD (n=10). * p < 0.05. (A-C) Real-time PCR
analyses for the expression of miR-17, miR-18a, miR-19a, miR-19b, miR-20a and miR-92a in bone (A), bone marrow (B) and
BMMSCs (C) of young and old mice. Normalization to B-actin. (D-F) Real-time PCR and western blot analysis of p53 (D, E)
and real-time PCR of miR-17 (F) expression in BMMSCs derived from young and old mice after osteogenic differentiation for
7 d. Normalization to B-actin and U6. (G) Pri-miR-17 transcript analysis by Tagman-based qPCR. Normalization to GAPDH.
(H) Real-time PCR analysis of the mature miR-17-92 cluster after upregulating P53 for 48 h. Normalization to U6.

Then, we examined the expression pattern of Smurfl
during osteogenic differentiation of young and old
BMMSCs and could surprisingly found that the
expression of Smurfl was increased in both groups upon
osteogenic differentiation, although Smurfl is announced
as negative regulator of osteogenesis (Fig. 6C-D). In both
the control and the osteogenically induced group, Smurfl
expression was higher in old compared to young
BMMSCs. Therefore, we used siRNA to down-regulate

the level of Smurfl in BMMSCs from old mice in a next
step (Supplementary Fig. 4). After a 14 d period of
osteogenic induction, the alizarin red staining displayed
that osteogenic differentiation of old BMMSCs could
partially be rescued after downregulating Smurfl
expression. However, this effect disappeared after
decrease of miR-17 expression by miR-17 inhibitor,
which could be substantiated by gene expression analysis
of osteoblast-related genes (Fig. 6E-F).
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Figure 5. Up-regulation of miR-17 by miR-17 mimics reversed the effect of p53 on inhibiting osteogenic differentiation in old BMMSCs.
miR-17 was stable upregulated in BMMSCs by miR-17 mimics (= miR-17 mimics). miRNA control (= miR Cont). Statistically analyzed values
show the mean + SD (n=10). * p < 0.05. (A) Osteogenic induction for 14 d of BMMSCs derived from old mice and subsequent alizarin red
staining resulted in a heightened osteogenic differentiation of BMMSCs with previously upregulated miR-17 expression. (B-C) Real-time
PCR and western blot analyses on old BMMSCs with miR-17 mimic treatment or miRNA control and with/without osteogenic induction
for the osteogenic markers Runx2, ALP, osterix. Normalization to B-actin. (D-E) Histological analysis (D) and corresponding statistical
analysis (E) on osteoid formation of tissue sections from subcutaneous pockets on the backs of 6-week-old NOD/SCID mice with
implanted HA/TCP ceramic particles mixed with BMMSCs from 16-month-old mice with/without miR-17 upregulation.
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DISCUSSION

Senescence of cells and especially of stem cells is an
ongoing matter of debate, and its potential impact on
tissue homeostasis is up to date still largely obscure.
Aggravating this concern is the fact that there is no clear
evidence whether the age-related cellular changes
observed in vitro such as growth stagnation and
diminished differentiation capacity also impact tissue
homeostasis in vivo [3]. Additionally, the molecular
mechanisms involved in and activated by occurrence of
senescence are widely unknown, thus making a
disclosure of possible consequences for cellular
signaling pathways and the corres ponding effects in
tissues almost impossible. Therefore, our study was
meant to investigate the cellular characteristics of aging
BMMSCs and the resulting changes in their osteogenic
potential both in vivo and in vitro.

Our analyses revealed that in vivo bone formation in
terms of volumetric bone mineral density and trabecular
bone volume fraction in femur tissue sections and in
vitro correspondingly osteogenic differentiation of
murine BMMSCs are reduced with advancing age.
BMMSCs from elder mice exhibit an increase in
senescence-associated B-galactosidase, pl6, p21, p53
and concurrently a decrease in proliferation and
occurrence of osteogenic markers alizarin red, Runx2,
ALP and osterix. Interestingly, inflammatory molecules
TNF-a and IFN-y both revealed significantly higher
values of these cytokines in elder mice, suggesting more
inherent inflammation with advancing age. Previous
studies detected a dependence between heightened
levels of inflammatory molecules and impaired bone
formation capacity in inflammatory bone diseases, and
due to our results evidence suggests an intrinsic
predisposition for inflammatory priming in senescent
cells [29, 30]. In consideration that inflammatory cyto-

Figure 7. Schematic diagram of p53/miR-17/Smurfl
cascade. (A, B) p53 regulates the osteogenic
differentiation of BMMSCs through inhibiting
transcription of miR-17-92 cluster and subsequent
modulating Smurfl, a direct target gene of miR-17,
aslo acts as a negative regulator for osteogenic
differentiation of mesenchymal stem cells.

Osteoporosis

kines are qualified to induce inflammatory settings by
modulation of miRNAs, our findings are concordant
with these results [31, 32]. We could show that p53
inhibits osteogenic differentiation of BMMSCs in vivo
and that these effects impair osteoid formation about
45% in vitro when p53-transfected BMMSCs are loaded
on implanted HA/TCP.

Analyses on the molecular pathways involved in this
repressive influence of p53 uncovered a reversion of the
inhibitory effects of p53 on osteogenesis upon miR-17
overexpression with rescue of osteogenic differentiation
of old BMMSCs and vice versa a restraint of miR-17 by
p53 overexpression. MiR-17-92 cluster plays an
important role in senescence and has a close relationship
with p53, as p53 can bind to the promoter region of miR-
17-92 for repression of its function, which plays a key
role in hypoxia-induced apoptosis [20]. MiR-17 is closely
related to TCF3 and Smurfl, two direct target genes in
the cells that miR-17 can bind and thus block these
negative regulators of osteogenesis [25, 26]. In both our
control and osteogenically induced group, Smurfl
expression was higher in old compared to young
BMMSCs, and upregulation of p53 increased Smurfl
expression as well. Rising of both p53 and miR-17 at the
same time did not alter the level of Smurfl, demonstrate-
ing that p53 regulates Smurfl indirectly by inhibition of
miR-17. Contrarily, TCF3 remained unaffected by any of
the treatments, providing an indication that the target
gene miR-17 binds to is dependent on the
microenvironment and the cellular components involved.
On the basis of our previous results, miR-17 tends to
target TCF3 in the normal microenvironment, while it
aims to target Smurf1 under inflammatory conditions [25,
26]. As senescent cells have been shown to display
elevated expression profiles of inflammatory molecules,
the trend that miR-17 has an affinity for binding Smurf1
can be interpreted in this manner.
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In summary, our results illustrate that cellular
senescence involves inhibiting effects on osteogenesis
in vitro as well as in vivo with major impact of
regulatory mechanisms engaging in miRNA signaling
pathways. This knowledge provides the basis for the
development of new treatment strategies in age-related
changes of bone homeostasis both under physiological
and pathological conditions.

METHODS

Mice. Twenty 4-month and 16-month old C57/BL6
mice, female, respectively (n=10 specimens per group
for histology, n=10 for cell culture) and 6-week old
immunocompromised  nude  mice  (CAnN.Cg-
Foxnlnu/CrlVr) (n=10 specimens per group), female,
were purchased from Vital River Laboratory Animal
Technology Co. Ltd. (Beijing, China). All procedures
involving animals were approved by the Animal use and
Care Committee of the Fourth Military Medical
University (license number: SCXK 2007-007).

Micro-CT analysis. The mice (n=5) from each
experimental group were scanned with the Inveon
micro-CT system (Siemens Healthcare Diagnostics
GmbH,  Eschborn,  Germany). Cross-sectional
volumetric BMD was measured at right tibia mid-
diaphysis. Using two-dimensional images, a region of
interest in secondary spongiosa was manually drawn
near the endocortical surface, and cancellous bone
morphometric parameters including BV/TV in % were
assessed. Experiments were performed in triplicate.

Bone histological analysis. The femurs derived from the
mice of each experimental group were fixed with 4%
paraformaldehyde, decalcified with 10% EDTA (pH 7.0)
and embedded in paraffin. For histological analysis,
tissue sections were deparaffinized and stained with HE
followed by trabecular percentage calculation using
Image J software. Experiments were performed in
triplicate.

Isolation of murine BMMSCs. Bone marrow cells
(3x10") were flushed out from long bones of each
experimental group of mice (n=5) with 2% FBS in PBS.
A single-cell suspension of all nucleated cells was
obtained by passing bone marrow cells through a 70 um
cell strainer (BD Biosciences, New Jersey, USA). Then,
5x10° cells were seeded into 5 cm culture dishes and
initially incubated at 37 °C and 5% CO,. After 24 h,
cultures were washed with PBS to eliminate non-
adherent cells. The attached cells were cultured for 10
to 15 d with a-MEM supplemented with 20% FBS,
2mM L-glutamine, 100 U/ml penicillin and 100 mg/ml

streptomycin (Invitrogen, Carlsbad, CA, USA). Passage
1 and 2 were used in all experiments.

CFU assay. To assess the CFU efficiency of BMMSCs,
1x10° primary cultured BMMSCs derived from each
experimental group of mice (n=5) were seeded in 5 cm
culture dishes (Corning, Lowell, MA, USA) and cultured
in proliferation or osteogenic differentiation medium for
14 days. Then, the newly formed -colonies were
visualized with 0.1% toluidine blue or Alizarin Red/ALP
staining following 4% paraformaldehyde fixation for
CFU-F and CFU-Ob assay. Aggregates of 50 or more
cells were scored as colonies under the microscope
(Leica Microsystems, Heerbrugg, Switzerland). CFU
efficiency was determined by the number of colonies
relative to the total number of seeded cells in each plate.
Experiments were performed in triplicate.

B-galactosidase staining assays. To assess the senescence
of the cultured BMMSC:s after 48 h (both 4 mon and 16
mon), P-galactosidase staining was determined via a
staining Kit (Beyotime Institute of Biotechnology,
Jiangsu China) according to the manufacturer’s protocol.
Experiments were performed in triplicate.

Real-time PCR analysis. Total RNA was isolated from
cultured BMMSCs and from femur bone tissues using
Trizol (Invitrogen) according to the manufacturer’s
instructions. MiRNA was extracted with the mirVana
miRNA Isolation Kit (Ambion, Austin, 7X, USA). The
conversion of miRNA and mRNA into cDNA and the
detection of miRNAs were carried out according to the
manufacturer’s instructions using the miScript Reverse
Transcription Kit and the miScript SYBR Green PCR
Kit (Takara Bio Inc., Shiga, Japan), respectively.
Sequences were determined with the CFX96 Real-Time
System (Bio-Rad, CA, USA). The optimized miRNA-
specific primers for has-miR-17 and the endogenous
control U6 were commercially obtained (RiboBio Co.,
Guangzhou, China). Primary-miR-17 and GAPDH as
endogenous control were commercially purchased
(Invitrogen). The expression levels of pl6, p21, p53,
Runx2, ALP, Osterix, TCF3 and Smurfl (Takara Bio
Inc.) were examined. The primers were listed in Table
1. Experiments were performed in triplicate.

Western blot analysis. BMMSCs were harvested in
RIPA lysis buffer (Beyotime Institute of Biotechnology)
and whole-cell protein extracts were quantified by a
BCA assay, separated on SDS-PAGE 8%-12%, and
then transferred to PVDF membranes (Millipore,
Billerica, MA, USA). Antibodies included pl6ink4
(1:800, Abbiotec, San Diego, USA), p21 (1:500,
Abcam, Cambridge, England), p53 (1:500, Cell Signaling
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Technology, Boston, MA, USA), Runx2 (1:500,
Abcam), ALP (1:800, Abcam), OSX (1:500, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), TCF3 (1:500,
Abcam), Smurfl (1:500, Abcam). In addition, stripped
membranes were reprobed with B-actin (1:5000,
Abcam) as loading control. Signal detection was
performed using the ECL Kit after incubation with an
anti-rabbit or anti-mouse IgG secondary antibody
(1:5000, CoWin Bioscience Co., Beijing, China). The
relative band intensities in the scanned images were
analyzed with Image J software (National Institutes of
Health, Maryland, USA). Experiments were performed
in triplicate.

Table 1. Primers for Real-time PCR.

Osteogenic _differentiation assays. BMMSCs were
incubated with osteogenic medium containing 100 nM
dexamethasone, 50 mg/ml ascorbic acid and 1 mM b-
glycerophosphate for 1 to 2 weeks according to the
manufacturer’s instructions. To assess osteogenic
differentiation, cells were fixed with 60 % isopropanol
after 14 d in culture, stained with 1 % alizarin red
(Sigma-Aldrich, St. Louis, MO, USA) and lysed in
hexadecylpyridinium chloride. Then, the quantification
of alizarin red staining intensity was determined with a
microplate reader (Bio-TEK Instruments, Winooski,
VT, USA) by absorbance at 570 nm. Experiments were
performed in triplicate.

Primer name Sequence (5’ to 37) Temperature Length
°C) (bp)

Us F:5>GCTTCGGCAGCACATATACTAAAATS’ 60 .
R:5’CGCTTCACGAATTTGCGTGTCAT3’
F:5> TGGCACCCAGCACAATGAAZ’

B-actin 62 186
R:5> CTAAGTCATAGTCCGCCTAGAAGCA 3’
F:5° GCTTTGAGGTGCGTGTTTGTG3’

p53 60 126
R:5> TTGGGCAGTGCTCGCTTAG 3’
F:5> GCTTCCTGGACACGCTGGT 3’

pl6 60 174
R:5” CATCTATGCGGGCATGGTTAZ’
F:5° GGGAGCAGGCTGAAGGGT3’

p21 60 97
R:5" CGGCGTTTGGAGTGGTAGAA 3’
F:5° CACTGGCGCTGCAACAAGA 3°

Runx2 60 127
R:5" CATTCCGGAGCTCAGCAGAATAA ¥
F:5° CCTTGTAGCCAGGCCCATTG3’

ALP 60 137
R:5> GGACCATTCCCACGTCTTCAC 3°
F:5° TGGCGTCCTCCCTGCTTG 3’

Osterix 60 125
R:5> TGCTTTGCCCAGAGTTGTTG3’
F:5° CGTGGGGAAGAAGGTTTGG 3’

Smurfl 60 158
R:5> TGGTCGGGGTTGATTGAAGA 3’
F:5> AATAACTTCTCGTCCAGCCCTT 3’

TCF3 60 159
R:5” CTCGTCCAGGTGGTCTTCTATCT 3°
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Lentiviral vector construction and transduction. To
construct a lentiviral vector for mouse transformation-
related protein 53 (p53), p53 was amplified from mouse
cDNA via PCR. Primers for lentiviral construct
transduction were as follows:

m-tpS3-Sall acgGTCGACggATGACTGCCATGGAG
GAGTC

m-tp53-Notl ATAAGAATGCGGCCGCcagTCAGTC
TGAGTCAGG

The PCR product was digested with Sal I and Not I and
inserted into the pLenti 6.3/v5-DEST vector
(Invitrogen). The inserted fragments were verified by
Sanger sequencing. A lentiviral construct containing the
scrambled p53 sequence was used as negative control.
The lentivirus was produced by co-transfecting 293T
cells with the transfer vector and two packaging vectors
(psPAX2, pMD2.G). The virus was subsequently
purified by ultracentrifugation. 1x10° BMMSCs were
plated in 6-well plates and transduced with lentiviral
constructs and 5 pg/ml polybrene (Sigma). Experiments
were performed in triplicate.

Transfection assay. MiR-17 mimics and inhibitor
(Ribobio, Guangdong, China) were transfected into
BMMSCs at a concentration of 50 nM with the siPORT
NeoFX Transfection Agent (Ambion). The medium was
replaced 8 h later and the cells were harvested for
mRNA analysis after 24 h of transfection and for
protein analysis after 48 h of transfection.

SiRNA duplex oligonucleotides against mouse Smurfl
and the negative control (Gene-Pharma Co., Shanghai,
China) were chemically modified (2’-O-Methyl) and
transfected into the cells at a final concentration of 100
nM using the siPORT NeoFX (Ambion). Experiments
were performed in triplicate.

ELISA assay. TNF-a and IFN-y serum levels were
measured by ELISA using murine TNF-a and IFN-y
assay kits (Neobioscience technology, Shenzhen,
China). Experiments were performed in triplicate
according to the manufacturer’s protocol.

In vivo bone formation assay. For a single transplant
complex, BMMSCs were transduced with a pLenti-p53
lentiviral construct as described above and then cultured
for 3 d. 2 x 10° cells were mixed with 15 mg HA/TCP
ceramic particles (Sigma-Aldrich) and implanted into
subcutaneous pockets on the backs of the 8-weeks
NOD/SCID mice (Fourth Military Medical University).
As control, BMMSCs from the same sources treated
with the lentivirus control were implanted into the other
side of the same host’s back. The implants were taken
out 8 weeks after transplantation, fixed with 4%
paraformaldehyde and decalcified with buffered 10%

EDTA (pH 6.0). For histological analyses, the sections
were stained with HE or Masson’s Trichrome (BaSO
Diagnostic Inc, Guangdong, China) according to the
manufacturer’s  instructions.  Experiments  were
performed in triplicate.

Statistics. Statistical evaluation was performed using a
t-test and one-way ANOVA for experiments comprising
more than three groups, respectively. The data are
presented as mean + SD. P< 0.05 was considered
statistically significant. The p-values were adjusted
using the Bonferroni method. Each experiment was
repeated three times. Analytic tests were performed
using SPSS17.0 Software.
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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.

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

[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 (pS3+/-) 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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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.
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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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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).
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received
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Immunohistochemistry. pS6 in the heart and the liver. Mice received rapamycin in drinking water for 2 days.

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].
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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 pm 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
um 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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Abstract: The nutrient-sensing mTOR (mammalian Target of Rapamycin) pathway regulates cellular metabolism, growth
functions, and proliferation and is involved in age-related diseases including cancer, type 2 diabetes, neurodegeneration
and cardiovascular disease. The inhibition of mTOR by rapamycin, or calorie restriction, has been shown to extend lifespan
and delays tumorigenesis in several experimental models suggesting that rapamycin may be used for cancer prevention.
This requires continuous long-term treatment making oral formulations the preferred choice of administration route.
However, rapamycin by itself has very poor water solubility and low absorption rate. Here we describe pharmacokinetic
and biological properties of novel nanoformulated micelles of rapamycin, Rapatar. Micelles of Rapatar were rationally
designed to increase water solubility of rapamycin to facilitate oral administration and to enhance its absorption. As a
result, bioavailability of Rapatar was significantly increased (up to 12%) compared to unformulated rapamycin, which
concentration in the blood following oral administration remained below level of detection. We also demonstrated that
the new formulation does not induce toxicity during lifetime administration. Most importantly, Rapatar extended the
mean lifespan by 30% and delayed tumor development in highly tumor-prone p53'/' mice. Our data demonstrate that
water soluble Rapatar micelles represent safe, convenient and efficient form of rapamycin suitable for a long-term
treatment and that Rapatar may be considered for tumor prevention.

INTRODUCTION cellular energy status. When nutrients and growth
factors are abundant, mTOR promotes protein synthesis,
Rapamycin (or Sirolimus) is a macrolide antibiotic that ribosome  biogenesis, angiogenesis, cell cycle
was first isolated from Streptomyces hydroscopicus and progression and cytoskeleton re-organization (reviewed
was initially utilized as an antifungal agent [1, 2]. Under in [3]-5)).
the name of Rapamune, it is now used as an
immunosuppressant to prevent organ rejection after Recent data demonstrated that rapamycin extends life
transplantation. Rapamycin inhibits the nutrient-sensing span in various model organisms including mammals
mTOR (mammalian Target of Rapamycin), a conserved [4-6]. The life-long administration of rapamycin
protein Kkinase that controls cellular growth and inhibits age-related weight gain, decreases aging rate
metabolism. The mTOR signaling pathway is activated and increases lifespan of inbred [7] and genetically
by nutrients, growth factors, hormones, cytokines, and heterogeneous [6] mice. Previous data has
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demonstrated that rapamycin significantly delayed the
onset of spontaneous carcinogenesis both in normal
(129/Sv [7]) and cancer-prone (HER-2/neu transgenic
[8] and p53*" [9]) mice. Importantly, the anti-cancer
effect of rapamycin in p53+" mice was blunted when
treatment started at the age of 5 months [9] suggesting
that rapamycin does not directly inhibit tumor growth
but rather has an indirect effect.

Since rapamycin exhibits poor water solubility and
instability in aqueous solutions, its clinical use through
oral administration requires development of special
drug design such as complex nanoparticle formulation
to facilitate increased bioavailability and -efficacy.
Therefore, various oral formulations, such as inclusion
complexes [10, 11], liposomes [12], nanocrystals [13],
and solid dispersion [14] have been developed and
tested in pre-clinical and clinical studies. In this study,
we tested the biological activity of a novel formulation
of rapamycin, Rapatar. This formulation is based on
Pluronic block copolymers as nanocarriers, which
serves to improve water solubility of the drug, and to
enhance various biological responses favorable for
therapeutics, such as activity of drug efflux transporters

(reviewed in [15]). We show that Rapatar has
significantly ~ higher  bioavailability — after  oral
administration when compared to unformulated

rapamycin. We also show that Rapatar effectively
blocks mTOR in mouse tissues. Moreover, life-long
administration of Rapatar increases lifespan and delays
carcinogenesis in highly tumor-prone p53™ mice.

RESULTS

Rapatar is efficiently absorbed and systemically
distributed and effectively inhibits mTOR in vivo

To compare the absolute and relative bioavailability and
other pharmacokinetic properties of Rapatar with those
of an unformulated rapamycin, we administered both

compounds as a single dose to female ICR mice.
Rapatar was administered intravenously (IV) or orally
(PO) at a dose of 0.4 mg/kg and 4 mg/kg respectively,
while rapamycin was administered PO at 4 mg/Kkg.
Blood samples were collected at different times after
administration and analyzed for rapamycin by mass
spectrometry (LC/MS/MS). Pharmacokinetic values of
the area under the curve (AUC), the maximum drug
concentration (Cnax), the time of peak concentration
(Tmax), and the absolute bioavailability (F) were
calculated from whole blood drug concentration-time
data (Fig. 1A). Importantly, following oral administ-
ration, rapamycin could only be detected in whole blood
samples of mice that received Rapatar whereas its
concentration in blood of rapamycin-treated mice was
beyond the level of detection. As shown in Table 1,
when compared to unformulated rapamycin, Rapatar
demonstrated very fast absorption (Tmax 15 min) and
significant increase in AUC value with mean Ty;
extending to 6.4 hours. Consequently, a single oral
administration of Rapatar resulted in 12%
bioavailability, which is comparable with commercially
available formulations used in clinical practice (14%
when administered orally in combination with
cyclosporine A).

Ribosomal protein S6 is a substrate of mTOR, and
therefore phospho-ribosomal protein S6 is a marker of
MTOR activity [16-19]. To test whether Rapatar inhibits
MTOR activity in vivo, we compared levels of
phosphorylated S6 (pS6) in livers of wild type C57BI/6J
mice, in which mTOR was suppressed by a period of
food deprivation. Rapatar (0.5mg/kg or PBS were given
by gavage at a time when animals were allowed access
to food. Fig. 1B shows that S6 is highly phosphorylated
in livers of control animals indicating mTOR activation
in response to food. In contrast, in animals that
received Rapatar, S6 phosphorylation was reduced ~10-
fold.  Thus, Rapatar successfully inhibits mTOR
activity in the liver in vivo.

Table 1. Pharmacokinetic parameters of unformulated rapamycin and Rapatar in C57BI/6J mice.
Abbreviations: C, — the peak concentration; T,,., — time taken to reach peak concentration; AUC —
area under the curve; F — absolute bioavailability.

Units Rapamycin, 1V Rapatar, PO 4mg/kg
0.4mg/kg
Dose amount ng 10.4 104
Dosage ng/kg 400 4000
Cmax ng/ml 958 656
Tmax hr 0.04 0.25
AUC ng-hr/ml 2634.6 3161.5
Half-life hr 6.4 N/A
F % 100 12
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Figure 1. Pharmacokinetic and biological characteristics of Rapatar. (A) Rapamycin concentration—time profile in
blood after intravenous (IV, top) and oral (PO, bottom) administration of Rapatar to mice (mean values, n = 3). A
single dose of Rapatar was administered either IV (0.4mg/kg) or PO (4mg/kg). Blood samples were collected at
designated times and analyzed for rapamycin by LC/MS/MS. (B) Rapatar blocks mTOR activation in vivo. Six
C57/BI/6) mice were food-deprived for 18 hrs. At the end of fasting period animals received either Rapatar
(0.5mg/kg) or PBS via gavage and were allowed access to food. One hour later animals were sacrificed, livers
were dissected and protein lysates were analyzed for mTOR activity by probing with p70S6(Thr389) antibody. (C)
No acute or long-term toxicity are associated with PO administration of Rapatar. C57BI/6J male mice received
either Rapatar or PBS starting 8 weeks of age (10 mice/group) for 24 weeks according to the protocol described
above. No loss in body weight was detected in experimental group throughout the treatment period. Both
experimental and control groups showed similar gain in body weight with age.
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Figure 2. Rapatar increases lifespan in p53_/' mice. Mice
received Rapatar at 0.5 mg/kg via gavage according to the
schedule described in Materials and Methods. Rapatar
increased lifespan from 23 to 31 weeks (p<0.001, Mantel-Cox
log-rank test).

To test whether life-long administration of Rapatar
causes in vivo toxicity, we administered it to wild type
C57BI/6J mice at 0.5 mg/kg via gavage according to
protocol described in Materials and Methods section.
Rapatar- and PBS-treated animals were monitored for
any signs of toxicity by visual inspection and body
weight measurements. Mice receiving Rapatar
maintained a healthy appearance with physical activities
and body weights comparable to the control mice (Fig.
1C).

Rapatar increases lifespan of p53” mice

Our data showed that Rapatar effectively inhibits
mTOR in vivo. Suppression of mTOR by rapamycin has
been shown to increase lifespan in various model
organisms including mice [6-8, 20-25]. To test whether
Rapatar can extend lifespan, we administered it to mice
with targeted disruption of tumor suppressor p53. p53”
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mice are characterized by increased carcinogenesis and
reduced lifespan (reviewed in [26]. Twenty p53” mice
received Rapatar starting 8 weeks of age at a dose of
0.5mg/kg according to the schedule described in
Material and Methods. Another group of 17 p53” mice
received PBS as control. Throughout the experiment,
animals were monitored for tumor development by
visual inspection and total body weight measurements.
Both Rapatar- and PBS-treated p53” mice die early in
life due to a high rate of spontaneous carcinogenesis,
which is characteristic for this mouse model. However,
treatment with Rapatar resulted in an overall significant
increase in median survival of p53” mice from 23 (+10)
weeks in the control group to 31 (£1.5) weeks in the
experimental group (Fig. 2A).

To gain insight into the potential mechanism of increase
in survival of Rapatar-treated animals, we performed a
detailed histological analysis of all tissues collected
from each individual animal in the course of the expe-

riment (summarized in Table 2). Based on this analysis,
82% of mice in the control group (14 out of 17)
developed lymphomas whereas 12% (2 out of 17)
developed sarcomas. One animal showed the presence
of both sarcoma and lymphoma and one animal
developed myeloid leukemia. This spectrum of tumors
is characteristic to p53” mice and comparable to
previous reports [27]. The mice developed these
spontaneous neoplasms from 2 to over 8 months of age
with an average latency time of 161 days. When
compared to the control group, Rapatar-treated mice
showed later appearance and delayed progression of
spontaneous tumors. They arose from 4.5 to over 9.5
months, with average latency of 261 days; one animal
remained tumor-free until the end of the experiment.
Interestingly, the incidence of sarcomas in Rapatar-
treated mice was increased to 30% compared to 17% in
control group (Table 2); however the number of animals
used in the experiment was not enough to obtain a
statistically significant difference.

Table 2. Summary of histological analysis. Tissues of 17 control and 20 Rapatar-treated
p53'/' mice were evaluated for the presence of tumor cells. The type of tumors and the
stage of their development were determined as described in Materials and Methods.
The incidence of sarcomas in Rapatar-treated p53'/' mice was higher than in control
group (30% and 17% respectively); however, due to a relatively small group size,
statistical significance was not achieved (p=0.2; Fisher’s exact test).

Initial Advanced Sarcoma Leukemia Tumorfree
Lymphoma Lymphoma
Rapatar 7 (35%) 6 (30%) 6 (30%) 1 (5%) 1 (5%)
PBS 4 (23%) 10 (58%) 3 (17%) 1 (6%) 0
PBS PBS R
101 day-old 134 day-old SR
e
Rapatar i Rapatar §
281 day-old &5 231 day-old

Figure 3. Rapatar delays development of lymphomas in p53’/’ mice. (A) Representative initial lymphoma developed in control
mouse at the age of 101 days. (B) Similar appearance of lymphoma in Rapatar-treated mouse at 281 days of age. Both A and B
show monotonous infiltrate of medium-sized neoplastic cells with round nuclei, fine chromatin, indistinct nucleoli, and numerous
mitotic figures and apoptotic cells. (C) Advanced lymphoma in 134-day old control mouse with metastases in liver (D) and lung
(E). (D) Metastasis in liver showing the extensive spread of neoplastic cells effaces the normal structure and only minimal
remnants of hepatocytes (marked by arrows). (E) Metastasis in the lung showing neoplastic infiltrates in perivascular area and in
the alveolar walls (arrows) (F) Advanced lymphoma with pathological changes similar to shown in C in the thymus of 241day-old
Rapatar-treated animal with metastasis in liver (G) and lung (H). (G) Metastasis in liver showing neoplastic infiltrates in portal
tract (yellow arrow) and sinusoids (white arrow). (H) Metastasis in the lung showing perivascular neoplastic infiltrate (arrow).
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Figure 4. Rapatar delays development of sarcomas in p53’/’
mice. (A) Liver sarcoma in 172-old control mouse. (B,C)
Sarcoma developed in 261 day- and 204 day-old Rapatar-
treated mice. No metastases are detected. D. Sarcoma in 212-
day old Rapatar-treated mouse with metastases in the lung.

Since lymphomas represented the major type of tumor
in both groups, we performed a detailed pathological
evaluation of individual tumors. Based on the severity
of pathological changes, the developmental stage, and
involvement of non-lymphoid tissues, all lymphomas
were graded as initial or advanced. Initial lymphomas
mainly involved thymus and were presented
macroscopically as enlarged masses. Under the
microscope they were seen to be composed of broad
sheets of densely packed rather uniform large
lymphoblastic cells, with little or sparse cytoplasm that
completely obliterated the normal thymus structure and
cortical and medullary zones. In most cases, neoplastic
lymphoid cells expanded through the thymic capsule
and spread through the mediastinal fat, lymph nodes,
along peritracheal and periaortal spaces, even
infiltrating lungs and pericardium with limited
penetration of the myocardium. Such lymphomas with
predominantly local involvement were designated
provisionally as initial. Tumors were graded as
advanced when the rise of the malignancy and
aggressiveness of the lymphoma cells resulted in
metastases and infiltration into spleen, liver, lung,
kidney, mesentery lymph nodes, testis, and bone
marrow. Based on this designation, the proportion of the
initial lymphomas in Rapatar-treated group was larger
compared to controls (35% and 23% for experimental

and control groups respectively) suggesting that Rapatar
slows down tumorigenesis. Consistently, the proportion
of the advanced disseminated lymphomas, spreading to
other organs in Rapatar-treated group was smaller than
in control (30% and 58% respectively). Although
histopathological appearance of lymphomas and
sarcomas were very similar in control and experimental
groups, Rapatar-treated mice develop tumors
significantly later in life (Fig. 3 and 4). Based on these
data we concluded that Rapatar increased lifespan of
p53” mice by delaying tumorigenesis.

DISCUSSION

The mTOR signaling pathway is a key coordinator of
cell growth and cell proliferation in response to a
variety of environmental conditions. Its deregulation
has been implicated in many pathological conditions,
including those that are associated with aging, such as
cancer, type 2 diabetes, neurological and cardiovascular
disorders (reviewed in [28, 29]). Furthermore, the
activation of the mTOR pathway is the most universal
alteration in cancer [30]. Several analogs of rapamycin
(rapalogs) have been approved for cancer therapy [31-
35] and numerous clinical trials are underway.
However, as anti-cancer drugs rapamycin and other
rapalogs showed modest efficacy. There are several
reasons that can explain relatively low therapeutic
effect. First, rapamycin itself is not cytotoxic.
Additionally, mTOR inhibition activates several
feedback loops that drive mitogenic signaling (reviewed
in [28, 36]). Therefore, it is still not quite clear whether
rapamycin exhibits direct antitumor activity or whether
it acts in a more indirect systemic way. Our previous
data [9] and data presented here show that rapamycin
delays carcinogenesis in tumor-prone p53*" and p53”
mice, most likely by slowing down the process of
aging. If this is the case, than rapamycin can be
considered as a tumor-preventive agent (i.e.
administration is required before tumor initiation). This
necessitates the development of efficacious nontoxic
rapamycin-formulations that could be taken orally for
extended periods of time. Here we show that oral
administration of Rapatar results in high systemic
bioavailability and does not induce toxicity during life-
long administration. Importantly, biological effects of
Rapatar were prominent at low doses (0.5 mg/kg) and
intermittent schedules. Taken together, our data suggest
that Rapatar is a promising candidate for clinical use as
an effective cancer prevention drug.

MATERIALS AND METHODS

Materials. =~ Rapamycin was purchased from LC
Laboratories (Woburn, MA). Polymeric formulation of
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rapamycin (Rapatar) was developed by Tartis Aging,
Inc. using Pluronic block co-polymers [15] according to
the following protocol. One gram of rapamycin was
dissolved in 25 ml of ethanol. The resulting solution
was mixed with 5 grams of Pluronic L-92 (BASF) and 2
grams of citric acid dissolved in 200 ml of 20%
Pluronic F-127 (BASF) solution in ethanol and water
mixture (97:3 v:v). The solution was then incubated at
20-25°C for 30 minutes with constant stirring. The
ethanol was removed using Speedvac and the
formulation was further dried using high vacuum.

Animals. ICR female mice were obtained from Charles
River. C57BI/6J mice were obtained from Jackson
Laboratory. p53-/- mice on C57BI/6J background
originally obtained from Jackson Laboratory, were
housed and bred at the Department of Experimental
Animal Resources of Roswell Park Cancer Institute. For
pharmacokinetic analysis, three groups of 8 weeks old
ICR female mice received a single dose of either Rapatar
(2 groups) or rapamycin. Rapatar was administered via
gavage at 4mg/kg in 0.5% methyl cellulose or IV at
0.4mg/kg in PBS. Rapamycin was administered via
gavage at 4mg/kg in 0.5% methyl cellulose.

For estimating potential long-term toxic effects of
Rapatar, two groups of C57BL/6J mice received the drug
at a dose of 0.5 mg/kg via gavage once a day for 5
consecutive days, followed by 9-day interval without
treatment. Mice were maintained on this treatment
schedule for 24 weeks and were weighed weekly.
Control mice receive PBS according to the same
schedule.

For longevity studies, 38 p53” male mice were randomly
divided into two groups. Twenty one experimental
animals received 0.5 mg/kg Rapatar and 17 animals
received PBS according to the above described schedule.
Treatment started at 8 weeks of age and continued until
tumor appearance was visually observed or dramatic loss
of weight, indicative of tumor appearance, was detected.
At this point, mice were sacrificed and examined for
gross pathological changes. Tumors, heart, kidney, liver,
lungs, thymus and spleen were collected for histological
evaluation. All procedures were approved by the
Institutional Animal Care and Use Committee of Roswell
Park Cancer Institute.

Pharmacokinetic study. Whole blood was collected into
EDTA-blood tubes 0.5, 1, 2, 4, 8, 16 and 24 hours after
administration of either Rapatar or unformulated
rapamycin. Tubes were inverted a few times, and stored
on ice in dark container during the experiment. At the
end of the experiment, all samples were placed for
storage at -70°C in a light-protected container. Frozen

blood samples were submitted to the Rocky Mountain
Instrumental Laboratory (Fort Collins, Co) for
LC/MS/MS analysis of rapamycin. Pharmacokinetic
analysis was performed using data from individual mice
for which the mean and standard error of the mean
(SEM) were calculated for each group using PK
Solutions software (Version 2.0).

Western blot analysis. In order to maximize and be able
to detect p70S6 phosphorylation [37, 38], six C57BI/6J
mice were food-deprived for 18 hrs. At the end of the
fasting period, animals received either Rapatar (0.5
mg/kg) or PBS via gavage and 15 minutes later were
allowed access to food. One hour later animals were
sacrificed; livers were dissected, lysed in RIPA buffer
and loaded on a 8% SDS-PAGE gel. After separation
and transfer to a PVDF membrane, protein lysates were
analyzed for mTOR activation by probing with an
antibody against phospho-p70 S6 Kinase (Thr389)
(1:1000; Cell Signaling) and Actin (1:10000 Cell
Signaling). After incubation with HRP conjugated
secondary antibodies (Santa Cruz Biotechnologies),
transferred proteins were visualized with the ECL
detection kit (Jackson Research Laboratories).

Histopathology. The mice were visually inspected for
tumor development and weighed weekly. Animals
showing deteriorating clinical status manifested by
constant weight loss or visual tumor appearance were
sacrificed and evaluated for gross pathological changes
by complete necropsy. For histological evaluation, all
tissues were fixed in 10% neutral formalin for 24 hours,
and then transferred to 70% ethanol. Samples were
embedded in paraffin, sectioned and stained with hema-
toxylin and eosin. Histopathological examination was
performed on tumors, gross lesions and target tissues
using Zeiss Axiolmager Al with Axiocam MRc digital
camera. The guidelines of Bethesda classification was
used in determining the diagnosis [39].

Statistical Analyses. Differences in survival and tumor
incidence were evaluated by the Mantel-Cox log-rank
test.
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Abstract: | discuss a very obscure activity of p53, namely suppression of senescence (gerosuppression), which is also
manifested as anti-hypertrophic, anti-hypermetabolic, anti-inflammatory and anti-secretory effects of p53. But can

gerossuppression suppress tumors?

INTRODUCTION

Wt p53 can induce apoptosis, cell cycle arrest and
senescence, which are sufficient to explain tumor
suppression by p53 [1]. A recent paper in Cell
described that these activities are dispensable for
tumor suppression [2]. Mutant p53 (p53°*%) that
cannot cause arrest, senescence and apoptosis still
suppressed tumors in mice [2, 3]. Why do then wt p53
induce apoptosis, cell cycle arrest and senescence?
Before entertaining this intriguing question, [ will
focus on suppression of senescence (gerosuppression)
by p53, overlapping with its anti-hypertrophic, anti-
hypermetabolic, anti-inflammatory and anti-secretory
effects.

P53 suppresses the conversion from arrest to
senescence (geroconversion)

How can p53 suppress senescence, if it also can cause
senescence? As recently suggested, induction of
senescence is not an independent activity of p53 but a
consequence of cell-cycle arrest [4-8]. This predicts that
any mutant p53 that cannot cause arrest will not cause
senescence too. In agreement, p53°*® did not cause
senescence [2]. This is not trivial. To create p533KR, wt
p53 was altered to abolish apoptosis and cell-cycle
arrest only [2]. Li et al did not modify p53 to abolish
senescence as an independent activity. It was not
needed, simply because p53 does not induce senescence
as an independent effect. (Note: Seemingly in contrast,
it was reported that mutant p53, which cannot induce

arrest in response to DNA damage, can cause
senescence [9]. Although this mutant p53 did not cause
instant arrest, it still arrested proliferation later and then
senescence developed [9]. So there is no exception).
p53 cannot induce senescence without inducing arrest.
But p53 can induce quiescence, a reversible condition
characterized by low protein synthesis and metabolism
(see detailed definitions in ref. [7, 8]). It was assumed
that when p53 causes quiescence, it simply fails to
induce senescence. But another possibility is that in
such cases p53 suppresses the conversion from cell-
cycle arrest to senescence (geroconversion). How can
that be tested? In some cell lines, induction of ectopic
p21 causes irreversible senescence, whereas induction
of p53 causes quiescence [4]. Does p53 suppresses a
senescent program? This question can be answered by
simultaneously inducing both p53 and ectopic p21.
When both p21 and p53 were induced, then cells
become quiescent not senescent [4]. p53 was dominant,
actively suppressing senescence caused by p21... or by
something else? In fact, p21 merely causes cell cycle
arrest and does not inhibit mitogen-activated, nutrient-
sensing and growth-promoting pathways such as Target
of Rapamycin (mTOR) [4]. During several days, these
pathways (gerogenic pathways, for brevity) convert
p21-induced arrest into senescence. Rapamycin can
decelerate geroconversion [10-13]. Also, p53 can inhibit
the mTOR pathway [4-6, 14-17]. In some conditions,
p53 can suppress senescence during arrest [4-6]. Wt p53
induces arrest and then if it fails to suppress senescence,
then senescence prevails. Rather than p53, gerogenic
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pathways drive senescence during cell-cycle arrest [18].

In summary, wt p53 seems to have three independent
effects: apoptosis, cell-cycle arrest and gerosuppression.
By inducing arrest, wt p53 primes cells for senescence,
unless p53 is able or “willing” to suppress
geroconversion. At high levels, gerosuppression by p53
is limited by apoptosis [6]. This predicts that p533 KR
would potently suppress senescence because gero-
suppression by p53°** will not be limited by apoptosis.

Hyper-metabolic senescent phenotype

Senescent cells are hyper-functional: hypertrophic,
hypermetabolic, hyper-secretory and hyper-
inflammatory [8]. Also, senescent cells may accumulate
lipids, becoming not only large but also “fat” (Figurel).
Induction of p53 decreased both cellular hypertrophy
and fat accumulation (Figure 1). This is in line with
numerous metabolic effects of p53 including inhibition
of glycolysis and stimulation of fatty acids oxidation
[19-32]. Importantly, p53°*® retained the ability to
inhibit glycolysis and reactive oxygen species (ROS)
[2]. (Noteworthy, ROS and mTOR co-activate each
other [33] and N-Acetyl Cysteine (NAC), which
decreases ROS, also inhibits mTOR [34]). Also, p53
decreases hyper-secretory phenotype also known as
SASP [35] and suppresses a pro-inflammatory
phenotype [36, 37]. How might gerosuppression
contribute to tumor suppression? There are several
overlapping explanations, from different points of view
of the same process.

Gerogenic conversion and oncogenic transformation
In proliferating epithelial cells, pro-gerogenic
conversion may contribute to carcinogenesis directly.
The PI3K/mTOR pathway is universally activated in
cancer [38-49]. p53 can inhibit the PI3K/mTOR
pathway [4-6, 14-17, 50]. Like p53, many other tumor
suppressors such as PTEN, AMPK, TSC2, LKB1, NF1
inhibit the PI3K/mTOR pathway [51].

Geroconversion of stromal cells creates carcinogenic
microenvironment

First, senescence creates a selective disadvantage for
normal cells, thus selecting for cancer [52-54]. Also,
senescent stromal cells secrete factors that favors pre-
cancer and cancer growth [37, 54-62]. Third, the
senescent stroma is hyper-metabolic and thus promotes
cancer by fueling cancer growth [59, 60, 63-71]. In a
model of accelerated host aging, mTOR activity was
increased in normal tissues [72]. This pro-senescent
microenvironment accelerated growth of implanted
tumors. The tumor-promoting effects of pro-senescent
microenvironment were abrogated by rapamycin [72].

Cancer is an age-related disease

The incidence of cancer is increased exponentially in
aging mammals. Manipulations that slow down aging
delay cancer [73]. For example, calorie restriction
delays cancer [74-76] including cancer in p53-deficient
mice [77, 78]. Rapamycin, which decelerates aging,
also postpones cancer in animals [73, 79-81] and in
patients after renal transplantation [82-86].

Nutlin-3a decreased
senescence. HT-p21 cells were treated with IPTG, nutlin-3a and IPTG+nutlin-3a (as
indicated) for 3 days as described previously [4-6] and cells were stained with “oil red O” for
lipids. In HT-p21 cells, IPTG induces ectopic p21 and senescence. As described previously,
nutlin-3a induces endogenous p53 and suppresses IPTG-induced senescence [4-6].

Figure 1.

lipid accumulation during

IPTG-induced
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Is aging accelerated in p53-deficient mice?
Inactivation of tumor suppressors accelerates both aging
and cancer [87]. It was thought that p53 is an exception.
Yet, given that pS3 can suppress geroconversion, it may
not be the exception after all. A complex role of p53 in
cellular senescence and organismal aging was discussed
[88-91]. Mice with increased, but normally regulated,
p53 lives longer [92]. p53 knockout mice have both
accelerated carcinogenesis and decreased longevity [93-
98]. p53-/- mice have a pro-inflammatory phenotype
characteristic of accelerated aging [36,37].  Also,
atherosclerosis is accelerated in p53-/- animals [99-
102]. While loss of p53 by itself makes cells prone to
become tumorigenic, an increased rate of organismal
aging in the absence of p53 may further accelerate
carcinogenesis.

Rapalogs and p53

Rapamycin (sirolimus) and other rapalogs (everolimus
and temsirolimus) are pharmacological tumor
suppressors. Noteworthy, like p53, rapamycin decreases
glycolysis [103] and lactate production [34] and
stimulates oxidation of fatty acids [104, 105].
Furthermore, rapamycin slows cellular proliferation, and
s0, not surprisingly, p53**® inhibits clonogenicity too
[2]. Yet, pS3 affects metabolism and aging not only via
mTOR but also via direct transactivation of metabolic
enzymes, rendering it a more potent tumor suppressor.

Puzzles remain

Still, even if gerosuppression and anti-hypermetabolic
effects can in part explain tumor suppression, puzzles
remain. Why does wt p53 cause “unneeded” apoptosis
and “instant” (p21-dependent) arrest? Why is p53
needed at all? In the wild, most mice die from
external/accidental causes and only a few would live
long enough to die from cancer, regardless of p53
status. In the wild, starvation (natural calorie restriction)
would delay cancer further. Yet, p53 is also needed very
early in life, or technically speaking, even before life
has begun, because p53 plays role in fertility and
reproduction [106-113]. And is tumor suppression a late
life function?

Alternatively, tumor suppression is a primary function
of p53. And each of the three activities (apoptosis,
arrest, gerosuppression) is partially sufficient for cancer
prevention. In their combination, these activities are the
most effective tumor suppressor. And each activity may
be partially dispensable in some mice strains and in
some conditions. For example, the gerosuppressive
activity of p53 may be preferentially important in
peculiar strains of laboratory mice, or mice fed ad
libitum, which constantly activates mTOR and
accelerates aging. In fact, calorie restriction, which

deactivates mTOR and decelerates aging, partially
substitutes for the loss of p53 in mice.
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Abstract: The C. elegans germline and somatic gonad are actively developing until the animal reaches adulthood, and then
continue to undergo striking changes as the animal ages. Reported changes include a depletion of available sperm, a
decrease in oocyte quality up till mid-life, a reduction in germline nuclei, a decrease in fertility, and an accumulation of
DNA in the midbody of aging C. elegans. Here, we have focused on the aging gonad in old animals, and show in detail that
the aging gonad undergoes a massive uterine growth composed of endoreduplicating oocytes, yolk, and expanses of
chromatin. We use a novel series of imaging techniques in combination with histological methodology for reconstructing
aged worms in 3-dimensions, and show in old animals growing masses swelling inside the uterus to occupy most of the
diameter of the worm. We link this accelerated growth to the cep-1/p53 tumor suppressor. Because cep-1 is required for
DNA damage induced apoptosis, and daf-2 limits longevity, these results suggest a role for age-related DNA damage in
dysplastic uterine growths, which in some respects resemble premalignant changes that can occur in aging mammals.

INTRODUCTION quality that also prevents the development of viable
embryos even in the presence of viable sperm [11,12].
Much of the pathobiology of aging C. elegans and the This decrease in oocyte quality with age functions at
aging germline remains relatively poorly described least partially through the insulin signaling and TGF-
despite the widespread use of C. elegans as a model pathways from the somatic gonad. Low quality oocytes
system to study aging. The aging C. elegans germline can have various defects including small size, apparent
has been reported to undergo a series of changes up to cavities, increased aneuploidy, or cluster together in the
midlife [1,2]. After approximately 8 days of age, the uterus [11,13]. The apoptotic pathway is also required
pool of sperm that are produced during larval to maintain oocyte quality, as a loss of apoptosis in the
development are depleted and few viable embryos are germline causes an early loss of reproductive capacity
produced despite a continuous supply of oocytes. In the and an earlier incidence of abnormal oocytes [14,15].
absence of sperm, the buildup of RNP granules is This decline in oocyte quality is also accompanied by a
thought to facilitate cell cycle arrest in unfertilized substantive increase in genome copy number, which is
oocytes for up to several days [3,4]. Eventually, due to proliferation of the genome in the germline with
oocytes bypass the prophase I diakinesis arrest [5] but age [16].
fail to fully complete anaphase 1 [6]. Because they lack
the  sperm-contributed centrioles required for Endoreduplication has been well described in young
cytokinesis [7,8], these unfertilized oocytes would animals, but not in worms older than 11 days of age or
likely undergo endoreduplication [9,10] as worms age, so (middle aged worms). Animals with a substantive
rather than mitosis. amount of endoreduplication result in what is generally
called the Emo (endomitotic) phenotype. This effect
In mid-life (approximately 8-12 days of age), was first described in animals that were depleted of
concurrent with sperm depletion, is a decrease in oocyte sperm  [10,17]. Subsequently, the phenotype was
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observed in a Sec61p protein translocation mutant that
causes defective ovulation [9]. Several other genes that
affect ovulation can also cause an Emo phenotype [5],
and is generally caused by inappropriate maturation of
unfertilized oocytes. Therefore, many mutants or
treatments that prevent fertilization could potentially
cause an Emo phenotype. In an aging context, this has
been described to some degree in a previous report from
our laboratory [16], and more recently observed in
oocytes from 8 day old animals [11].

Using imaging techniques in combination with a novel
histological methodology for reconstructing aged
worms in 3-dimensions, we characterize in detail here
for the first time the development of large uterine
masses in aging C. elegans which arise from
unfertilized oocytes that fail to be expelled from the
vulva. Although we and others have commented on
early stages of this phenotype [11,16], we report here a
more detailed analysis of the progression of the massive
age-related uterine growths that swell the uterus and fill
most of the diameter of the worm. This advanced age
germline phenotype causes other internal organ
systems, such as the intestine, to become compressed,
which likely has multiple deleterious functional
outcomes in worms of advanced age. We observe a
high degree of individual variation in the aging
germline phenotype, despite animals being raised in
identical conditions with an identical genetic
background. We also report here for the first time a
detailed description of an advanced age Emo phenotype,
with uterine masses appearing to be primarily a
combination of endoreduplicating oocytes, clusters of
cells and/or nuclei, masses of chromatin, and
extracellular yolk protein. We report a retardation of
age-related uterine growths in the daf-2 insulin-
signaling mutant, consistent with prior studies showing
reduced germline tumor growth [18] and reduced
endomitotic phenotype at older ages [11,16]. Perhaps
more significantly, we report that the tumor suppressor
cep-1/p53 mutant has a more severe endomitotic
phenotype at younger ages than wild-type animals. We
also mined a pre-existing whole-genome expression
profiling study of aging in C. elegans [19] to show that
the transcriptional abundance of cep-1/p53 statistically
significantly declines with age. Cep-1/p53 is known to
be involved in DNA damage-induced apoptosis in C.
elegans [20,21] and there has been some evidence of
impaired DNA damage response in older animals [22].
Our data therefore provides evidence for a pathological
role for DNA damage in old animals. However, p53 has
also been shown to be a regulator of growth via the
IGF-1/mTOR pathway [23], and is an important part of
the response to genotoxic stress [24,25]. Hence, it is
likely that reducing levels of cep-1/p53 with age, results

in a complex phenotype including a massive dysplastic
growth in the uterus, concomitant with a profound
increase in genome copy number, substantially higher
than that seen in young C. elegans at the peak of
reproductive potential.

RESULTS

Wild-type C. elegans accumulate large uterine
growths with age

By using a combination of novel imaging techniques
(Figure 1, Movies 1-5), we have refined the spatial
position of the midbody DNA masses we previously
reported [16] primarily to the uterus, through virtue of
being able to analyze the animal in detail in 3-
dimensions. The masses begin to grow as early as 8
days of age (Figures 1A-B, Movie 1). This is consistent
with the approximate age C. elegans deplete their sperm
[10,26] and oocyte quality declines such that fertility
can only be extended a few days by mating [1,11,12].
Once oocytes fail to be fertilized in the spermatheca,
they bypass diakinesis arrest [6] and begin
endoreduplicating to swell the uterus by 16 days of age
(Figures 1A, Movie S1). The DNA masses are
sometimes pushed into the continuous spermatheca and
proximal gonad arm from the uterus (Figure 1A),
similar to tumors that arise in young adult glp-/ mutants
[27,28]. Large age-related uterine growths can
sometimes rupture regions of the uterine wall, causing
them to enter the pseudocoelom(data not shown). Aged
wild-type worms raised at elevated temperature have
generally less severe uterine masses by DAPI staining
than those raised at normal temperatures (Figure 2), but
the masses also generally become visible at earlier
ages, compared to worms raised at standard
temperature (20°C). Further, these small masses are
more often seen in the distal and proximal gonad arm
rather than in the uterus (data not shown). We also
observed uterine growths by DAPI staining in aged
animals grown in sterile conditions, using axenic
culture methods (Figure 3). Therefore, the growth of
these uterine masses is not caused solely by bacterial
infection. The reduced severity of uterine masses does
not mean bacteria contribute to growth of uterine
masses, since axenic growth conditions also cause
slow growth. We observed no masses, even at
advanced ages, in g/p-4 mutants that do not develop a
full gonad (Figure 2C). We did observe germline
masses in old, sperm-deficient fem-2 worms similar to
old wild-type worms (Figure 2A-B), and we
previously demonstrated that no masses form in males
[16]. This is also consistent with previous studies that
reported an Emo phenotype in young worms devoid of
sperm [10,17].
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Figure 1. Germline masses accumulate with age. a, Partial maximum projection of mid-section of
whole wild-type worms stained with DAPI at 4, 8, 12, 16, and 20-days-old raised at 20 degrees. Arrow
indicates the -1 oocyte in diakinesis (none visible in 20-day-old worm). Asterisk indicates spermatheca.
Large arrowhead indicates unfertilized, endomitotic nuclei. # indicates a mass that has no distinct cellular
structure. Small arrowhead in the 20-day-old indicates site of invasion from uterus to spermatheca. Scale
bar represents 100 microns. b, Cross sections of a 20-day-old wild-type worm stained with pararosaniline
and methylene blue. Cross sections from the same worm starting at approximately -1 oocyte position along
anterior half (/). Remaining sections are spaced 50 um apart (ii-viii), moving towards posterior and ending
at approximately -1 oocyte position along posterior half (viii). In some cross sections, the uterine growth

(int), distal gonad arm (dga), proximal gonad arm (pga), and uterus (ut) are indicated.

Table 1. Expected genome copy number of a wild-type adult hermaphrodite

Germline Somatic  Intestine Hypodermis Sperm Embryos TOTAL (no TOTAL (6

Nuclei ~ Nuclei embryos)  embryos)
# Nuclei 1000 959 34 98 150 520
Number 2 1 1 1 2 6
Ploidy 1 2 32 4
Total 2000 1918 1020 196 5434 11674
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Figure 2. Age-related growths require a germline, but
not competent sperm. a, Maximum projection of 8 and 18-
day-old wild-type worm raised at 25 degrees and stained with
DAPI. Growths visible at both ages, though generally never as
severe as old wild-type worms raised at 20 degrees. b,
Maximum projection of 8 and 16-day-old fem-2 (no sperm)
worms raised at 25 degree restrictive temperature and stained
with DAPI. Masses are visible at both ages, similar to wild-type
worms. ¢, Maximum projection of 18-day-old glp-4
(underdeveloped gonad and germline) worm raised at 25
degree restrictive temperature and stained with DAPI. No
masses are visible. Scale bar represents 100 microns.

Germline masses are responsible for an age-related
genome copy number increase

In order to quantify the genomic DNA copy number of
these growing uterine masses in aging animals, we used
digital PCR of individual nematodes to estimate

genome copy number at different ages. In a previous
study by us, we used qPCR to estimate genome copy
number in select strains [16]. However, here instead of
qPCR, we use the digital PCR technique, as it is very
sensitive, highly resistant to PCR inhibitors, and allows
absolute quantitation of low copy number without
reliance on standards [29]. The expected genome copy
number of an adult hermaphrodite is ~5434 (3134
somatic) (Table 1), not including fertilized embryos.

Figure 3. Germline masses in worms grown in axenic
media. Partial maximum projection of mid-section of 26-day-
old whole wild-type worms stained with DAPI. Worms were
raised at 20 degrees in axenic media.

The number of embryos, which can be as many as 25-
30 in the most extreme cases [26], and developmental
stage of embryos in the uterus can vary greatly, causing
a high degree of variability in the measured genome
copy number of reproductive adults. To quantitate the
amount of individual variation that is also visually
apparent by microscopy (Movies 3-5), we assayed
individual animals rather than pools of animals, giving
us insight into the variance of age-related genome copy
number variation between individual worms. We
calculated a mean genome copy number of 17,160 (n =
10, +/- 3,102 S.E.M.) at 3 days of age (Table 2, Figure
4). Genome copy number does not significantly change
from 3 days to 12 days of age, but there is almost a 4-
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fold increase in genome copy number between 12 and
16 days of age (p<0.0001, Figure 4). It is worth noting
that this 4-fold increase in genome copy number is
substantially increased over that of younger animals,
when reproduction is at peak capacity, and the animals
are packed with developing oocytes and embryos. The
trends we report here of genome copy number increases
with age using digital PCR agree with our previous
study [16] and also correlates with the onset of uterine
growths (Figure 1A). glp-4 mutants lack a gonad and
have much lower genome copy number and reduced
variance compared to wild-type worms (Figure 4).
Average genome copy number in glp-4 worms decreases
between days 6 (6345, n =10, +/- 312 S.E.M.) and 9

(3781, n = 9, +/- 718 S.EM., p=0.0034) and then
remains relatively constant through day 16. We
previously were unable to calculate genome copy
number in this strain by qPCR [16] likely due to overall
low copy number or potential PCR inhibitors in
preparing nucleic acids from individual worms. This
data suggests the high variance in wild-type genome
copy number is primarily due to germline effects.
Initially the variance in genome copy number in young
worms is likely due to developing embryos, while as the
animal ages, the substantial variance increase arises due
to massive proliferation of unfertilized, endore-
duplicating oocytes, an age-related Emo phenotype.

Table 2. Measured genome copy number by digital PCR

Age N2 glp-4 cep-1 daf-2
(days)
3 17160 +/- 3102 5735 +/- 653 (n=10) 11644 +/- 1672 -
(n=10) (n=9) (1 low)
6 24041 +/- 4333 6345 +/- 312 (n=10) 26337 +/- 3383 -
(n=10) (n=10)
8 - - - 51068 +/- 8123
(n=10)
9 18130 +/- 3129 3781 +/- 718 (n=9) 33210 +/- 4674 -
(n=10) (n=9)#
12 15360 +/- 2497 4054 +/- 404 (n=9) 45600 +/- 9960 -
(n=10) (n=10)
16 60139 +/- 7004 3979 +/- 540 (n=9) 53411 +/- 13202 -
(n=10) (n=8)&&
32 - - - 16609 +/- 2172
(n=10)
45 - - - 9427 +/- 1707
(n=10)
60 - - - 24086 +/- 7849
(n=10)
Erroris S.E.M.

& Indicates censored animal that was below detection threshold
# Indicates censored animal that was above detection threshold
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Figure 4. Genome copy number increases with the growth of uterine masses. Data points represent the genome
copy number (y-axis) of individual worms at different ages (x-axis) as measured by digital PCR of individual worms with
primers corresponding to genomic DNA of cct-1 gene. Graphs are of wild-type N2, glp-4, daf-2, or cep-1 worms.

Figure 5. Uterine growths contain individual nuclei and large masses of chromatin. Partial maximum
projection of a 16-day-old wild-type animal stained with DAPI and raised at 20 degrees. Insets are a single focal planes
enlarged from the boxed regions. Arrows point to some of the visible individual nuclei in the uterus. Arrowhead points
to a large chromatin mass in the uterus. Scale bar represents 100 microns.

Age-related germline masses have a complex distinct characteristics: cellularized areas with similar
composition appearance to primary oocytes, chromatin masses

associated with abnormal nuclei, and acellular
Examination of the germline masses by staining of accumulations in extracellular space of yolk and/or
sectioned tissues and imaging by light microscopy other matter. While the morphology of aged worms
(Figures 1B, Movies 3-5) reveals three regions with varies greatly, we found that 20-day-old animals have
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very large uterine masses that compress many tissues.
These masses appear to be smallest near the vulva,
suggesting that the local microenvironment inhibits
growth. This could be due to several causes, including
extracellular signaling, or bacterial invasion through the
vulva [30]. However, as masses are still present in
worms grown in axenic media, this is unlikely. We
found that while some nuclei in the uterine masses
appear intact, other regions appear to be primarily
acellular accumulations of chromatin and yolk based on
histological staining. We also observed clusters of
individual nuclei and large, endoreduplicating nuclei in
these masses by DAPI staining (Figure 5). Defects in
nuclear envelope morphology, such as blebbing, are a
known age-related degenerative process in C. elegans
[31] and could play a role in the growth of these
masses. Lamin appears to surround the periphery of
some, but not all, of these masses by antibody
staining and lamin::gfp reporters (data not
shown). Indeed, it is difficult to delineate
individual cellular boundaries in these masses,
suggesting that DNA replication is occurring
within the uterus unbound by cell membranes.

Unfertilized oocytes in the proximal gonad arm of old

proliferative zone
- "

Figure 6. Changes in the germline with age.

rachis

animals are also clearly abnormal compared to those in
young animals. Young healthy oocytes are large with
distinct nuclei, while old animals often have smaller
oocytes with less distinct nuclei and are filled with other
unidentified matter not visible in young oocytes (Figure
6, Movies 2-5). The technique for visualizing
individual animal morphology we have employed here
in animals across the full lifespan of C. elegans allows a
dynamic visual appreciation of the development of low
quality oocytes, compared to more traditional imaging
techniques and is in agreement with previous reports of
smaller oocytes that are incapable of normal embryonic
development in middle aged animals [11,12].

A large portion of the non-cellularized swelling of the
midbody appears to be composed of yolk deposited in
the pseudocoelom, which is magenta-colored in the
stained cross sections (Figures 1B, 6). In young worms,
yolk is produced in the intestine and transported through
the pseudocoelom to the germline [32,33]. Although
some yolk is always present in the pseudocoelom of
adult worms, there is an accumulation of yolk outside
the intestine with age, when the somatic gonad no
longer holds enough mature oocytes to capture this
material by endocytosis [30,32,34,35].

Cross sections from a 4-day-old

(young) and a 20-day-old (old) wild-type worm. Regions of the germline indicated above
the sections are representative and the structure is enlarged to the right of each
section. White arrowhead indicates spermathecal epithelium. The region of the uterus
shown in the old animal is near the vulva does not contain a massive uterine growth.
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In addition to the uterine mass phenotype, the distal
gonad is highly disorganized and shrunken in old
animals compared to young. Instead of meiotic
germline nuclei surrounding the periphery of the gonad
with a well-developed central rachis as in young worms
[22], nuclei appear to be spread throughout the gonad
often with no visible rachis (Figure 6, Movies 2-5).
These nuclei also appear to be generally less regular in
size and composition. Twenty-day-old animals also
have a shrunken distal gonad that is also visible by
DAPI staining (Figure 1A).

The daf-2 insulin-signaling mutant is able to reduce
uterine masses at extreme age

Because long-lived daf-2 worms are resistant to gld-1
driven tumors in young animals [18] and we have
previously seen lower genome copy number in old daf-2
worms compared to wild-type [16], we evaluated in
greater detail whether age-related uterine growths were
delayed in daf-2 animals. The increased resolution of
imaging surprisingly showed that at 20 days of age, daf-
2 germline masses (Figures 7, Movie 6) are visually
very similar to wild-type (Figure 1, Movies 3-5). These
masses become less severe with age by both DAPI
staining and genome copy number measurements after
peaking in severity around 20 days of age (Figures 4, 7,
Table 2). Fourty-five-day-old daf-2 worms, well past
the maximum life span of wild-type worms, have barely
visible uterine masses by DAPI staining (Figure 7), and
lower genome copy number measurements (Figure 4,
Table 2). The uterus still appears swollen in 45-day-old
animals even though DAPI intensity is drastically
lowered (Figure 7), suggesting there could be a
reduction of DNA in these masses but not an actual
decrease in size. Eight-day-old daf-2 worms have a
strikingly elevated genome copy number (51,068, n =
10, +/- 8,123 S.E.M.) compared to 9-day-old wild-type
animals, representing an almost 3-fold increase in
genome copy number over wild-type levels, followed
by a significant decrease at 32 (16,610, n = 10 +/- 2172
S.EMM., p=0.0007) and 45 (9,427 +/- 1,707 S.EM.,
p=0.02) days of age. At 60 days of age the variance of
genome copy number increases (p = 0.0001), and there
may be some reoccurrence of endoreduplication at the
end of life in the daf-2 longevity mutant. Average
genome copy number increases slightly, but not
significantly between 45 and 60 days of age (24,090, n
= 10, +/- 7,849 S.EM., p=0.08). The substantial
increase in genome copy number in daf-2 animals at a
young age is particularly unexpected, as it is known that
this strain of daf-2 is less fertile than N2 [36]. The
origin of these extra genome copies in daf~-2 animals
warrants further investigation, as it is either due to
reduced oocyte quality, resulting in an early endomitotic

phenotype not detectable by our methodology (DAPI
staining or serial sectioning/3D reconstruction), or is
somatic in origin.

i i ivovovi Vil il

Figure 7. Long-lived daf-2 mutants have decreased
uterine masses with age. a, Aligned cross sections of a 20-
day-old wild-type worm stained with pararosaniline and

methylene blue. The aligned cross sections were resliced
longitudinally in software (top) from the mid-pharynx (top left)
to the tail (top right). Cross sections from the same worm
containing the gonad are shown spaced 50 um apart (i-viii)
and are represented by blue bars in the longitudinal section
(top). In some cross sections, the uterus has enlarged to take
up nearly the whole diameter of the worm (iii, iv, vii, viii).
Intestine (int), distal gonad arm (dga), proximal gonad arm
(pga), and uterus (ut) are indicated. b, Maximum projection of
24 and 45-day-old long-lived daf-2 worms raised at 20 degrees
and stained with DAPI. Large uterine masses, similar to those
seen in old wild-type worms, are visible at 24-days-old, but are
reduced in size at 45-days-old. Scale bar represents 100
microns.
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Figure 8. 8-day-old wild-type and cep-1 worms have
visibly detectable masses. a, Partial maximum projection of
mid-section of 7 individual whole 8-day-old wild-type worms

stained with DAPI raised at 20 degrees. b, Partial maximum
projection of mid-section of 7 individual whole 8-day-old cep-1
worms stained with DAPI raised at 20 degrees. Uterine masses
are detectable at the same age in cep-1 (b) and wild-type (a).
Scale bar represents 100 microns.

cep-1/pS3 has earlier onset of endoreduplicating
uterine growths, and cep-1/pS53 declines with age

Because C. elegans cep-1 is known to function in DNA
damage-induced apoptosis in the germline [37-39] and
the mammalian homolog p53 is a well-known tumor-
suppressor [40,41], we tested the hypothesis that cep-1
limits the growth of these age-related uterine masses
either through it’s role in germline apoptosis or in
transcriptional regulation of other genes. Indeed, we
observed large chromatin masses in the uterus of most
cep-1 worms by middle age (12 days of age, Figures 8-
9), whereas most wild-type worms do not have similar
growths until about 16 days of age (Figure 1A, Movie
1). The age at which these masses can be
morphologically visualized in cep-1 mutants is roughly
equivalent to when they appear in wild-type (Figure 8).

Mating cep-1 hermaphrodites to wild-type males did not
appear to delay onset (data not shown), suggesting
oocyte defects rather than unviable sperm causes
endoreduplication as in middle aged wild-type worms
[1,11]. Cep-1 worms have a steady increase in genomic
DNA copy number from 3 to 16 days of age (Figure 4,
Table 1), whereas wild-type worms maintain relatively
steady levels of genomic DNA before a large increase at
16 days of age (Figures 4, Table 1). Cep-I worms have
a significantly higher genome copy number than wild-
type worms at 9 (p = 0.01) and 12 (p = 0.002) days of
age. Given wild-type animals accumulate uterine
masses with age, and loss of cep-/ increases the rate at
which these masses appear, we wished to evaluate the
transcriptional levels of cep-1 with age to determine if
there was any change in cep-/ with increasing age. We
had previously reported the largest study on gene
expression profiling and aging in any species to date in
C. elegans [19], so we mined this pre-existing data set
to look at the transcriptional profile of cep-I/ in wild-
type aging of C. elegans. In our previous study, we
noted that there were 5986 genes that were statistically
significantly differentially expressed over the lifetime of
C. elegans. These genes clustered into seven distinct
profiles over lifespan, and cep-/ is in cluster 5
(supplemental Table 8, [19]), and falls steadily in
abundance over the life of C. elegans from a peak in
young adulthood (Figure 10). Hence, there is a
statistically ~significant decline in the transcript
abundance of a key mediator of DNA damage and cell
growth with age in C. elegans. To test whether DNA
damage-induced apoptosis is important in removing
oocytes likely to become uterine masses, we also
examined ced-3 mutants for uterine masses, which are
incapable of physiological or DNA damage-induced
apoptosis [42]. In agreement with previous studies that
found loss of ced-3 results in small, low-quality oocytes
that will undergo endomitosis [14,15,43]. We observed
an early onset of massive uterine growths in ced-3
worms (Figure 11). This indicates that DNA damage
may be occurring in these uterine growths and DNA
damage-induced apoptosis may be a contributing
mechanism to delay these massive uterine growths.

DISCUSSION

We have described in detail, a number of novel
phenotypes in the aging C. elegans germline. Although
age-related endoreduplication of unfertilized oocytes in
middle aged animals has been commented on
previously [1,11,16], we used a number of new
techniques to describe the pathology of these masses
and other age-related germline phenotypes in greater
detail, and for the first time in older animals on different
genetic backgrounds that may help shed light on the
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mechanism of age-related germline phenotypes in future
studies. Most striking is the massive growth in the uterus
that arises from unfertilized oocytes. These masses grow
large enough to swell the uterus to fill most of the
diameter of the worm. They are primarily composed of
endoreduplicating unfertilized oocytes, masses of

chromatin from presumably lysed nuclei, small clusters
of individuals cells and/or nuclei, and yolk proteins. The
growth of these uterine masses is accelerated in the cep-
1/p53 mutant known to be required for DNA damage-
induced apoptosis in C. elegans.

Figure 9. cep-1 worms have earlier uterine mass onset.
a, Partial maximum projection of mid-section of 6 individual
whole wild-type worms stained with DAPI 12-days-old raised
at 20 degrees. b, Partial maximum projection of mid-section
of 6 individual whole cep-1 worms stained with DAPI 12-days-
old raised at 20 degrees. Uterine masses are visibly larger in
cep-1 (b) than wild-type (a). Scale bar represents 100 microns.

Cep-1 is not a close homolog of mammalian p53 and
was not identified as such until 2001 [20,21]. Although
we show that loss of cep-I causes early age-related
uterine masses, a previous study showed that cep-1 does
not affect the number of mitotic cells in germline tumor
mutants or the shortened lifespan of these mutants [18].
Therefore it is likely that cep-1/p53 has a different
mechanistic function in C. elegans tumors from gld-1

and glp-1 [28,44] mutants compared to mammals [45].
Cep-1/p53 controls the transcription of many
downstream target genes and affects processes such as
DNA damage-induced apoptosis [20,21], meiotic
segregation in the germline [20], stress tolerance [46],
genotoxic stress response [24], and cell growth [24,43].
We observed a statistically significant decrease in the
transcriptional abundance of cep-1/p53 with age,
concordant with an increase in endoreduplication within
the gonad, contributing to late life pathology of the
gonad. The reason for the decrease in cep-1/p53 with
age within C. elegans is currently not known. However,
in mammals, p53 activity also declines with age, and
this decrease has been proposed to be a contributing
factor to the increased tumor incidence in older
populations [41], as well as being linked to cellular
senescence [47], and antagonistic pleiotropy in aging
[48]. Intriguing links between the activity of p53,
mTOR, and senescence [49,50], hint at a more complex
explanation for the increase in the Emo phenotype in
late life than a simple decrease in apoptosis due to the
decline in levels of cep-1/p53 with age. One possible
explanation for the Emo phenotype in the aged C.
elegans gonad, is the gradual decline in cep-1/p53
activity results in reduced apoptosis, combined with
enhanced activity of the mTOR growth program, which
then gives rise to the Emo phenotype with age. This
decline in cep-1/p53 in aging C. elegans, coupled with a
rapid increase in growth in the gonad (as evidenced by
an upto 4 fold increase in overall genome copy number
per worm) hints at possible commonalities in widely
divergent species in age-related phenotypes due to the
decline of p53 levels with age.

It also appears likely that DNA damage-induced
apoptotic defects cause early uterine growths based on
our observations and those of others [14,15,43]. The
massive increase in DNA with age, in conjunction with
decreased levels of cep-1/p53, coupled with clear
pathological outcomes (compression of a variety of
tissues with likely functional consequences) begs the
question whether or not this age-related pathology could
be considered to be analogous to age-related tumors
seen in mammalian systems. By classical criteria, there
are almost no tumors in C. elegans described to date
that conform to a formal definition of cancer. The
closest exception to this generalization may be the
laminin mutants previously reported [51], where germ
cells were documented to be actively invading somatic
tissues, in conjunction with midbody swelling. What
would be needed to legitimately link the age-related
pathology we describe here in C. elegans to cancer are
additional criteria, such as mutations in tumor
suppressors with age that are then intimately linked to the
development of the tumor-like pathology. The age-

www.impactaging.com

265

AGING, April 2012, Vol.4 No.4



related germline dysplasia we describe here shares
several characteristics with those observed in tumor-
prone mutants such as gld-I, but also have several
distinctions. They are both abrogated in daf-2 worms for
a time and are the result of uncontrolled germline growth.
However, daf-2 worms do not have a delayed age-related
germline tumor onset as seen in the tumor-prone mutants.
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Figure 10. cep-1/p53 transcript abundance decreases
with age. Whole genome expression profiling was used to
identify genes that were differentially expressed with age (for
complete description, see [19], cep-1/p53 is statistically
significantly differentially expressed with age relative to young
worms (p<0.05, cep-1/p53 is in Cluster 5 [19]). Each data point
represents the cep-1/p53 message levels in a single animal,
and expression level is represented relative to mRNA from a
pool of young N2 animals [19].

Instead, it is likely there must be a mechanism to reduce
tumors at extreme ages after they have already formed.
Also distinct from age-related tumors, gld-1 and gip-1
tumors appear to have more rapid growth of intact
germline nuclei while the age-related dysplastic
pathology in the gonad grows more slowly and contains
regions that are both cellularized and acellular, as well as
accumulations of material such as yolk and chromatin.

The molecular characterization of this unique age-
related gonadal pathology in C. elegans could
potentially give more insight into age-related tumors in
other species. Of particular interest will be whether age-
related mutations in orthologs of mammalian tumor
suppressors or oncogenes could be driving the growth
of this dysplastic gonadal pathology, as we showed is
possible in the cep-1/p53 mutant. Indeed, the rapid
increase in genomic DNA at extreme age could be a
source of genomic DNA changes and there are

established methods to evaluate genomic DNA quality
in C. elegans [52,53].

Figure 11. ced-3 animals have early uterine mass
onset. Partial maximum projection of mid-section of 6
individual 12-day-old ced-3 worms stained with DAPI and
raised at 20 degrees. 12-day-old ced-3 animals have uterine
masses visually similar to cep-1 at the same age.

We propose that age-related uterine masses arise from a
combination of several different events. Some regions
of the uterine masses appear cellularized while others
are acellular. Oocytes that normally arrest at diakinesis
eventually bypass this arrest and begin endo-
reduplicating. The nuclear envelope breaks down as the
amount of DNA increases, causing the cell to eventually
lyse. Many of these nuclei have a disrupted nuclear
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envelope as observed by lamin::gfp (data not shown).
Degradation of the nuclear envelope has been observed
in aging C. elegans previously [31]. As oocytes begin
to be ovulated at a slower rate in the aging mother, yolk
is no longer being used at the same rate by primary
oocytes, which would account for the buildup of yolk in
the pseudocoelom and masses we and others have
observed [30,33-35]. The intestine is apparently unable
to regulate the amount of yolk produced to match actual
demand [35]. This is possibly also influenced by the
loss of intestinal nuclei which occurs as C. elegans
ages, which we recently described [30].

We have demonstrated that several age-related changes
occur in the C. elegans gonad. Most dramatically, we
describe how uterine masses in C. elegans arise in the
aging germline from unfertilized oocytes that begin
endoreduplicating after bypassing the arrest at the end
of diakinesis [5]. Uterine masses grow uncontrollably
until they occupy most of the diameter of the worm and
are accompanied by a massive increase in DNA copy
number per worm in old adults, which greatly exceeds
the genome copy number of worms at their reproductive
peak at younger ages, and is coupled to a decline in
levels of cep-1/p53. We also determined that loss of the
CEP-1/p53 protein exacerbates the growth of uterine
masses at earlier ages. DNA damage-induced apoptosis
likely limits uterine growths, as cep-1/p53 is required for
DNA damage-induced apoptosis in the germline [54].
Additionally, we and others have found that ced-3 lowers
oocyte quality and enhances the endomitotic phenotype.
We have also found that the occurrence of these masses
is not completely dependent on the bacterial food source
or immune response [55], as worms grown in sterile
axenic media still develop uterine masses with age. In
summary, the aging C. elegans uterus develops massive
growths from endoreduplicating oocytes that are
modulated by the CEP-1/p53 protein, which has multiple
functions including roles in DNA damage response,
growth [41,45,48], genotoxic stress response [24], and
cellular senescence [47].

EXPERIMENTAL PROCEDURES

C. elegans strains were cultured using standard
conditions [22] (N2, cep-1(gkl38)1, daf-2(el370)I1I,
ced-3(m717)IV) or at the restrictive temperature of 25
degrees (glp-4(bn2)1, fem-2(b245)III) and obtained from
the Caenorhabditis Genetics Center.  Synchronized
populations were acquired by allowing adult parents to
lay eggs for 2-4 h before removing them (day O0).
Worms were transferred daily to fresh plates during the
reproductive period. Confocal microscopy, staining of
tissue sections, and 3-D visualization was performed as
described [30].

Individual worms for genome copy number experiments
were frozen in water and lysed in Proteinase K as
described [16]. Digital PCR was performed on the
lysate of individual animals using primers
corresponding to the genomic DNA of the cct-1 gene
(5’-aatacggttgtgtttcaggtaatg-3° and 5’-taccggtgagggcaa
gaat-3’). Digital PCR of ced-7 and fat-3 genes yielded
similar results to cct-1 (data not shown). Digital PCR
signal was measured using UPL probe #78 (Roche) on a
Biomark microfluidic system in 12.765 digital arrays
(Fluidigm).

For Axenic liquid culture, C. elegans were first grown
at 20C at a density of 15,000 worms/plate on NGM
plates seeded with OP50 bacteria. Eggs were isolated
from these cultures and grown in CeHR medium
according to previous studies [56,57] with a minor
modification. Heme was excluded from the axenic
media and was added prior to use along with the UHT
milk. Ten freshly hatched sterile L1 were seeded in 1
ml CeHR medium without antibiotics in a 24 well plate
and grown at 20C shaking at 450 rpm on a small shaker.
After the first generation, gravid adults were allowed to
lay eggs for 4 hours in each well and were subsequently
removed. Synchronized eggs were allowed to grow in
sterile CeHR medium until Day 22 of adulthood. The
media was changed three times weekly until day 8 of
adulthood, and from there it was changed twice weekly.
The first generation of nematodes grows slowly on
CeHR (7-10) days, while successive generations grow
at similar rates to those on solid media. Nematodes
were allowed to adapt to CeHR media for at least one
full generation before use.
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Abstract: p53 takes critical part in a number of positive and negative feedback loops to regulate carcinogenesis, aging and
other biological processes. Uncapped or dysfunctional telomeres are an endogenous DNA damage that activates ATM
kinase (ataxia telangiectasia mutated) and then p53 to induce cellular senescence or apoptosis. Our recent study shows
that p53, a downstream effector of the telomere damage signaling, also functions upstream of the telomere-capping
protein complex by inhibiting one of its components, TRF2 (telomeric repeat binding factor 2). Since TRF2 inhibition leads
to ATM activation, a novel positive feedback loop exists to amplify uncapped telomere-induced, p53-mediated cellular
responses. Siahl (seven in absentia homolog 1), a p53-inducible E3 ubiquitin ligase, plays a key role in this feedback
regulation by targeting TRF2 for ubiquitination and proteasomal degradation. Biological significance and therapeutic

implications of this study are discussed.

Telomere DNA repeats and telomerase: Classical
view of telomere biology

Chromosome ends have repetitive DNA sequences
called telomere DNA repeats. The unit of the repeats is
5’-TTAGGG-3’ in mammals, and the total length of the
repeats reaches approximately 3 to 15 kilobase pairs
(Kb) in humans, depending on cell types as well as
other intrinsic and extrinsic factors. A major
determinant of the telomere length in normal human
differentiated cells (e.g., fibroblasts, which is a cell type
most commonly used in cell culture experiments in
vitro) is their replicative history, i.e., the number of cell
divisions the cells have undergone [1]. Because of the
inability of conventional DNA polymerases to replicate
the very end of linear DNA molecules (so-called “end
replication problem”), these normal cells experience a
progressive decline in telomere length, as an indicator
of “cellular aging”, in a cell division number-dependent
manner. The presence of critically eroded telomeres in
these cells is associated with the end of their replicative
lifespan, a permanent growth arrest state called
“replicative senescence” [1]. In contrast, germ cells,
stem cells and cancer cells have a mechanism of
synthesizing telomere DNA repeats to compensate the

cell division-dependent telomere attrition, thereby
bypassing the replicative senescence and being capable
of self-replicating indefinitely [2]. Although ~10% of
human cancers use a recombination-based mechanism
(i.e., alternative lengthening of telomeres, ALT) [2], the
major mechanism for telomere maintenance in human
cells is the activation of a telomere G-rich strand-
synthesizing enzyme, telomerase, which consists of the
catalytic protein subunit (human telomerase reverse
transcriptase, hTERT), the RNA component (hTER)
containing a C-rich template region, and other
associated proteins [3]. During a transition from normal
mortal cells to immortalized, transformed cells, the
transcriptional activation of the ATERT gene is a
limiting step on which various cellular and viral
oncogenic mechanisms act [4], including p53
inactivation [5]. Consistently, an ectopic expression of
ATERT could lead to immortalization of normal human
cells [6], and inhibition of ATERT in immortalized
cancer cells could induce them to undergo senescence
[7]. All of these findings accumulated from 1980’s to
late 1990’s have supported “telomere hypothesis of
cellular aging” to explain replicative senescence and
immortalization of human cells.
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Telomeres as a DNA-multiprotein complex: Specific
structure and functions

Since mid-late 1990’s a growing body of evidence has
established that not only telomere length but also its
specific DNA structure is a key factor for normal
telomere functions, and that a number of proteins
associated with telomere DNA repeats play
physiological roles at telomeres [8]. Telomere DNA
was revealed to form a lariat structure, which is named
“t-loop”, hiding chromosome ends into the structure and
thus preventing them from undergoing illegitimate
degradation or fusion events and from activating
unwanted DNA damage signaling [9]. For the formation
of this t-loop structure, a single-stranded, G-rich 3’-
overhang at the extreme end of telomere DNA repeats
plays an essential role by invading the double-stranded
part of the repeats. The coordinated synthesis and
processing of C-rich strand are required for the
generation of 3’-overhang and thus essential for the
telomere-specific DNA structure [10].

An increasing number of proteins have been shown to
interact with telomere DNA repeats. Six of them (TRF1,
TRF2, POT1, TIN2, TPP1 and RAP1) form a single
telomere DNA-interacting complex, named ‘“shelterin”
[8]. TRF1 and TRF2 directly bind the double-stranded
telomere repeats, POT1 directly binds to the single-
stranded 3’-overhang, and the other three components
interconnect these telomere-binding components. The
shelterin complex is indispensable for the formation and
maintenance of the telomere-specific DNA structure
described above, as well as for distinguished
recognition of telomeres from broken DNA ends.
Specifically, TRF2 has an activity to enhance the t-loop
formation [11] and can prevent ATM (ataxia
telangiectasia mutated) kinase from initiating the DNA
damage signaling at functional telomeres [12]. TRF2
interacts with ATM and inhibits its autophosphorylation
critical for activation [13]. POT1 governs the integrity
of telomere DNA ends at both G-rich 3’-overhang and
C-rich 5’-recessed strand [14], as well as inhibits
another DNA damage signaling kinase ATR (ATM- and
Rad3-related) [12].

Taken all these findings together, we now recognize
telomeres as a DNA-multiprotein complex with specific
structure and functions, rather than only as an end of
linear DNA molecules, and the concept of “telomere
capping” has been established. The “capped” state of
telomeres is primarily attributed to the t-loop structure
of telomere DNA repeats and the recruitment and
function of the shelterin complex [8,9]. Functional
inhibition or knockdown of the shelterin components
such as TRF2 and POT1 thus induced the “uncapped”,

or dysfunctional, state of telomeres, which was
characterized by loss of 3’-overhang, telomere fusion-
induced chromosome instability and activated DNA
damage signaling [15-17]. The classical view of
telomere biology described above, however, still stands
together with the updated view: either telomeres that are
long enough (e.g., in normal, non-senescent cells) or
activated telomerase (e.g., in cancer cells), or both (e.g.,
in germ cells and stem cells) could contribute to the
strength and stable maintenance of the capped state of
telomeres [18]. Long telomeres could provide a
platform for enhanced recruitment of telomere-binding
proteins (e.g., TRF2) and a high efficiency of t-loop
formation in the absence of telomerase activity. The
ability of telomerase to synthesize G-rich telomere
DNA strand could generate 3’-overhang sufficient for
short telomeres to form a t-loop. Consistently, the
presence of neither long telomeres nor telomerase
activity (for example, critically short telomeres at the
end of replicative lifespan in telomerase-negative
normal cells [19], and telomerase inhibition in cancer
cells with short telomeres [20]) causes the telomere
uncapping-associated phenotypes similar to those
induced by inhibition of the shelterin components.

p53 as a downstream effector of the telomere
damage signaling

The tumor suppressor protein p53 is activated by
endogenous or exogenous DNA damage and other
cellular  stresses  through its  posttranslational
modifications such as phosphorylation, acetylation and
sumoylation [21]. The p53-induced cellular phenotypes
include apoptotic cell death and cellular senescence,
each of which functions as a tumor suppressor
mechanism and may have a role in organismal aging
[22]. Classically, along with the telomere hypothesis of
cellular aging, inhibition of p53 allowed normal human
fibroblasts to continue proliferating even with shorter
telomeres than the threshold length, suggesting that p53
was indispensable for the onset of telomere-initiated
replicative cellular senescence [1]. With the concept of
telomere capping, we now define uncapped or
dysfunctional telomeres, which are functionally
synonymous with eroded telomeres at the end of the
cellular replicative lifespan [18,19], as an endogenous
DNA damage that physiologically activates p53. Two
major signaling kinases that phosphorylate and thereby
activate p53 are ATM and ATR, which, as described
above, are controlled by two shelterin components
TRF2 and POTI, respectively [12]. ATM and p53
mediate the telomere uncapping-induced apoptosis or
cellular senescence (for example, apoptosis in
lymphocytes [23] and cellular senescence in fibroblasts
[24]), establishing the TRF2-ATM-p53 pathway as a
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downstream effector pathway of the DNA damage
response initiated at uncapped telomeres. Although
ATR may be less essential to telomere damage
signaling in human cells with functional ATM and its
downstream targets, it is still capable of inducing p53-
dependent cellular senescence independently of ATM
[25]. Thus, the POT1-ATR-p53 pathway can also
signal the DNA damage response from uncapped
telomeres.

p53 represses TRF2 protein levels through a p53-
inducible E3 ubiquitin ligase Siah1

Comparing the expression profiles of endogenous
mRNA or proteins in normal human cells at
proliferating phase (referred “young”) versus at
replicative senescence has identified a number of
senescence-associated genes and proteins. Our cell
system consists of an isogenic pair of young and
replicatively senescent human fibroblasts, in the latter
of which p53 activation is evidenced by its
phosphorylation at serine 15 residue and the
upregulation of p53 target genes such as p21"*!
[26,27]. Among those identified by our previous studies
using this cell system are: A133p53 and p53B (p53
isoforms) [26], POT1v5 (a POT1 isoform) [17], ING2
(a p53- and chromatin-interacting protein) [28], miR-
34a (a p5S3-inducible microRNA) [26], and WNT16B (a
member of WNT family of secreted proteins) [29]. Our
recent study [27] adds TRF2 to the list of proteins
whose expression levels are changed during replicative
senescence. The expression levels of TRF2 protein were
reduced in replicatively senescent fibroblasts, but TRF2
mRNA levels did not change, suggesting the regulation
at a post-transcriptional or protein level. A series of
experimental manipulation of p53 expression and
activity, including spontaneous allelic loss, short hairpin
RNA (shRNA)-mediated knockdown, dominant-
negative inhibition, nutlin-3a activation and retroviral
overexpression, all suggested that p53 represses TRF2
protein levels, again without a change in TRF2 mRNA
expression.

Siahl is an E3 ubiquitin ligase with a C3HC4-type
RING finger domain. The Siahl gene is
transcriptionally induced by p53 [30]. Siahl targets
proteins containing a Myb DNA-binding domain [31],
which is present in TRF2 [15], for proteasome-mediated
degradation. We have also found that TRF2 is a
ubiquitinated protein and is subject to proteasome-
mediated degradation [27]. All of these findings
prompted us to examine whether Siahl is responsible
for the p53-mediated repression of TRF2 at the protein
level. In the replicative senescence with activated p53
and all the experimental settings described above, Siahl

expression levels (both mRNA and protein levels) were
inversely correlated with TRF2 protein levels: TRF2
upregulation was coincident with Siah1 downregulation
when p53 was lost or inhibited; and TRF2
downregulation was coincident with Siahl upregulation
when p53 was overexpressed or nutlin-3a-activated
[27]. The shRNA knockdown of Siahl stabilized TRF2
protein by extending its half-life and, most importantly,
Siahl was found to physically interact with and
ubiquitinate TRF2 in a manner dependent on its RING
finger domain [27]. These data identified Siahl as an E3
ubiquitin ligase that directly links p53 activation to
TRF2 degradation, for the first time revealing that p53,
a well-known downstream effector of the damage
signaling from uncapped telomeres, also functions
upstream to regulate a component of the telomere
capping protein complex. Knockdown of endogenous
Siahl expression [27], as well as overexpression of
TRF2 [32], delayed the onset of replicative senescence
in human fibroblasts, suggesting that Siahl co-operates
with the other p53 target genes (e.g., p21WAFI and miR-
34a) [26] in pS3-regulated senescence.

TRF2-ATM-p53 positive feedback loop

p53 is engaged in a number of positive and negative
feedback loops to regulate carcinogenesis, aging and
other biological processes [33]. p53 and MDM2, which
is a p53-induced E3 ubiquitin ligase and targets p53 for
ubiquitination and proteasomal degradation, form a
minimum feedback unit that takes part in several larger
and more complex feedback loops. These feedback
loops also link the p53 signaling pathway to other signal
transduction pathways, including those involving the
cyclin E/cdk2 complex, the p38 MAP kinase, the
WNT/B-catenin cascade and the PTEN/AKT cascade
[33]. Given that TRF2 functions to negatively control
ATM [12,13] (Figure 1, blue line) and that ATM
phosphorylates and activates p53 [24] (Figure 1, green
line), as described above, our finding of the p53-Siah1-
TRF2 pathway [27] (Figure 1, red lines) uncovers a
novel feedback loop involving these factors: This
TRF2-ATM-p53 feedback loop contains two inhibitory
regulations (TRF2 4 ATM and Siahl < TRF2), thus
functioning as a positive feedback mechanism (we
would prefer the word “positive feedback”, rather than
“double-negative feedback”, to indicate the functional
consequence of the whole loop). Once telomere
uncapping occurs either endogenously at the end of
cellular replicative lifespan or exogenously by reagents
and conditions inducing telomere dysfunction,
diminished amount and/or impaired activity of TRF2
results in ATM activation. ATM-mediated activation of
p53 then transcriptionally activates Siahl, which
ubiquitinates and degrades TRF2, leading to further
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decrease in TRF2 levels and thereby the maintenance
and reinforcement of the uncapped state of telomeres.

The TRF2-ATM-p53 feedback loop amplifies telomere-
initiated, p53-mediated DNA damage responses leading
to the rapid induction of cellular senescence or
apoptosis, which may prevent DNA damage-carrying
cells from contributing to tumor formation.

Given the TRF2-ATM-p53 positive feedback loop, it is
interesting to hypothesize that non-telomeric DNA
damage and cellular stresses activating ATM and/or p53
may induce telomere uncapping through the repression
of TRF2 protein levels. Consistent with this hypothesis,
our preliminary data showed that doxorubicin-induced
global DNA damage resulted in ubiquitination and down-

4—

Transcrlptlon

regulation of TRF2 [27]. It should also be noted that the
TRF2-ATM-p53  positive  feedback loop can
functionally interact with the previously identified
feedback regulations (Figure 1, black lines). B-catenin,
another degradation target of Siahl [30], is known to
activate pl9/pl4ARF, which inhibits MDM2 and
thereby activates p53 [34]. This regulatory circuit may
act as a negative feedback element for the TRF2-ATM-
p53 positive feedback loop. While ATM can also
activate p53 indirectly through the phosphorylation and
inhibition of MDM2 [35], ATM-mediated phos-
phorylation of Siahl may negatively affect its activity
[36]. These co-operating and apparently opposing
mechanisms are likely to add further strength and
complexity to the DNA damage signaling from
uncapped telomeres.

7—| TRF2

[ P19/p14ARF |+——

B-catenin |

Figure 1. TRF2-ATM-p53 positive feedback loop. TRF2 interacts with ATM and inhibits its
autophosphorylation and activation (blue line) [12,13]. ATM phosphorylates and activates p53
(green line) [23,24]. p53 transactivates Siahl, which targets TRF2 for ubiquitination and
degradation (red lines) [27]. These regulatory mechanisms form a positive feedback loop.
Mutant p53 abrogates this feedback loop through dominant-negative inhibition of wild-type p53
and a gain-of-function activity to inhibit ATM [48]. A133p53, a natural p53 isoform, also inhibits
wild-type p53 [26]. The other factors that may functionally interact with this feedback loop (j3-
catenin, p19/p14ARF and MDM2) are also shown. P, phosphorylation. Ub, ubiquitination.
Although ATM-mediated phosphorylation of Siah1 inhibits its interaction with a target protein
(HIPK2) [36], it is unknown whether this mode of inhibition occurs for TRF2.
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Perspectives

Our identification of the p53- and Siahl-mediated
regulation of TRF2 largely depended on in vitro
experiments using normal human fibroblasts in culture.
However, there is evidence that this regulation also
exists in vivo. Human colon adenomas, a premalignant
tumor in which p53-mediated cellular senescence is
pathologically induced in vivo [37,38], were shown to
express higher levels of Siahl and lower levels of TRF2
than normal non-senescent tissues [27], recapitulating
the expression profile observed in senescent fibroblasts
in vitro. Further studies will investigate the role of the
TRF2-ATM-p53 feedback regulation in in vivo
physiological senescence, aging-associated genome
instability and organismal aging in humans.

An attribution of cellular senescence, or aging at the
cellular level, to aging at the organ and organismal
levels can be explained by an aging-associated decline
in stem cell function [39-41]. Accumulated DNA
damage at telomeric and non-telomeric loci in tissue-
specific stem cells during aging could cause cellular
senescence or apoptosis in those cells, leading to
reduced tissue regeneration, impaired organ function
and homeostasis, and eventually organismal senescence.
Since a growing body of evidence suggests that p53
activity and telomere integrity are critical to the
regulation of self-renewing and differentiating
properties of embryonic and adult stem cells [39,42-44],
the TRF2-ATM-p53 positive feedback loop should have
significant relevance to stem cell biology and stem cell-
based medicine.

p33 is the most frequently inactivated gene in human
cancer [45,46], and therefore p53 replacement or
restoration therapy is a therapeutic strategy against
cancer. Telomeres have also been a promising target for
cancer therapy: telomerase inhibitors can induce short
telomeres in cancer cells to be uncapped [18]; and G-
quadruplex ligands (e.g., telomestatin) reduce the
amounts of G-rich 3’-overhang and remove POT1 and
TRF2 from telomeric DNA, resulting in telomere
uncapping [20,47]. We now know that these p53-based
and telomere-based cancer therapies can co-operate in a
single regulatory loop, namely the TRF2-ATM-p53
positive feedback loop. We expect that our findings will
be experimental basis for combined application of p53-
based therapy, telomere-based therapy and other
strategies involving the associated factors such as f-
catenin, p19/p14ARF and MDM2.

Some p53 missense mutations not only inhibit wild-type
p53 activity but also gain a function that wild-type p53
does not have. One of such gain-of-function activities of

mutant p53 is to inhibit ATM [48], which allows cancer
cells to abrogate the TRF2-ATM-p53 feedback
regulation in a more active manner than simply losing
or inactivating wild-type p53. It will be of therapeutic
interest to investigate whether small molecules that
restore wild-type function to mutant p53 (e.g., CP-
31398 and PRIMA-1) [49,50] can restore the TRF2-
ATM-p53 positive feedback regulation in cancers with
p53 mutations. In cancers with wild-type p53, the
expression of A133p53, a natural p53 isoform that
inhibits wild-type p53 activity, is frequently elevated
and thus A133p53 can be a therapeutic target [26].
Restoration of wild-type p53 activity by inhibition of
A133p53 and the resulting degradation of TRF2 [26,27]
may cause telomere uncapping-induced senescence or
apoptosis  through the TRF2-ATM-p53 positive
feedback loop in cancers with wild-type p53.

Conclusion

p53 has long been linked to the regulation of telomeres.
In the classical view of telomere length regulation, p53
was a mediator of telomere-induced replicative
senescence, as well as a negative regulator of
telomerase via hTERT inhibition. Upon identification of
the telomere-capping shelterin complex, p53 has been
established as a downstream effector of the DNA
damage signaling emerging from a specific shelterin
component at uncapped telomeres. With evidence that
p53 directly controls the shelterin component in a
feedback manner, much attention to p53 continues to
come from basic research on telomere biology, as well
as from translational and clinical research aiming at
telomere-based therapies.
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Abstract: Many human diseases are characterized by the development of tissue hypoxia. Hypoxia-inducible factor (HIF) is a
transcription factor that regulates fundamental cellular processes in response to changes in oxygen concentration, such as
angiogenesis, survival, and alterations in metabolism. The levels of HIF-1a subunit are increased in most solid tumors not
only by low oxygen but also by growth factors and oncogenes and correlate with patient prognosis and treatment failure.
The link between HIF-1a. and apoptosis, a major determinant of cancer progression and treatment outcome, is poorly
understood. Here we show that HIF-1a protects against drug-induced apoptosis by antagonizing the function of the tumor
suppressor p53. HIF-1a upregulation induced proteasomal degradation of homeodomain-interacting protein kinase-2
(HIPK2), the p53 apoptotic activator. Inhibition of HIF-1a by siRNA, HIF-1a-dominant negative or by zinc re-established the
HIPK2 levels and the p53-mediated chemosensitivity in tumor cells. Our findings identify a novel circuitry between HIF-1a
and p53, and provide a paradigm for HIPK2 dictating cell response to antitumor therapies.

INTRODUCTION function. Understanding how aberrant signalling within
tumors can interfere with p53 apoptotic activation is
HIPK2 is a potential tumor suppressor gene; it is a therefore of particular importance. Although mutations
nuclear serine/threonine kinase that acts as co- in the p53 gene are detected in ~50% of human cancers,
repressors for transcription factors [1] and is considered indirect mechanism also leads to p53 inactivation [7].
a central switch in the targeting of cells toward Previous work has shown that knock-down of HIPK2,
apoptosis upon genotoxic stress by phosphorylating mainly by siRNA, leads to loss of p53 function, reduced
tumor suppressor p53 at serine 46 (Ser46) [2,3]. The apoptotic  drug-response  and  increased  tumor
p53Ser46 modification triggers irreversible apoptosis by progression [8]. Therefore, an intact HIPK2 function is
determining p53-dependent promoter selection [4]. crucial for the apoptotic activation of wtp53 in tumors.
HIPK2 contributes to p53 apoptotic activation by
inducing Ser46 phosphorylation but also lysine 382 A physiological condition that inhibits HIPK2 functions
(Lys382) acetylation [2,3,5]. Thus, we found that in solid tumor is hypoxia which is a hallmark of tumor
HIPK2, through repression of Nox1 gene, strongly progression and failure of tumor therapies. Hypoxia-
regulates p53 acetylation/deacetylation balance that induced ubiquitin ligases such as Siah2 [9] or p53
along with (p)Ser46 is important for full p53 apoptotic targets MDM2 [10] and Siahl [11] trigger HIPK2
activity [6]. A major determinant of tumor progression degradation strongly affecting drug-induced p53
and cancer therapy is the ability of cancer cells to apoptotic activity. The key molecule expressed under
activate apoptotic cell death, mainly through intact p53 hypoxia is hypoxia inducible factor-1 (HIF-1), a
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heterodimeric transcription factor that consists of the
HIF-1 subunit, constitutively expressed in cells, and
the oxygen-sensitive HIF-law subunit. Under normal
oxygen levels, HIF-1a is hydroxylated at key proline
residues facilitating interaction to von Hippel-Lindau
protein (pVHL) which allows HIF-la proteasomal
degradation. Under hypoxic conditions, prolyl
hydroxylation is inhibited, HIF-lo. accumulates,
dimerizes with HIF-13 forming the active HIF-1
complex for regulation of transcription of several genes
involved in many aspects of cancer progression,
including angiogenesis, metabolic adaptation, apoptosis
resistance, invasion and metastasis [12]. HIF-la
synthesis and transactivation can also be activated by
non-hypoxia-mediated mechanisms such as genetic
alterations in a variety of cancer types. In this regard,
we have shown that HIPK2 represses the HIF-la
transcription, thus, HIPK2 knock-down leads to HIF-1a
upregulation with induction of a “constitutive hypoxic”
phenotype [13]. Increased HIF-la levels have been
shown to be associated with increased resistance to
conventional chemo- and radiotherapy in many solid
tumors and play a negative role in patient prognosis.
Thus, the downregulation of the activity of HIF-la
could have an immediate effect on its target genes
contributing to blocking tumor angiogenesis, glycolysis
and tumor growth and also improve the efficacy of
classical therapies [14].

HIF-1oo interacts with p53 and stimulates p53
transcriptional activity [15] although it antagonizes p53-
mediated apoptosis [16]. Here we report a previously
unknown regulatory circuitry between HIF-1o, HIPK2
and p53 apoptotic activity as the molecular mechanisms
underlying HIPK2 regulation by HIF-la have never
been addressed.

RESULTS AND DISCUSSION

We first analyzed the effect of HIF-laa on DNA-
damage-induced p53 apoptotic activation by using an ex
vivo experimental model consisting of cell populations
derived from explants of prostate cancer patients
characterized by stabilized HIF-1a protein in normoxia
(“constitutively hypoxic” phenotype) and associated
with bad prognosis (namely C27 cells), and cell
populations with a phenotype negative for HIF-la
expression under aerobic condition associated with
good prognosis (namely C38 cells) [17]. The presence
of HIF-1a overexpression at mRNA (Figure 1A) and
protein level (see Figure 2F) in C27 cells led to a
marked inhibition of drug-induced luciferase activity of
the pS3AIP1 reporter gene (Figure 1B and Supplemen-
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Figure 1. HIF-1la antagonizes p53 apoptotic activity. (A)
Luciferase assay in C38 and C27 prostate cancer cells showed
significantly higher HIF-1a-luc promoter activity in C27 cells.
*P=0.0159. (B) Luciferase assay of p53AIP1-luc reporter in C38 and
C27 prostate cancer cells after bleomycin (Bleo) treatment
showing impairment of p53 transcriptional activity in C27 cells. (C)
Immunoblot of C38 and C27 cells after 40 Gy X-irradiation
revealed PARP cleavage and Ser46 phosphorylation only in C38
cells. Blot image was cut and pasted. (D) RT-PCR analysis of p53
apoptotic target genes in C38 and C27 prostate cancer cells after
bleomycin (Bleo) treatment. Gel image was cut and pasted. (E)
Luciferase assay of p53 target Noxa-luc reporter in C38 cells after
X-irradiation revealed impairment of luciferase activity after HIF-
1o overexpression. (F) Immunoblot of RKO cells after adriamycin
(ADR) treatment showed abolishment of (p)Ser46 after HIF-1la-
Flag overexpression. (G) Luciferase assay of p53AIP1-luc reporter in
C27 cells showed induction of luciferase activity after HIF-1a
silencing with siRNA.

tary Figure 1a) which is a well established target of p53-
Ser46 modification and of p53 apoptotic activity [4].
Thus, in response to X-ray or to the radiomimetic drug
bleomycin, both Ser46 phosphorylation, the cleavage of
the apoptotic marker PARP, and p53 apoptotic gene
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transcription were impaired in HIF-1a upregulated C27
cells, compared to C38 cells negative for HIF-la
expression under aerobic condition (Figure 1C, 1D).
Two lines of evidence indicate that the p53 apoptotic
defect in C27 cells is due to stabilization of HIF-la
rather than to alternative mechanism of drug resistance
or impairment of p53 downstream signalling. First,
increasing HIF-la levels in C38 prostate and RKO
colon cancer cells by protein overexpression also
conferred resistance to X-ray- or to drug-induced p53
transcriptional activity (Figure 1E and Supplementary
Figure S1b, Slc) and inhibited Ser46 phosphorylation
(Figure 1F). Second, loss of HIF-1 function by HIF-1a
knock-down, restored the sensitivity to X-ray-induced
pS3AIP1-luciferase activity in C27 cells (Figure 1G).
These results show that HIF-1a levels are relevant to
the pS53-mediated cellular response because they
antagonized  drug-induced  p53Serd6  apoptotic
transcriptional activity.

P53Serd46 phosphorylation is triggered by several
kinases including HIPK2 whose knock-down strongly
inhibits p53 apoptotic activity [5,8]. Therefore, an intact
HIPK2 function is crucial for the apoptotic activation of
wtp53 in tumors. We first evaluated whether HIF-1a
affected HIPK2 mRNA expression. RT-PCR analyses
of ADR-treated RKO cells showed that endogenous
HIPK?2 messenger RNA levels were not altered by HIF-
la upregulation (Supplementary Figure Slc), although
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HIF-1a inhibited the drug-induced p53(p)Ser46 (Figure
1F), arguing for HIF-1a-mediated regulation of HIPK2
at the post-transcriptional level. We then performed
experiments under conditions of HIF-la and HIPK2
overexpression. Expression of increasing amounts of
HIF-1aw in 293 cells correlated with abolishment of
HIPK2 protein levels (Figure 2A). A test for protein
degradation showed that HIF-la-induced HIPK2
downregulation in prostate C38 cells could be rescued
by cell treatment with the proteasome inhibitor MG132
(Figure 2B), confirming a HIPK2 post-translational
regulation. Thus, HIF-la co-overexpression did not
affect HIPK2 gene transcription in RKO colon cancer
cells (Figure 2C). We next analysed these issues in C27
prostate cancer cells whereas HIF-lo upregulation
antagonizes  drug-induced  p53Serd6  apoptotic
transcriptional activity, suggesting that they should
harbour reduced HIPK2 levels. Indeed, western blot
analysis showed reduced HIPK2 protein levels in
“constitutively hypoxic” C27 cells compared to the C38
cells with a phenotype negative for HIF-1a expression
under aerobic condition (Figure 2D), while the HIPK2
mRNA levels were comparable expressed between the
two cell lines (Figure 2E). Was the reduction of HIPK2
levels caused by HIF-1o upregulation? We addressed this
issue by silencing of HIF-1oo with siRNA that indeed
rescued HIPK?2 protein levels in C27 cells (Figure 2F).
We thus conclude that HIF-1a regulates HIPK?2 stability.

Figure 2. HIF-1a regulates HIPK2 protein degradation.
(A) HIF-1lo-Flag (4, 6, and 8 pg) and HIPK2-GFP (4 png)
expression vectors were co-transfected in 293 cells where
immunoblot analyses showed that increased amounts of HIF-
1o induced HIPK2 abolishment. (B) Immunoblot analysis of
C38 cells transfected with HIF-1a expression and treated with
proteasome inhibitor MG132 (10 uM for 4 h) or DMSO vehicle.
The endogenous HIPK2 levels downregulated by HIF-1a were
rescued by MG132. (C) RT-PCR analysis of HIPK2 in RKO colon
cancer cells co-transfected with HIF-1a and HIPK2 expression
vector. (D) Immunoblot of endogenous HIPK2 protein in C38
and C27 prostate cancer cells, showing lower HIPK2 levels in
“constitutive hypoxic” C27 cells. (E) The HIPK2 mRNA levels
were comparable between C38 and C27 cells. (F) Immunoblot
in C27 cells showed rescue of endogenous HIPK2 protein levels
after HIF-1a knock-down by siRNA.
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How could HIF-1a inhibit HIPK2? First, being a
transcription  factor, HIF-1 might promote the
expression of target genes that induce HIPK2
degradation. Alternatively, HIF-1 might directly interact
with and regulate HIPK2. To discriminate between
these two scenarios, exogenous HIPK2 and HIF-la
proteins were co-expressed in 293 cells for co-immuno-
precipitation analysis. We found absence of interaction
between HIPK2 and HIF-la (Supplementary Figure
S2a), suggesting rather a transcription-dependent
regulation. The latter hypothesis was evaluated by the
use of a HIF-1a mutant encoding the dominant negative
form of HIF-lo. without DNA binding and trans-
activation domains (HIF-1aDN) [18]. The results
unequivocally showed that the HIF-10DN mutant could
not inhibit HIPK2 stability (Supplementary Figure S2b).
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Previous studies showed that HIF-1 may induce p53
transcriptional activity [15], although not the apoptotic
one [16], and that p53 target genes such as MDM?2
[10] or Siahl [11] may trigger HIPK2 degradation
under hypoxia. Moreover, the putative HIF-1 target
WD40-repeat/SOCS box protein WSB-1 [19] has been
shown to trigger HIPK2 degradation [20]. To evaluate
whether p53 transcriptional activity plays a role in
HIF-la-induced HIPK2 degradation, HIF-lo and
HIPK2 proteins were co-expressed in H1299 lung
cancer (p53 null) cells and assayed for western
immunoblotting. In the absence of p53, HIF-1a was
still able to reduce HIPK2 protein levels
(Supplementary Figure S2c). We conclude that HIF-
la inhibits HIPK2 via transcriptional upregulation of
one or more target genes.
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Figure 3. HIPK2-induced p53 apoptotic activity is impaired by HIF-1a. (A) Luciferase assay in 293 cells co-
transfected with Noxa-luc reporter and HIPK2-GFP (4 pg) expression vector alone or in combination with HIF-1a-
Flag (8 ug). Results represent mean * s.d. from three experiments. The expression of the ectopic proteins was
assayed by immunoblot. (B) Lysates from RKO cells co-transfected with HIF-1a. and HIPK2 expression vectors were
assayed for RT-PCR of p53 target gene Noxa. GAPDH is a loading control (C) Luciferase assay in H1299 cells co-
transfected with Noxa-luc reporter and low amount of wtp53 expression vector or of p53S46D mutant, in
combination with HIPK2, HIF-1a. or HIF-1aDN mutant. Results represent mean % s.d. from three experiments. (D)
Tunel assay of RKO cells where HIF-1a overexpression significantly reduced the HIPK2-induced apoptotic cell death.
*P=0.001. (E) Luciferase assay in RKO cells stable transfected with p53AIP1-luc reporter where the adryamicin
(ADR)-induced luciferase activity was inhibited by HIF-1a. overexpression but not by HIF-1o. dominat negative (DN)
mutant. Results represent mean + s.d. from three experiments. (F) Lysates from RKO cells treated as indicated were
assayed for RT-PCR analyses of p53 apoptotic target Noxa and for HIPK2 expression. GAPDH is a loading control.
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The above results demonstrate that HIF-1o upregulation
reduces both HIPK2 protein levels and p53 apoptotic
activation. The direct effect of HIF-loo on HIPK2-
induced p53 activation was then analysed under
conditions of proteins overexpression. The luciferase
assay performed in 293 cells clearly showed that the
positive effect of HIPK2 on endogenous p53 apoptotic
transcriptional activity was eliminated by HIF-1a co-
expression that indeed abolished HIPK?2 levels (Figure
3A). The abolishment of p53 transcriptional activity
was confirmed in vivo in RKO cells by RT-PCR
analysis (Figure 3B). We then performed experiments
with p53 overexpression in H1299 cells. HIF-la
abolished the HIPK2 additive effect on p53-induced
Noxa-luc activity (Figure 3C, compare lane 3 with lane
2 and lane 4 with lane 3), while HIF-1aDN mutant
failed to do so (Figure 3C, compare lane 5 with lane 4),
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suggesting that HIF-1a is acting on HIPK2 function. To
finally demonstrate this issue, the transcriptional activity
of a p53S46D mutant, which expresses constitutive Ser46
phosphorylation, was not inhibited by HIF-1a (Figure
3C, compare lane 7 with lane 6), confirming that HIPK2
is indeed the target of HIF-la-induced p53 regulation.
Next, we investigated the effect of HIPK2 inhibition on
apoptosis. The results clearly showed that HIF-l1a
significantly counteracted HIPK2-induced cell death
(Figure 3D). Finally, HIF-1a. overexpression led to
marked reduction of ADR-induced p53AIP1-luc activity
in RKO cells, while the HIF-1o-DN mutant did not show
such effect (Figure 3E), as also tested by in vivo by RT-
PCR analyses (Figure 3F). These results recapitulate the
negative effect of constitutive hypoxic phenotype on
HIPK2-induced p53 apoptotic transcriptional activity and
cell response to drug.
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Figure 4. Zinc reactivates the HIF-1a-inhibited HIPK2/p53 signalling. (A) Immunoblot of RKO cells in which
the effect of HIPK2 overexpression on p53Ser46 phosphorylation was abolished by HIF-1la co-expression and
restored by concomitant zinc (100 pum for 24 h) treatment. (B) Luciferase assay in RKO cells stable transfected with
p53AIP1-luc reporter showing that the HIPK2-induced luciferase activity was inhibited by HIF-1a and rescued by
zinc treatment (100 pum for 24 h); zinc did not rescued the HIPK2 inhibition triggered by the HIF-1aP/A mutant and
the HIF-1aDNA mutant did not inhibit HIPK2-induced transcriptional activity. Results represent mean * s.d. from
three experiments. (C) Lysates from RKO cells treated as indicated were assayed for RT-PCR analyses of p53
apoptotic target Noxa. GAPDH is a loading control. (D) Tunel assay of RKO cells showing that the HIPK2-induced
apoptotic cell death was significantly inhibited by HIF-1a and strongly rescued by zinc treatment. *P=0.001.
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We recently reported that zinc inhibits HIF-1a, stability
in vitro and in vivo by acting on prolyl hydroxylation
and VHL interaction [21]. We also showed that zinc
inhibits MDM?2 ubiquitin ligase activity, counteracting
MDM2-induced p53 degradation and re-establishing
HIPK?2 stability [22]. Restoration of wtp53 function is
decisive for the success of anti-tumor therapies and for
tumor regression in vivo [23,24]. Therefore, zinc
treatment of tumor cells with HIF-1a upregulation and
that retain wild-type p53 should result in (i)
reconstitution of HIPK2-induced p53Sed6
phosphorylation, (i7) activation of p53-apoptotic genes
and (iii) restoration of drug-induced apoptosis. The
HIPK2-induced p53(p)Ser46 in RKO cells, abolished
by HIF-laa co-expression, was completely re-
established by zinc treatment that, as expected,
concomitantly rescued the HIF-la-induced HIPK2
downregulation (Figure 4A). The HIPK2-induced p53
transcription of pS3AIP1-luc reporter, inhibited by HIF-
la, was strongly recovered by zinc treatment (Figure
4B, compare lane 4 with lane 3), while the inhibition
triggered by a HIF-la expression vector with prolyl
mutations P402A and P564A (HIF-1aP/A) was not
rescued by zinc (Figure 4B, compare lane 6 with lane
5), in agreement with our findings that the HIF-1aP/A
mutant is not downregulated by zinc [21]; finally, the
HIF-1aDN mutant did not inhibit the HIPK2-induced
pS3AIP1-luc activity (Figure 4B, compare lane 7 with
lanes 5 or 3) that was rather superinduced by zinc
(Figure 4B, compare lane 8 with lane 7), suggesting
inhibition of endogenous HIF-la by the HIF-1aDN
mutant. The positive effect of zinc on rescue of
HIPK2/p53 activity in the presence of HIF-la
upregulation was confirmed by in vivo RT-PCR
analysis of p53 apoptotic target genes (Figure 4C) and
by cell death analysis (Figure 4D).

The above results demonstrate that zinc treatment
counteracts the HIF-1o-mediated inhibition of HIPK2,
allowing restoration of p53 response to antitumor
therapies. Thus, this issue was addressed in C27
prostate cancer cells in which both HIPK2 and p53 are
disabled by constitutive HIF-loo upregulation. The
results clearly showed that zinc restored (i) the
endogenous p53 transcriptional activity in response to
X-irradiation, (ii) the in vivo transcription of p53 target
genes in response to drug and (iii) the cell death to
genotoxicity (Supplementary Figure S3a-c), again
implicating the HIF-1o/HIPK2 circuitry as shown by
rescue of endogenous HIPK2 stability by zinc
(Supplementary Figure S3d). These results are
consistent with several observations by us showing that
zinc supplementation can increase tumor response to
drugs and counteract the negative effect of hypoxia, by

acting on several interconnected signalling molecules
such as HIPK2, HIF-1 and p53 [25].

Restoration of HIPK?2 activity was finally monitored by
chromatin immunoprecipitation assay as HIPK?2 is able
to modulate the transcription of several factors involved
in cell survival and apoptosis [1]. The results showed
that HIPK2 recruitment onto target genes such as Bc/-2
[26] or CYPIBI [9] was present in basal condition only
in C38 cells compared to the C27 cells where it was
instead rescued by =zinc treatment (Supplementary
Figure S4). HIPK2 recruitment onto Bc/-2 promoter is
again indicative of functioning p53 as HIPK2 has been
shown to be involved in the transcriptional repression of
Bcl-2 promoter exerted by p53 [26].

HIF-1a stabilization due to low oxygen or because
genetic alterations is responsible of increased chemo-
resistance and tumor cell viability in part due to
inhibition of p53 apoptotic gene transcription [10]. The
discovery here of the HIF-1o/HIPK2 circuitry gives a
mechanistic explanation of the p53 apoptotic inhibition
in response to drug under hypoxia in those tumors that
retain a not functional wild-type p53. Thus, for the first
time, it is shown a direct effect of HIF-1a on HIPK2
protein stability. Moreover, our findings also open
novel and unexpected scenarios in tumor development
and ask to whether HIPK2 might participate to the
regulation of cancer stem cells (SCs). Hypoxia and
HIFs-a subunits are considered a critical component of
a cancer stem cell niche in different tumors including
glioblastoma [27] and stem-like cells may be integral to
the development and maintenance of human cancers
[28]. Our data raise the possibility that HIPK2, because
of the HIF-la relationship is involved in the
homeostasis of cancer SCs and in its subversion in
tumors. Recent findings showed that loss of p53 favours
symmetric divisions of cancer SCs, contributing to
tumor growth [29]. As HIPK2 inhibition negatively
affects p53 activity [8,30] it would be interesting to
evaluate whether loss of p53 function in cancer SCs
depends on HIF-la-induced HIPK2 inhibition and
propose an additional mechanism of tumorigenesis.
Identification of the cell types capable of initiating and
sustaining growth of the neoplastic clone in vivo is a
fundamental problem in cancer research. Understanding
the nature of the more quiescent cancer stem-like cells
and their niches has the potential to development of

novel cancer therapeutic  protocols including
pharmacological targeting of self-renewal pathways.
Therefore, our data strengthen the notion that

unleashing the growth suppressor activity of both
HIPK2 and p53 by targeting HIF-lo with zinc is a
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potentially valuable adjuvant strategy for cancer

treatment.
METHODS

Cell culture and treatments. Human patients-derived
prostate cancer cell lines C38 and C27, [17,31] (kindly
provided by A. Farsetti, National Research Council,
Rome, Italy), human embryo kidney 293, were
maintained in DMEM (Life Technology-Invitrogen),
while human lung cancer H1299 (p53 null) and colon
cancer RKO were maintained in RPMI-1640 (Life
Technology-Invitrogen), all supplemented with 10%
heat-inactivated fetal bovine serum plus glutamine and
antibiotics.

Subconfluent cells were treated with adriamycin (ADR)
diluted into the medium to a final concentration of 1.5
pg/ml, bleomycin (Bleo) diluted into the medium to a
final concentration of 120 uM, zinc chloride (ZnCl,)
diluted into the medium to a final concentration of 100
uM, or X-ray irradiated with 40 Gy, for the indicated
period of time. Proteasome inhibitor MG132 at final
concentration of 10 uM was added for 4 h.

Western blotting and co-immunoprecipitation. Total cell
extracts and nuclear extracts were prepared essentially
as described [13]. Proteins were transferred to a
polyvinylidene difluoride (PVDF) (Millipore) or
nitrocellulose (Biorad) membranes. Immunoblottings
were performed with the following antibodies: mouse
monoclonal anti-HIF-1a, (Novus Biologicals), mouse
monoclonal anti-p53 (DO1) (Santa Cruz
Biotechnology), rabbit polyclonal anti-phospho-Ser46,
(Cell Signaling Technology), rabbit polyclonal anti-
HIPK2 (kindly provided by M.L. Schmitz, Justus-
Liebig-University,  Giessen, = Germany),  mouse
monoclonal anti-poly(ADP-ribose) polymerase (PARP,
BD Pharmingen), monoclonal anti-GFP (Roche
Diagnostic), mouse monoclonal anti-Flag (Sigma),
mouse monoclonal anti-tubulin  (Immunological
Sciences), and mouse monoclonal anti-Hsp70
(Stressgene). Immunoreactivity was detected by
enhanced chemiluminescence kit (ECL; Amersham).
For HIF-1o/HIPK2 co-immunoprecipitation 293 cells
were co-transfected with 4 ug HIPK2-GFP and 8 pg
HIF-la-Flag expression vector for 24 h. Total cell
extracts were prepared by incubating at 4° C for 30 min
in lysis buffer (20 mmol/L Hepes, 100 mmol/L NaCl, 5
mM EDTA (pH 8.0), 10% glicerol). Following
preclearing for 1 h at 4° C, immunoprecipitation was
performed by incubating total cell extracts with anti-
Flag antibody pre-adsorbed to protein G-Agarose
(Pierce), rocking for 2 h at 4° C. The beads were then

resuspended in 5x Laemmli buffer and subjected to
Western blot with the indicated primary antibodies.

RNA extraction and reverse transcription (RT)-PCR
analysis. Cells were harvested in TRIzol Reagent
(Invitrogen) and total RNA was isolated following the
manufacturer’s instructions essentially as described
[30]. PCR was performed by using gene specific
oligonucleotides  under  conditions of  linear
amplification. PCR products were run on a 2% agarose
gel and visualized by ethidium bromide staining using
UV light. The housekeeping GAPDH mRNA was used
as internal control.

Transfection, plasmids and transactivation assay. Cells
(RKO, C27 C38) were transfected with the cationic
polymer LipofectaminePlus method (Invitrogen)
according to manufacturers’ instructions or (293 and
H1299) with the N,N-bis-(2- hydroxyethyl)-2-amino-
ethanesulphonic acid-buffered saline (BBS) version of
the calcium phosphate procedure [32].

For luciferase activity the plasmid reporter used were:
the HIF-1a-pH800-luc promoter (kindly provided by C.
Michiels, FUNDP-University of Namur, Belgium), the
p53-dependent promoters Noxa-luc (kindly provided by
T. Taniguchi, University of Tokyo, Japan) and
pS3AIP1-luc (kindly provided by H. Arakawa, National
Cancer Center, Tokyo, Japan). The amount of plasmid
DNA in each sample was equalized by supplementing
with empty vector. Transfection efficiency was
normalized with the use of a co-transfected B-
galactosidase (B-gal) plasmid. Luciferase activity was
assayed on whole cell extract and the luciferase values
were normalized to [-galactosidase activity and protein
content and expressed as relative luciferase unit (RLU).

The expression vectors used were: the Flag-tagged HIF-
la and the Flag-tagged HIF-1a with prolyl mutations
P402A and P564A ([33] (kindly provided by G.L.
Semenza, The Johns Hopkins University School of
Medicine, Baltimore, MD, USA), the dominant negative
form of HIF-la without DNA binding domain and
transactivation domain (pCEP4-HIF-1aDN) [18]
(kindly provided by B.H. Jiang, Nanjing Medical
University, China), HIPK2-GFP [2], pCMV-wtp53, and
the p53Ser46D (constitutively phosphorylated) (kindly
provided by Dr. L Mayo, Case Western Reserve
University, Cleveland, Ohio, USA) mutant.

siRNA interference. Cells were plated at semiconfluence
in 35 mm dishes the day before transfection. Control-
siRNA and siHIF-la (Dharmacon) were transfected
overnight using LipofectaminePlus reagent (Invitrogen)
and 24 h later cells were trypsinized and replated and
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transfected for the indicated period before harvesting for
luciferase activity.

Chromatin  Immunoprecipitation ChIP assay.
Chromatin Immunoprecipitation (ChIP) analysis was
carried out essentially as described [30]. Protein
complexes were cross-linked to DNA in living cells by
adding formaldehyde directly to the cell vulture
medium at 1% final concentration. Chromatin extracts
containing DNA fragments with an average size of 500
bp were incubated overnight at 4° C with milk shaking
using rabbit polyclonal anti-HIPK2 (Santa Cruz
Biotechnology) antibody. Before use, protein G (Pierce)
was blocked with 1 pg/pL sheared herring sperm DNA
and 1 pg/uL BSA for 3 h at 4° C and then incubated
with chromatin and antibodies for 2 h at 4° C. PCR was
performed with HOT-MASTER Taq (Eppendorf) using
2 uL of immuniprecipitated DNA and promoter-specific
primers for human Bcl-2 [26], and CYPIBI [9]
promoters. Immunoprecipitation with non-specific
immunoglobulins (IgG; Santa Cruz Biotechnology) was
performed as negative controls. The amount of
precipitated chromatin measured in each PCR was
normalized with the amount of chromatin present in the
input of each immunoprecipitation. PCR products were
run on a 2% agarose gel and visualized by ethidium
bromide staining using UV light.

TUNEL assay. For TUNEL assay, 4x10* cells were
spun on a slide by cytocentrifugation and subsequently
fixed in 4 % paraformaldehyde for 30 min at room
temperature. After rinsing with PBS the samples were
permeabilized in a solution of 0.1 % Triton X-100 in
sodium citrate for 2 min. Samples, washed with PBS,
were then incubated in the TUNEL reaction mix for 1 h
at 37°C, according to the manufacturer’s instructions
(Roche, Germany). Cells were counter-stained with
Hoechst 33342 before analysis with a fluorescent
microscope (Zeiss). Standard deviations of three
independent experiments were indicated.

Statistics. All experiment unless indicated were
performed at least three times. All experimental results
were expressed as the arithmetic mean and standard
deviation (s.d.) of measurements was shown. Student’s
t-test was used for statistical significance of the
differences between treatment groups. Statistical
analysis was performed using analysis of variance at 5%
(p<0.05) or 1% (p<0.01).
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Figure S1. HIF-1a confers resistance to drug-induced p53 apoptotic activation. (a)
Luciferase assay showed impaired p53AIP1-luc activity in C27 cells in response to X-ray
irradiation, compared to the C38 cells. Results represent mean % s.d. from three experiments.
(b) Luciferase assay of RKO cells stable transfected with p53AIP1-luc reporter where HIF-1o
overexpression inhibited the adryamicin (ADR)-induced p53 transcriptional activity. Results
represent mean + s.d. from three experiments. (c) RT-PCR analysis of p53 apoptotic target
genes in RKO colon cancer cells where HIF-1a overexpression inhibited the adryamicin (ADR)-
induced p53 target gene transcription. GAPDH was a loading control.
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Figure S2. HIF-1a inhibits HIPK2 through its transcriptional activity. (a) 293 cells were
co-transfected with 4 ug HIPK2-GFP and 8 ug HIF-1a-Flag and 24 h after later equal amount of
total cell extracts were immune-precipitated with anti-Flag antibody and immunoblotted with
anti-GFP antibody to detect protein/protein interaction. Input is 1/10 of the total cell extracts
used for immune-precipitation. (b) Immunoblot of 293 cells co-transfected with HIPK2-GFP (4
ug) alone or in combination with the HIF-1a.DN (8 pg) expression vectors. The HIPK2 protein
levels were not abolished by HIF-1aDN. Anti-tubulin was used as protein loading control. (c)
Immunoblot in H1299 cells (p53 null) co-transfected as in (b). The HIPK2 protein levels were
strongly abolished by HIF-1ca.. Anti-tubulin was used as protein loading control.
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Figure S3. Zinc restores p53 activity in HIF-1a-upregulated cells. (a) Luciferase assay
showed that the impaired Noxa-luc activity in C27 cells in response to X-ray irradiation was
counteracted by zinc treatment. Results represent mean * s.d. from three experiments. (b)
Similar result was obtained in C27 cells by RT-PCR analysis where zinc restored the p53
apoptotic gene transcription in response to bleomycin (Bleo). GAPDH was used as internal
control. (c) Tunel assay of C27 cells showing increased apoptotic cell death only after zinc
supplementation to Bleo treatment. (d) Immunoblot showing increased endogenous HIPK2
levels in C27 after zinc treatment. Anti-tubulin was used as protein loading control.

cis Q27 (35 €27 Figure S4. Zinc restores HIPK2 recruitment onto target promoter in

ZnCl, - - + - - + HIF-1a-upregulated cells. Chromatin immunoprecipitation (ChIP) analysis
o-HIPK?2 & - . performed with anti-HIPK2 antibody on C38 cells and C27 cells untreated or
treated with zinc (100 uM for 24 h). PCR analyses were performed on the

No Ab immunoprecipitated DNA samples using specific primers for the human Bcl-2

and CYP1B1 gene promoters. A sample representing linear amplification of the
total input chromatin (Input) was included as control. Additional controls

included immunoprecipitation performed with non-specific immunoglobulins
Bcl-2 CYPIBI (No Ab).
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Abstract: In addition to its function as a tumour suppressor, p53 is also involved in an increasing number of pathology
associated with aging. Several activities of p53 appear contribute to its role in aging; one function that might be particularly
relevant in this context is the regulation of senescence. The control of ROS and senescence by p53 may help to explain how

p53 can function to both restrain and promote aging.

p53 functions as a longevity assurance gene (by virtue
of its strong tumor suppressor activity) and a regulator
of aging. In several mouse models, persistent low-level
activation of p53, either through deregulated expression
of p53 itself or in response to constitutive stress like
DNA damage/telomere erosion, leads to premature
aging [1,2]. However, mice with normal basal p53
levels that have been engineered to a show a heightened
ability to mount a p53 response show a very strong
resistance to tumourigenesis without evidence of
premature aging [3]. Indeed, in several of these models
a decreased level of aging related damage is observed,
indicating that p53 may also help to promote longevity.
The control of aging reflects numerous activities of p53,
including the modulation of the IGFR pathway through
interplay between full-length p53 and N-terminally
truncated splice variants of p53 [4] and the ability of
p53 to restrict stem cell function [5]. p53 is also a key
regulator of senescence, a central stress response that
plays an important role in tumour suppression, but may
also help to promote cancer development by inducing
an inflammatory response [6]. The ability to control
senescence is consistent with p53’s function in
restraining cancer development, but can the
mechanisms through which p53 regulates senescence
also contribute to the control of aging?

Induction of senescence by p53 is associated with the
regulation of p53-dependent genes that can participate
in cell cycle arrest. While depletion of these
components can impact senescence induction -
supporting their role in mediating this response — the
inhibition of cell cycle progression alone does not
explain how this arrest can be turned into the definitive
and permanent proliferation block that is characteristic

of senescence. Furthermore, despite the clear
documentation of p53’s ability to induce senescence,
more recent evidence shows that p53 can also function
to inhibit senescence while promoting cell cycle arrest
[7]. So how can p53 both suppress and promote
senescence? An important component of this may be
the ability of p53 to control cell growth and metabolic
stress through different pathways, including the
regulation of ROS levels and the activity of mTOR
(Figure 1). The ability of p53 to promote ROS
production has been shown to participate in the
induction of apoptosis by p53 [8]. But ROS are also
known to be critical for senescence [9] and the p53
target genes that increase ROS may also play an
important role in senescence induction. However, p53
also promotes the expression of a number of
antioxidant genes, accounting for p53’s ability to
control oxidative stress in cells and mice [10]. So
p53’s ability to decrease and increase oxidative stress
likely contributes to its dual effect on senescence.
Another factor that influences the outcome to p53
activation is mTOR. While mTOR is normally
associated with cell growth, activation of mTOR can
contribute to and be essential for certain types of
senescence [11,12], and the maintenance of mTOR
signalling under conditions of cell cycle arrest leads to
senescence in cultured cells [13]. p53 inhibits the
mTOR pathway at several levels [14], contributing to
the anti-senescence activity of p53 [15]. Furthermore,
mTOR can be activated by ROS [16], so p53's
antioxidant activities may reinforce the dampening of
mTOR and senescence (Figure 1).

One of the main responses to mTOR inhibition is the
induction of autophagy, a response that allows survival
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under conditions of nutrient deprivation. There are
several possible links between autophagy and
senescence. Inhibition of autophagy results in the
accumulation of protein aggregates, ER stress and
mitochondrial dysfunction, each of which could promote
senescence. However, other studies suggest that
autophagy may be required for an efficient senescence
response [17]. In either case, the ability of p53 to both
enhance and inhibit autophagy [18] provides a further
mechanism for the modulation of senescence.

The activity of p53 is regulated through many
mechanisms, but of particular interest with respect to
the control of senescence and aging is a role for the
histone deacetylase Sirtl, whose expression is strongly
down regulated in senescent cells [19]. In contrast
nutrient deprivation, which inhibits mTOR and can
impede cellular senescence [13], has been shown to
increase Sirtl levels [20]. One way in which Sirtl
functions is to deacetylate p53, modulating p53 activity
and decreasing senesence [21]. Deactylation inhibits
p53’s ability to transcriptionally activate some, but not
all, target genes - including those involved in apoptosis

{ mTorR <« { ROS

\ J
|

Senescence
Aging

induction, ROS production [22,23], and presumably
also senescence (Figure 1). The presence of a chronic
DNA damage response (as may be seen in cancer cells),
which is linked to the induction of senescence [24], can

directly increase p53 acetylation by inducing the
phosphorylation of the N-terminus of p53 and so
promoting the interaction with the acetyl transferases
CBP/p300. Mouse models have shown that expression
of phosphorylation resistant pS3 inhibits the induction
of senescence [25], while cells harbouring p53 with
acetyl-mimicking mutations of the last seven lysine
residues have an accelerated entry into senescence and
are very resistant to senescence bypass [26], although the
cell cycle arrest response in these cells remains normal.
Phosphorylation and acetylation of p53 is also seen to be
important during Ras-induced or replicative senescence
[27,28]. Under these circumstances, it would seem that
deacetylation of p53 by Sirtl impedes the induction of
senescence, as well as apoptosis. Taken together there is
good evidence that acetylation of p53 promotes sense-
cence and apoptosis, so inhibitors of the deacetylation
enzymes might be useful drugs for the reactivation of
these p53 responses for cancer therapy [29].

Nutrient
deprivation

|

Cell cycle arrest
Longevity

Figure 1. A model of how acetylation, oxidative stress and mTOR activity might
influence the response to p53. Note that this model does not account for all published
observations (e.g. reduction of the initial burst of mTOR activity during oncogene induced
senescence [17]) and represents an oversimplification of these signalling pathways.
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Several of the mechanisms implicated in the induction
of senescence by p53 have also been linked to the
regulation of longevity. Induction of mTOR and
oxidative stress — and the complex interplay between
them — is associated with aging [16] and Sirtl is
emerging as a key supporter of longevity in many
organisms [30]. The induction of cellular senescence
itself may result in loss of tissue renewal and
architecture, organ dysfunction and organismal aging
[31], while autophagy can protect from aging [32]. So it
seems reasonable to propose that p53’s ability to
influence aging is reflected — at least in part - by the
mechanisms through which p53 controls senescence.
But as we have discussed, p53 can promote and impede
both senescence and aging - so which output prevails?
The answer is not yet clear, but one determining factor
may be the type or extent of the p53-inducing stress.
Current models suggest that mild or constitutive stress
induced by normal growth and proliferation lead to p53-
induced antioxidant and repair functions, while strong
or persistent p53 activity may tip the balance towards
the induction of apoptosis or senescence, thereby
favoring aging. The mouse models also clearly suggest
that inappropriate pS3 activity promotes aging while a
robust but normally regulated p53 response protects
from the aging process. One prediction of this model is
that the persistent stress encountered in tumors would
favor p53-induced senescence over a more transient cell
cycle arrest — and indeed the activation of p53 in
established tumors has been shown to promote
senescence in some tissue types [33].

p53 is emerging as an important, but complex, player in
the regulation of senescence and longevity. The ability
of p53 to both activate and inhibit senescence is
reflected in the ability to promote and inhibit oxidative
stress and autophagy, and the ultimate establishment of
senescence or quiescence is highly dependent on
collaborating factors such as mTOR activity or
oxidative stress. Ultimately, these bipolar activities of
p53 become manifest in the contradictory effects on
longevity and aging. pS3 based cancer therapies may be
rendered more effective by an increased propensity of
transformed cells to undergo senescence, compared to
normal cells. However, the idea that p53 can both
promote and prevent aging adds even more spice to the
consideration of how to use drugs that can induce or
inhibit p53 activity.
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Apoptosis and cellular senescence, two key tumor
suppression  mechanisms, are thought to be
antagonistically pleiotropic. Antagonistic pleiotropy
holds that functions that are advantageous for a young
and reproductively fit organism (eg. cancer protection
and proper development) can be deleterious when that
same organism becomes old (eg. loss of stem cell
proliferation and tissue degeneration leading to diseases
associated with age) [1]. This theory predicts that in an
older animal (or human), the activity of tumor
suppressors would be associated with enhanced aging
phenotypes. However, confirmation of a direct
connection between apoptosis, senescence and aging
remains elusive [2]. In fact, at least in the case of p53
there is mounting data challenging the antagonistic
pleiotropy model.

Multiple lines of evidence from animal models suggest
that a functional p53 pathway favors prolonged
survival. Aging mice show a decrease in p53 activity
correlated with increased tumor incidence as well as an
overall reduction in longevity [3]. On the other hand,
mice with an extra gene dosage of Arf and p53 show
significant tumor protection, decreased oxidative
damage and delayed aging [4]. Animals expressing the
p53°"™  mutation present with accelerated aging,
and cells from these mice undergo early senescence
[5]. As phosphorylation of p53 at Serl8 (Serl5 in
humans) is associated with activation, these results
highlight a requirement for intact p53 signaling in
longevity [6]. In the nematode Caenorhabditis elegans,
mutations that lead to longevity preferentially
antagonize tumor growth, likely due to an increase in
DAF-16/p53—dependent apoptosis [7].

The mTOR pathway is intimately connected with
organismal aging. In fact inhibition of mTOR either by
treatment with rapamycin or by the inhibition of
upstream signaling molecules, extends lifespan in yeast,
worms and flies suggesting that this pathway may be

one of the main mechanisms that decrease lifespan [8].
p53 is able to regulate activity of mTOR following
DNA damage or oncogenic stress by activation of
PTEN, AMP kinase and TSC-2, each of which signals
to diminish the activity of mTOR (Figure 1) [9, 10]. p53
may also function downstream of mTOR by activating
antioxidant genes and thus protecting cells against
increased ROS levels in cells, one of the consequences
of heightened mTOR activity [11-13].

As the ability of p53 to increase longevity becomes
more evident, we should consider the role of its
negative regulator, Mdm2, if not in the process of aging
directly, at least in its effects on the activity of mTOR.
Growth factor and oncogene signaling activate PI-3
kinase and its downstream effector AKT, a protein
kinase that activates mTOR via inhibition of TSC-1
protein. AKT also phosphorylates Mdm2 leading to
enhanced Mdm?2 ubiquitin ligase activity and more
rapid degradation of p53 (Figure 1) [8, 14].
Additionally, AKT stimulates FOXO phosphorylation,
which results in FOXO nuclear exportation and
ubiquitin dependent proteasomal degradation [15].
FOXO proteins have conserved abilities to increase
longevity in worms and flies [16]. Indeed, Mdm2 was
reported to function as an E3 ubiquitin ligase to
promote FOXO degradation, following activation of
AKT, thus forging an additional link between Mdm2
and changes in longevity [17].

Additionally, mTOR 1is able to positively regulate
Mdm?2 through an increase in translation of Mdm2
mRNA. Consistently, an increase in p53 dependent
apoptosis in the liver of mouse embryos treated with
Rapamycin in utero is attributed mTOR’s ability to
control translation of Mdm2 [18]. However, because the
interplay between apoptosis and aging is likely to be
highly context specific, it is important to note that mice
expressing only ~30% of the wild type Mdm2 levels do
not have an aging phenotype, while exhibiting clear en-
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Figure 1. Signaling circuitry connecting Mdm2 with the regulation of longevity and metabolism.
Both mTORC1 and 2 (mammalian target of rapamycin complex 1/2) are able to positively regulate the
activity of Mdm?2, either through enhancement of translation of Mdm2 mRNA or via activation of AKT.

Conversely, Mdm2 can activate mTORC1 by targeting p53 for degradation.

p53 negatively regulates

mTORC1 by activating TSC1/2 (tuberous sclerosis 1/2) complex, which acts as a GTPase activating protein
(GAP) for Rheb (Ras homologue enriched in brain). p53 can also repress the activity of PI-3K
(phosphatidylinositol 3-kinase) by induction of PTEN (phosphatase and tensin homologue), leading to
further downregulation of mTORC1. Arrows represent up-regulation. Orange diamonds represent kinase
activity. Blue diamonds represent E3 ubiquitin ligase activity of Mdm2. AMPK, AMP-activated protein
kinase; FOXO, Forkhead box; PDK1, 3-phosphoinositide-dependent protein kinase 1.

hancement in tumor protection [19]. It would be of
interest to look at the effects of nutrient deprivation on
the mice carrying an Mdm2 hypomorphic allele.

In conclusion, as our notion of p53 function in aging
and senescence changes, it is very tempting to imagine
that just a slight inhibition of Mdm?2 function in cells
could both prolong full tumor surveillance mechanisms
of p53, and in some circumstances increase longevity.
Numerous molecular inhibitors of Mdm?2 are in various
stages of development with the goal of reactivating p53
activity in cancer [20]. The idea that controlled
pharmacological modulation of Mdm2 function might
also have positive consequences in extension of human
lifespan could be an unexpected benefit and an
additional incentive for design of new compounds
targeting Mdm?2.
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Abstract: Members of the signal transducers and activators of transcription (STATs) family of proteins, which connect
cytokine signaling to activation of transcription, are frequently activated in human cancers. Suppressors of cytokine
signaling (SOCS) are transcriptional targets of activated STAT proteins that negatively control STAT signaling. SOCS1
expression is silenced in multiple human cancers suggesting a tumor suppressor role for this protein. However, SOCS1 not
only regulates STAT signaling but can also localize to the nucleus and directly interact with the p53 tumor suppressor
through its central SH2 domain. Furthermore, SOCS1 contributes to p53 activation and phosphorylation on serine 15 by
forming a ternary complex with ATM or ATR. Through this mechanism SOCS1 regulates the process of oncogene-induced
senescence, which is a very important tumor suppressor response. A mutant SOCS1 lacking the SOCS box cannot interact
with ATM/ATR, stimulate p53 or induce the senescence phenotype, suggesting that the SOCS box recruits DNA damage
activated kinases to its interaction partners bound to its SH2 domain. Proteomic analysis of SOCS1 interaction partners
revealed other potential targets of SOCS1 in the DNA damage response. These newly discovered functions of SOCS1 help to
explain the increased susceptibility of Socs1 null mice to develop cancer as well as their propensity to develop autoimmune
diseases. Consistently, we found that mice lacking SOCS1 displayed defects in the regulation of p53 target genes including
Mdm2, Pmp22, PUMA and Gadd45a. The involvement of SOCS1 in p53 activation and the DNA damage response defines a
novel tumor suppressor pathway and intervention point for future cancer therapeutics.

SOCSI, cancer and senescence family of proteins that are recruited to the

phosphorylated cytokine receptors themselves become
Cytokines are secreted proteins that regulate different phosphorylation ~ substrates for JAK  kinases.
cellular processes including survival, proliferation and Phosphorylated STAT proteins homo- or hetero-
differentiation. Following binding to their receptors, dimerize and translocate to the nucleus to activate
cytokines activate the Janus kinases (JAKI, JAK2, transcription of target genes by binding to specific
JAK3 and Tyk2) leading to the phosphorylation of response elements in their promoter regions. Among
tyrosine residues on the cytoplasmic portion of the these cytokine-induced proteins, members of the SOCS
receptor creating docking sites for signaling molecules family constitute important negative regulators of the
containing a SH2 domain [1,2]. Members of the STAT JAK/STAT signaling pathway.
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There are eight members of the SOCS family of
proteins (CIS, SOCS1-7), each of which harbor a
central SH2 domain and a C-terminal SOCS box region
[3] (Figure 1). The suppressor of cytokine signaling
SOCS1 was initially identified as a cytokine-inducible
inhibitor of STAT signaling [4,5,6]. Through its SH2
domain, SOCS1 can directly bind phosphorylated JAK2
to prevent the phosphorylation of STAT. SOCS1 also
possesses a kinase inhibitory region (KIR), a domain
composed of less than 30 amino acids, which shares
homology with the pseudosubstrate inhibitory region of
JAK and leads to inhibition of the catalytic activity of
JAK [7,8]. The SOCS box allows recruitment of elongin
B/C and Cullin 2 to form an ubiquitin E3 ligase
complex [9,10]. This allows the SOCS protein to
operate as an adaptor to trigger ubiquitination and
degradation of proteins involved in cellular signaling
including JAK [11], TEL-JAK2 [12], IRS-1/2 [13],
FAK [14], Vav [15] and Mal [16]. It is currently
thought that SOCS1 contributes to tumor suppression
due to its ability to control and terminate the activation
of STATs [17,18,19,20,21,22,23,24,25]. On the other
hand, the relationship between SOCSI1 and other tumor

suppressor pathways and the cellular mechanisms by
which SOCS1 might exert its tumor suppression remain
largely unexplored.

To prevent the formation of cancer, normal cells
possess intrinsic tumor suppressor mechanisms that are
triggered upon oncogene activation. Like apoptosis,
cellular senescence opposes cellular transformation by
limiting the proliferation of cells expressing oncogenes.
In normal human diploid cells, oncogene activation
causes a permanent growth arrest with features of
cellular senescence [26]. We have recently extended the
list of oncogenes known to trigger the senescence
response to include the JAK/STATS pathway. The
transcription factor STATS is implicated in tumor
formation by regulating important cellular processes
including cell cycle progression, apoptosis,
angiogenesis and metastasis [27]. However, in normal
cells, expression of Tel/Jak2 or constitutively activated
allele of STATS5A and B initiated a cell cycle arrest in
G1 associated with markers of premature cellular
senescence and activation of the tumor suppressors Rb
and p53 [28,29,30].

p?3 A'l"M
socst [ [«rEECTPREN [socs| 2112a
socs2 198 aa
socss [ [«rELE | |socs|| 225aa
socss (7 [ Iz o
socss (7 [ IR T
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Figure 1. The domain architecture of the different members of the SOCS
family of proteins. All eight members of the SOCS family harbor a central SH2 domain
and a C-terminal SOCS box. Both SOCS1 and SOCS3 also contain a kinase inhibitory
region (KIR). The region of SOCS1 interacting with p53 and ATM are shown [34].
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SOCS box proteins and the regulation of p53

The activation of the p53 pathway following oncogene
activation is crucial to induce senescence in normal
cells. In mice, stimulation of p53 is dependent on
p19ARF (Alternative Reading Frame), which is induced
by several oncogenes [31,32]. However, the role of
ARF in oncogene-induced senescence in human cells is
still unclear [33]. In order to identify new regulators of

p53 activation following constitutively activated
STATS expression in normal cells, we performed
microarray analysis covering the entire human

transcriptome. We observed that the expression of
SOCSI1 was highly increased at both mRNA and protein
level during STATS5-induced senescence [34].
Unexpectedly, SOCS1 expression in normal human
fibroblasts was sufficient to trigger a p53-dependent cell
cycle arrest displaying features of the senescence
phenotype. This function of SOCS1 was dependent on
the integrity of its SOCS box. In addition, SOCSI1, but
not a mutant lacking the SOCS box domain, led to the
accumulation of phosphorylated p53 on serine 15 and
increased transcription of the p53 target gene p21CIP.
The knockdown of SOCS1 during STATS-induced
senescence reduced the phosphorylation of p53 on
Ser15, diminished the nuclear accumulation of p53 and
compromised the development of senescence phenotype
[34]. The remaining activated p53 and partial bypass of
the senescence response observed following the
knockdown of SOCS1 might arise from the ability of
STATS to engage multiple signaling pathways to ensure
p53 activation. For example, STATS5 can directly
transactivate the promoter of the PML gene and
stimulate its expression in a p53-independent fashion
[30]. The PML protein can then inhibit Mdm2 and
stimulate p53 [35,36] contributing to the senescence
phenotype [37,38].

SOCS1 mediated STATS5-induced senescence via an
unexpected protein-protein interaction between the SH2
domain of SOCSI and the transactivation domain of
p53 [34]. Because the transactivation domain of p53
harbors no tyrosine residues, the binding should occur
independently of tyrosine phosphorylation, as reported
before for SOCS1 binding to Vav [15] and for other
SH2 domains as well [39,40]. The von Hippel-Lindau
protein (VHL), another SOCS box-containing protein,
has been recently shown to interact with p53. This
interaction does not rely on an SH2 domain but on the
SOCS box domain of VHL. However, like SOCSI,
VHL facilitates p53 interaction with the DNA damage
activated kinase ATM [41]. Hence, SOCS1 links DNA
damage signals stimulated by oncogenic activity to p53.

Interestingly, SOCS1 is not the only protein inhibitor
of STAT implicated in the regulation of p53 activity.
The protein inhibitors of activated STAT, PIAS1 and
PIASy both promote the sumoylation and trans-
criptional activity of p53 [42,43,44]. However, the
mechanism of activation of p53 by PIAS is still
unclear. While the sumoylation of p53 by PIAS1 has
been demonstrated [43], a mutated PIAS1 lacking the
RING finger-like domain and defective in promoting
p53 sumoylation was sufficient to activate p53 [44].
Furthermore, by controlling the activity of both p53
and Rb, PIASy regulates Ras-induced senescence and
apoptosis [42]. These data suggest that the control of
STAT signaling is tightly linked to the activation of
p53 to possibly control the JAK/STAT oncogenic
pathway.

Inhibitors of STATSs activity and the DNA damage
response

The stimulation of p53 during oncogene-induced
senescence is associated with the activation of the DNA
damage response [28,45,46]. The DNA damage
observed in mnormal cells expressing activated
oncogenes may be due to reactive oxygen species [47]
and/or some type of replicative stress [45,46]. SOCS1-
induced senescence was accompanied by the activation
of the DNA damage-regulated kinases ATM and Chk2.
Since the stimulation of p53 reporters by SOCS1 was
partially blocked in cells depleted of ATM, ATM might
participate in the SOCS1-dependent activation of p53.
Using pulldown assays, we demonstrated that SOCS1
interacted with both ATM and ATR through its SOCS
box (Figure 1) [34]. ATM is an important mediator of
the senescence response by activating the p53 pathway,
mainly through phosphorylation of the Ser 15 residue
[28,45,46]. Depletion of SOCS1 during STATS-induced
senescence caused a dramatic decrease in Serl5
phosphorylation of p53. In order to form a ternary
complex with p53 and ATM, SOCS1 must localize to
the nucleus. We confirmed that SOCS1 is able to
localize to the nucleus and that endogenous SOCSI
colocalized to DNA damage foci with ATM during
STATS-induced senescence [34], thus reinforcing the
notion that SOCS1 is a mediator of the DNA damage
response. Not only SOCS1 but also other proteins
controlling JAK/STAT signaling are known to localize
to DNA damage sites. PIAS1 and PIAS4 were also
shown to localize to DNA breaks and contribute to the
DNA damage response by sumoylating BRCAT1 [48,49].
Together, these findings strongly suggest a close link
between cytokine signaling and the DNA damage
response.
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Figure 2. Schematic representation of the cell proliferation control exerted by SOCS1. Following
activation of the receptor by cytokine binding, JAK phosphorylates the receptor creating a docking site for
STATs. JAK then phopshorylates STATs causing its release from the receptor, allowing dimerization and
translocation to the nucleus to activate the transcription of specific genes including members of the SOCS
family. Subsequently, SOCS terminates cytokine signaling by blocking JAK activity and STAT recruitment to
the receptor. However, aberrant activation of STATS triggered by oncogenic fusion kinases like TEL-JAK2
might result in sustained levels of SOCS1 that can activate p53 by forming a complex with ATM and p53.

Cytokines, senescence and SOCS1: an emergency
switch to control proliferation

Senescent cells secrete numerous cytokines and other
mediators that modify the tissue microenvironment. The
sum of these secreted factors constitutes what has been
named the senescence-associated secretory phenotype
(SASP) [50]. Among the SASP factors, IL-6 is required
for the oncogene-induced senescence and induction of
the tumor suppressor pl1SINK4B [51]. Furthermore,
persistent, but not transient, DNA damage signaling
triggers the ATM-dependent IL-6 secretion, presumably
to call attention to the presence of damaged cells [52].
During oncogene-induced senescence, IL-6 also
amplifies the secretion of IL-8 [51], which with GROa
activates the CXCR2 receptor to reinforce senescence
[53]. Among the factors secreted by senescent cells,
IGFBP7 [54] and PAI-1 [55] contribute to the growth
arrest response, while p53 regulates expression of
chemokines directing the immune system to permit the
clearance of senescent cells [56]. Collectively, these
reports suggest that cytokine signaling could prevent
tumor formation by promoting cellular senescence.

The capacity of SOCS1 to activate the p53 pathway can
establish an emergency anti-proliferative program in
cells exposed to sustain or aberrant cytokine stimulation
(Figure 2). Following normal activation of the
JAK/STAT pathway, SOCS1 blocks the phospho-
rylation of STAT by inhibiting or degrading JAK2.
However, aberrant and sustained stimulation of STAT
might induce a molecular switch allowing SOCS1 to
localize to DNA breaks and stimulate ATM-dependent
activation of p53.

A general role for SOCS1 in the DNA damage
response

The localization of SOCS1 to DNA breaks during
STAT5-induced senescence raises numerous questions.
First, does the SOCS1 ubiquitin ligase activity
contribute to the DNA damage response? A novel
cascade of ubiquitination controlled by the E3 ubiquitin
ligases RNF8/RNF168 and HERC2 have recently been
reported to control the recruitment of BRCA1 and
53BP1 by ubiquitinating the histones H2A and H2AX
[57,58,59,60,61,62]. The presence of SOCS1 at DNA
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breaks could not only regulate ATM-mediated p53
activation but also control the DNA repair process.
Second, what are the mechanisms underlying the
nuclear transport of SOCS1 and its presence at DNA
damage foci? Since most of its interacting partners were
localized to the plasma membrane, SOCS1 was
considered to be mostly a cytoplasmic protein, but
recent evidences suggest that it can localize to the
nucleus under certain conditions including STATS-
induced senescence [34,63]. A bipartite nuclear
localization signal (NLS) located between the SH2
domain and the SOCS box allows nuclear localization
of SOCS1 [63,64]. However, the mechanism controlling
the active transport of SOCS1 remains unclear. A
clearer understanding of the mechanisms controlling
SOCS1 nuclear localization would be crucial to
determine how SOCS1 mediates its tumor suppressor
activity. Post-translational modifications like
ubiquitination and phosphorylation that have been
shown to control the nuclear localization of p53
[65,66,67] and STAT [68] could also control the
nucleo-cytoplasmic shuttling of SOCS1. Exclusion of
SOCSI from the nucleus would prevent the formation

of the ternary complex with p53 and ATM, preventing
the activation of p53. Furthermore, the phospho-
rylation status of SOCS1 could regulate its activity
since aberrant SOCS1 phosphorylation is associated
with cellular transformation. Actually, phospho-
rylation of SOCS1 triggered by the oncogenic v-Abl
kinase impedes the SOCS1-Elongin B/C interaction,
leading to sustained JAK/STAT signaling [69]. v-Abl
signaling induces multiple serine/threonine kinases
including members of the Pim kinase family. Pim-1
and Pim-2 are required for efficient -cellular
transformation mediated by v-Abl [70] and are able to
phosphorylate SOCS1 and disrupt its binding to
Elongin C [71]. Because SOCSI1 requires the SOCS
box to form a complex with ATM, v-Abl- or Pim
kinase-mediated phosphorylation could potentially
interfere with this interaction and block p53 activation.
Therefore, it appears that aberrant phosphorylation by
oncogenic kinases could interfere with the tumor
suppressor activities of SOCS1 by at least two
different mechanisms: phosphorylated SOCS1 would
not be able to inhibit the JAK/STAT pathway and to
interact with ATM and promote p53 activation.

Table I. Identification of SOCS1 interaction partners by mass spectrometry*

Protein Function

Elongin C Interacts with SOCS box [10]

Elongin B Interacts with SOCS box [10]

Pericentrin Cells depleted of pericentrin enter senescence due to p53

SHC (Src homology 2 domain containing) transforming
protein 1 (SHC1)

Tripartite motif-containing 28 (TRIM28 or KAP1)

5’-nucleotidase, cytosolic II (NT5C2)

BCL2-associated transcription factor 1 (BCLAF1)

Human positive cofactor 4 (PC4)

activation [72]

Member of the Shc protein family of molecular
adaptors, SHC1 promotes apoptosis by its redox
activity. SHCI is implicated in the control of oxidative
stress and life span in mammals [73].

TRIM28 is implicated in transcriptional control through
its interaction with the Kruppel-associated box
repression domain. TRIM28 contributes to DNA repair
mechanisms [74].

NT5C2 hydrolyzes 5-prime-monophosphate (IMP) and
other purine nucleotides. NT5C2 is implicated in the
maintenance of a constant composition of intracellular
purine/pyrimidine nucleotides [75].

BCLAF]1, a transcriptional repressor that interacts with
members of the BCL2 family of proteins, promotes
apoptosis [76].

Suppressor of oxidative mutator phenotype
Accumulates at DNA damage foci [78].

[77].

*For LC-MS/MS analysis, 3XFlag-SOCS1 was overexpressed in U20S cells and immunoprecipitated two days post-transfection
using the anti-Flag M2 Affinity Gel (Sigma). The total immunoprecipitate was send to the Proteomics Core Facility of the Institute
for Research in Immunology and Cancer (IRIC, Montreal, Canada; www.iric.ca) for analysis.
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Finally, the role of SOCS1 as a mediator facilitating the
interactions of ATM and ATR with their targets suggests
that other interaction partners of SOCSI1 could also
become the substrates of ATM/ATR-dependent phospho-
rylation during the DNA damage response. Proteomic
analysis of SOCS1 complexes revealed putative
interactions with several proteins that play a role in the
DNA damage response, apoptosis or oxidative stress
pathways (Table I). Future work will determine which
functions of SOCS1 apply to every one of its interaction
partners:  ubiquitination followed by proteolytic
degradation or DNA damage stimulated phosphorylation.

CONCLUSIONS

Studies on molecular mechanisms underlying cellular
senescence have made significant contributions to the
discovery of novel regulators of tumor suppressor
pathways. Using microarrays or cDNA / siRNA
screens, multiple researchers have identified novel
regulators of p53 or Rb in controlling tumor formation.
Using this approach to study STATS-induced
senescence, we identified SOCS1 as an important
activator of the p53 and the DNA damage response.
Surprisingly, the SOCS box represents a binding motif
for ATM and ATR [34]. To date, about 40 proteins are
known to harbor a SOCS box domain. Clearly further
work will determine whether SOCS box-containing
proteins also participate in the DNA damage response
and control oncogenesis.
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Abstract: Transient induction of p53 can cause reversible quiescence and irreversible senescence. Using nutlin-3a (a small
molecule that activates p53 without causing DNA damage), we have previously identified cell lines in which nutlin-3a
caused quiescence. Importantly, nutlin-3a caused quiescence by actively suppressing the senescence program (while still
causing cell cycle arrest). Noteworthy, in these cells nutlin-3a inhibited the mTOR (mammalian Target of Rapamycin)
pathway, which is known to be involved in the senescence program. Here we showed that shRNA-mediated knockdown of
TSC2, a negative regulator of mTOR, partially converted quiescence into senescence in these nutlin-arrested cells. In
accord, in melanoma cell lines and mouse embryo fibroblasts, which easily undergo senescence in response to p53
activation, nutlin-3a failed to inhibit mTOR. In these senescence-prone cells, the mTOR inhibitor rapamycin converted
nutlin-3a-induced senescence into quiescence. We conclude that status of the mTOR pathway can determine, at least in
part, the choice between senescence and quiescence in p53-arrested cells.

INTRODUCTION recently reported that in human fibroblasts (WI-38tert)
and fibrosarcoma cells (HT-1080-p21-9), in which
nutlin-3a caused quiescence [16], pS3 acted as a
suppressor of senescence [17]. Thus, ectopic expression
of p21 in these cells caused senescence, while
simultaneous induction of p53 converted senescence
into quiescence [17]. In agreement with previous reports
[18-20], we found that p53 inhibited the mTOR
pathway [17]. Importantly, the mTOR pathway is
involved in cellular senescence [21-26]. We suggested

Depending on the cell type and other factors p53
activation can result in apoptosis, reversible
(quiescence) and irreversible (senescence) cell cycle
arrest [1-8]. While the choice between apoptosis and
cell cycle arrest has been intensively scrutinized, the
choice between quiescence and senescence was not
systematically addressed and remains elusive. In order
to observe whether p53 activation causes either
senescence or quiescence, others and we employed

nutlin-3a. Nutlin-3a, a small molecular therapeutic, that p53-mediated arrest remains reversible as long as
inhibits Mdm2/p53 interaction and induces p53 at p53 inhibits mTOR. If this model is correct, then
physiological levels without causing DNA damage [9- senescence would occur in those cells, in which p53 is
11]. It was reported that nutlin-3a caused senescent incapable of suppressing mTOR. Here we provide
morphology and permanent loss of proliferative experimental evidence supporting this prediction and
potential [12, 13]. However, in other cell lines nutlin-3a demonstrate that irreversibility of p53-mediated arrest
caused quiescence so that cells resumed proliferation, may result from its failure to suppress the mTOR
when nutlin-3a was removed [14-16]. Moreover, we pathway.
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RESULTS
Depletion of TSC2 favors senescence by p53

We have shown that nutlin-3a caused quiescence in HT-
p21-9 cells and WI-38tert cells [16]. In these cells,
nutlin-3a actively suppressed senescence and this
suppression was associated with inhibition of the
mTOR pathway by p53 [17]. Next, we investigated
whether nutlin-3a can cause senescence in cells lacking
tuberous sclerosis 2 (TSC2) (Figure 1A), given that
regulation of mTOR by p53 requires TSC2 [18]. The
transduced cells were transiently treated with nutlin-3a
as shown (Figure 1B). The Tsc2-depleted cells acquired
a large/flat morphology and could not resume
proliferation, whereas cells treated with vector and
nutlin-3a did not become senescent and resumed
proliferation, forming colonies after removal of nutlin-
3a (Figure 1C-D). The potency of shTSC2 with
different sequences varied and two other shTSC2 were
less potent but still depleted TSC2 at some time points
(Supplemental Figure 1) and partially decreased the
proliferative  potential in nutlin-3a-arrested cells
(Supplemental Figure 1).

We next extended this observation to WI-38tert cells
transduced with shTSC2 (Figure 2A). In control, nutlin-

pLKO
shTSC2

TSC2

U R p——

B

nutlin  wash

shTSC2
or vector

Nutlin (wash 3d)

3a caused a lean morphology, a characteristic of
quiescence [16]. Depletion of TSC2 by shTSC2
converted quiescent morphology to senescent morpholo-
gy (Figure 2B). Furthermore, this was associated with
permanent loss of proliferative potential (Figure 2C). In
control, cells resumed proliferation after removal of
nutlin-3a, whereas nutlin-3a caused permanent loss of
proliferative potential in shTSC2-treated cells (Figure
2C). In agreement with our results, it was previously
observed that knockout of Tsc2 cooperates with p53 in
induction of cellular senescence in MEFs [27].

Nutlin-3 causes senescence in Mel-10 and -9 cells

We next wished to identify senescence-prone cells,
which undergo senescence in response to nutlin-3a.
In MEL-10 and Mel-9, two melanoma-derived cell
lines, nutlin-3a induced p53 and p21 (Figure 3A) and
caused senescent morphology (Figure 3B) and cells
did not resume proliferation, when nutlin-3a was
removed (Supplemental Figure 2). In contrast,
rapamycin did not cause senescent morphology and
cells resumed proliferation, when rapamycin was
removed (Figure 3B and Supplemental Figure 2).
Unlike rapamycin, nutlin-3a did not inhibit S6
phosphorylation (Figure 3A), a marker of rapamycin-
sensitive mTOR activity.

shTSC2

Nutlin (wash 8d)

Figure 1. Depletion of TSC2 converts quiescence into senescence in HT-p21-9 cells. (A) HT-
p21-9 cells were transduced with control lentivirus (pLKO) or lentivirus expressing shTSC2 (sequence #
10) and selected with puromycin for 5 days and then immunoblot was performed. (B) Schema: Testing
the reversibility of nutlin-3a effects. (C) HT-p21-9 cells were transduced with control pLKO or shTSC2
and 5000 cells were plated in 24-well plates and, the next day, were treated with 10 uM nutlin-3a for 3
days. Then nutlin-3a was washed out and the cells were cultivated in fresh medium for 3 days and then
stained for beta-Gal and microphotographed. Bars 50 um. (D) HT-p21-9 cells were transduced with
control pLKO or shTSC2 (and selected for 4 days with puromycin). Then 1000 cells were plated per 60-
mm dishes and, the next day, were treated with nutlin-3a for 3 days. Then nutlin-3a was washed out
and cells were cultivated in fresh medium for 8 days. Colonies were stained with crystal violet.
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Figure 2. Depletion of TSC2 converts quiescence into senescence in WI-
38tert cells. (A) Immunoblot. WI-38tert cells were transduced with shTSC or control
pLKO and cultured for 5 days. (B) WI-38tert cells were transduced with lentiviruses.
Next day, medium was replaced and Nutlin (10 uM) with our without rapamycin was
added. After 4 days cells were washed and stained for beta-Gal. Bars 50 um. (C) WI-
38tert cells were transduced with lentiviruses. Next day, medium was replaced and
Nutlin (10 uM) was added. After 4 days cells were washed and counted after 6 days.

A Mel-10 Mel-9
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Figure 3. Effects of nutlin-3a and rapamycin on melanoma cells. (A) Mel-10
and Mel-9 cells were incubated with 10 uM nutlin (N) and 500 nM rapamycin (R) for 1
day and immunoblot was performed. (B) Mel-10 and Mel-9 cells were incubated with
10 uM nutlin and 500 nM rapamycin for 4 days, then drugs were washed out and cells
were incubated for additional 4 days and stained for beta-Gal. Bars 50 um.
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Figure 4. Effect of rapamycin on nutlin-induced senescence in melanoma cells. (A) Mel-10
cells were incubated with 2.5 and 10 uM nutlin with or without 500 nM rapamycin for 1 day
and then immunoblot was performed. (B) Beta-Gal staining. Mel-10 cells were incubated
with 10 M nutlin alone and 500 nM rapamycin for 4 days, then drugs were washed out and
cells were incubated for additional 3 days and stained for beta-Gal. Bars 50 um.

Rapamycin suppresses nutlin-3a-induced senescence

To establish a causal link between mTOR and
senescence, we next investigated whether inhibition of
the mTOR pathway by rapamycin could convert nutlin-
3a-induced senescence into quiescence. Rapamycin did
not affect p53 and p21 induction caused by nutlin-3a
but abrogated S6 phosphorylation (Figure 4A),
associated with conversion from senescent morphology
to quiescent morphology (Figure 4B). Importantly,
cells were capable to resume proliferation following
removal of nutlin-3a and rapamycin, indicating that the
condition was reversible (Figure 4C). Similar results
were obtained with Mel-9 cells (data not shown).

Next, we extended this observation to cells of different
tissue and species origin. As shown previously, nutlin-
3a caused senescence in mouse embryonic fibroblasts
(MEFs) [13]. Here we showed that nulin-3a failed to
inhibit mTOR pathway in MEF (Figure 5A), and caused
senescence (Figure 5 B). Rapamycin inhibited the
mTOR pathway and converted senescent morphology to
quiescent morphology (Figure 5). This suggests that
failure to suppress a rapamycin-sensitive pathway
determines nutlin-3a-induced senescence instead of
quiescence.

DISCUSSION

The role of p53 in organismal aging and longevity is
complex [28-32], indicating that p53 may act as anti-
aging factor in some conditions. We have recently de-

R C N N+R
pS6
(235/236)

pS6
(240/246)

1

S6

Figure 5. Effect of rapamycin on nutlin-induced senescence in
melanoma cells. (A) Immunoblot. MEF cells were incubated
with 10 nutlin-3a with or without 10 nM rapamycin for 1 day
and immunoblot using rabbit anti-phospho-S6 (Ser240/244)
and (Ser235/236) and mouse anti-S6 was performed. (B) Beta-
Gal staining. MEF cells were incubated with 10 uM nutlin alone
or with 500 nM rapamycin for 4 days, then drugs were washed
out and cells were incubated for additional 4 days and stained
for beta-Gal. Bars 50 um.
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monstrated that p53 can suppress cellular senescence,
converting it into quiescence [17]. In these quiescence-
prone cells, p53 inhibited the mTOR pathway, which is
involved in senescence program (Figure 6A). Still p53
induces senescence in numerous cell types. Here we
showed that in those cell types, in which nutlin-3a
caused senescence, it failed to inhibit the mTOR
pathway (Figure 6B). The role of active mTOR as a
senescence-inducing factor in these cells was
demonstrated by using rapamycin, which partially
converted nutlin-3a-induced senescence into quiescence
(Figure 6B, lower panel). This indicates that rapamycin-
sensitive mTOR activity is necessary for senescence
during nutlin-3a-induced cell cycle arrest. And vice
versa, in quiescence-prone cells, depletion of TSC2
converted quiescence into senescence (Figure 6A, lower
panel). Taken together, data suggest that activation of

p53

N

mTOR

p53
shTSC2

@

s (B

the mTOR pathway favors senescence (Figure 7). In
agreement, Ras accelerated senescence in nutlin-
arrested cells [13]. Similarly, activation of Ras and
MEK in murine fibroblasts converted p53-induced
quiescence into senescence [33]. Interestingly, p53
levels did not correlate with the senescence phenotype,
suggesting that factors other than p53 may determine
senescence [33]. These important observations are in
agreement with our model that senescence requires two
factors: cell cycle arrest caused by p53 and simul-
taneous activation of the growth-promoting mTOR
pathway (Note: Ras is an activator of the mTOR
pathway). And vice versa it was observed that induction
of p53 maintains quiescence upon serum starvation,
without causing senescence [34]. In agreement, our
model predicts that, by deactivating mTOR, serum
starvation prevents senescence.

Rapa

mTOR

Figure 6. p53 causes senescence by failing to suppress senescence. (A)
Quiescence-prone cells. Upper panel. P53 causes cell cycle arrest and inhibits the
mTOR pathway, thus ensuring quiescence. Lower panel. Transduction of cells with
shTSC2 activates mTOR thus converting quiescence into senescence. (B) Senescence-
prone cells. Upper panel. P53 causes cell cycle arrest without inhibiting the mTOR
pathway, thus ensuring senescence. Lower panel. Rapamycin inhibits mTOR thus

converting senescence into quiescence
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Figure 7. Activation of the mTOR pathway favors senescence in nutlin-3a-arrested cells

Another factor that favors senescence is the duration of
cell cycle arrest [13, 35]. Importantly, the duration of
the arrest may exceed the duration of treatment with
nutlin-3a because of persistent induction of p21 even
after removal of nutlin-3a in some cancer cell lines [35].
Additional pathways may be involved in the senescence
program. For example, nutlin-3a induces cytoskeletal
rearrangement [36]. We speculate that p53 affects not
only rapamycin-sensitive mTORC1 but also the
mTORC2 complex, given that mTORC2 controls the
actin cytoskeleton [37]. Also, p53 inhibits downstream
branches of the mTOR pathway [38, 39]. P53 stimulates
autophagy [18, 40], which in turn is essential for life-
extension by pharmacological manipulations (see [41-
44)). Finally, p53 affects cellular metabolism [45-48]
and this effect may contribute to suppression of cellular
senescence and synergistically potentate metabolic
changes caused by mTOR inhibition. The relative
contribution of all these mutually dependent factors
needs further investigations. The key role of mTOR in
cellular senescence links cellular and organismal aging
and age-related diseases.

MATERIAL AND METHODS

Cell lines and reagents. HT-p21-9 cells are derivatives
of HT1080 human fibrosarcoma cells, where p21
expression can be turned on or off using a

physiologically  neutral  agent  isopropyl--thio-
galactosidase (IPTG) [16, 49-51]. HT-p21-9 cells
express GFP. WI-38-Tert, WI-38 fibroblasts

immortalized by telomerase were described previously
[16, 17]. Melanoma cell lines, MEL-9 (SK-Mel-103)
and MEL-10 (SK-Mel-147), were described previously
[52, 53]. RPE cells were described previously [21, 22].
MEF, mouse fibroblasts isolated from 13-day embryos,
were provided by Marina Antoch (RPCI) and
maintained in DMEM supplemented with 10% FCS.
Rapamycin (LC Laboratories, MA, USA), IPTG (Sigma-

Aldrich, St. Louis, MO), nutlin-3a (Sigma-Aldrich)
were used as previously described [17].
Lentiviral shRNA construction. Bacterial glycerol
stocks [clone  NM_000548.2-1437sl1cl (#10),
NM_000548.x-4581slcl  (#7) and NM_000548.2-
4551slcl (#9)] containing lentivirus plasmid vector
pLKO.1-puro with shRNA specific for TSC2 was
purchased from Sigma. The targeting sequences are:
CCGGGCTCATCAACAGGCAGTTCTACTCGAGTA
GAACTGCCTGTTGATGAGCTTTTTG (#10), CCGG
CAATGAGTCACAGTCCTTTGACTCGAGTCAAAG
GACTGTGACTCATTGTTTTTG (#7) and CCGGCG
ACGAGTCAAACAAGCCAATCTCGAGATTGGCTT
GTTTGACTCGTCGTTTTTG (#9).

pLKO.1-puro lentiviral vector without shRNA was
used as a control. Lentiviruses were produced in
HEK293T cells after co-transfection of lentivirus
plasmid vector with shRNA or control vector with
packaging  plasmids using Lipofectamine2000
(Invitrogen). After 48h and 72h medium containing
lentivirus was collected, centrifuged at 2000g and
filtered through 0.22 uM filter. Filtered virus
containing medium was used for cell infection or
stored at -80 C. Cells were transduced with lentivirus
in the presence of 8 mg/ml polybrene and selected
with puromycin (1-2 mg/ml) for 4-6 days. Cells were
treated with drugs either 24h after transduction or after
puromycin selection for infected cells.

Colony formation assay. Plates were fixed and stained
with 1.0 % crystal violet (Sigma-Aldrich).

Immunoblot analysis. The following antibodies were
used: anti-p53 and anti-p21 antibodies from Cell
signaling and anti-actin antibodies from Santa Cruz
Biotechnology, rabbit anti-phospho-S6 (Ser240/244)
and (Ser235/236), mouse anti-S6, mouse anti-phospho-
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p70 S6 kinase (Thr389), mouse anti-p21, rabbit anti-
phospho-4E-BP1 (Thr37/46) from Cell Signaling;
mouse anti-4E-BP1 from Invitrogen; mouse anti-p53
(Ab-6) from Calbiochem.

Beta-galactosidase staining. beta-Gal staining was
performed using Senescence -galactosidase staining kit
(Cell  Signaling  Technology) according to
manufacturer’s protocol.
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Supplemental Figure 2. Irreversible and reversible effects of
nutlin-3a and rapamycin: Mel-10 and Mel-9 cells were incubated
G ; with 10 uM nutlin (N) and 500 nM rapamycin (R) for 4 day and
#9 B then nutlin-3a was washed. After a week, cells were counted.

Supplemental Figure 1. Depletion of TSC2 converts
quiescence into senescence in HT-p21-9 cells. (A) HT-p21-9
cells were transduced with control lentivirus (pLKO) or lentivirus
expressing shTSC2 (sequence # 7, 8, 9) and selected with
puromycin for 10 days and then immunoblot was performed. (B)
HT-p21-9 cells were transduced with control pLKO or shTSC2
(and selected for 4 days with puromycin). Then 1000 cells were
plated per 60-mm dishes and, the next day, were treated with
nutlin-3a for 3 days. Then nutlin-3a was washed out and cells
were cultivated in fresh medium for 8 days. Colonies were
stained with crystal violet.
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Abstract: Truncated and mutant forms of p53 affect life span in Drosophila, nematodes and mice, however the role of wild-
type p53 in aging remains unclear. Here conditional over-expression of both wild-type and mutant p53 transgenes
indicated that, in adult flies, p53 limits life span in females but favors life span in males. In contrast, during larval
development, moderate over-expression of p53 produced both male and female adults with increased life span. Mutations
of the endogenous p53 gene also had sex-specific effects on life span under control and stress conditions: null mutation of
p53 increased life span in females, and had smaller, more variable effects in males. These developmental stage-specific and
sex-specific effects of p53 on adult life span are consistent with a sexual antagonistic pleiotropy model.

INTRODUCTION tional transactivation.  Drosophila contains a single

p53 gene with a structure similar to humans [3-6]

The p53 gene encodes a transcription factor that including two promoters, and the major protein products
regulates apoptosis and metabolism and is mutated in are of similar size: 393 amino acid residues for the
the majority of human cancers [1, 2]. The p53 protein human protein, Hp53, and 385 amino acid residues for
functions as a tetramer with various protein domains the Drosophila protein, Dmp53 (Drosophila protein
mediating oligomerization, DNA binding and transcrip- diagrammed in Figure 1A). The central DNA binding

www.impactaging.com 903 AGING, November 2009, Vol.1 No.11



A. p53 locus B A
& protein variant variant

+1 +1
we [we g <(oammm
CG17119 [ [ps3 >—1 CGl?121>-
I

1 84 282 385
txn activation DNA binding olig basic
B. Endogenous transcripts and mutations Site of stop codon in mutant p5311-18-1
A ATG #
variant SR Groda UTR
i «—=/:
B : :
variant ATG P{E;ng2]p53m“'1°“
5'UTR :

3.3kb deletion within here in p53541-4 mutant

C. Transgenic constructs

ATG
GUS-p53 UAS oyt I 385
Wild-type
(A isoform)

ATG 259H

GUS-p53.259H

UAS « 1 v 385
Point mutation —F&E\F\F\F\—F\/D\/:\/D;

GUS-p53.CtBaa0
GUspsa.cwst  YUAS 282 385
C-terminal p53 :\/:'_

Sum effect  Phenotype

D. summary of results

of p53 of p53-/-
d larvae adult __ Adult male Neutral/ Small
life span } small increase

\-\ / negative life span

p33 wild-type

/N

i AQU]t female N : Increased
larvae adult life span } egative life span

Figure 1. Summary of Drosophila p53 locus, mutations, transgenes and life span effects. (A) Diagram of p53 locus and major protein
product Dmp53. The p53 gene is indicated in blue, including the two promoters, indicated by black arrows. The internal intron/exon structure of
p53 is omitted here for clarity, but is shown below in (B). The pink arrows in indicate the genes that flank p53 on the 5’ and 3’ side, genes
CG17119 and CG17121, respectively. The orange arrow indicates the gustatory receptor gene Gr94a, located in the p53 intron. The 385 aa
Dmp53 protein is diagrammed using black and gray boxes, including the N-terminal transcriptional activation domain, the central DNA binding
domain, and the C-terminal oligomerization domain and basic region. (B) Diagram of endogenous p53 transcripts and mutations. The
intron/exon structure of the A and B variant transcripts is indicated. The Gr94a gene is indicated in orange with an arrow indicating orientation.
The location of insertion of the P element P{EngZ}p53EY14108in the second exon of the B isoform is indicated by a triangle, with an arrow indicat-
ing the orientation of the insert. The lower black bracket indicates the breakpoints of the 3.3kb deletion in the p53[5A-1-4] mutation. (C)
Diagram of transgenic p53 constructs. (D) Summary of p53 effects on adult life span. The effect on adult life span of p53 wild type (A variant)
over-expression during larval development and in adults is diagrammed: Bars represent negative effects of p53 wild-type on adult life span, while
arrows represent positive effects on adult life span; thickness of the lines indicates relative strength of the effect. “Sum effect of p53” is the expe-
cted summation of effects of p53 on adult life span, which is consistent with the life span phenotype of p53 null mutation (p53-/-), as indicated.
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domain of Dmp53 protein shows partial sequence
conservation with Hp53 [3]. The other domains of
Dmp53 show less obvious sequence similarity to Hp53,
but appear conserved in function. Similar to the N-
terminal transcriptional activation domain of Hp53, the
N-terminus of Dmp53 contains a high proportion of
acidic residues, and Dmp53 has been shown to bind to
conserved p53 response elements and activate
transcription [3]. The C-terminus of Hp53 contains a
basic region (9/26 residues) that can bind either DNA or
RNA, and the C-terminus of Dmp53 is also relatively
basic (6/24 residues). Finally, the oligomerization
domain is located in the C-terminal portion of Hp53,
and the corresponding region of Dmp53 contains a
conserved critical Gly “hinge” residue, and appears
active in oligimerization based on yeast two hybrid
assays. The p53 message is expressed at very low
levels in adult tissues, with some enrichment indicated
for the eye, malphigian tubule (similar to mammalian
kidney), and female germ cells [7, 8].

Mutant forms of p53 lacking function of a particular
domain can have powerful dose-dependent effects that
are often dependent upon the presence of wild-type p53
[3, 9-11]. For example, specific truncated forms of
mouse p53 can cause enhanced cancer resistance and
accelerated aging phenotypes, generally interpreted as a
state of p53 hyperactivation [12]. Based on studies in
mammals it has been suggested that p53 may exhibit
antagonistic pleiotropy between life-cycle stages, in that
it favors normal development, fecundity and cancer resis-

Table 1. Drosophila strains

tance in young animals, but may promote aging in old
animals [9, 13-15]. Recently p53 gene activity was
found to limit the life span of C. elegans hermaphrodites,
and this effect was dependent upon the activity of the
insulin/IGF1-like signaling (I1S) transcription factor gene
Daf-16/FOXO [16]. In Drosophila, several dominant
p53 mutations and transgenes have been characterized,
that generally appear to antagonize p53 activity [3].
Nervous-tissue expression of one of these dominant p53
transgenes (p53 point mutation 259H) was found to
inhibit 1IS and extend life span in females [17, 18].
However it remains unclear if and how p53 might
normally affect the life span of Drosophila males and
females. Here the wild-type form of p53, as well as
mutant forms, were assayed for effects on Drosophila life
span, in both male and female flies.

RESULTS
Transgenic manipulation of p53 in adult flies

Drosophila p53 transgenes were assayed for effects on
life span both in adults and during larval development
(see below).  The conditional transgenic system
Geneswitch  [19-21] was used to over-express both
wild-type and mutant forms of p53.  With the
Geneswitch system transgene expression is triggered by
feeding flies (or larvae) the drug RU486/Mifepristone.
A Geneswitch driver strain called Act-GS-255B was
used (Table 1, strain 9), where the tissue-general
actin5C promoter drives expression of the Geneswitch
transcription factor. In the presence of RU486, the Act-

Strain#  Genotype

w[1118] ; + ; Df(3R)Exel6193, P{XP-U}Exel6193 /TM6B, Tb (BL7672) -

2
3 y[1] w[1118] ; + ; p53[5A-1-4] (BL6815)
4 y[1] w[1118] ; + ; p53[11-1B-1] (BL6816)
5  w[1118]; p53[1] / TM6B, Th
6  w[1118]; +; +

7 OregonR(+;+;+)

8 y[1] w[67c23]; P{EPgy2}p53[EY14108] (BL 20906)
9 w ; P{Switch}Actin 255B

16 y[1]w[1118]; P{w[+mC]=UAS-p53.Ex}3/T(2;3)TSTL, CyO:TM6B, Th
17 w; P{w[+mC]=GUS-p53}2.1

18  w; P{w[+mC]=GUS-p53.Ct}AF51

19 w[1118]; +; P{w[+mC]=GUS-p53.Ct}B440/TM6EB, Th

20  w[1118]; P{w[+mC]=GUS-p53.259H}

Group (notes)
(Chromosomal Def uncovers p53)
- (deletion of p53 gene)

M (pt mutant)

M (the same pt mutant as line 4)

+

+
M (the P-insertion disrupts the B variant)
(GeneSwitch Act-GS-255B driver)
(UAS-p53 wild type)

(UAS-p53 wild type - CDM26)
(C-terminal p53 - AF51)
(C-terminal p53 - B440)

(p53 point mutation - 259H)
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Figure 2. Conditional over-expression of wild-type p53 trans-
genes using Geneswitch system. All flies were the progeny of
either Oregon R control (A) or p53-WT transgenic strain (B, C) crossed
to the tissue-general Geneswitch driver Act-GS-255B. The flies were
cultured in the presence and absence of drug, as larvae or adults, as
indicated: M = males, F = females, + indicates culture in presence of
drug, - indicates culture in absence of drug. The number of flies in
each group are indicated in parentheses. (A, B) Blue diamonds indicate
male adults plus drug, pink squares indicate male adults minus drug,
orange triangles indicate female adult plus drug, turquoise x indicates
female adults minus drug. (A) Control flies, progeny of Oregon R wild-
type and Act-GS-255B. (B) p53 wild-type transgene over-expression.
Note male larvae plus drug produced no adult flies, whereas female
larvae plus drug produced only three escapers. (C) Titration of p53
wild-type over-expression during female larval development and
effect on subsequent adult life span. EtOH indicates the ethanol
solvent for the drug alone (vector control, indi-cated with light blue
diamonds). Repeats of the titration experiments, including data for
males are presented in Supplementary Figure S1.

GS-255B driver produces expression of UAS-
containing target constructs in all the tissues of either
larvae or adults [19, 22]: detailed characterization of the
system using UAS-GFP  reporter  constructs
demonstrates that the Act-GS-255B driver produces
abundant transgene expression throughout all of the
tissues of both adult flies and larvae, for both male and
female animals, with slightly less (but still abundant)
expression in adult males relative to females [22]. All of
the flies examined in this study are the progeny of a
cross; for example “16-9” flies are the progeny of a
cross of males of strain 16 (containing the UAS-p53
wild-type transgene) with females of strain 9
(containing the Act-GS-255B Geneswitch driver) to
generate progeny containing both constructs (strains
summarized in Table 1); in all cases crosses are
indicated with the male parent genotype first, and the
female parent genotype second. The RU486 drug itself
had no significant effect on male or female life span
when administered to adults (Figure 2A; statistical
analyses summarized in Supplementary Table S1).
When wild-type p53 was over-expressed specifically in
adult flies, it had a negative effect (-16%) on mean life
span in females (cross 16-9: 95% bootstrap CI for the
ratio of the means [-21.11 - 11.61], log-rank p-value =
2.21 x10®), and a positive effect (+6%) on mean life
span in males (cross 16-9: 95% bootstrap CI [2.36 -
10.37], log-rank p-value = 6.97 x10%) (Figure 2B;
Supplementary Table S1). Slightly larger changes were
observed for median life spans (Supplementary Table
S1), and similar results were obtained with multiple
independent transgenic insertions of p53 wild-type (data
not shown). In contrast, adult-specific over-expression
of the dominant mutant p53 (point mutation p53-259H)
transgene did not have a negative effect on female life
span, and instead female life span tended to be
increased (cross 20-9: +7%, 95% bootstrap CI [4.09 -
9.72], log-rank p-value = 4.05 x10®) (Supplementary
Figure S1B; Supplementary Table S1) [22], and similar
results were obtained with p53 dominant mutant
transgene p53-Ct[B440] (Supplementary Figure S1C;
Supplementary Table S1). Because these Drosophila
p53 dominant mutation transgenes are generally
expected to antagonize the activity of wild-type p53, the
data are consistent with wild-type p53 having a negative
effect on adult female life span. The negative effect on
life span of wild-type p53 over-expression in adult
females and the lack of negative effect with dominant
mutant p53 transgenes was also confirmed using the
FLP-out conditional system [23] to cause transgene
over-expression (data not shown). Taken together, these
data indicate that in adult flies, p53 inhibits life span in
females and favors life span in males.
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Transgenic manipulation of p53 during development

A strikingly different set of results was obtained when
Drosophila p53 transgenes were expressed specifically
during larval development. When administered only
during larval development, the drug RU486 itself had
no effect on subsequent adult female life span, and a
small negative effect on subsequent adult male life span
(~-4%; Supplementary Table S1). Over-expression of
wild-type p53 at high levels during larval development
was toxic to both males and females, in that no male
adults were produced, and only three female adults
(escapers) were obtained (Figure 2B). Intriguingly, the
three female escapers had unusually long life spans: 86
days, 92 days, and 96 days, respectively. To determine
if this apparent life span increase was significant, and to
investigate the developmental effects of wild-type p53
over-expression in greater detail, the over-expression
was modulated by titration of the RU486/Mifepristone
drug, in replicated experiments. Titration of wild-type
p53 over-expression during development again
indicated toxicity at high levels of expression, with
greater toxicity evident for males (Supplementary Table
S2). Strikingly, at lower levels of induction, wild-type
p53 produced both female and male adults with
increased mean and maximal life span (Figure 2C;
Supplementary Figure S1E-F; Table S2; female: +14%,
95% bootstrap Cl [9.29 — 19.27]; log-rank p-value =~ 0;
male: +15%, 95% bootstrap ClI [10.54 — 19.30]; log-
rank p-value = 4.97 x 107). These data demonstrate
that high-level expression of p53 can be toxic during
development, whereas moderate over-expression of p53
during development can cause increased life span in the
resulting male and female adults. Consistent with this
conclusion, expression of the dominant mutant
transgenes during development tended to decrease the
life span of the resultant male and female adults
(Supplementary Figure S1A-D, Table S1).

Effect of mutations in the endogenous p53 gene

To confirm the effects of p53 on Drosophila life span,
flies were examined that had a deletion or mutation of
the endogenous p53 gene (mutations diagrammed in
Figure 1B; strains listed in Table 1) [24]. Multiple trans-
heterozygous p53 wild-type and mutant allele
combinations were assayed for life span simultaneously
as a control for genetic background effects and environ-
mental effects (the “L” cohort, data summarized in
Supplementary Tables S3, S4). This was done using two
p53 wild-type strains (called the “+” group; strains 6
and 7), two strains containing p53 null mutation (called
the “-” group; strains 2 and 3), and three strains con-
taining p53 dominant mutations (called the “M” group;

strains 4, 5 and 8), and crossing each strain to each of
the others in a “round-robin” approach. In this way
each of the various p53 genotypes (+/+, -/-, +/-, +/M, -
/M, M/M) represents the average of multiple specific
genetic backgrounds.  This approach avoids the
potential complication of identifying p53 effects that
might be specific to only one particular genetic
background, such as would be created by using a
backcrossing strategy.

In flies with mutations of the endogenous p53 gene, the
effect on life span should be the sum of the effects of
p53 at various life-cycle stages, both positive and
negative (diagrammed in Figure 1D); and indeed, p53
mutations were found to have a significant effect on life
span in both sexes (ANOVA, p < 0.0001;
Supplementary Table S5): Null mutation (-/-) of the
p53 gene increased mean female life span by +13%
(95% bootstrap CI [9.00 -17.28]; log-rank p-value =~ 0)
relative to wild-type (+/+) controls (Figure 3A;
Supplementary Figure S2A; Supplementary Table S4).
In the heterozygous p53 mutant genotype (-/+) average
female life span was also increased relative to wild-type
controls by +11% (95% bootstrap CI [8.41 - 13.59];
log-rank p-value ~ 0). In male flies null mutation (-/-)
of the p53 gene increased mean life span by +12% (95%
bootstrap Cl [4.92-14.50]; log-rank p-value =~ 0),
whereas the effect of heterozygous mutation was
smaller, yielding mean life span increases of +5.5%
(95% bootstrap CI [2.15 — 7.53]; log-rank p-value =~ 0)
(Figure 3B; Supplementary Figure S2B; Supplementary
Table S4). However, as seen below (Figure 4A,
Supplementary Figure S4), the life span increases in
p53 mutant males were not consistently observed when
crosses were done in the opposite direction, and
therefore may not be biologically significant. Similar
effects of p53 null (-/-) and heterozygous (+/-)
genotypes were obtained when the experiments were
repeated using different culture conditions (richer food
source and presence of mates) that yield shorter overall
life spans (the “W” cohort; Supplementary Figure S3;
Supplementary Tables S6, S7). Taken together, these
data with endogenous p53 gene mutations support the
conclusion that, in sum, p53 limits the life span of
female flies, with smaller and more variable effects in
male flies.

Several Drosophila p53 dominant mutations (M) were
examined and found to have complex effects on adult
life span, depending upon the particular allele, and
whether or not a wild-type copy of p53 was present in
the background (Figure 3; Supplementary Figures S2,
S3). Some of the variability in life span across geno-
types is expected to result from differences in genetic
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background. Indeed, the complexity of p53 dominant
mutations and their interactions with genetic background
has recently been reviewed [25]. Strikingly, when the
data for the various p53 genotypes in the L cohort were
grouped to control for genetic background effects, the
dominant mutations tended to increase life span in
females (+/M, -/M, M/M), and to decrease life span in
males (+/M, M/M) (Figure 3; Supplementary Figure S2;
Supplementary Table S4). Since the Drosophila p53
dominant mutations are generally expected to antagonize
wild type p53 function, the increased life span of +/M
females relative to wild type (+/+) is consistent with the
results obtained above suggesting that, in sum, p53 limits
the life span of females. However, for the M/M genotype
flies, a wild-type copy of the entire p53 gene is not pre-
sent, and these genotypes produced the greatest increase

in life span in females and the greatest decrease in life
span in males. Therefore, these data suggest that the
mutant forms of p53 may have sexually antagonistic
effects on Drosophila life span that are not necessarily
dependent upon the presence of a wild-type p53.
Strikingly, these effects of dominant mutations on life
span were highly dependent upon environment, since in
the W cohort the dominant mutations tended to decrease
life span in both males and females (Supplementary
Figure S3; Supplementary Table S7). It will be of interest
in the future to determine what is the mechanism for
these opposite effects of dominant p53 mutations in
males versus fe-males, and to determine if the dramatic
gene-by-environ-ment effect of p53 dominant mutations
in females is due to the presence of mates, the richer food
source, or both.
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Figure 3. Effect of p53 mutations on life span. Cumulative survival curves for L
cohort. A key of p53 genotypes is presented below the graphs. Males are indicated with
solid symbols and females are indicated with open symbols. (A) Females. (B) Males.
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Controls for maternal effects and X chromosome
effects

In an effort to control for possible maternal effects and
X chromosome effects, several life span assays were
repeated with the crosses done in both directions
simultaneously, i.e., varying which strain serves as
mother or father for the cross (Supplementary Figure
S4). An increase in life span of p53 null mutant (-/-)
flies relative to wild-type (+/+) controls was obtained in
female progeny regardless of cross direction
(Supplementary Figure S4; Supplementary Table S8),
thereby ruling out a primary effect of maternal
genotype. In males a consistent change in life span was
not observed, in that although the null mutants exhibited
slight differences in life span compared to controls, the
direction of change differed depending on the direction
of the cross. Furthermore, while the survival curves of
many of the reverse cross pairs differed from one
another in both sexes (log-rank test, data not shown), in
females there was strong concordance and highly
significant results from comparisons of survival curves
in both cross directions and relative to both controls,
while this was not the case for males (Supplementary
Table S8). These results demonstrate that the increased
life span in females due to p53 mutation cannot be
simply due to maternal or X chromosome effects, and in
conjunction with the above findings, these data again
suggest that p53 preferentially limits the life span of
female flies.

Sex-specific effects p53 on fly stress resistance

Drosophila p53 is required for normal resistance of
larval cells and tissues to certain kinds of stress, for
example, ionizing radiation and UV toxicity [26, 27],
and third-instar larvae that are null for p53 exhibit
decreased survival when challenged with 4,000 Rads of
ionizing radiation [28]. To determine if p53 genotype
might have sex-specific effects on stress resistance in
adult flies, male and female flies that were either wild-
type or mutant for p53 were subjected to two types of
life-shortening stress, ionizing radiation and 100%
oxygen atmosphere, in replicated experiments (Figure 4,
Supplementary Table S9). Treatment with 90,000 Rads
of gamma-irradiation on day 10 of adult age reduced
adult life spans by half, and p53 mutant female flies
were again found to have greater mean life span than
wild-type controls (+/-; +18%, 95% bootstrap CI [13.13
- 23.36]; log-rank p-value = 0; -/-: +13%, 95%
bootstrap CI [9.09 - 16.71]; log-rank p-value = 2.98
x10™). In contrast, p53 mutations were found to
slightly reduce the survival of female flies subject to
100% oxygen atmosphere (-/+: not significantly
different than wild-type; -/-: -4%, 95% bootstrap CI

[-5.06 - —3.34]; log-rank p-value = 1.28 x10™). In
males, p53 null mutants subject to ionizing radiation
had significantly reduced mean life span, whereas
heterozygotes fared slightly better than wild-type (+/-:
+4%, 95% bootstrap CI [1.80 — 6.00]; log-rank p-value
= 2.02 x107; -/-: -19%, 95% bootstrap CI [-20.68 -
—17.06]; log-rank p-value =~ 0). As with females, p53
gene mutations tended to reduce male survival in
response to a 100% oxygen environment (+/-: —4%,
95% bootstrap Cl [-4.38 - —3.05]; log-rank p-value =
4.44 x 10 -/ —15%, 95% bootstrap CI [-16.13 -
—14.10]; log-rank p-value =~ 0). Therefore, wild-type
p53 tended to favor the survival of both sexes under
100% oxygen stress conditions, yet was detrimental to
female life span in flies subject to ionizing radiation.
Therefore the results for adults subject to ionizing
radiation were similar to those observed during normal
aging: normal p53 function increased survival of males
and decreased survival of females. The fact that p53
favored the survival of both sexes under the more
severe life-shortening condition of 100% oxygen stress
may be indicative of a threshold effect on survival that
is sex-specific.

DISCUSSION

In these experiments a combination of genetic and
transgenic approaches were used to study how p53
affects the life span of male and female Drosophila.
The conditional transgenic system Geneswitch was
employed to produce tissue-general expression of p53,
either during development or specifically in adults.
Detailed characterization of the Geneswitch driver
strain (“Actin-GS-255B") using GFP reporter constructs
demonstrated that the system yields truly tissue-general
expression during larval development, as well as tissue-
general expression in both male and female adults [22].
The data indicate that Drosophila p53 has effects on
adult life span that are antagonistically pleiotropic
between developmental stages and sexes (summarized
in Figure 1A). One advance of the present study is that
life span effects were identified using transgenes
encoding the full length, wild-type form of Drosophila
p53 protein, as well as ones encoding mutant forms. In
adults, wild-type p53 over-expression limited life span
in females and favored life span in males. In contrast,
during development, p53 over-expression acted in a
dose-dependent manner to either reduce or increase the
subsequent longevity of both male and female adults:
high level expression during development was
detrimental, whereas moderate  over-expression
produced increased life span. The dominant mutation
transgenes generally produced the opposite effect of
wild type p53 transgenes, in both males and females.
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This indicates that the opposing effects of p53
transgenes on male and female life span cannot be
simply due to some cryptic difference in the efficiency of

transgene expression in males versus females, or to
some differential toxicity of the encoded proteins in
males versus females.
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Figure 4. Survival curves for the indicated genotypes under stress conditions. (A)
lonizing radiation. (B) 100% oxygen survival. A key of p53 genotypes is presented below the
graphs. Males are indicated with solid symbols and females are indicated with open symbols.
Survival curves for replicate experiments (cohort 2) are presented in Supplementary Figure S5.
Survival statistics for these and replicate experiments are summarized in Table S9.
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Results consistent with the transgenic manipulations
were obtained from analysis of the endogenous p53
gene:  Null mutation of the endogenous p53 gene
increased life span in females, and had smaller, more
variable effects on male life span. The effects of p53 on
adult fly survival under stress conditions were also sex-
biased: wild-type p53 was found to favor the survival
of both sexes under 100% oxygen stress conditions, yet
to be detrimental to female life span in flies subject to
ionizing radiation. In these experiments p53 expression
and function is being altered in all of the tissues of the
animal simultaneously, and therefore the effects
observed are the sum of any possible tissue-specific
effects of p53. Indeed our results suggest that the
positive and negative effects of p53 on life span
observed here with tissue-general alterations are
comprised of a mix of both positive and negative tissue-
specific effects, that combine to result in the observed
opposite effects in males versus females (J.S. and J.T.,
2009 Experimental Gerontology, in press).

The data presented here indicate that p53 null mutation
increases life span in female flies, with smaller, more
variable increases observed for male flies. Helfand and
coworkers have previously reported that p53 null
mutant male and female flies were sickly, with a
shortened life span, however, statistical analysis was not
presented [17]. One possibility is that the apparent
reduction in life span and vigor previously reported for
p53 null flies may have resulted from inbreeding
depression in the homozygous mutant flies used in that
study. In contrast, in the experiments presented here,
multiple trans-heterozygous p53 null mutant genotypes
were examined, so as to reduce possible inbreeding
effects, and thereby reveal the life span benefit of p53
null mutations. Helfand and coworkers also analyzed
the effect on life span of nervous system-specific
expression of two p53 dominant mutant transgenes, a C-
terminal fragment transgene (p53-Ct), and the point
mutant (p53-259H). They found that nervous system
expression of p53-Ct throughout both development and
adulthood increased female life span by +58%, and
increased male life span by +32% [17]. Because the
dominant mutations are generally expected to
antagonize p53 activity, their results are consistent with
our conclusion that, in sum, p53 limits life span in
females, with smaller effect in males (summarized in
Figure 1D). Using the Elav-Geneswitch driver to restrict
expression to the adult nervous system, Helfand and
coworkers found that the p53-Ct transgene increased
female life span by +18% to +26%, and the p53-259H
transgene increased female life span by +11% to +13%,
again consistent with our finding that p53 limits the life
span of adult females. Indeed, using the tissue-general
Act-GS-255B driver to restrict transgene expression to

adults, we also found that the p53-Ct and p53-259H
transgenes produced an increase in median life span in
females (Supplementary Figure S1A-D) [22]. For
adult-specific expression in male nervous system,
Helfand and coworkers reported life span data for only
two assays, both using the p53-Ct transgene: using a
high-calorie food condition, male life span was reported
to be increased by +13%, whereas using a low-calorie
food, male life span was unchanged, and results for
normal food were not presented [17]. That result might
at first appear to be partly inconsistent with our
conclusion that p53 favors life span in adult males,
however, there are several possible explanations that
might reconcile these results.  First, the previous
experiment involved the p53-Ct transgene, encoding the
p53 C-terminal fragment, and data from mammals
suggests that certain dominant p53 mutants are capable
of either antagonizing or promoting p53 activity,
depending upon the level of expression and the cellular
context [11]. Second, the life span increase was
observed only under a high-calorie food condition, and
our data suggest sex-specific interactions between
dominant p53 mutations and diet/environment with
regard to life span (Figure 3, Supplementary Figure S2).
Under our conditions and using tissue-general
expression, we found that adult-specific expression of
the dominant mutant p53 transgenes tended to decrease
male life span (Supplementary Figure S1, Table S1),
consistent with our conclusion that p53 normally favors
adult male life span. Finally, the effects of tissue-
general expression, as tested here, will be the sum of all
tissue-specific effects, be they positive or negative.
Indeed our results suggest that the positive and negative
effects of p53 on life span observed here with tissue-
general alterations are comprised of a mix of both
positive and negative tissue-specific effects (J.S. and
J.T., 2009 Experimental Gerontology, in press), that
combine to result in opposite effects in males versus
females (summarized in Figure 1D). Therefore, the
previous results from the Helfand group (with the
possible exception of a single assay of males under a
high-calorie food condition), are generally consistent
with the results presented here.

One possible mechanism by which p53 might act in
adult flies to preferentially limit female life span is by
stimulating 1S, since 1S appears to preferentially limit
life span in females of Drosophila and other species
[29, 30]. Studies in mammals provide precedent for
crosstalk between p53 and the 11S pathway, including
the target transcription factor FOXO, in regulating both
aging and cancer [31, 32]. Consistent with this idea,
life span extension in Drosophila females produced by
nervous system-specific expression of the dominant
mutant p53-259H transgene was found to correlate with
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a reduction in IIS signaling [18]. In C. elegans,
mutation of the p53 homolog cep-1 increased life span
of adult hermaphrodites, and this increase required the
function of the IIS target transcription factor gene Daf-
16/FOXO [16]. To definitively rule in (or out) a role for
I1S in Drosophila p53 life span effects will require
future assays in the presence and absence of the Foxo
transcription factor.

Another possible mechanism by which p53 might affect
life span is by altering proliferation or causing apoptosis
in particular cell types. For example, ablation of germ-
line cells in adult animals by forced over-expression of
the bam gene caused increased life span in males and
females [33]. However, while germ line ablation might
be attractive as a possible mechanism for the increased
life span observed in p53-over-expressing males, it is
not consistent with the life span decrease observed in
females. Alternatively, over-expression of wild-type
p53 specifically in adult diploid cells using an escargot-
GALA4 driver caused ablation of most stem cells in the
gut, and gut stem cell proliferation appears to be more
rapid in females than in males [34]. While this might be
attractive as a possible mechanism for the life span
decrease observed in p53-over-expressing females, it is
not consistent with the life span increase observed in
males; indeed other experiments involving disruption of
adult diploid cell function caused an equally dramatic
decrease in life span in both sexes [35]. It will be of
interest in the future to ask if p53 might be affecting life
span through highly sex-specific or sexually opposite
effects on cell proliferation and survival. Notably, over-
expression of strong caspase inhibitors and other
apoptosis and senescence regulatory genes in adult flies
did not yield increased life span in either sex, and where
negative effects on life span were observed, such as
with wingless and activated Ras, the negative effects
were similar in males and females [22]. Those results
tend to suggest that p53 may be acting through some
other mechanisms, such as alterations in metabolism or
autophagy. Additional possible mechanisms by which
p53 might affect life span include sex-specific
alterations in behavior, such as food intake, or
potentially costly activities such as movement or
aggression.

In these experiments Drosophila p53 was also found to
have sex-specific effects on survival under stress
conditions. Wild-type p53 favored the survival of both
sexes under 100% oxygen stress, yet was detrimental to
female life span in flies subject to ionizing radiation.
This may be indicative of a threshold effect on survival
that is sex-specific. Mechanistically the ability of p53 to
either favor survival or mortality may be related to
p53’s ability to regulate both repair and apoptotic

pathways [1, 36-38], and perhaps the functional
connection between p53 and FOXO in response to
oxidative stress [25]. In line with our findings, C.
elegans hermaphrodites that are long-lived due to p53
(cep-1) mutation did not demonstrate increased
resistance to oxidative (or UV) stress [16], however
resistance to gamma irradiation was not examined.
Strikingly, in C. elegans hermaphrodites, p53 has
recently been found to increase life span in response to
mild mitochondrial stress, and to decrease life span in
response to severe mitochondrial stress, consistent with
a threshold effect on survival [39] ; however effects in
males have not been reported. In mice, reduced p53
function results in resistance to lethality caused by
moderate gamma irradiation and increased sensitivity to
severe irradiation [40,41], again suggestive of a
threshold effect, however any potential sex-bias has not
been reported. Finally, long-lived female Drosophila
that over-expressed dominant-mutant p53 in neurons
exhibited increased resistance to the oxidative stressor
paraquat [17]; however effects in males were not
reported. Taken together the data are consistent with a
model in which p53 has a threshold effect on survival
under stress, and the threshold for the transition from
favorable to detrimental depends upon the type of stress
and the sex of the animal. Such a threshold model is
consistent with extensive data from mammals and
model systems demonstrating that p53 can either favor
oxidative stress resistance and cell survival, or favor
oxidative stress and cell death, depending upon the
cellular and environmental context, and the degree of
activation of p53 [38]. In mammals, physiological
levels of p53 activity appear to maintain normal cellular
redox status, through sustained expression of
antioxidant genes (e.g., Sesnl&2, GPX1, AIF) and
metabolic genes (e.g., SCO2, PGM, TIGAR). In
contrast, hypo-physiological levels of p53 activity can
suppress expression of antioxidant genes (e.g.,
Sesnl&2, GPX1) and cause increased oxidative stress.
Similarly, hyper-physiological levels of p53 activity can
induce pro-oxidant and apoptosis-promoting genes (e.g.,
NQO1, POX, BAX, PUMA, p66shc), and/or cause an
imbalance in expression of antioxidant genes (e.g.,
MnSOD, PIG12, ALDH4, GPX), and again cause
increased oxidative stress [38].

Antagonistic pleiotropy of gene function between
younger and older animals is generally accepted as one
of the most likely genetic mechanisms underlying aging
[42]; however, specific genes exhibiting such pleiotropy
have generally not been identified. = One notable
exception is data from mammals that suggests p53
exhibits antagonistic pleiotropy between developmental
stages. At young ages p53 favors fecundity and favors
survival by acting as a tumor suppressor, yet at late ages
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it may limit survival by promoting cell senescence, or
through other mechanisms [13, 43]. Increasing evidence
suggests that genes can also exhibit antagonistic
plieotropy of function between the sexes, affecting a
variety of traits including reproductive fitness and life
span [30, 44-47]. The data presented here suggest that
Drosophila p53 exhibits a combination of both
developmental  stage-specific  and  sex-specific
antagonistic pleiotropy with regard to life span. If this
result were to translate to humans, it would have
implications for human aging related diseases such as
cancer. Consistent with our results using flies, the
effects of human p53 and p53-interacting genes such as
MDM2 on cancer incidence and longevity are often sex-
biased [48], and p53 has recently been implicated in
regulating mammalian maternal fecundity [49].
Moreover, during mouse development, p53 null
mutations cause a high frequency of neural tube defects
and lethality that preferentially affects female embryos
[50, 51], and interestingly, this sex difference appears to
result from the number of X chromosomes rather than
the presence or absence of the Y [52]. The sex-specific
effects of p53 may be related to recent observations that
in humans the X-chromosome dosage-compensation
gene MOF can regulate p53 [53]; and notably the MOF
gene is conserved and also X-linked in flies. Taken
together the data support a sexual antagonistic
pleiotropy model in which p53 function may be
maintained by positive selection for fecundity and/or
survival benefit during development, in young animals,
and under certain stress conditions, despite acting at
another stage of the life cycle and in the other sex to
limit adult life span (summarized in Figure 1D).

METHODS

Drosophila culture. Drosophila culture and life span
assays were performed as previously described [19].
Briefly, crosses were conducted in 250 ml urine-
specimen bottles (Genessee Scientific) containing 35 ml
of medium. Adult flies were maintained in narrow
polystyrene vials (Genesee Scientific) containing 5 ml
medium. Drosophila culture media contained cornmeal,
agar, dextrose, yeast, and propionic acid to inhibit
bacterial growth and tegosept to inhibit fungal growth
[54]; except for the W cohort which were cultured on an
older recipe containing molasses rather than dextrose
(food recipes summarized in Supplementary Table
S10). Flies were maintained at 25°C and on a 12:12
dark/light cycle, and were removed to room temperature
for less than 1 hour every 2 days to provide fresh
medium and remove and enumerate dead flies. To
estimate life expectancy, single-sex mortality vials were
established, with ~25 flies per vial (sample sizes were
occasionally reduced due to rare escapers) and 5 or 10

replicate vials (depending on the experiment) per sex
for every cohort. The L cohort deletion experiment
used 10 replicate vials per sex, the reverse-cross
experiments used 5 vials per sex, the stress experiments
used 5 vials per sex, the Geneswitch experiments used 5
vials per sex, and the drug-titration experiments used 5
vials per sex. Note that for each line in the W cohort
~125 flies were maintained at ~25 flies per vial with
mates.

Drosophila strains. ~ All Drosophila strains and
genotypes are listed in Table 1, and several mutants and
transgenes are diagrammed in Figure 1. Wild-type (A-
isoform) and dominant-mutant p53 transgene stocks
were obtained from Michael Brodsky [3] and
Bloomington Drosophila Stock Center.  P{UAS-
p53.Ex}, p53 wild-type. P{GUS-p53.Ct}AF51, C-
terminal fragment AA285-385, chromosome 2. P{GUS-
p53.Ct}B440, C-terminal fragment AA285-385,
chromosome 3. P{GUS-p53.259H}, AA substitution,
chromosome 3. The p53 mutant strains were obtained
from Kent Golic and Bloomington Drosophila Stock
Center [55]. Df(3R)slo3 is deletion of entire p53 gene
(“-"). Df(3R)Exel, P{XP-U}Exel is deletion of entire
p53 gene (“-”). p53[5A-1-4] is 3.3kb internal deletion
(*-”), and it’s structure was confirmed by PCR
amplification and sequencing (diagrammed in Figure
1B). p53[11-1B-1] is a point mutation that introduces a
stop codon at nucleotide residue 211, and is predicted to
yield a 70AA  truncated  protein  (“M”).
P{EPgy2}p53[EY14108] is a P element insert mutation
obtained from Bloomington Drosophila Stock Center
(BL 20906), and the insertion was mapped to the first
exon of the p53 B-variant using inverse PCR
(diagrammed in Figure 1B) [56]. Because the
p53[EY14108] mutation is predicted to produce an
altered complement of p53 protein isoforms, it is
grouped here with the dominant mutants (“M”).

Geneswitch  conditional gene expression system.
Geneswitch strains and protocols are as previously
described [19-21]. The strain Act-GS-255B [19, 22]
contains two inserts on the second chromosome of a
construct in which the actinsC promoter drives
expression of the Geneswitch coding region. RU486
(Mifepristone, Sigma) was fed to adult flies or
developing larvae by adjusting the food to ~160ug/ml
final concentration. A stock solution of 3.2mg/ml of
RU486 was prepared by dissolving drug in ethanol
(100%). Control food received ethanol solvent alone. In
certain experiments RU486 concentrations were titrated
as indicated. All ages are expressed as days from
eclosion at 25°C.  To generate flies containing both the
Act-GS-255B driver and the UAS-transgenes, virgins
from the Act-GS-255B strain were crossed to males
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from each transgenic strain and the Oregon R wild-type
strain as a control. Certain crosses were done in the
opposite direction, as indicated in the “reverse cross”
experiments. The life span assay result for p53-259H
transgene over-expression in adult flies using Act-GS-
255B driver has been previously published [22], and is
included here with additional statistical analysis for
comparison purposes (Supplementary Table S1).

Statistical analyses. Initial cohort size was taken to be
the number of flies in the vials at the beginning of the
second two-day interval. Deaths during the first interval
after transfer were considered to be due to injury during
collection and therefore were excluded from the
calculations. Survivorship was scored every other day
and final cohort size was taken as summed deaths. The
effect of p53 deletion, mutation, and over-expression on
Drosophila life span was assayed in multiple trials for
several lines. Life span summary statistics for each of
the experiments (data pooled across replicate vials) and
detailed statistical analyses are presented in the
Supplementary Materials (Tables S1-S9). A non-
parametric log-rank test was employed to compare the
survival functions between p53 deficient or over-
expression genotypes and controls [57]. To further
assess the effect of p53 on mean, median, and “maximal
lifespan” (defined operationally here as the 90"
percentile of life span), 95% double bootstrap-t
confidence intervals for the ratio of the means (or ratio
of the percentiles) of the experimental and control
samples were computed using a custom Fortran script.
Mixed effects models were fit to data from each sex
separately to ascertain the effects of mutation type (M)
and genotype (G) (fixed main effects) on life
expectancy, with replicate vials (R) treated as a random
effect using the nlme package in R. Mixed-effects
models allow for a flexible representation of the
covariance structure due to the grouping of the data and
enabled the variation induced in the survival response
by replicate vials to be characterized. As appropriate,
the models were y = p + M + R(M) + ¢ (where M = +/+,
+/-, etc and G = 6-7, 2-6, etc was treated as an “inner”
grouping) and y = p + G + R(G) + &, where ¢ indicates
the within vial error variance. Post-hoc Tukey tests
were performed to assess significant differences among
means after correcting for multiple testing. Analyses
were performed using the R statistical environment
[58], unless otherwise noted.
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Supplementary Figure S1. Conditional over-
expression of wild-type and dominant-mutant
p53 transgenes using Geneswitch system. All
flies were the progeny of the indicated transgenic
strains crossed to the ubiquitous Geneswitch driver
Act-GS-255B. The flies were cultured in the presence
and absence of drug, as larvae or adults, as indicated:
M = males, F = females, A = adults, L = larvae, “+”
indicates culture in presence of drug, “-” indicates
culture in absence of drug. (A) Controls: progeny of
Act-GS-255B driver crossed to Or-R wild type. (B-D)
p53 dominant-mutant transgene over-expression. (B)
UAS-p53-259H. (C) UAS-p53-B440. (D) UAS-p53-AF51.
(E-G). Titration of p53 wild-type (UAS-p53WT-CDM26)
over-expression during development and effect on
subsequent adult life span. (E) Males, cohort 1.
Females of cohort 1 are shown in Figure 2. (F) Fema-
les, cohort 2. (G) Males, cohort 2.
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Supplementary Figure S2. Survival data for each genotype in cohort L. Survival curves.
(A) Females. (B) Males.
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SUPPLEMENTARY TABLES

Table S1. Summary of the effect on life span of wild-type p53 over-expression using the GeneSwitch system

p53 GeneSwitch over-expression experiments Male

M-F  Target Gr N +SD Mean life span Med life span Max life span P-val Sig
transgene Mean Cl %A Med Cl %A Max Cl %A
7-9 + L-A- 120 1425 846 NA 90 NA 98 NA NA NA

L+A- 123 2248 7844 -477--2.78 86  -9.58 --1.58 98 -3.67 -—-2.28 0.204 _
L-A+ 119 1094 83.08 -4.76-1.25 86  -7.34 --1.95 94 -8.41 --159 6.58x10° *

16-9 p53- L-A- 122 1476 7111 NA 72 NA 86  NA NA NA
WTIEX]
L+A- 0° NA NA NA NA NA NA NA NA NA
L-A+ 117 1254 7538 2.36-10.37 78 583-1551 90  167-1011  6.97x10° *
18-9  p53- L-A- 123 1377 8205 NA 86 NA 956 NA NA NA
Ct[AF51]

L+A- 121 1459 79.72 -6.11-0.77 80  -14.59--6.97 96 —4.65 - 6.52 0.159
L-A+ 118 1115 7971 -573-0.55 78  -12.89--9.30 96 —4.01 - 4.57 0.032

19-9  p53- L-A- 99 1305 7671 NA 78  NA 90  NA NA NA
Ct[B440]
125 1847 617  -23.45- 66 -18.34--10.18 80  —19.48- 8.16 x10°  ***
L+A- -15.28 -5.97 1
L-A+ 127 161 731 -826--079 76 -6.88--193 888 -7.08-928  0.194 .
20-9  p53-259H L-A- 118 1386 7154 NA 72 NA 88 NA NA NA
L+A- 119 1692 67.73 -1046--072 70 —5.33-0.00 84  -10.19-222 0.069 .
125 1041 689 -7.11--002 70 -2.77-1.76 78 _15.77- 211x10° *
L-A+ 553

p53 GeneSwitch over-expression experiments Female

M-F Target Gr N +SD Mean life span Med life span Max life span P-val Sig
transgene Mean Cl %A Med Cl %A Max Cl %A
7-9 + L-A- 116 9.64 92.02 NA 94 NA 102 NA NA NA

L+A- 124 861 9197 -333--072 94 -288-279 106 -1.41-362 255x10?
L-A+ 121 1574 9469 0.866-2.72 94  -4.76-0.00 104 233-741 3.10 x10°

*|

16-9 p53- L-A- 119 16.09 8835 NA 94 NA 100 NA NA NA
WT[EX]
L+A- 3° 503 9133 NA 92 NA 95.2 NA NA NA
101 2207 7402 -21.11- 80 -—23.06--8.69 98 —3.39-2.09  2.21x10° bl
L-A+ -11.61
18-9  p53- L-A- 123 8861 922 NA 94 NA 102 NA NA NA
Ct[AF51]
123 20.08 81.82 -14.90- 86 -12.87--566 100 -559- 3.40 x10°° *
L+A- -8.03 -1.96
L-A+ 125 1653 89.18 -6.71--0.35 94 0.00-3.19 104 -383-2.28 857x10" _
19-9  p53- L-A- 127 1354 863 NA 90 NA 98 NA NA NA
Ct[B440]
125 2235 6456 —29.62- 70 —26.06 - 85.2 -16.43- 0 wxk
L+A- -20.83 -18.68 -7.00
L-A+ 125 1439 8931 1.96-6.81 94 4.38-9.12 100  0.35-4.09 4.72 x10% _
20-9  p53-259H L-A- 119 8495 7539 NA 76 NA 84 NA NA NA
125 22.02 7024 —11.94- 76 -3.71-5.72 88 1.80 - 8.56 2.02 x10* _
L+A- —2.49
L-A+ 119 1098 80.66 4.09-9.72 82 4.52-14.04 92 426-13.18  4.05x10% il

95% double bootstrap-t confidence intervals for the ratio of the means (or ratio of the percentiles) of the mutant and wild-type samples were
computed as listed. The mean, median, and maximal life span values are reported for each genotype as well as the P-values representing the
significance of the log-rank test of the null hypothesis that there is no difference in the probability of death between functions between wild-
type untreated and p53 over-expressing flies. Note that * indicates 1.00 x10°< P < 5.00 x10, ** indicates 1.00 x10® P < 1.00 x1073, ***
indicates P < 1.00 x10°%.
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Table S2. Summary of the effect of wild-type p53 over-expression titrated at various levels during development on
Drosophila life span

p53 wild-type dilution experiment, cohort 1 and cohort 2 combined, Male

Gr M-F N +SD Mean life span Med life span Max life span P-val Sig
Mean Cl %A Med Cl %A Max Cl %A

NoDrug 17-9 200 17.75 59.08 NA 64 NA 74 NA NA NA

1:1000 179 204 992 6768 1054-19.30 68 3.63-8.99 78  2.48-8.52 497 x107  **

1:100 17-9 209 11.23 65.13 6.12-15.09 68 6.07-11.26 74 -4.77-3.03 1.73x102  *

1:10 17-9 203 65.13 67.89 7.60-19.77 70 6.84-12.35 78 1.27-8.37 2.68 x10710  Hx*

1:1 179 1° NA NA NA NA NA NA NA NA NA

p53 wild-type dilution experiment, cohort 1 and cohort 2 combined, Female

Gr M-F N +SD Mean life span Med life span Max lifespan  P-val Sig
Mean Cl %A Med Cl %A Max Cl %A

NoDrug 17-9 230 1897 59.56 NA 68 NA 76 NA NA NA

1:1000 17-9 221 1839 68.15 9.29-19.27 72 -0.78-5.88 84 551-10.53 6.66 x10716  ***

1:100 17-9 217 1290 7226 16.92-2649 74 529-12.74 84 6.79-1381 0 faleed

1:10 17-9 205 1240 6789 9.33-18.73 70 -0.33-5.89 78  -0.52-4.92 1.35 x10*  **

1:1 17-9 16 16.69 5762 -21.09-851 62 -26.15--234 74 1167 -7.36 0.17

Wild-type p53 over-expression was induced using the GeneSwitch system and titrated at various levels with the drug RU486.
®Note that for the 1:1 dilution, only 1 male pupae eclosed. 95% double bootstrap-t confidence intervals for the ratio of the
means (or ratio of the percentiles) of the mutant and wild-type samples in each condition were computed as listed for each p53
concentration in the combined data from two trials. The mean, median, and maximal lifespan values are reported for each
genotype as well as the P-values representing the significance of the log-rank test of the null hypothesis that there is no
difference in the probability of death between functions between wild-type untreated and p53 over-expressing flies. Note that *
indicates 1.00 x10°< P <5.00 x10”, ** indicates 1.00 x10® P < 1.00 x10°®, *** indicates P < 1.00 x10™®,
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Table $3. Summary of the significance of p53 deletion or mutation on life span

L cohort® Male

M-F | Gr N +SD Mean life span Med life span Max life span P-val Sig
Mean Cl %A Med Cl %A | Max Cl %A
6-7 +/+ | 234 | 14.82 | 74.05 | NA 76 | NA 88 NA NA NA
3-2 -/- ©178 | 24.53 | 83.07 | 7.13-16.53 90 | 14.26 - 23.92 98 8.84 - 11.36 0 kk
2-6 -+ | ®210 | 13.03 | 73.97 | —-3.15-2.80 77 | -6.11-4.74 86.2 | -5.04--2.27 | 0.39 -
2-7 -1+ 195 | 19.83 | 86.86 | 13.22-21.24 92 | 14.31-24.91 100 | 11.88-1532 | O Fxk
3-6 -+ | 236 | 13.19 | 73.69 | —3.26 - 2.47 74 | -6.92 - 0.51 88 -1.80-2091 0.13 _
3-7 -+ | 97 23.28 | 80.29 | 2.31-1361 86 | 6.61-19.99 100 | 10.76 - 15.32 6.47 x1070 | ***
56 | M/+ | 211 | 16.95 | 58.93 | -23.65--17.35 | 62 | —22.11--11.32 | 82 NA 0 ek
5-7 | M/+ | 187 | 14.93 | 76.47 | —0.25-6.59 78 | -0.35-7.45 90.8 | 2.35-8.69 0.074 o
8-6 | M/+ | 241 | 1377 |66.85 | -1258--6.90 |68 | -13.15--558 |82 | -7.74--590 | 1.32x107 | ***
8-7 | M/+ | 231 | 17.79 | 76.44 | —0.36 - 6.88 82 | 4.69-12.06 92 0.46 - 7.46 3.20x10% | *
2-8 | -/M | 227 | 1753 | 73.43 | -4.19-2.36 78 | -3.37-5.65 88 -1.78-2.03 0.92
5-3 | M/- | 202 | 16.83 | 60.09 | —22.03--15.76 | 60 | -26.13--14.92 | 818 | -6.82--126 |0 il
52 | M/- | 235 | 16.79 | 78.09 | -5.00 - 1.51 82 | 4.83-11.49 95.2 | 9.10-15.26 6.94 x10° | **
8-3 | M/- | 211 | 17.47 | 72.72 | -4.98 - 2.52 74 | -5.63-0.65 92 -2.43-11.30 | 0.92 _
85 | M/M | 226 | 16.05 | 59.09 | —23.01--17.26 | 60 | —23.30--15.94 | 78 -16.17--7.75 | 0 faleled
L cohort® Female
M-F | Gr N +SD Mean life span Med life span Max life span P-val Sig
Mean Cl %A Med Cl %A | Max Cl %A
6-7 +/+ | 238 | 1454 | 74.68 | NA 76 | NA 90 NA NA NA
3-2 -/- 242 | 22.22 | 84.47 | 9.00 - 16.99 88 | 13.07 - 21.08 102 | 10.47-19.52 0 Hkk
2-6 -+ 237 | 9.92 | 79.11 | 3.40-8.62 82 | 7.89-13.22 88 -4.63--0.15 0.05 *
2-7 -1+ 238 | 20.11 | 81.39 | 5.29-12.64 86 | 10.36 - 16.84 96 3.85-8.92 0 ok
3-6 -/+ 225 | 19.67 | 84.29 | 8.96 - 16.55 88 | 12.47-19.58 96 2.24-8.88 0 ok
3-7 -1+ 126 | 14.82 | 89.03 | 15.20-22.93 92 | 15.58 - 28.32 100 | 8.41-13.49 0 Hkk
5-6 M/+ | 212 15.32 | 65.82 | -14.91--8.90 | 68 | ~13.10--7.01 | 81.8 | —10.96 - —4.47 | 6.53 x10™* | ***
5-7 M/+ | 227 19.18 | 91.32 | 18.39-26.10 96 | 23.53-30.09 106 | 15.00-21.18 0 ol
8-6 M/+ | ®208 | 21.00 | 89.36 | 15.18 - 23.80 96 | 23.93-31.21 106 | 14.98 -22.09 0 Hkk
8-7 M/+ | 210 | 15.27 | 92 19.74 - 26.56 94 | NA 104 | NA 0 Fokk
2-8 | -IM 215 | 20.74 | 89.01 | 15.09 - 23.10 94 | 23.68 - 30.52 102 | 8.87-15.67 0 Hkk
5-3 M/- 225 | 18.15 | 78.90 | 1.89-9.10 84 | 10.53 - 13.95 92 —0.165 - 4.88 428 x107 | **
5-2 M/- 221 | 16.31 | 74.37 | -3.69-2.68 78 | —0.026 - 8.22 88 —-4.65-0.11 0.95 _
8-3 M/- 231 | 17.70 | 93.8 | 21.72-29.48 98 | 28.95-33.40 102 | 16.92-22.64 0 faleied
8-5 M/M | 231 | 22.60 | 86.94 | 12.14 -20.48 92 | 18.42- 25.00 | 102 | 10.14-15.88 0 il

To assess the effect of p53 mutation on mean, median, and maximal lifespan, 95% double bootstrap t confidence intervals for the
ratio of the means (or ratio of the percentiles) of the mutant and wild-type samples were computed as listed for the combined data
for the L-cohort and stress assays. The log-rank test was employed to test the null hypothesis that there is no difference in the
probability of death between wild-type and p53 mutant flies. P-values indicating the significance of the tests are reported.
®Indicates exclusion of an outlier vial.
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Table S4. Summary of the effect p53 deletion or mutation on life span in grouped data

L cohort grouped Male

Gr N +SD Mean lifespan Med life span Max life span | P-val Sig
Mean Cl %A Med Cl %A Max Cl %A

++ 234 | 14.82 | 74.05 | NA 76 | NA 88 | NA NA NA

-/- ©178 | 24,53 | 83.07 | 4.92-14.50 90 | 13.09 - 22.05 98 | 8.84-11.36 0 faieied

-+ ©738 | 17.60 | 78.12 | 2.15-7.53 82 | 453-12.49 98 | 11.36-12.39 2.04 x10°8 | ***

+/M | 870 | 17.48 | 69.54 | —8.41 - -3.61 72 | -7.82-0.18 88 | —1.20-0.00 5.00 x10° | *

-/M | 875 | 18.35 | 71.43 | -5.86 - —0.91 74 | —7.57-0.29 90 | -0.28-3.94 0.73 .

M/M | 226 | 16.05 | 49.09 | -23.06 - —17.11 | 60 | —23.27--15.95 | 78 | -16.07--8.02 | 0 el

L cohort grouped Female

Gr N +SD Mean lifespan Med life span Max life span P-val | Sig

Mean Cl %A | Med Cl %A Max Cl %A

+/+ 238 14.54 | 74.68 | NA 76 | NA 90 | NA NA NA

-/- 242 22.22 | 84.47 | 9.00-17.28 88 | 13.09 - 20.58 102 | 10.50-19.74 0 falaied

-/+ 826 17.14 | 82.69 | 8.41-13.59 86 | 13.16 - 16.86 96 | 1.90-8.85 0 el

+/M | ®857 | 20.90 | 84.7 | 10.65-16.25 92 | 21.05-26.32 104 | 12.78 -18.12 0 Fkk

-/M 892 19.83 | 84.07 | 10.01 - 15.28 88 | 15.79-21.45 104 | 12.82-18.70 0 Fkk

M/M | 231 22.60 | 86.94 | 12.19-20.76 92 | 18.42 -24.16 | 102 | 10.26 —15.97 0 faleid

To assess the effect of p53 mutation on mean, median, and maximal lifespan, 95% double bootstrap t
confidence intervals for the ratio of the means (or ratio of the percentiles) of the mutant and wild-type
samples were computed as listed for the grouped L-cohort data. The mean, median, and maximal lifespan
values are reported for each genotype as well as the P-values for the log-rank test of the null hypothesis of
identical survival functions between wild-type and p53 mutant flies. Note that * indicates 1.00 x10°%< P <
5.00 x107%, ** indicates 1.00 x10® P < 1.00 x10°%, *** indicates P < 1.00 x10°%. ® Indicates exclusion of an
outlier vial.
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Table S5. Effect of p53 mutation on Drosophila life span

a. Mutation type Male
Effects DF Num DF F-val P-val Sig

Den
(Intercept) 1 3106 23222526 <0.0001 ***
Mutation type 5 3106 57.277 <0.0001 ***
Mutation type  Coef DF Std.Error t-value P-val Adj P-val Sig
(+/+) (Intercept)  74.033 3106 1.223 60.543  <<0.0001 il
(-1+) 4.065 3106 1.345 3.023 0.0025  0.028 *
(1) 8.831 3106 1.787 4.943 <<0.0001 <0.001 faleied
(M/+) -4.521 3106 1.320 -3.426 0.0006  0.007 **
(M/-) -2.610 3106 1.320 -1.978 0.0480  0.338 -
(M/M) -14.940 3106 1.672 -8.938 <<0.0001 <0.001 faleled
b. Genotype Male
Effects DF num DFden F-val P-val Sig
(Intercept) 1 3097 27262577 <0.0001 ***
Mutation type 14 3097 49.205 <0.0001 ***
Genotype Coef DF Std.Error t-value P-val Adj P-val  Sig
6-7 (intercept) 74.0435 3097 1.153 64.194  <<0.0001 el
3-2 -0.139 3097 1.614 -0.086 0.931 1.000 --
2-6 -0.362 3097 1.565 -0.231 0.817 1.000 --
2-7 12.803 3097 1.647 7.775 <<.0001  <0.001 el
3-6 6.501 3097 2.061 3.154 0.002 0.0186 *
3-7 8,860 3097 1.691 5.238 <<0.0001 <0.001 Fkk
5-6 -15.088 3097 1.611 -9.364 <<0.0001 <0.001 faleled
5-7 -7.187 3097 1.557 -4.615 <<0.0001 <0.001 Fkk
8-6 2.288 3097 1.666 1.373 0.170 0.840 -
8-7 2.397 3097 1.573 1.523 0.128 0.694 --
2-8 4.064 3097 1.568 2.593 0.010 0.0931 -
5-3 -13.976 3097 1.632 -8.566 <<0.0001 <0.001 faleled
5-2 -1.370 3097 1.612 -0.850 0.395 0.993 --
8-3 -0.646 3097 1.581 -0.409 0.683 1.000 --
8-5 -14.952 3097 1.583 -9.448 <<0.0001 <0.001 faleled
c. Mutation type Female
Effects DF Num | DF F-val P-val Sig

Den
(Intercept) 1 3271 | 37307.36 | <0.0001 | ***
Mutation type 5 3271 | 12.41 <0.0001 | ***
Mutation type | Coef DF Std.Error | t-value | P-val Adj P-val | Sig
(+/+) (Intercept) | 74.667 3271 | 1.294 57.726 | <<0.0001 | <0.001 faleed
(-1+) 8.040 3271 | 1.437 5.595 <<0.0001 | <0.001 Fkk
(--) 9.817 3271 | 1.783 5.506 <<0.0001 | <0.001 faleled
(M/+) 10.068 3271 | 1431 7.034 <<0.0001 | <0.001 faleled
(M/-) 9.412 3271 | 1.425 6.605 <<0.0001 | <0.001 Hkk
(M/M) 12.282 3271 | 1.804 6.810 <<0.0001 | <0.001 falaled
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Table S5. (cont.)

d. Genotype Female

Effects DF num DFden F-val P-val Sig

(Intercept) 1 3262 28493.444 <0.0001 ***

Mutation type 14 3262 40.714 <0.0001 ***

Genotype Coef DF Std.Error t-value P-val Adj P-val  Sig
6-7 (intercept) 74.662 3262 1.240 60.228  <<0.0001 falalel
3-2 9.601 3262 1.694 5.669 <<0.0001 <0.001 kel
2-6 4.442 3262 1.671 2.658 0.008 0.0776 -
2-7 6.714 3262 1.669 4.038 0.0001 <0.001 kel
3-6 14.751 3262 2.017 7.312 <<0.0001 <0.001 kol
3-7 9.823 3262 1.662 5.909 <<0.0001 <0.001 kel
5-6 -8.906 3262 1.721 -5.172 <<0.0001 <0.001 ookl
5-7 14.672 3262 1.731 8.478 <<0.0001 <0.001 falalel
8-6 16.652 3262 1.689 9.856 <<0.0001 <0.001 kel
8-7 17.510 3262 1.726 10.146  <<0.0001 <0.001 ookl
2-8 -0.291 3262 1.701 -0.171 0.8644 1.000 -
5-3 4.183 3262 1.694 2.470 0.0136 0.124 -
5-2 19.126 3262 1.682 11.372  <<0.0001 <0.001 falalel
8-3 14.410 3262 1.714 8.410 <<0.0001 <0.001 kel
8-5 12.294 3262 1.682 7.309 <<0.0001 <0.001 kol

ANOVA results for differences in mean life span in Drosophila with differing p53 mutation types,
where the main effect is the mutation type, comprised of grouped genotypes, and replicate vials
are treated as a random effect in males (a) and females (c). Similar tests were also performed
where the main effect is genotype in males (b) and females (d). Significant differences in group
means were identified using Tukey’s Honestly Significant Difference (HSD) multiple comparison
and adjusted p-values based on the single-step method are reported for the relevant
comparisons of various mutation types to wild-type.
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Table S6. Summary of the significance of p53 deletion or mutation effects on life span in W cohort

W cohort “Male
M-F | Gr N +SD Mean life span Med life span Max life span P-val Sig
Mean Cl %A Med Cl %A Max Cl %A

6-7 +/+ | 123 | 10.48 | 53.64 | NA 54 | NA 69.2 | NA NA NA
2-3 -/- 125 | 18.89 | 63.2 11.33-24.50 60 | 1.89 —21.56 86 6.72 — 26.42 2.62 x10°20 | *x*
2-6 -+ | 122 | 11.7 66.18 | 18.72 - 28.60 66 | 12.94 - 30.20 80 1.64 -18.95 0 floled
2-7 -+ | 130 | 9.27 79.11 | 42.19 -52.75 80 | 41.55-54.53 88 9.94 -29.94 0 fleled
3-6 -+ | 114 | 1555 | 43.33 | —24.71--14.15 | 46 | —20.74 - -11.38 | 57.4 | —27.18 - -12.22 | 1.30 x10® | **
3-7 -/+ | 127 | 11.33 | 67.54 | 21.00 - 30.88 70 | 23.40-34.64 78.8 | 0.34-19.58 0 okl
4-6 | M/+ 120 | 9.617 | 233 | -59.34--53.76 | 20 | —65.84 - —61.16 | 38 -53.86 - —35.26 | 0 okl
4-7 M/+ 119 | 15.74 | 43.14 | —24.28 - -13.92 | 42 | —29.24 - -14.46 | 66 —17.60 - —2.42 1.60 x10™ | **
56 | M/+ 124 | 9.25 | 32.02 | —-43.68--37.22 | 34 | —-39.34--31.90 | 40 -51.62--38.42 | 0 ookl
5-7 M/+ 126 | 9.38 56.98 | 2.01-10.35 58 | 2.87-11.76 68 -14.53 - 1.27 0.038 *
2-4 -IM 120 | 9.66 39.97 | —28.86--22.20 | 40 | —30.94 - —22.77 | 52 -35.37--2250 | 0 Fxk
2-5 | -IM 125 | 7.96 | 59.12 | 6.31-14.34 60 | 6.94-19.48 70 -12.64-2.11 7.69 x10™

**
3-4 -IM 98 1558 | 26.53 | -55.51--45.30 | 27 | -57.20 - -49.80 | 50 -37.31--2261 | 0 FxK
3-5 -M 120 | 10.56 | 50.28 | —10.41 - —2.46 52 | -7.44-331 62 —20.46 - —6.79 1.32x10° | *
4-5 M/M | 72 10.77 | 19.89 | -66.79 - -58.37 | 20 | —-64.24 - -58.24 | 354 | -57.32--2856 | O Frk
W cohort ° Female
M-F | Gr N +SD Mean life span Med life span Max life span P-val Sig

Mean Cl %A Med Cl %A | Max Cl %A

6-7 +/+ | 121 | 8.00 55.8 NA 56 | NA 66 NA NA NA
2-3 - [ 125|683 |63.86 | 11.65-17.66 | 66 | 11.08-2448 [70 [ -0.19-10.22 | 2.22x10% [ ***
2-6 -+ | 125 [ 776 | 557 | —3.17-2.87 56 | -8.38-3.75 62 | -14.66--0.93 | 0.736
2-7 -+ | 126 | 11.67 | 60.81 | 4.73-12.84 62 | 1.63-14.65 73 4.97 - 22.97 9.69 x10710 | ***
3-6 -/[+ | 121 | 10.29 | 50.38 | —13.09 - —6.07 52 | -15.61--3.58 60 —15.45 - -5.63 1.38 x10* | **
3-7 -[+ | 126 | 10.35 | 67.44 | 17.10 - 24.67 68 | 11.41 —25.88 79 13.61 - 28.76 0 okl
4-6 M/+ 121 | 10.58 | 25.19 | -57.65--51.46 | 24 | —-63.50 - -51.89 | 40 -45.03--3268 | 0 faleiel
4-7 | M/+ | 116 | 14.03 | 42.78 | —27.51--19.19 | 42 | -30.78 - —22.13 | 61 | —12.87-5.36 1.39 x10710 | ***
5-6 | M/+ 121 | 9.88 | 38 —34.90 - -28.56 | 36 | —44.66 - —32.95 | 50 -29.34--18.38 | O Fkk
5-7 | M/+ 122 | 11.15 | 65.11 | 12.61-20.35 67 | 6.01-21.98 76 9.90 - 21.58 0 ookl
2-4 -M 121 | 13.23 | 43.09 | -26.96 - -18.55 | 48 | —21.58 - -10.11 | 56 -20.64--11.77 | 0 FrK
2-5 -IM 125 | 7.80 56.77 | -1.19-4.95 58 | -3.89-7.78 66 -8.45-7.60 0.282
3-4 -IM 117 | 7.14 235 —60.12 - -55.36 | 24 | -58.54 - -51.52 | 32.8 | -52.38--39.97 | 0 FrK
3-5 -IM 120 | 8.53 68.77 | 19.78 - 26.57 68 | 12.29 — 25.49 78 11.42 - 26.35 0 floled
4-5 M/M | 110 | 9.68 27.45 | -53.79--47.70 | 28 | -52.55--46.49 | 38 -4859--39.77 | 0 falehad

To assess the effect of p53 mutation on mean, median, and maximal lifespan, 95% double bootstrap t confidence
intervals for the ratio of the means (or ratio of the percentiles) of the mutant and wild-type samples were computed as
listed for the W-cohort. The log-rank test was employed to test the null hypothesis that there is no difference in the
probability of death between wild-type and p53 mutant flies. P-values indicating the significance of the tests are
reported.
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Table S7. Grouped life span data from W cohort experiments with log rank, average, standard deviations, medians and

standard deviations of medians

Group Genotype Sex N Mean Life span phenotype? Median Life span phenotype®  Log Rank (vs +/+)
W cohort
-/- Male 127 63.2+20.25 60+20.66 2.62e-10
M/- Male 492 44.68+18.88 48+19.23 5.65e-05
+/- Male 504 64.65+19.73 68+19.91 0.00
M/M Male 72 19.89+10.84 20+10.82 0.00
+IM Male 492 39.02+17.21 36+17.78 8e-09
+/+ Male 123 53.64+10.58 54+10.52
-/- Female 125 63.9+6.49 66+6.18 2.22e-16
M/- Female 490 48.27+19.90 54+20.34 0.947
+/- Female 498 58.67+12.00 58+12.13 8.27e-07
M/M Female 111 27.45+10.38 28+9.96 0.00
+/M Female 480 42.82+18.56 42+18.67 0.000628
+/+ Female 121 55.80+8.15 56+8.10
? Mean life span, days +/- SD.
b Median life span, days +/- SD Life Span, days.
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Table S8. Summary of the effect of p53 deletion or mutation on life span for the
reverse-cross data

Reverse cross Male

M-F]Gr [N | +SD [ Mean | Med | Max | P-val® Sig? | P-val’ Sig®
6-7 +/+ 124 | 17.89 | 75.19 | 78 92 NA NA | 1.96 x10° | *
76 | ++ | 126 [ 2108|664 |72 [88 |1.96x10° |* NA NA

2-3 | /- 120 | 16.81 | 72.08 | 74 88 274 %102 | * 264 x107 | --
32 |- ©71 | 26.35 | 78.65 | 86 102 | 6.43x10° | ** | 1.58x108 | ***
37 |-+ 131 | 16.95 | 82.15 | 86 98 7.14 x10° | * 2.90 x10712 | ***
7-3 | -+ 120 | 13.94 | 85.85 | 90 100 | 1.11 x10° | *** | 2.22 x10716 | **=*
6-8 | +/M | 115 | 18.34 | 59.04 | 60 83.2 | 535 x10™ | *** | 415 x10* | **
86 | +M | 129 | 13.99 | 67.64 | 66 84 2.89x10° | ** | 2.06 x10" | --
7-8 | +/M | 122 | 17.02 | 81.25 | 84 100 | 9.69 x10° | ** | 7.28 x10t | ***
87 | +M | 117 | 2292 | 7497 | 76 102 | 3.77 x10° | * 3.33x10° | ***
38 |[-/M | 125 | 2150 | 75.98 | 78 102 | 2.80 x10% | * 5.31 x10® | ***
83 |[-/M |125 | 17.39 | 65.10 | 66 80 1.92 x107 | ** | 574 x102 | --
58 | M/M | 119 | 22.11 | 61.28 | 62 88 1.85x10° | ** | 1.07 x10? | --
85 | M/M | 122 | 16.77 | 58.21 | 59 79.6 | 1.70 x10™® | *** | 3.31 x10° | **

Reverse cross Female

M-F]Gr [N [+SD [ Mean | Med | Max [ P-val® Sig? [ P-val’ Sig®
6-7 | +/+ | 123 | 2124 | 72.44 | 74 92 NA NA | 4.09 x10* | **
7-6 | +/+ | 125] 11.62 | 8254 | 86 94 409x10” | ** | NA NA
2-3 | - 122 [ 219 | 8823 | 94 1038 | 0 *xk | ] 35 %10 | *x
32 |- 121 | 15.84 | 95.77 | 98 110 |0 ) *kk
37 |-+ 123 | 27.64 | 8459 | 92 101.6 | 0 *xk | ] B8 x10M | ***
7-3 | -+ 126 | 5.985 | 90.94 | 92 100 |0 *xk | D96 10710 | **
6-8 | +/M | 124 | 31.88 8737 [ 100 | 108 |0 ) ok
86 | +/M | 116 | 1576 | 97.45 | 100 | 108 | 0 *xk | *kok
7-8 | +/M | 125 | 1599 | 93.94 | 98 106 |0 *xk |0 *k
87 | +M | 122 | 1468 | 94.84 | 96 1078 | 0 ) *xH
38 |-/M | 1232527966 |[104 114 |0 ) ok
83 |-/M |121|2274]1013 [108 [112 |0 *xx [ ok
58 | M/M | 122 | 19.76 | 96.49 | 100 | 1118 |0 % [ ok
85 | M/M | 118 | 24.12 | 88.34 | 94 106.6 | 0 *kk | 9 30 %1013 | Hxx

The mean, median, and maximal lifespan values are reported for each genotype as well as P-values
for the log-rank test of the null hypothesis of identical survival functions between wild-type (+/+;
6-7) or the reverse cross wild-type (+/+; 7-6) and p53 mutant flies are denoted by superscript a
and b, respectively.

®|ndicates exclusion of an outlier vial.
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Table S9. Summary of the effect of p53 deletion on life span when flies were subject to ionizing radiation
or a 100% oxygen environment

Stress experiments Male

M-F | Gr | N +SD Mean life span Med life span Max life span P-val Sig
Mean Cl %A Med Cl %A Max Cl %A
Standard conditions
6-7 | +/+ | 129 | 17.12 | 79.81 | NA 82 | NA 98 NA NA NA

2-3 -/- 117 | 13.14 | 75.56 | -9.12 - -1.15 78 | -7.64--1.03 88 -14.36 — 7.09 7.84 x10° | **
3-7 -+ | 124 | 15.96 | 79.81 | —4.18 - 4.43 82 | -5.30-4.00 98 -5.52 -3.24 0.73
lonizing radiation

67 | +/+ [ 274578 ]40.82 [ NA 42 [ NA 46 [ NA NA NA

2-3 |-~ | 273 [543 |33.12 | —20.68--17.06 | 34 | -25.54--19.05 | 38 | —22.65--12.41 | 0 *rx

37 |-+ [273]6.15 | 42.39 | 1.80-6.00 42 | —7.48-0.00 476 | -1.24-11.02 | 2.02x107 | **
100% O2

67 | ++[238]056 |17.83 [ NA 18 [ NA 18 [ NA NA NA

23 |- |232]156 | 1516 | -16.13--14.10 [ 16 | -11.11--11.11 [ 16 | -11.11--11.11 | O o

37 |-+ [ 244|105 |17.16 | -4.38--3.05 | 18 | NaN-NaN 18 | NaN-NaN 4.44 x1078 | *x*

Stress experiments Female

M-F | Gr | N +SD Mean life span Med life span Max life span P-val Sig
Mean Cl %A Med Cl %A Max Cl %A
Standard conditions
6-7 | ++ | 126 | 19.49 | 82.78 | NA 88 | NA 96 NA NA NA
2-3 | -/~ | 123 | 13.13 | 89.17 | 3.77-12.09 90 | -2.90-4.99 100 | 1.29 -6.42 9.02 x10° | **

3-7 |-+ | 123 | 19.56 | 88.34 | 1.60-11.64 92 | -0.21-6.87 100 | 1.21-7.20 2.10x107 | **
lonizing radiation

6-7 | ++[280 1379 | 4827 | NA 50 [ NA 60 [ NA NA NA

23 |-- [270 | 922 |5438 [9.09-1671 |56 |7.67-16.15 62 | -392-4.63 |298x10* | **

3-7 [ -+ [271 1712 [ 5117 [13.13-2336 |62 |1857-2881 [72 [1221-21.04 [0 o
100% O2

6-7 | ++[238 0367 | 17.97 | NA 18 [ NA 18 | NA NA NA

23 | -- | 242 1149 | 1722 | 506--3.34 | 18 | NaN-NaN 18 | NaN - NaN 1.28 x10™° | ***

37 |-+ [233]095 [17.85 | -156--0.19 |18 | NaN-NaN 18 | NaN-NaN ] 0.09

95% double bootstrap-t confidence intervals for the ratio of the means (or ratio of the percentiles) of the mutant and wild-type
samples in each condition were computed as listed. The mean, median, and maximal lifespan values are reported for each
genotype as well as the P-values representing the significance of the log-rank test of the null hypothesis that there is no
difference in the probability of death between wild-type and p53 mutant flies.
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Table $10. Summary of food (fly culture media) recipes

For One Liter

Old Food New Food

\Water (L)

Sucrose (g)
Dextrose (g)
Molasses (ml)

Agar (9)

Yeast (g)

Cornmeal (g)
Tegosept (g)

95% Ethanol (ml)
Propionic Acid (ml)

phosphoric acid

1 1
0 0
0 105
100 0
9 8
41 26
100 50
2.5 1.7
225 8.6
8 19
0 0

The W cohort was cultured on “Old food” recipe, as were all flies
in experiments in Tower laboratory prior to September 2005.
The L cohort and all other experiments presented here were

conducted using “New food” recipe.
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Waf1

Abstract: Oncogene-induced senescence acts as a barrier against tumour formation and has been implicated as the
mechanism preventing the transformation of benign melanocytic lesions that frequently harbour oncogenic B-RAF or N-
RAS mutations. In the present study we systematically assessed the relative importance of the tumour suppressor proteins
p53, p21waf1, pRb and p16™** in mediating oncogene-induced senescence in human melanocytes. We now show that
oncogenic N-RAS induced senescence in melanocytes is associated with DNA damage, a potent DNA damage response and
the activation of both the p16'NK4a/pr and p53/p21Walfl tumour suppressor pathways. Surprisingly neither the
pharmacological inhibition of the DNA damage response pathway nor silencing of p53 expression had any detectable
impact on oncogene-induced senescence in human melanocytes. Our data indicate that the pRb pathway is the dominant
effector of senescence in these cells, as its specific inactivation delays the onset of senescence and weakens oncogene-
induced proliferative arrest. Furthermore, we show that although both p16™*** and p21Wafl are upregulated in response to
N-RAS®*, the activities of these CDK inhibitors are clearly distinct and only the loss of p16™“** weakens senescence. We
propose that the ability of p16™** to inhibit the cyclin D-dependent kinases and DNA replication, functions not shared by
p21waﬂ, contribute to its role in senescence. Thus, in melanocytes with oncogenic signalling only p16INK4a can fully engage
the pRb pathway to alter chromatin structure and silence the genes that are required for proliferation.

INTRODUCTION than 89% of B-RAF mutations in melanoma alter a

single amino acid (V600E and V600K), whereas highly
Fewer than 5% of patients with distant visceral recurrent mutations affecting Gly-12, Ala-18 and GIn-
metastases from cutaneous melanoma survive 12 61 account for approximately 12%, 5% and 70% of
months and there are no effective drug treatments [1]. melanoma-associated N-RAS mutations, respectively
The early molecular steps in formation of melanoma are [6]. The B-RAF"*F and N-RAS®'* mutations are also
therefore the subjects of intense scrutiny. Cutaneous found in up to 80% and 55% of benign naevi,
melanoma arises from benign melanocytic lesions respectively [7, 8] and benign naevi display several
(benign naevi) or de novo from melanocytes of the skin markers of senescence, including positive senescence-
[2]. Mutations activating the N-RAS or B-RAF kinase associated R-galactosidase (SA-R-Gal) activity and
components of the mitogen-activated protein kinase p16'™*® expression [9, 10]. Although the presence of
(MAPK) pathway are found in approximately 15% and senescent cells in human benign naevi remains
60% of human melanomas, respectively [3-5]. Greater controversial [11], accumulating evidence suggests that
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senescence occurs in vivo and acts as an effective barrier
to tumour formation (Reviewed in [12]). Defining the
relationship between oncogene activation, melanocyte
senescence and escape from senescence remains an
essential step in understanding melanomagenesis. For
this reason we have sought to dissect the regulation of
senescence in melanocytes.

The senescence program is established and maintained
by the p53 and p16"™<*/retinoblastoma (pRb) tumour
suppressor pathways. p53 engages a formidable
proliferative arrest primarily in response to DNA-
damage checkpoint signals triggered by telomere dys-
function and activated oncogenes [13-16]. For instance,
the stable knockdown of p53-regulators (including
ataxia telangiectasia mutated (ATM) and checkpoint-2
(CHK2) kinases) or p53 itself overcame RAS-induced
sensecence in BJ human foreskin fibroblasts [15] (Table
1). Similarly, inactivation of the upstream p53 activator,
ARF (p19ARF in mouse and pl4ARF in human),
overcame oncogene-induced senescence in mouse
embryo fibroblasts (MEFs) [17, 18], and loss of p21V*™,
a CDK inhibitor, activator of pRb and critical down-
stream target of p53 transactivation, caused cells to
bypass telomere-dependent replicative and oncogene-
induced senescence in normal human fibroblasts and
MEFs, respectively (Table 1) [19-21].

Although inactivation of the p53 pathway can reverse
the senescence in some cells, there is an emerging
consensus that it fails to do so in cells with an activated
p16™ */pRb pathway [14, 22, 23]. Active, hypo-
phosphorylated pRb interacts with E2F transcription
factors and facilitates chromosome condensation at E2F
target promoters. The reorganization of chromatin leads
to the formation of senescence associated hetero-
chromatin foci (SAHF) and the stable repression of E2F
target genes that are involved in the irreversible cell
cycle arrest associated with senescence [24]. Each
SAHF contains portions of a single condensed chromo-
some, which is enriched for common markers of
heterochromatin, including HP1ly, histone H3
methylated at lysine 9 (H3K9Me) and the non-histone
chromatin protein, HMGAZ2 (reviewed in [25])

p16™** is a positive regulator of pRb, via cyclin
dependent kinase inhibition, and is crucial in generating
SAHF [24]. Not surprisingly, p16™ ** also acts as a
tumour suppressor and is frequently inactivated in
established human tumours. Inherited inactivating
mutations in p16™** are associated with melanoma
susceEtibiIity in melanoma-dense kindreds [26]. In fact,
p16™ “_deficient human melanocytes, derived from
melanoma affected individuals, show an extended
lifespan and are immortalized by ectopic expression of

telomerase reverse transcriptase, whereas normal
melanocytes display neither of these features [27, 28].
Furthermore, replicative and  oncogene-induced
senescence are accompanied by accumulation of
p16™ % in primary human cells [29-31] and ectopically
expressed pl16™K* initiates a senescence program
characterized by cell cycle arrest, senescence-associated
changes in cell morphology, increased SA-R-Gal
activity and the appearance of SAHF [32, 33].

The senescent states induced by the p53 and pRb
pathways may be distinct and whether cells engage one
or the other pathway appears to reflect the type of stress
signal, the tissue and species of origin. The relative
contribution of the p53 and p16™**/pRb pathways in
melanocyte senescence remains unclear, and recent data
suggest the possibility of p53- and pRb-independent
senescence pathways in these cells. For instance, N-
RAS induced melanocyte senescence was associated
with the activation of the p16™<*/pRb and p53 path-
ways, but did not require expression of p16™<* or
pl4ARF [34]. Similarly, neither p53 nor p16™** were
required for H-RAS induced senescence in human
melanocytes. Instead, H-RAS-driven senescence was
mediated by the endoplasmic reticulum-associated
unfolded protein response [35(;]. In another report,
senescence induced by B-RAFY®™F or N-RAS®™® did
not depend on p16™K* or p53 but could be partially
overcome by expression of the oncogenic transcription
factor c-MYC [36]. In contrast, p53 was found to be one
of 17 %enes (also included 1GFBP7) required for
BRAF*™E_mediated senescence of human melanocytes
and p53 was also required for the induction of p16" <
following B-RAF*°F expression [37] (Table 1).

In this study we systematically assessed the relative
importance of the tumour suppressor proteins p53,
p21"¥™ pRb and p16™*** in mediating oncogene-
induced senescence in human melanocytes. We confirm
that N-RAS®®¥ induced senescence in melanocytes is
associated with DNA damage, a potent DNA damage
response and the activation of both the p16™*/Rb and
p53/p21"4™ tumour suppressor pathways. In melano-
cytes, the pRb pathway was the dominant effector of
senescence, as its specific inactivation delayed the onset
of senescence and weakened oncogene-induced pro-
liferative arrest, as shown by the reduced formation of
SAHF. Although p53-deficient melanocytes underwent
a senescence response that was indistinguishable from
that seen in wild-type melanocytes, the p53 pathway did
contribute to the senescence program. In particular, the
p53 pathway initiated a delayed arrest in pRb-deficient
melanocytes, whereas melanocytes lacking both p53
and pRb continued to proliferate in response to
oncogenic N-RAS. We also show that, although p21*/#"
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and p16™* [34] are not required for N-RAS induced
senescence, both can activate pRb and promote sense-
cence but only p16™ * triggers chromatin reorganization

and the formation of SAHF. These data help to explain
the observation that whereas p16™<** mutations are com-

mon in human cancer, p21

Table 1. Requirements of oncogene-induced senescence in human and mouse cells

Wafl

mutations occur rarely [38].

Human Cells Mouse Cells
IMR90 Lung Fibroblasts’ BJ Foreskin Fibroblasts from Melanocytes MEFs
Fibroblasts® melanoma-prone
individuals®

p53-DNA damage
response

Required[16]/Not
1. ATM required[61] Required [15, 16] Not studied Not studied Not studied
2. Chk2 Not studied Required [15] Not studied Not studied Not studied

Partial®[62]/ Required [15, 64]/ Required [37]/
3. p53 Not required [24, 29, 61, 63] | Partial®[62] Not studied Not required [35, 36] Required [29]
4. ARF Not required [65] Not required [64] Not required [66] Not required [34] Required [18, 67]
5. p21Waft Not required [63] Not studied Not studied Not required (this work) | Not required [21]
pRb pathway

Partial®* [24, 62]/ Partial*[62]/ Not required [45,
1. pRb Not Required [61] Not required[64] Not studied Partial®* (this work) 68]
2. pl07 Not studied Not studied Not studied Not studied Not required [68]
3. pRb and p107 Not studied Not studied Not studied Not studied Required [68]
4. p107 and p130 Not studied Not studied Not studied Not studied Not required [45]
5. pRb, p107 and
p130 Not studied Not studied Not studied Not studied Required [45, 68]

Partial*[24]/ Partial®[15] / Required[39, 66, 69, 70]/ | Partial’[34]/ Required [29]/
6. p16™K* Not required [16] Not required [64] Not required [71] Not required [35, 36] Not required [18]
p53 and pRb Required [61, 62] Required [62] Not studied Required (this work) Required [29]
p53- and pRb-
independent
1. ER-stress response | Not studied Not studied Not studied Required [35] Not studied
2.1L-6 Required [72] Not studied Not studied Not studied® [72] Not studied
3. IGFBP7 Not studied Not studied Not studied Required [37] Not studied
4.C-MYC Not studied Not studied Not studied Partial® [36] Not studied

Not required, gene expression is dispensable for oncogene-induced cell cycle arrest and senescence

Required, loss of gene expression overcame oncogene-induced cell cycle arrest
1 . .
IMR90 cells senesce with longer telomeres and have higher basal levels of p16

’Fibroblasts from melanoma prone individuals with germline mutations inactivating p16

INK42 than BJ cells [64, 73]

INK4a

3Loss of gene expression delayed or reduced oncogene-induced cell cycle arrest or SA-B-Gal activity

*Loss of gene expression reduced oncogene-induced formation of SAHF

5Overexpression of gene partially suppresses oncogene-induced SA-B-Gal activity

’IL-6 expression is induced by oncogenic B-RAF in human melanocytes
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RESULTS

The response of primary human melanocytes to the
oncogenic, melanoma-associated N-RAS?®*¥ mutant was
evaluated by stably transducing N-RAS?®*¥ into human
epidermal melanocytes. Accumulation of N-RASX
was detected three days post-transduction and the impact
of N-RAS on melanocyte proliferation was monitored
over 15 days. As expected, 15 days post-transduction the
majority of N-RAS®' transduced melanocytes displayed
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Figure 1. Oncogenic N-RAS®*¢

were transduced with lentiviruses expressing N-RASH

several markers of oncogene-driven senescence, namely
cell flattening, increase in cellular size, significantly
reduced Ki67 expression, increased SA-R-Gal activity
and the formation of SAHF (Figure 1A). As expected
these foci were enriched for histone H3 methylated at
lysine 9 (H3K9Me), a common marker of hetero-
chromatin [24] (Figure 1B). In contrast, melanocytes
accumulating the co-expressed Copepod GFP (copGFP)
did not arrest, showed no evidence of chromatin
condensation nor increased SA-R-Gal activity (Figure 1A).
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— p-pRb
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induces proliferative arrest and senescence of human melanocytes. (A) Human melanocytes
or copGFP control. The efficiency of transduction was controlled with the co-

expression of copGFP and was consistently above 90%. Cell proliferation (Ki67), chromatin condensation (DAPI), and the appearance of
increased SA-B-Gal activity were analyzed and quantitated 15 days after infection. Percentage of cells positive for the indicated marker is
shown in histograms, which correspond to the mean # s.d. of at least two independent transduction experiments from a total of at least
300 cells. Cells enlarged to show DAPI-stained chromatin foci are indicated with arrows (bar =10 um). LM, light microscopy (bar=100um).
(B) Human epidermal melanocytes infected with lentiviruses expressing N-RAS®* or copGFP were stained with DAPI and antibodies to
H3K9Me, 15 days post transduction (bar =10 um). (C) Expression of the indicated proteins was determined by western blot analysis 15
days after infection of human epidermal melanocytes with lentiviruses expressing N-RAS®* or copGFP control.
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N-RAS®™¥ induced melanocyte senescence was also
associated with activation of the MAPK and AKT
pathways, as shown by the increased phosphorylation of
ERK (p-ERK), and AKT (p-AKT) at 5, 10 (data not
shown) and 15 days post infection (Figure 1C).

addition, expression of oncogenic N-RAS led to p53
induction, increased expression of the p16™“* and
p21"*™ cyclin dependent kinase inhibitors and reduced
accumulation of pRb phosphorylated at serine residues -
807 and -811 (p-pRb) (Figure 1C). As previously reported,

induced pl4ARF was not detectable by Western blot
analysis [34]. Oncogenic N-RAS also induced a robust
DNA damage response in melanocytes that was associa-
ted with the accumulation of senescence-associated DNA
damage foci, which contain phosphorylated histone
H2AX (y-H2AX) and are not equivalent to SAHF [15]
(Figure 2A). Further, there was a marked increase in the
phosphorylation of CHK2 on Thr-68 (p-CHK2) and
increased p53 phosphorylation on Ser-15 (p-p53), two
events associated with DNA damage (Figure 2B).
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Figure 2. Oncogenic N-RAS®™ induces DNA damage response in human melanocytes. (A) Human epidermal melanocytes

infected with lentiviruses expressing N-RAS®™ or copGFP were stained with DAPI and antibodies to the DNA damage marker y-H2AX, 15
days post transduction (bar =10 pum). (B) Human melanocytes were transduced with lentiviruses expressing N-RAS®*™ or copGFP and
cultured for 15 days in the presence (+) or absence (-) of 4mM caffeine. Expression of the indicated proteins was determined by western
blot analysis 15 days after infection. (C) Melanocytes transduced with lentivirus expressing N-RAS®* or copGFP and cultured for 15 days
in the presence (+) or absence (-) of 4mM caffeine were stained with DAPI and antibodies against the phosphorylated forms of p53 (p-
p53) or CHK2 (p-CHK2) (bar=100um). Enlarged images of representative cells (marked with arrow) are also shown. The percentage of
transduced melanocytes positive for p-p53 and p-CHK2 expression was quantitated from at least two independent transduction
experiments from a total of at least 300 cells. The graph corresponds to the mean percentage of transduced cells treated with caffeine (+)

or left untreated (-) * s.d.

www.impactaging.com

546 AGING, June 2009, Vol.1 No.6



copGFP

N-RAS®¥

copGFP  N-RASWIK

cafTeine

DAPI

100
80
= 60

% positive
cells

40 L
nl --nl
IR - | ; i | W e | ; -
S i\ SA A T X oL A
FF L FF T F e
C < ¥ Y Yy Sy
- o - -
S h ,_9\" i

Figure 2. Oncogenic N-RAS®™ induces DNA damage
response in human melanocytes. (D) Human melanocytes
were transduced with lentiviruses expressing N-RAS®*™ or
copGFP and cultured for 15 days in presence (+) or absence (-) of
4mM caffeine. The efficiency of transduction was controlled
with the co-expression of copGFP and was consistently above
90%. Cell proliferation (Ki67), chromatin condensation (DAPI),
and the appearance of increased SA-B-Gal activity were analyzed
and quantitated 15 days after infection. Percentage of cells
positive for the indicated marker is shown in histograms, which
correspond to the mean * s.d. of at least two independent
transduction experiments from a total of at least 300 cells. Cells
enlarged to show DAPI-stained chromatin foci are indicated with
arrows (bar =10 um). LM, light microscopy (bar=100um).

To examine the contribution of the DNA damage
response to RAS-induced melanocyte senescence we
suppressed ATM and ATR Kkinase activity with the
addition of 4mM caffeine for 15 days. As expected, in
the presence of N-RAS® the addition of caffeine
markedly inhibited phosphorylation of the ATM targets
CHK2 and p53 (Figures 2B, 2C). Nevertheless,
suppression of the DNA damage response had no

(enlarged)

SA-B-Gal

detectable impact on the N-RAS induced melanocyte
senescence program. In particular, melanocytes
accumulating N-RAS® regardless of exposure to
caffeine, underwent potent cell cycle arrest (reduced
Ki67 staining) that was associated with increased SA-R-
Gal activity an the appearance of SAHF (Figure 2D). In
addition, inhibition of the DNA damage checkpoint
response did not impact on the N-RAS®**-mediated
induction of total p53, p21"™  p16™K“  and

hypophosphorylated pRb (Figure 2B).

Considering that the &53 pathway remained active
(increased 853 and p21"2" expression; see Figure 2B)
in N-RAS~"""-expressing melanocytes with a dimin-
ished DNA damage response, we examined whether
oncogene-induced senescence of human melanocytes
required the p53 protein. To silence p53 expression we
utilised lentiviral ShRNA vectors that specifically target
p53 and to minimise confounding effects of shRNA off-
target silencing two independent p53 silencing
molecules were generated (Supplementary Figure 1).
HEM1455 melanocytes were transduced with these
shRNA molecules and three days post-infection the
cells were re-transduced with lentiviral vectors
expressing N-RAS®®™ or copGFP. In all experiments
we also applied a negative control shRNA molecule
without homology to any human gene.

The inhibition of p53 expression did not alter the cell
cycle arrest induced by oncogenic N-RAS® (15 days
after infection only 5% of N-RAS®¥ melanocytes
showed positive Ki67 staining regardless of p53
expression and this can be compared to 23% Ki67
positive p53-null melanocytes infected with the copGFP
control; Figure 3A). Similarly, cellular senescence was
initiated and maintained in the presence or absence of
p53 expression; increased SA-R-Gal activity appeared in
48% of p53-null cells compared to 38% in the p53-
positive control cells, 15 days post transduction (Figure
3A) and the two different p53-specific ShRNAs exerted
similar effects (data not shown). In fact no markers of
senescence, including cell morphology, SA-R-Gal
activity, appearance of SAHF or Ki67 incorporation
discriminated between p53-intact and p53-null
senescent melanocytes. It is important to note, however,
that p21"*™ expression was not induced by oncogenic
N-RAS in p53-deficient melanocytes (Figure 3B).

In p53-null N-RAS melanocytes the induction of
p16™K* and hypophosphorylation of pRb was main-
tained (Figure 3B), and it seemed likely that the
activation of pRb was dominant and sufficient to
establish melanocyte senescence. Certainly silencing
expression of both p53 and pRb bypassed N-RAS
induced cell cycle arrest and senescence in this cell type
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(15 days after infection only 5% of N-RASK
melanocytes showed positive Ki67 staining, compared to
24% of N-RAS®™ melanocytes lacking both p53 and
pRb and 23% of melanocytes expressing only control
shRNA/copGFP; Figure 3A). To examine the individual
role of pRb, HEM1455 melanocytes were transduced
with a pRb-specific ShRNA molecule and three days
post-infection the cells were re-transduced with lentiviral
vectors expressing N-RAS®™ or copGFP. pRb-null
melanocytes responded to oncogenic N-RAS with delay-

A

N-RAS®K

ed onset of cell cycle arrest and senescence. In particular,
10 days post infection with oncogenic N-RAS, 16% of
pRb-null melanocytes remained positive for the
proliferation marker Ki67 compared to only 5% of the
pRb-positive melanocytes. Similarly, SA-R-Gal activitx
was detected in only 19% of pRb-deficient N-RAS
melanocytes compared to 35% in the pRb-positive N-
RAS®™ cells. Further, the percentage of N-RAS®
expressing cells with SAHF was clearly reduced, and
remained so in the absence of pRb (Figure 3C).
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Figure 3. Relative contributions of the p53 and pRb tumour suppressor pathways in N-RA
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melanocyte senescence. (A) Melanocytes were transduced with lentiviruses containing the indicated shRNA constructs.

Three days post infection the cells were re-transduced with lentiviruses expressing N-RA!

SO or copGFP, as shown.

Representative examples at 15days after infection are shown. Cell proliferation (Ki67), chromatin condensation (DAPI), and
the appearance of increased SA-R-Gal activity were analyzed and quantitated. Percentage of cells positive for each
indicated marker are shown in histograms, which correspond to the mean * s.d. of at least two independent transduction
experiments from a total of at least 300 cells. Cells enlarged to show DAPI-stained chromatin foci are indicated with arrows

(bar =10 um). LM, light microscopy (bar=100pm).
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Figure 3. Relative contributions of the p53 and pRb tumour suppressor pathways in N-RA
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senescence. (B) Expression of the indicated proteins was determined by western blot analysis at 15 days after infection of human
epidermal melanocytes with the indicated shRNA constructs and either lentivirus expressing N-RAS®™ or the copGFP control. (C) The

impact of pRb-silencing on the N-RAS™

induced senescence was determined by quantitating key senescence markers (Ki67 expression,

SAHF formation, SA-R-Gal activity) at 10 and 15 days post N-RAS transduction. Percentage of cells positive for each indicated marker is
shown in histograms, which correspond to the mean # s.d. of at least two independent transduction experiments from a total of at least

300 cells.

These data suggest that the activation of pRb is the
dominant effector of oncogene-induced melanocyte
senescence, and thus upstream regulators of pRb
function may represent critical melanoma tumour
suppressors. For instance, loss of the melanoma
predisposition gene p16™<*, detectably weakened the
pRb-pathway and the senescence program in
melanocytes by inhibiting the pRb-dependent
development of SAHF [34]. Considering that the CDK
inhibitors p16™* and p21"e™ were both potentl
induced in melanocytes in response to N-RAS®™
expression (see Figure 1C), we wanted to establish
whether the function of p16™ ** in the formation of
SAHF was specific to this CDK inhibitor or whether
another senescence-associated CDK inhibitor p21*/a"
was equivalent in activity. The role of p21"*™ was
examined utilising two, highly effective p21"e"-
specific lentiviral shRNA vectors (Supplementary
Figure 1). HEM1455 melanocytes were transduced with
these sShRNA molecules and three days post-infection
the cells were re-transduced with lentiviral vectors
expressing N-RAS®* or copGFP. In all experiments
we also applied a negative control shRNA molecule
without homology to any human gene.

Depletion of p21"*™ did not detectably alter N-RAS
induced cell cycle arrest or senescence in human
melanocytes. The p21"*"-deficient melanocytes respon-

ded to oncogenic N-RAS by accumulating hypo-
phosphorylated pRb, p16™<** and p53 (Figure 3B), they
enlarged, acquired increased SA-B-Gal activity and
were negative for the proliferation marker Ki67 (Figure
3A). Unlike pRb-null melanocytes, there was no detect-
able delay in N-RAS induced arrest and senescence in
p21"V*™_deficient melanocytes. Importantly, in the
absence of the p21"¥*™ CDK inhibitor, the formation of
SAHF was not altered 10 and 15-post transduction
(29% foci in p21"¥™-null, vs 11% foci in pRb-null vs
26% foci in ShRNA control cells, 15 days post infection
with N-RAS®™: Figure 3A). The second p21V*™-spe-
cific ShRNA exerted similar effects (data not shown).
To further investigate whether p16™<** was unique in
promoting SAHF formation we developed a transient
melanoma model to rapidly assess the functions of the
p21™¥™ and p16™<“? The functionally impaired
p16'™K* R24P mutant that is unable to bind and inhibit
CDK4 but retains CDKG6 inhibitory activity was used as
a control [34, 39]. The WMM1175 melanoma cells
were transiently transfected with plasmids encoding
each of these CDK inhibitors along with a plasmid
encoding the enhanced green fluorescent protein
(EGFP), which was used as a marker of transfection.
The cell cycle proliferation, SAHF formation and SA-R-
Gal activity of transfected WMM1175 cells was then
assessed over 5-days. This was enough time to observe
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the induction of senescence and protein expression from
the transiently transfected plasmids was still detectable.
As expected, ectopic expression of wild-type p16™<*
and p21"*™ but not p16™<** R24P promoted rapid cell
cycle arrest (Figure 4A). Similarly, p16™“** and p21*/"

increased SA-R-Gal activity by five days post transfec-
tion (Figure 4B). The only detectable difference between
the two wild type CDK inhibitors was the induction of
SAHF; only p16™** accumulation led to the appearance
of these distinctive foci, which were enriched for

but not the R24P variant induced cell enlargement, and H3K9Me (Figure 4C).
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Figure 4. Impact of p16 or p21 expression on the cellular senescence program. WMM1175 melanoma cells were co-
transfected with plasmids encoding p16 " p21Wafl or the melanoma-associated plG'NK4a_R24P along with pCMV-EGFPN1, which was
used as a marker of transfection. Five days post transfection cells were fixed, permeabilized and analyzed. (A) Cell proliferation was
monitored by Ki67 immunostaining and the percentage of transfected WMM1175 cells with positive Ki67 staining is indicated and was
determined from at least two separate transfection experiments and from a total of at least 300 cells. All standard deviations were less
than 5% (bar=100um). (B) Transfected WMM1175 cells were analyzed for SA-B-Gal activity, and the percentage of positive SA-B-Gal
transfected cells is indicated, and was determined as detailed above (bar=100um). (C) The appearance of SAHF was analyzed by
immunostaining with antibodies to H3K9Me and co-staining DNA with DAPI. The percentage of transfected cells with detectable foci is
indicated, and was determined as detailed above (bar=100um).
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DISCUSSION

The molecular mechanisms that trigger oncogene-
induced senescence have been studied extensively, and
yet the relative contribution of the p16"™**/pRb and the
p53/p21"¥™ pathways in initiating and maintaining the
senescence program remains poorly understood. In this
study, we show that N-RAS®*¥ induces senescence in
human melanocytes that was associated with markers of
DNA damage response, and involved the activation of
both the p53 and pRb pathways. Surprisingly neither the
pharmacological inhibition of the DNA damage
response pathway with caffeine nor silencing of p53
expression had a detectable impact on the N-RAS®*
induced senescence of human melanocytes. In fact, no
markers of senescence, including cell morphology, SA-
B-Gal activity, appearance of SAHF or Ki67 incor-
poration discriminated between p53-intact and p53-null
senescent  melanocytes.  Interestingly,  caffeine
diminished the phosphorylation of p53 on Ser-15, but
did not reduce the overall levels of p53, or its activity
(as measured by p21"“*" induction; Figure 2B) in
melanocytes. Several other reports have also shown that
inhibition of p53 phosphorylation at Ser-15 did not
correlate with diminished p53 activity and this is
indicative of p53 stabilization via multiple mechanisms
[40, 41]. It is tempting to suggest that the melanoma
tumour suppressor pl4ARF is the critical activator of
p53 in melanocytes. p1l4ARF stabilizes p53 by binding
and inhibiting the p53 specific ubiquitin ligase, mdm2
[42], rather than inducing p53 phosphorylation. We
have previously shown however that p14ARF is only
weakly induced by oncogenic N-RAS in human
melanocytes, and is not required for p53 activation in
response to N-RAS [34]. In fact, the ARF tumour
suppressor appears to contribute to oncogene-induced
senescence only in mouse cells (Table 1).

It is reasonable to assume that in the absence of p53 the
activated p16™““*/pRb pathway was sufficient to
initiate and maintain senescence, and this appears to be
the case in melanocytes. Not only did oncogenic N-
RAS potently induce p16™ ** in melanocytes, pRb
existed in its active hypophosphorylated form, and
silencing of pRb significantly delayed the onset of
senescence. Ultimately, the senescence program was
activated in pRb-null melanocytes and this required the
p53 pathway, as the simultaneous loss of p53 and pRb
completely overcame N-RAS induce senescence in
melanocytes. This is the first demonstration showing
that melanocytes senesce in response to oncogenic
signaling by engaging both the p53 and pRb pathways.

It has been suggested that p53, p21"*" and pRb act in a
linear pathway, with p53-induced p21"e™ activating

pRb to regulate cell entry into replicative senescence
[43]. This model does not adequately account for the
fact that pRb-null melanocytes ultimately senescence in
response to oncogenic N-RAS. It is possible that the
pRb homologues, pl07 and pl30 participate in
oncogene-induced senescence as they can functionally
compensate for pRb loss and, like pRb, are activated by
p21"¥™ and p16™K* [44]. Certainly, pRb-deficient
MEFs senesce in culture, whereas MEFs with targeted
deletion of all three pRb family members (pRb, p107
and p130) do not [45]. Furthermore, p53 was capable of
inducing senescence in pRb-null prostate cancer cells,
but not in p107 and pRb depleted cells [46]. Although
such compensation clearly exists, the fact that pRb
mutations are common in human cancer, whereas p107
and p130 mutations occur rarely [47], suggests that
functional compensation for pRb loss must be context
dependent. In the case of melanocytes, pRb (not p107
and p130) is required for normal mouse melanocyte
proliferation although arrest in response to growth
factor deprivation was associated with the formation of
pRb- and pl130-transcription repressor complexes in
human melanocytes (reviewed in [48]). We are cur-
rently exploring whether the response of human
melanocytes to oncogenic signalling involves the pRb
homologues, pl107 and pl30 and whether the
contribution of p53 to melanocyte senescence is strictly
dependent on the pRb family of proteins.

Our data clearly demonstrate that oncogenic N-RAS
acts primarily through the pRb pathway in melanocytes.
Activation of this pathway involves both p21"*" and
p16™** and these were the only CDK inhibitors
potently induced by oncogenic N-RAS in melanocytes
(data not shown). We confirm that both p16™“** and
p21"*™ can induce senescence, but their activities are
clearly distinct. p16™** expression promoted the
formation of DAPI-stained heterochromatin foci that
were enriched for the H3K9Me marker of SAHF. In
contrast, ectopic p21"* expression had no detectable
impact on chromatin structure even though cells were
clearly arrested. Similarly, loss of p16™<* reduced the
formation of SAHF in melanocytes [34], whereas loss
of p21™™  either via direct silencing or by silencing
p53, had no detectable effect on SAHF formation.
Although both p16™** and p21"**" can activate pRb
their actions are not equivalent. p16™* is a potent
inhibitor of the cyclin D-dependent kinases, CDK4 and
CDK®, whereas p21"V*" is sequestered by and acts as a
positive regulator of these kinases. This pool of tethered
p21"™ is released as p16"™<** accumulates and p21*""
redistributes to bind and inhibit cyclin E-CDK2
complexes and induce G1 arrest [49]. The ability of
p16™ * to inhibit the cyclin D-dependent kinases also
enables it to block the assembly of DNA replication
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complexes onto chromatin and thus inhibit DNA
replication, a function not shared by p21"¢™ [50]. Thus,
in melanocytes with oncogenic signalling only p16™*
can fully engage the pRb pathway to alter chromatin
structure and silence the genes that are required for
proliferation. Melanocytes undergoing replicative
senescence also rely on the p16™ */pRb axis, as p53
and p21"*™ flevels remain low in these arrested
melanocytes [27]. We suggest that inhibition of cyclin
D-dependent kinases and induction by senescence-
causing stimuli necessitate p16"™<** inactivation in
human cancers and distinguish this CDK inhibitor as a
tumour suppressor.

MATERIALS AND METHODS

Cell culture and transfections. Human WMM1175
melanoma cells (ARF-null, p53-null, pRb+/+; [51]) and
U20S osteosarcoma cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco BRL,
Carlsbad, CA, USA) supplemented with 10% foetal
bovine serum and glutamine. Human epidermal
melanocytes (HEMs) were obtained from Cell
Applications (Cell Applications, San Diego, CA, USA)
and grown in HAM’s F10 media (Sigma, St. Louis.
MO, USA), supplemented with ITS premix (Becton
Dickinson, Franklin Lakes, NJ, USA), TPA, IBMX,
cholera toxin, 20% fetal bovine serum and glutamine
(modified from [52]). All cells were cultured in a 37°C
incubator with 5% CO,. Caffeine (Sigma) was used at
4mM for 15 days.

For p16™“2 p21"a"  p16"™K% R24P transfections,
WMM1175 cells (1 x 10°) were seeded on coverslips in
six-well plates and transfected with 2ug plasmid
encoding p16™* p21"a"  or p16™K* R24P and
100ng pEGFPN1 (Clontech, Mountain View, CA,
USA), as a transfection marker, using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA).

Lentivirus transductions. Lentiviruses were produced in
HEK293T cells using the pSIH1-H1-copGFP (Copepod
green fluorescent protein) sShRNA expression vector or
the pCDH-CMV-MCS-EF1-copGFP lentiviral vector
(Systems Biosciences, Mountain View, CA, USA)
encased in viral capsid encoded by three packaging
plasmids as described previously [53]. Viruses were
concentrated as described previously [54]. Viral titres
were determined using 1 x 10° U20S cells/well in six-
well plates, transduced with serial dilutions of the
concentrated viral stocks in the presence of Polybrene
(8 pg/ml; Sigma). Cells were harvested 48 h post-
transduction, analysed by flow cytometry for GFP
expression and viral titre calculated. Cells were

infecting using an MOI of 5-10 to provide infection
efficiency above 90%.

Constructs. The N-RAS lentiviral construct and p16'™<*
plasmids have been described elsewhere [33, 55]. The
p21"#™ cDNA was kindly provided by Dr B. Vogelstein
and subcloned into the pFLAG-CMV5b mammalian
expression vector (Sigma). The p53-directed shRNA
sequences correspond to nucleotides 956-974 and 1026-
1044 [56, 57] (Genbank accession number
NM_000546). The p21"#™-directed ShRNA sequences
correspond to nucleotides 560-578 and 569-587
(Genebank accession number NM_078467) [58]. The
shRNA sequence targeting pRb corresponded to
nucleotides 662-680 (Genebank accession number
NM_000321.1) [59]. The non-silencing negative control
shRNA did not show complete homology to any known
human transcript and had the following sequence: 5’-
TTAGAGGCGAGCAAGACTA-3".

Western Blotting. Total cellular proteins were extracted
at 4°C using RIPA lysis buffer containing protease
inhibitors (Roche, Basel, Switzerland). Proteins (30-
50ug) were resolved on 12% SDS-polyacrylamide gels
and transferred to Immobilon-P membranes (Millipore,
Bedford, MA, USA). Western blots were probed with
antibodies against p16™<** (N20, Santa Cruz, CA,
USA), p21"¥" (C-19, Santa Cruz), B-actin (AC-74,
Sigma-Aldrich), p53 (DO-1, Santa Cruz), p-p53 (#9284,
Cell Signalling, Danvers, MA, USA), p-ERK (E4, Santa
Cruz), ERK (137F5, Cell Signalling), p-AKT (L32A4,
Cell Signalling), AKT (11E7, Cell Signalling), c-MYC
(Al4, Santa Cruz), H3K9Me (Millipore) and
phosphorylated p-pRb (#9308, Cell Signalling).

Indirect immunofluorescence. Cultured cells (3-4 x 10%)
seeded on coverslips in 12-well plates were washed in
PBS and fixed in 2% formaldehyde, 0.2% gluta-
raldehyde, 7.4 mM Na,HPQO,4, 1.47 mM KH,PO,, 137
mM NaCl, and 2.68 mM KCI. Cells were then rinsed
three times with PBS and SA-R-Gal activity was
detected as previously described [60]. Cells fixed in
3.7% formaldehyde were immunostained for 50 min
with primary antibody followed by a 50 min exposure
to Alexa Fluor 594-conjugated secondary IgG
(Molecular Probes, Carlsbad, CA, USA).

ACKNOWLEDGEMENTS

This work is supported by Program Grant 402761 of the
National Health and Medical Research Council of
Australia (NHMRC) and an infrastructure grant to
Westmead Millennium Institute by the Health
Department of NSW through Sydney West Area Health
Service. Westmead Institute for Cancer Research is the

www.impactaging.com

552

AGING, June 2009, Vol.1 No.6



recipient of capital grant funding from the Australian
Cancer Research Foundation. HR is a Cancer Institute
of NSW Fellow and LS is Melanoma Foundation
Cameron Melanoma Research Fellow, Melanoma
Institute of Australia, University of Sydney. SH is a
Cancer Institute of NSW Scholar and is supported by a
PhD scholarship provided by the German Academic
Exchange Service (DAAD).

CONFLICT OF INTEREST STATEMENT

The authors in this manuscript have no conflict of
interest to declare.

REFERENCES

1. Thompson JF, Scolyer RA and Kefford RF.
melanoma. Lancet. 2005; 365:687-701.

2. Chin L, Garraway LA, and Fisher DE. Malignant melanoma:
genetics and therapeutics in the genomic era. Genes Dev. 2006;
20:2149-2182.

3. Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S,
Teague J, Woffendin H, Garnett MJ, Bottomley W, Davis N, Dicks
E, Ewing R, et al. Mutations of the BRAF gene in human cancer.
Nature. 2002; 417:949-954.

4. Houben R, Becker JC, Kappel A, Terheyden P, Brocker EB,
Goetz R, Rapp UR. Constitutive activation of the Ras-Raf
signaling pathway in metastatic melanoma is associated with
poor prognosis. J Carcinog. 2004; 3:6.

5. Curtin JA, Fridlyand J, Kageshita T, Patel HN, Busam KJ,
Kutzner H, Cho KH, Aiba S, Brocker EB, LeBoit PE, Pinkel D, and
Bastian BC. Distinct sets of genetic alterations in melanoma. N
EnglJ Med. 2005; 353:2135-2147.

6. Hocker T and Tsao H. Ultraviolet radiation and melanoma: a
systematic review and analysis of reported sequence variants.
Hum Mutat. 2007; 28:578-588.

7. Pollock PM, Harper UL, Hansen KS, Yudt LM, Stark M, Robbins
CM, Moses TY, Hostetter G, Wagner U, Kakareka J, Salem G,
Pohida T, Heenan P, et al. High frequency of BRAF mutations in
nevi. Nat Genet. 2003; 33:19-20.

8. Papp T, Pemsel H, Zimmermann R, Bastrop R, Weiss DG, and
Schiffmann D. Mutational analysis of the N-ras, p53, p16INK4a,
CDK4, and MC1R genes in human congenital melanocytic naevi. J
Med Genet. 1999; 36:610-614.

9. Gray-Schopfer VC, Cheong SC, Chong H, Chow J, Moss T,
Abdel-Malek ZA, Marais R, Wynford-Thomas D, and Bennett DC.
Cellular senescence in naevi and immortalisation in melanoma: a
role for p16? Br J Cancer. 2006; 95:496-505.

10. Michaloglou C, Vredeveld LC, Soengas MS, Denoyelle C,
Kuilman T, van der Horst CM, Majoor DM, Shay JW, Mooi WJ,
and Peeper DS. BRAFE600-associated senescence-like cell cycle
arrest of human naevi. Nature. 2005; 436:720-724.

11. Cotter MA, Florell SR, Leachman SA, and Grossman D.
Absence of senescence-associated beta-galactosidase activity in
human melanocytic nevi in vivo. J Invest Dermatol. 2007;
127:2469-2471.

12. Prieur and .Peeper DS. Cellular senescence in vivo: a barrier
to tumorigenesis. Curr Opin Cell Biol. 2008; 20:150-155.

Cutaneous

13. Ramirez RD, Morales CP, Herbert BS, Rohde JM, Passons C,
Shay JW, and Wright WE. Putative telomere-independent
mechanisms of replicative aging reflect inadequate growth
conditions. Genes Dev. 2001; 15:398-403.

14. Herbig U, Jobling WA, Chen BP, Chen DJ, and Sedivy JM.
Telomere shortening triggers senescence of human cells through
a pathway involving ATM, p53, and p21(CIP1), but not
p16(INK4a). Mol Cell. 2004; 14:501-513.

15. Di Micco R, Fumagalli M, Cicalese A, Piccinin S, Gasparini P,
Luise C, Schurra C, Garre M, Nuciforo PG, Bensimon A, Maestro
R, Pelicci PG, and d'Adda di Fagagna F. Oncogene-induced
senescence is a DNA damage response triggered by DNA hyper-
replication. Nature. 2006; 444:638-642.

16. Bartkova J, Rezaei N, Liontos M, Karakaidos P, Kletsas D,
Issaeva N, Vassiliou LV, Kolettas E, Niforou K, Zoumpourlis VC,
Takaoka M, Nakagawa H, Tort F, et al. Oncogene-induced
senescence is part of the tumorigenesis barrier imposed by DNA
damage checkpoints. Nature. 2006; 444:633-637.

17. Serrano M, Lee H-W, Chin L, Cordon-Cardo C, Beach D, and
DePinho RA. Role of the INK4a locus in tumor suppression and
cell mortality. Cell. 1996; 85:27-37.

18. Kamijo T, Zindy F, Roussel MF, Quelle DE, Downing JR,
Ashmun RA, Grosveld G, and Sherr CJ. Tumor suppression at the
mouse INK4a locus mediated by the alternative reading frame
product p19°%. Cell. 1997; 91:649-659.

19. Brown JP, Wei W, and Sedivy JM. Bypass of senescence after
disruption of p21CIP1/WAF1 gene in normal diploid human
fibroblasts. Science. 1997; 277:831-834.

20. Wei W and Sedivy JM. Differentiation between senescence
(M1) and crisis (M2) in human fibroblast cultures. Exp Cell Res.
1999; 253:519-522.

21. Pantoja C and Serrano M. Murine fibroblasts lacking p21
undergo senescence and are resistant to transformation by
oncogenic Ras. Oncogene. 1999; 18:4974-4982.

22. Sakamoto K et al. Relative mitogenic activities of wild-type
and retinoblastoma binding deficient SV40 T antigens in serum-
deprived human diploid fibroblasts. Oncogene. 1993; 8:1887-
1893.

23. Beausejour CM, Krtolica A, Galimi F, Narita M, Lowe SW,
Yaswen P, and Campisi J. Reversal of human cellular
senescence: roles of the p53 and p16 pathways. EMBO J. 2003;
22:4212-4222.

24. Narita M, Nunez S, Heard E, Lin AW, Hearn SA, Spector DL,
Hannon GJ, and Lowe SW. Rb-mediated heterochromatin
formation and silencing of E2F target genes during cellular
senescence. Cell. 2003; 113:703-716.

25. Adams PD. Remodeling of chromatin structure in senescent
cells and its potential impact on tumor suppression and aging.
Gene. 2007; 397:84-93.

26. Goldstein AM, Chan M, Harland M, Gillanders EM, Hayward
NK, Avril MF, Azizi E, Bianchi-Scarra G, Bishop DT, Bressac-de
Paillerets B, Bruno W, Calista D, Cannon Albright LA, et al. High-
risk Melanoma Susceptibility Genes and Pancreatic Cancer,

www.impactaging.com

553

AGING, June 2009, Vol.1 No.6



Neural System Tumors, and Uveal Melanoma across GenoMEL.
Cancer Res. 2006; 66:9818-9828.

27. Sviderskaya EV, Gray-Schopfer VC, Hill SP, Smit NP, Evans-
Whipp TJ, Bond J, Hill L, Bataille V, Peters G, Kipling D, Wynford-
Thomas D, and Bennett DC. p16/Cyclin-Dependent Kinase
Inhibitor 2A Deficiency in Human Melanocyte Senescence,
Apoptosis, and Immortalization: Possible Implications for
Melanoma Progression. J Natl Cancer Inst. 2003; 95:723-732.

28. Bennett DC. Human melanocyte senescence and melanoma
susceptibility genes. Oncogene. 2003; 22:3063-3069.

29. Serrano M, Lin AW, McCurrach ME, Beach D, and Lowe SW.
Oncogenic ras provokes premature cell senescence associated
with accumulation of p53 and p16INK4a. Cell. 1997; 85:593-602.
30. Hara E, Smith R, Parry D, Tahara H, Steven S, and Peters G.
Regulation of p16(CDKN2) expression and its implications for cell
immortalization and senescence. Mol Cell Biol. 1996; 16:859-
867.

31. Alcorta DA, Xiong Y, Phelps D, Hannon G, Beach D, and
Barrett JC. Involvement of the cyclin-dependent kinase inhibitor
pl6 (INK4a) in replicative senescence of normal human
fibroblasts. Proc Natl Acad Sci USA. 1996; 93:13742-13747.

32. Dai CY and Enders GH. p16 INK4a can initiate an autonomous
senescence program. Oncogene. 2000; 19:1613-1622.

33. Haferkamp S, Becker TM, Scurr LL, Kefford RF, and Rizos H.
p1l6INK4a-induced senescence is disabled by melanoma-
associated mutations. Aging Cell. 2008; 7:733-745.

34. Haferkamp S, Scurr LL, Becker TM, Frausto M, Kefford RF,
and Rizos H. Oncogene-Induced Senescence Does Not Require
the p16(INK4a) or pl4ARF Melanoma Tumor Suppressors. J
Invest Dermatol. 2009; 12:12.

35. Denoyelle C, Abou-Rjaily G, Bezrookove V, Verhaegen M,
Johnson TM, Fullen DR, Pointer JN, Gruber SB, Su LD, Nikiforov
MA, Kaufman RJ, Bastian BC, and Soengas MS. Anti-oncogenic
role of the endoplasmic reticulum differentially activated by
mutations in the MAPK pathway. Nat Cell Biol. 2006; 8:1053-
1063.

36. Zhuang D, Mannava S, Grachtchouk V, Tang WH, Patil S,
Wawrzyniak JA, Berman AE, Giordano TJ, Prochownik EV,
Soengas MS, and Nikiforov MA. C-MYC overexpression is
required for continuous suppression of oncogene-induced
senescence in melanoma cells. Oncogene. 2008; 27:6623-6634.
37. Wajapeyee N, Serra RW, Zhu X, Mahalingam M, and Green
MR. Oncogenic BRAF induces senescence and apoptosis through
pathways mediated by the secreted protein IGFBP7. Cell. 2008;
132:363-374.

38. Shiohara M, Koike K, Komiyama A, and Koeffler HP.
p21WAF1 mutations and human malignancies. Leuk Lymphoma.
1997; 26:35-41.

39. Jones R, Ruas M, Gregory F, Moulin S, Delia D, Manoukian S,
Rowe J, Brookes S, and Peters G. A CDKN2A mutation in familial
melanoma that abrogates binding of p16INK4a to CDK4 but not
CDK6. Cancer Res. 2007; 67:9134-9141.

40. Berkovich E and Ginsberg D. ATM is a target for positive
regulation by E2F-1. Oncogene. 2003; 22:161-167.

41. Ashcroft M, Taya Y, and Vousden KH. Stress signals utilize
multiple pathways to stabilize p53. Mol Cell Biol. 2000; 20:3224-
3233.

42, Stott FJ, Bates S, James MC, McConnell BB, Starborg M,
Brookes S, Palmero |, Ryan K, Hara E, Vousden KH, and Peters G.

The alternative product from the human CDKN2A locus, p14ARF,

participates in a regulatory feedback loop with p53 and MDM2.
EMBO J. 1998; 17:5001-5014.

43. Wei W, Herbig U, Wei S, Dutriaux A, and Sedivy JM. Loss of
retinoblastoma but not p16 function allows bypass of replicative
senescence in human fibroblasts. EMBO Rep. 2003; 4:1061-1066.
44. Sage J, Miller AL, Perez-Mancera PA, Wysocki JM, and Jacks
T. Acute mutation of retinoblastoma gene function is sufficient
for cell cycle re-entry. Nature. 2003; 424:223-228.

45, Sage J, Mulligan GJ, Attardi LD, Miller A, Chen S, Williams B,
Theodorou E, and Jacks T. Targeted disruption of the three Rb-
related genes leads to loss of G(1) control and immortalization.
Genes Dev. 2000; 14:3037-3050.

46. Lehmann BD, Brooks AM, Paine MS, Chappell WH, McCubrey
JA, and Terrian DM. Distinct roles for p107 and p130 in Rb-
independent cellular senescence. Cell Cycle. 2008; 7:1262-1268.
47. Classon M and Harlow E. The retinoblastoma tumour
suppressor in development and cancer. Nat Rev Cancer. 2002;
2:910-917.

48. Halaban R. Rb/E2F: a two-edged sword in the melanocytic
system. Cancer Metastasis Rev. 2005; 24:339-356.

49. Sherr CJ and Roberts JM. CDK inhibitors: positive and
negative regulators of G1-phase progression. Genes Dev. 1999;
13:1501-1512.

50. Braden WA, Lenihan JM, Lan Z, Luce KS, Zagorski W, Bosco E,
Reed MF, Cook JG, and Knudsen E.S. Distinct action of the
retinoblastoma pathway on the DNA replication machinery
defines specific roles for cyclin-dependent kinase complexes in
prereplication complex assembly and S-phase progression. Mol
Cell Biol. 2006; 26:7667-7681.

51. Rizos H, Darmanian AP, Indsto JO, Shannon JA, Kefford RF,
and Mann GJ. Multiple abnormalities of the p16INK4a-pRb
regulatory pathway in cultured melanoma cells. Melanoma Res.
1999; 9:10-9.

52. Halaban R, Ghosh S, Duray P, Kirkwood JM, and Lerner AB.
Human melanocytes cultured from nevi and melanomas. J Invest
Dermatol. 1986; 87:95-101.

53. Dull T, Zufferey R, Kelly M, Mandel RJ, Nguyen M, Trono D,
and Naldini L. A third generation lentivirus vector with a
conditional packaging system. Journal of Virology. 1998;
72:8463-8471.

54. Reiser J. Production and concentration of pseudotyped HIV-
1-based gene transfer vectors. Gene Ther. 2000; 7:910-913.

55. Rizos H, Darmanian AP, Holland EA, Mann GJ, and Kefford
RF. Mutations in the INK4a/ARF melanoma susceptibility locus
functionally impair pl4ARF. J Biol Chem. 2001; 276:41424-
41434,

56. Brummelkamp TR, Bernards R, and Agami R. A system for
stable expression of short interfering RNAs in mammalian cells.
Science. 2002; 296:550-553.

57. Berns K, Hijmans EM, Mullenders J, Brummelkamp TR, Velds
A, Heimerikx M, Kerkhoven RM, Madiredjo M, Nijkamp W,
Weigelt B, Agami R, Ge W, Cavet G, et al. A large-scale RNAj
screen in human cells identifies new components of the p53
pathway. Nature. 2004; 428:431-437.

58. Zhang Z, Wang H, Li M, Agrawal S, Chen X, and Zhang R.
MDM?2 is a negative regulator of p21 WAF1/CIP1, independent
of p53. J Biol Chem. 2004; 3:3.

59. Bosco EE, Wang Y, Xu H, Zilfou JT, Knudsen KE, Aronow BJ,
Lowe SW, and Knudsen ES. The retinoblastoma tumor

www.impactaging.com

AGING, June 2009, Vol.1 No.6



suppressor modifies the therapeutic response of breast cancer. J
Clin Invest. 2007; 117:218-228.

60. Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C,
Medrano EE, Linskens M, Rubelj I, Pereira-Smith O, Peacocke M,
and Campisi J. A biomarker that identifies senescent human
cells in culture and in aging skin in vivo. Proc Natl Acad Sci U S A.
1995; 92:9363-9367.

61. Mallette FA, Gaumont-Leclerc MF, and Ferbeyre G. The DNA
damage signaling pathway is a critical mediator of oncogene-
induced senescence. Genes Dev. 2007; 21:43-48.

62. Courtois-Cox S, Genther Williams SM, Reczek EE, Johnson
BW, McGillicuddy LT, Johannessen CM, Hollstein PE, MacCollin
M, and Cichowski K. A negative feedback signaling network
underlies oncogene-induced senescence. Cancer Cell. 2006;
10:459-472.

63. Zhu J, Woods D, McMahon M, and Bishop JM. Senescence of
human fibroblasts induced by oncogenic Raf. Genes Dev. 1998;
12:2997-3007.

64. Voorhoeve PM and Agami R. The tumor-suppressive
functions of the human INK4A locus. Cancer Cell. 2003; 4:311-
319.

65. Guney I, Wu S, and Sedivy JM. Reduced c-Myc signaling
triggers telomere-independent senescence by regulating Bmi-1
and p16(INK4a). Proc Natl Acad Sci U S A. 2006; 103:3645-3650.
66. Drayton S, Rowe J, Jones R, Vatcheva R, Cuthbert-Heavens D,
Marshall J, Fried M, and Peters G. Tumor suppressor p16INK4a
determines sensitivity of human cells to transformation by
cooperating cellular oncogenes. Cancer Cell. 2003; 4:301-310.
67. Palmero |, Pantoja C, and Serrano M. p19ARF links the
tumour suppressor p53 to Ras. Nature. 1998; 395:125-126.

68. Peeper DS, Dannenberg JH, Douma S, te Riele H, and
Bernards R. Escape from premature senescence is not sufficient
for oncogenic transformation by Ras. Nat Cell Biol. 2001; 3:198-
203.

69. Brookes S, Rowe J, Ruas M, Llanos S, Clark PA, Lomax M,
James MC, Vatcheva R, Bates S, Vousden KH, Parry D, Gruis N,
Smit N, et al. INK4a-deficient human diploid fibroblasts are
resistant to RAS-induced senescence. EMBO J. 2002; 21:2936-
2945.

70. Huot TJ, Rowe J, Harland M, Drayton S, Brookes S, Gooptu C,
Purkis P, Fried M, Bataille V, Hara E, Newton-Bishop J, and Peters
G. Biallelic mutations in p16(INK4a) confer resistance to Ras-
and Ets-induced senescence in human diploid fibroblasts. Mol
Cell Biol. 2002; 22:8135-8143.

71. Skinner J, Bounacer A, Bond JA, Haughton MF, deMicco C,
and Wynford-Thomas D. Opposing effects of mutant ras onco-
protein on human fibroblast and epithelial cell proliferation:
implications for models of human tumorigenesis. Oncogene.
2004; 23:5994-5999.

72. Kuilman T, Michaloglou C, Vredeveld LC, Douma S, van Doorn
R, Desmet CJ, Aarden LA, Mooi WJ, and Peeper DS. Oncogene-
induced senescence relayed by an interleukin-dependent
inflammatory network. Cell. 2008; 133:1019-1031.

73. Itahana K, Zou Y, Itahana Y, Martinez JL, Beausejour C, Jacobs
JJ, Van Lohuizen M, Band V, Campisi J, and Dimri GP. Control of
the replicative life span of human fibroblasts by p16 and the
polycomb protein Bmi-1. Mol Cell Biol. 2003; 23:389-401.

www.impactaging.com 555 AGING, June 2009, Vol.1 No.6



S & o

shRNA o Q ]
p21\1\’.’1ﬂ
actin

S ~ N

& / /

g O o,

v 9

shRNA & <] <
— {11

S O~ ~

g; Q?l Eé)a’

shRNA & ] <]

Supplementary Figure 1. Lentiviruses containing the indicated shRNA constructs
cloned into the pSIH-H1-copGFP vector (System Biosciences) were used to infect the
U20S osteosarcoma cells. Approximately three-four days post infection, p21waf1,

p53
and pRb protein expression was analysed by western blot as indicated.
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Abstract: While half of all human tumors possess p53 mutations, inactivation of wild-type p53 can also occur through a
variety of mechanisms that do not involve p53 gene mutation or deletion. Our laboratory has been interested in tumor
cells possessing wild-type p53 protein and elevated levels of HdmX and/or Hdm2, two critical negative regulators of p53
function. In this study we utilized RNAi to knockdown HdmX or Hdm2 in MCF7 human breast cancer cells, which harbor
wild-type p53 and elevated levels of HdmX and Hdm2 then examined gene expression changes and effects on cell growth.
Cell cycle and growth assays confirmed that the loss of either HHmX or HAm2 led to a significant growth inhibition and G1
cell cycle arrest. Although the removal of overexpressed HdmX/2 appears limited to an anti-proliferative effect in MCF7
cells, the loss of HdmX and/or Hdm2 enhanced cytotoxicity in these same cells exposed to DNA damage. Through the use
of Affymetrix GeneChips and subsequent RT-qPCR validations, we uncovered a subset of anti-proliferative p53 target genes
activated upon HdmX/2 knockdown. Interestingly, a second set of genes, normally transactivated by E2F1 as cells
transverse the G1-S phase boundary, were found repressed in a p21-dependent manner following HdmX/2 knockdown.
Taken together, these results provide novel insights into the reactivation of p53 in cells overexpressing HdmX and Hdm2.

INTRODUCTION network of proteins, and is critical for maintaining
genomic stability and suppressing tumor formation.
Only half of all human tumors contain mutations in the

p53 tumor suppressor gene [1], with the other half Hdm2 and its structural homologue HdmX represent
retaining wild-type p53 but possessing defects in the two essential negative regulators of p53 as
expression of p53 regulatory proteins and pathways. demonstrated by their embryonic lethality in knockout
Under non-stress conditions, p53 protein is maintained mice and subsequent rescue by concurrent elimination
at a low basal level by constant ubiquitination and of p53 [4]. Hdm2 inactivates p53 function through
proteasomal degradation [2]. Upon DNA damage or direct association resulting in an inhibition of
various types of cellular stress, p53 is stabilized and transactivation [5] and, through its E3 ligase activity
functions as a transcription factor to induce genes targeting p53, by ubiquitin-mediated proteasome
involved in cell cycle arrest, apoptosis, and DNA repair degradation [6, 7]. While HImX shows conservation in
[3]. The stringent regulation of p53 involves a complex the Hdm2 E3 ligase ring finger domain through which it
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can heterodimerize with Hdm2 [8, 9], HdmX lacks the
ability to ubiquitinate p53 in vivo [10, 11] and thus can
only antagonize p53 transactivation [12]. The
heterodimerization of Hdm2 and HdmX also plays a
critical role in the response to DNA damage enabling
Hdm2 to promote the ubiquitination and rapid
proteasomal degradation of HdmX, thereby facilitating
the tumor suppressor activity of p53 [13-15]. Thus, the
interactions between p53, Hdm2 and HdmX are critical
for complete regulation of p53 [4].

The overexpression of either Hdm2 or HdmX can
inhibit the activity of p53 and directly contribute to
tumor formation. It is not surprising that either one or
both proteins are found overexpressed in many human
tumors and tumor cell lines which harbor wild-type p53
[16]. Diverse approaches to activate the wild-type p53
in these tumors include the use of small molecule
antagonists like Nutlin to inhibit the Hdm2-p53
interaction [17-19], and the wuse of antisense
oligonucleotides, antibodies, and small interfering
RNAs directed at Hdm2 or HdmX [20-23]. Recent
findings suggest that Hdm2 and HdmX are specific
independent therapeutic targets for activating wild-type
p53 and that anti-cancer approaches that target both
Hdm2 and HdmX should be considered as a means of
treatment for tumors [16, 18, 24].

This study undertook an examination of gene
expression alterations and the biological effects
resulting from RNA. silencing of HdmX and Hdm2 in a
breast cancer cell line overexpressing both proteins.
Unlike previous studies examining only the biological
effect of either HAmX or Hdm2 loss, this study focuses
on a cell line where both proteins are overexpressed and
further compliments those previous studies with a
systematic examination of gene expression changes
following loss of HdmX or Hdm2. Interestingly, only
p53 target genes primarily associated with cell cycle
arrest were induced. More striking was the repression
of a large group of E2F-regulated genes upon HdmX/2
knockdown. Using siRNA approaches targeting p21,
we were able to show that these E2F-regulated genes
were repressed through p53 activation of p2l.
Furthermore, cell proliferation and colony formation
assays confirmed that loss of HImX or Hdm2 inhibited
tumor cell growth and could sensitize these cells to
treatment with doxorubicin. Taken together, these
results suggest that in cells where both Hdm2 and
HdmX are overexpressed, removal of one leads to an
anti-proliferative effect in tumor cells harboring wild-
type p53 and induction of p53 cell cycle arrest genes
that negatively feedback onto the E2F pathway.

RESULTS

RNAi knockdown of Hdm2 and HdmX in MCF7
cells

Given that HdmX and Hdm2 are overexpressed in
approximately 17% of human tumors [16] the majority
of which possess wild-type p53, this study set out to
examine how loss of Hdm2/X affected gene expression
and tumor cell growth. MCF7, which possess wild-type
p53 [25] and elevated levels of both HdmX and Hdm2
(Figure 1A) was the tumor cell line used in these
studies. To inactivate HdmX and Hdm2 we employed
siRNA targeting each gene as described in the materials
and methods.

Before performing the Affymetrix  GeneChip
experiments we developed a triple transfection protocol
that led to over 90% of the MCF7 cells taking up the
SiRNA (data not shown). Next, the effectiveness of the
knockdown was assessed using RT-qPCR (data not
shown) and Western blotting. Following the triple
transfection protocol HdmX and p53 protein levels were
undetectable with Hdm2 showing a greater than 80%
reduction in protein expression (Figure 1B). As
expected, the loss of either HAmX or Hdm2 led to an
increase in the levels of p21. This p21 increase is p53-
dependent since no increase in p21 protein levels was
detected upon concurrent knockdown of HdmX and
p53. While it has been suggested that HIm2 controls
the levels of p53 in non-stressed cells [26, 27], in our
hands MCF7 cells showed only a slight increase in p53
protein levels following the combined loss of HdmX
and Hdm2. The inability of HIm2 knockdown to result
in an increase in p53 protein could be the result of
MCF7 cells harboring an elevated level of HdmX.
Consistent with this suggestion, the treatment of MCF7
cells with Nutlin leads to increased p53 protein levels
through loss of Hdm2 binding to p53 and concurrent
Hdm2 mediated degradation of HImX [28].

Loss of HAm2 and HdmX triggers inhibition of cell
growth

Other groups have reported that in cells where wild-type
p53 is kept in check by overexpression of HdmX or
Hdmz2, their inhibition can trigger alterations in cell
growth [29] and in some conditions apoptosis [30]. To
assess the growth properties of RNAIi knockdown of
p53 regulators Hdm2 and HdmX, siRNA-transfected
MCF7 cells were plated at low density in 6 well plates
and allowed to grow for an additional 10 days. While
transfection of siCon or sip53 resulted in only minimal
changes in cell growth (Figure 2B), knockdown of either
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Figure 1. (A) RT-PCR analysis of hdmX and hdm2 gene expression in various human cell lines. The endogenous levels of hdmX and hdm2
were determined relative to H1299 cells. All samples were normalized to GAPDH. (B) RNAi knockdown of HdmX or Hdm2 triggers p53-
dependent p21 induction. Western blot analysis of indicated proteins from the various siRNA or doxorubicin (Dox) treated MCF7 cells.
Knockdowns of the indicated proteins were greater than 80%. Protein extracts were made 24 hours after the last siRNA transfection or

treatment with 5 pug/ml doxorubicin.

HdmX or Hdm2, alone or in combination led to decrease in colony formation correlated with an increase
significantly fewer colonies (Figure 2A) and suppressed in G1 arrest and not apoptosis (i.e. sub-Gl) as
cell growth when compared to siCon (Figure 2B). This determined by flow cytometry (data not shown).
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Figure 2. Loss of HdmX and/or Hdm2 inhibits MCF7
colony formation. (A) Following siRNA transfections, MCF7
cells were seeded at 500 cells/well in 6-well plates. The cells
were allowed to grow for ten days then the colonies were
stained with crystal violet. Significantly fewer colonies were
present following knockdown of HdmX and/or Hdm2. The cells
transfected with sip53 or a non-targeting control (siCon)
showed minimal effects on colony formation relative to non-
transfected control (Con/Control). (B) The percent cell growth
relative to untransfected control was determined by extracting
the stain in 10% acetic acid and quantifying the stain by
reading absorbance at 590 nm.

Loss of HAMmX or Hdm2 sensitizes MCF7 cells to
DNA damage

Several recent studies using Nutlin and various DNA
damaging agents reported that blocking Mdm2:p53
association led to increased chemosensitivity to DNA
damaging agents [31, 32]. To examine whether
knockdown of HdmX and Hdm2 can also elicit
increased cytotoxicity to DNA damage, MCF7 cells
were transfected with the indicated siRNA leading to
alterations of gene expression (Figure 3B). Cells were
then treated with varying doses of doxorubicin and cell
viability assessed. SiRNAs targeting HdmX or Hdm2
increased doxorubicin cytotoxicity, while removing

both HImX and Hdm2 led to the greatest level of
chemosensitivity (Figure 3A).  Enhanced chemo-
sensitivity was also observed in cisplatin treatment of
siHdmX or siHdm2 MCF7 cells (data not shown).

Gene expression profiles of MCF7 cells lacking
HdmX or Hdm2

Having established an effective knockdown approach
with effects on cell growth and increased sensitivity to
DNA damage, we performed an Affymetrix GeneChip
experiment to assess how loss of HdmX or Hdm2
affected global gene expression in MCF7 cells. Each
RNA.i transfection was performed in three separate bio-
logical replicates. The data analysis was carried out
using GeneSpring GX software. Given the similarity of
biological function uncovered in the previous experi-
ments we focused our informatics on genes commonly
altered following RNAI treatment with siHdmX or
siHdm2. In summary, .cel files were normalized using
GCRMA, genes filtered by ANOVA and fold change,
and genes significantly altered by both siHdmX and
siHdmM2 but not siHdmMX + sip53 identified (see materials
and methods for detailed approach). From this approach
we uncovered 394 gene alterations common to
knockdown of both siHdmX and siHdm2 (Table 1).

p53 activation following loss of HdmX or Hdm2
triggers growth repressive genes

The initial examination of the 394 genes focused on
those genes (n=222) that were increased following
siHdmX or siHdm2 treatment relative to siCon.
Thirteen genes were identified that were known p53-
regulated genes (Figure 4). As expected these genes
increased with siHdmX or siHdm2 treatment but had
expression levels comparable or lower than siCon when
treated with siHdmX+sip53 or sip53. Interestingly,
with the exception of Fas, this list of p53 target genes
consisted predominately of genes encoding proteins
involved in cell cycle arrest or DNA repair. Consistent
with a model whereby p53 proapoptotic target genes
require p53 that is phosphorylated at serine 46 by
HIPK2 [33-35], we observed no detectable
phosphorylation at serines 6, 15, 20, 46, or 392
following the RNA. transfection protocol employed in
these studies (data not shown).

To confirm these results, we performed RT-qPCR using
TagMan primers targeting five known p53 target genes,
three of which were identified in our analysis. p21,
BTG2 and ACTA2 are p53 target genes that are
associated with cell cycle arrest or growth inhibition
[36-38], while Hdm2 is a negative regulator of p53 and
Noxa a pro-apoptotic factor not observed in our list of
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Figure 3. Knockdown of HAmX enhances doxorubicin-induced cytotoxicity. (A) Percent cell viability relative to untransfected
untreated control cells. MCF7 cells were treated with doxorubicin (0.25-1.0 pg/mL) for 48 hours and cell viability was determined by
absorbance at 590 nm. The loss of HdmX and/or Hdm2 showed an enhanced cytotoxicity relative to control cells. (B) RT-gPCR analysis of
hdmX, hdm2, p21 and p53 gene expression in the indicated siRNA transfected MCF7 cells. The hdmX, hdm2, and p53 transcripts were

effectively knocked down by siRNA prior to drug treatment.

altered genes [39]. MCF7 cells were either mock
transfected (Mock), transfected with siRNA that does
not target any human gene (siCon) or transfected with
SiRNA to HdmX or Hdm2 either alone or in
combination. The results in Figure 5 demonstrate that
relative to siCon, knockdown of HdmX led to
significant increases in hdm2, p21, BTG2 and ACTA2
gene expression.  No significant change in gene
expression was observed with Noxa, which is consistent
with our GeneChip results. With the obvious exception
of hdm2, siRNA-targeting Hdm2 led to similar
alterations in gene expression (Figure 5). Finally, when
both HdmX and Hdm2 were eliminated, the levels of
the cell cycle arrest genes p21, BTG2 and ACTAZ2
increased either synergistically or additively while
levels of Noxa remained unchanged. These results
validate our GeneChip data that p53-target genes were
induced upon HdmX or Hdm2 knockdown and that
several of these genes encode proteins involved in the
cell cycle arrest.

p53 upregulation of p21 leads to global repression of
E2F regulated genes

After searching for genes that were directly upregulated
by p53 we next evaluated those genes that were
repressed (N=172) following HdmX and Hdm2
knockdown (Figure 7). Within  the list of
downregulated genes were a set of genes that encode
proteins involved in G1-S phase transition, the majority
of which were known E2F1 regulated genes. It is

concomitant decrease in both CCNA2 and E2F1 (Figure
7). In contrast, loss of Hdm2/X and p21 completely
abrogated CCNA2 and E2F1 repression consistent with
p53 activation inactivating E2F1 transactivation via p21
induction.

p53 regulated genes

siCon sHdm2 SiHdmX SiHImX+8ip53

Fold change- Log(2)
=

CCNG1
wiGt

——ACTAZ &= AGRN —a—BAGT =+==BTG1 BTG2 CDENTA

FAS —GADD4SA —#=TPS3AP1 —B=TP53INP1 —&—TP53INPZ

Figure 4. GeneChip expression of 13 known p53-
regulated genes that were induced by knockdown of
either siHdmX or siHdm2. Y-axis represents the average
fold change (log,) for each of the genes in the indicated siRNA
transfections relative to siCon (X-axis, conditions labeled at the
top of the chart).
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DISCUSSION

As an essential tumor suppressor it is no surprise that
human tumors demonstrate a diverse array of genetic
mechanisms to inactivate p53 function. Central to this
present study are tumors where one or both of the
negative regulators of p53, Hdm2 and HdmX, are
overexpressed leading to loss of p53 activity. Previous
studies have focused on Hdm2 overexpression, where a
small molecule inhibitor Nutlin 3 has proven to activate
wild-type p53 in cell lines with elevated Hdm2,
triggering apoptosis when combined with genotoxic
agents that do not function as anti-mitotics [44].
Unfortunately, Nutlins have not proven as effective in
tumors where HdmX is overexpressed [18, 45-47],
suggesting the need for additional approaches aimed at
blocking the HdmX:p53 association particularly given
the recent observation of HdmX overexpression in
retinoblastoma [48].
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Figure 5. RT-qPCR validation of siRNA knockdown in
MCF7 cells. (A) The hdmX, hdm2, and p21 mRNA expression
relative to siCon (non-targeting siRNA) is shown. The p21
transcript is induced following loss of HdmX or Hdm2, and
synergistically induced following loss of both HdmX and Hdm2.
(B) BTG2, ACTA2, and NOXA mRNA expression relative to
untransfected control (Con). The p53 target genes, BTG2 and
ACTA2, are induced by loss of HdmX and/or Hdm2, while the
expression of the proapoptotic gene, NOXA, is not altered.

Here we have employed RNAI approaches and DNA
microarrays to better understand the activation of p53 in
cells overexpressing Hdm2 and HdmX. In MCF7 cells
a growth arrest with no detectable apoptosis was
observed following knockdown of either Hdm2 or
HdmX (Figure 2 and data not shown). While loss of
either HAmX or Hdm2 was sufficient to trigger an anti-
proliferative effect, the combined loss of both HdmX
and Hdm2 resulted in a more significant growth
inhibition.

E2F1 regulated genes

siCon siHdm2 SiHImX+8ip53 sips3

Fold change- Log{2)
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DNAZL

Figure 6. GeneChip expression of 13 reported E2F1-
regulated genes that were repressed by knockdown of
either siHAMX or siHdm2. Y-axis represents the average
fold change (log,) for each of the genes in the indicated siRNA
transfections relative to siCon (X-axis, conditions labeled at the
top of the chart).

Even though this RNAI approach appears to activate
p53 without triggering its phosphorylation (data not
shown), the loss of either HdmX or Hdm2 did
effectively sensitize the cells to doxorubicin with the
loss of both Hdm2 and HdmX being most sensitive to
DNA damage (Figure 3). Surprisingly our results
showed only a modest elevation of endogenous p53
levels following loss of HdmX and Hdm2 (Figure 1).
This result maybe unique to MCF7 cells which harbor
elevated Hdm2 and HdmX, in contrast to most tumor
cell lines with wild-type p53 that possessed only
elevated Hdm2 (Figure 1A). Consistent with the need
for only one negative regulator to be elevated 65% of
retinoblastoma tumors overexpress HdmX and possess
wild-type p53 [48]. Based on our previous HdmX
overexpression studies [10] we would predict that the
overexpression of HdmX might inhibit Hdm2
degradation of p53 in MCF7 cells and thus could
explain why modulating Hdm2 levels in MCF7 cells has
no dramatic effect on p53 levels.

The DNA microarray experiment directly tested
whether HdmX or Hdm2 knockdown triggered an
increase in p53-regulated genes. While 394 genes were
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significantly altered by either HdmX or Hdm2
knockdown (Table 1), only a small group was
previously identified p53 targets (Figure 4). A few of
the remaining genes induced by HdmX or Hdm2 loss
are likely novel p53 regulated genes (S. Berberich,
personal communication) but most probably represent
downstream effects of the cell cycle arrest induced by
p53. Within the 13 identified p53 target genes it is
noteworthy that only one apoptotic gene (Fas) was
found activated by loss of either HdmX or Hdm2. Upon
careful examination of 16 known p53 pro-apoptotic
genes we found that several of them were repressed
following p53 knockdown, suggesting that their failure
to be induced by loss of HdmX or Hdm2 was not a cell-
type specific phenotype. Rather, we propose that the
non-genotoxic release of p53 from Hdm2 of HdmX
results in a preferential activation of growth arrest target
genes, like p21 (Figure 5). This model is consistent
with recent work suggesting that p53 promoter selection
is dependent on its phosphorylation [49].

CCONAZ

Figure 7. Repression of E2F1-regulated genes by Hdm2
or HdmX knockdown is blocked by concurrent
knockdown of p21. MCF7 cells were transfected with the
indicated siRNA combinations. Twenty-four hours later, RNA
was isolated and subjected to RT-qPCR to quantify expression
of CCNA2, p21 and E2F1 after normalization to GAPDH.
Expression levels (Y-axis) were relative to siCon and reported
as RQ values. Error bars represent the 95% confidence
interval of the relative expression.

Another interesting finding within the microarray data
was a subgroup of genes that were repressed upon
HdmX and Hdm2 knockdown and could be classified as
known E2F-regulated genes. Other groups have noted
that p53 activation of p21 could lead to the repression of
TERT [42] or Chk2 [41], known E2F-target genes, and
another group recently reported similar findings using
microarray assays [50].

While this report focused on genes commonly regulated
by HdmX and Hdm2, it is worth mentioning that within
genes uniquely regulated by either HdmX or Hdm2 we
did not observe any additional p53 regulated genes (M.
Markey, personal communication). The common
biological effects of HdmX or Hdm2-loss and
significant overlap of gene expression patterns are in
contrast to recent in vivo studies where the knockout of
Mdm2 or MdmX in adult mouse tissues lead to non-
overlapping roles in regards to regulating p53 activity
[51]. We believe these findings point to either
differences in cell culture verses tissue studies or more
likely represent a significant departure in the roles that
Hdm2 and HdmX play when expressed at physiological
levels compared to the elevated levels in tumor cells.

Finally these studies demonstrate that non-genotoxic
activation of p53 by knockdown of its inhibitors Hdm2
and HdmX leads to the induction of genes involved in
cell-cycle arrest, as well as repression of genes along
the E2F/Rb pathway that promote cell cycle entry.
These alterations in gene expression resulted in a
decreased population of proliferative cells without
necessarily increasing apoptosis. A non-genotoxic
activation of p53 is one possible mechanism for the
reduction in cellular proliferation observed during
aging. This further underscores the critical importance
of tumor suppressor activation in senescence and
organismal aging.

MATERIALS AND METHODS

Cell lines, antibodies, siRNA and chemotherapeutic
agents. The human breast tumor cell line MCF7 was
grown in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% bovine growth serum (BGS),
and 10 pg/ml gentamicin unless otherwise indicated.
HdmX polyclonal antibody (Bethyl Laboratories, Inc.),
p21 polyclonal antibody C-19 (Santa Cruz
Biotechnology, Inc.), p53 monoclonal antibody Ab-6
(Oncogene), Hdm2 monoclonal antibody SMP-14
(Santa Cruz Biotechnology, Inc.) and beta-actin
monoclonal antibody (Sigma, Inc.) were used as
indicated. A phosphorylation-specific p53 polyclonal
antibody kit (Cell Signaling Technology, Inc.) was
utilized per manufacturer’s protocol.  Horseradish
peroxidase (HRP)-conjugated anti-mouse or anti-rabbit
secondary antibodies (Promega) were used with Super
Signal substrate (Pierce) for chemiluminescence
detection of proteins. SIGENOME duplex RNA
targeting mRNA from hdmX, hdm2, or p53, and a non-
targeting control siRNA were obtained from
Dharmacon Research, Inc. and siRNA transfection was
performed using Oligofectamine or Lipofectamine 2000
(Invitrogen) as described below. Doxorubicin hydro-
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chloride (Tocris Bioscience) was prepared as a 5 mg/ml
stock solution in water.

siRNA transfection. Cells were seeded at 200,000 cells
per well in 6-well plates (for RNA isolation), or at
700,000 cells per 6-cm dish (for protein extraction) in
antibiotic free DMEM containing 1% BGS in a small
volume. Cells were reverse transfected with 100 nM
siRNA (Dharmacon Research, Inc.) at time of seeding
using Lipofectamine 2000 (Invitrogen). After a five
hour incubation, the media was removed and cells were
refed with DMEM containing 10% BGS. Twenty hours
later, the cells were transfected again with 100 nM
SiRNA in a small volume of serum free media using
Oligofectamine (Invitrogen). After a four-hour
incubation, an equal volume of DMEM containing 20%
BGS was added to each well or dish without removing
the transfection mixture. Total RNA was isolated 24
hours post siRNA transfection and protein was
extracted at 48 hours post siRNA unless otherwise
indicated.

Analysis of Affymetrix GeneChips. The Affymetrix
HG-U133 plus 2.0 GeneChips containing probe sets
detecting over 54,000 transcripts were used in this study
and each transfection condition was performed in
triplicate. GeneChip cel files were imported into
GeneSpring GX and preprocessed by GCRMA.
Measurements less than 0.01 were then set to 0.01, and
each chip was normalized to the 50th percentile of the
measurements taken from that chip. Extra background
correction was never applied. Each gene was
normalized to the median of the measurements for that
gene, and then to the median of that gene’s expression
in the siCon condition.

Initially all genes were filtered in GeneSpring GX first
by Welch ANOVA to find expression changes based on
siRNA treatment, using a p-value cut off of 0.05 and the
Benjamini and Hochberg False Discovery Rate as a
multiple testing correction. The cross-gene error model
was active and based on replicates. From this list, genes
were removed which varied between the mock and
siCon treatments by 1.5 fold with a p-value < 0.05.
Next, lists of genes with expression changes of 1.5 fold
and a p-value < 0.05 were then made for siHdm2 versus
siCon and siHdmX versus siCon. We then eliminated
all but the union between these two lists. One gene that
was repressed in the siHdm2 condition but upregulated
in the siHdmX condition (encoding hypothetical protein
MGC5370) was manually removed. Finally, genes that
were not changed 1.5 fold with a p-value of <0.05
between the siHdmX and siHdmX + sip53 conditions
were removed leaving a total of 394 selected genes.

Quantitative RT-pPCR. Cells were lysed directly in the
culture dish and total RNA was isolated using the
RNeasy kit (Qiagen) according to manufacturer’s
protocol. The RNA was quantified by spectrophoto-
meter reading at 260 nm, and 1 ug RNA was reverse
transcribed with random hexamers to create cDNA
using the TagMan Reverse transcription kit (Applied
Biosystems). Quantitative PCR was performed in a 96-
well micro titer plate format on an ABI Prism 7900HT
sequence detection system using 1 pl cDNA, TagMan
Universal PCR master mix and Assay-on-Demand Gene
Expression products (Applied Biosystems) specific for
genes of interest. Each cDNA sample was analyzed in
triplicate and fold change relative to control was
calculated based on a PCR efficiency of two and
normalized to GAPDH (endogenous control) RNA
levels. Average fold change and standard deviation
were obtained from 2-3 biological replicate samples per
treatment assayed in triplicate.

Western blot analysis. Frozen cells were lysed in an
aqueous extraction buffer composed of 120 mM NacCl,
50 mM Tris-HCI (pH 8.0), 5 mM EGTA, 1 mM EDTA,
5 mM NaPPi, 10 mM NaF, 30 mM para-
nitrophenylphosphate, 1 mM Benzamidine, 0.1% NP-40
(Ipegal Ca-630), 0.2 mM PMSF, and 1% protease
inhibitor cocktail (Sigma), and soluble protein was
recovered by centrifugation. Protein concentration was
determined using Bradford reagent (Bio-Rad), and
proteins were resolved on a sodium dodecyl sulfate-
10% polyacrylamide gel followed by transfer of
proteins to a polyvinylidene difluoride membrane
(Millipore) using a Transblot system (Bio-Rad).
Immunoblotting was performed as previously described
[52] using appropriate primary antibodies at 1:1000-
1:10,000 dilution and secondary antibodies (goat anti-
mouse or goat anti-rabbit HRP-conjugated, Promega) at
1:5000-1:10,000 dilution.  Blots were exposed to
chemiluminescent reagent (Pierce) and protein was
visualized on a FUJIFILM LAS-3000 image reader.

Colony formation and cell viability assays. Twenty-four
hours after the second siRNA transfection, the cells
were trypsinized, counted and seeded at 500 cells per
well in 6-well plates for the colony formation assay.
The cells were allowed to grow for ten days, and then
the colonies were fixed and stained in 1% crystal violet
in 70% methanol. The cell viability assays were
performed in 96-well plates using either CellQuanti-
Blue™ Reagent (BioAssay Systems) according to
manufacturer’s protocol or by staining the cells with
crystal violet, extracting the stain in 10% acetic acid,
and then reading absorbance at 590 nm. Again, cells
were trypsinized after the second siRNA transfection,
counted and seeded at 20,000 cells per well. Cell
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viability was determined at various time points post-
seeding or following treatment with chemotherapeutic
agents for the times indicated.
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Table 1: Genes deregulated by HdmX and Hdm2 in MCF7 cells.

Fold Change vs. siCon

Gene

AffylD siHdmX siHdm2 Symbol Description
212354 at 5.673 2.914[SULF1 sulfatase 1
205916 at 5.6 2.427|S100A7 5100 calcium binding protein A7 (psoriasin 1)
tumor necrosis factor receptor superfamily, member
211163 s at 5167 6 472 TNFRSF10C|10c, decoy without an intracellular domain
tumor necrosis factor receptor superfamily, member
206222 at 4.986 7.782| TNFRSF10C|10c, decoy without an intracellular domain
208180 s at 4.603 4544|HIST1H4H |histone 1, H4h
CD36 antigen (collagen type | receptor,
206488 s at 4.424 3.301|CD36 thrombospondin receptor)
237737 _at 4.4 4.846|LOC375010 hypothetical LOC375010 ; hypothetical LOC401131
232035 _at 4.209 4.263|HIST1H4H |histone 1, H4h
216252 x_ at 3.97 5.55|FAS Fas (TNF receptor superfamily, member €)
213110 _s at 3.929 3.082|{COL4AS collagen, type IV, alpha & (Alport syndrome)
CD36 antigen (collagen type | receptor,
208555 s at 3.927 3.001{CD36 thrombospondin receptor)
229331 at 3.756 4 49|SPATA18 spermatogenesis associated 18 homolog (rat)
CD36 antigen (collagen type | receptor,
228766 at 3.703 1.865|CD36 thrembospondin receptor)
208083 s at 3.664 3.871|ITGB6 integrin, beta 8
212097 _at 3.631 1.804|CAV1 caveolin 1, caveolae protein, 22kDa
204781 s at 3.627 5375(FAS Fas (TNF receptor superfamily, member €)
202817 s at 3.61 1.752(S100A8 5100 calcium binding protein A8 (calgranulin A)
225912 at 3.59 4.665|TPS3INP1  |tumor protein p53 inducible nuclear protein 1
215856 at 3.493 2.626|CD33L3 CD33 antigen-like 3
215719 x at 3.479 5572|FAS Fas (TNF receptor superfamily, member 6)
226535 at 3.47 3.972|ITGB6 integrin, beta 6
212344 at 3.331 2.234|SULF1 sulfatase 1
serpin peptidase inhibitor, clade A (alpha-1
202833 s at 3.198 1.717|SERPINA1 |antiproteinase, antitrypsin), member 1
pleckstrin homology domain containing, family B
209504 s at 3.138 3.235|PLEKHB1 (evectins) member 1
218692 at 3.104 2. 476|FLJ20366  |hypothetical protein FLJ20366
collagen, type XX, alpha 1 ; collagen, type XX, alpha
208096 s at 3.103 1.783|COL21A1 1
204780 s at 3.049 4.444|FAS Fas (TNF receptor superfamily, member &)
208683 at 3.027 2.795|CAPN2 calpain 2, (m/ll) large subunit
219628 at 2.982 3.714{WIG1 p53 target zinc finger protein
serpin peptidase inhibitor, clade A (alpha-1
211429 s at 2.976 1.724|SERPINA1 |antiproteinase, antitrypsin), member 1
»g blood group (pseudoautosomal boundary-divided
1554062 at 2.871 3.334{XG on the X chromosome)
207695 s at 2.847 1.969(IGSF1 immunoglobulin superfamily, member 1
212298 at 2819 2 164|NRP1 neuropilin 1
201236 s at 2.8 2.654|BTG2 BTG family, member 2
207392 x at 2.795 1.882|UGT2B15 UDP glucuronosyltransferase 2 family, polypeptide B15
215125 s at 2.784 1.964|UGT1A10 ; UUDP glucuronosyltransferase 1 family, polypeptide A10
210387 _at 2776 2.855|HIST1H2BG |histone 1, H2bg
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Table 1: Genes deregulated by HdmX and Hdm2 in MCF7 cells.

Fold Change vs. siCon Gene
AffylD siHdmX siHdm2  Symbol Description

208596 s at 2.739 2.215|UGT1A10 ; UUDP glucuronosyltransferase 1 family, polypeptide A10

208084 at 2.687 3.504|ITGB6 integrin, beta 6

242444 at 2.665 2 379|C1QTNF6 _ |C1qg and tumoar necrosis factor related protein 6
major histocompatibility complex, class Il, DQ beta 1 ;

212998 x at 2.65 2.139|HLA-DQB1 |major histocompatibility complex, class I, DQ beta 1
phosphoinositide-3-kinase, regulatory subunit 3 (p55,

202743 at 2.648 2.41|PIK3R3 gamma)
tumor necrosis factor (ligand) superfamily, member 10 ;

202688 at 2.635 2.027|TNFSF10  Jtumor necrosis factor (ligand) superfamily, member 10
kynurenine 3-monooxygenase (kynurenine 3-

205306 x at 2.633 3.434[KMO hydroxylase)

212347 x at 262 2.552|MXD4 MAX dimerization protein 4
collagen, type I, alpha 1 (Ehlers-Danlos syndrome

211161_s at 2.581 1.685|COL3A1 type IV, autosomal dominant)

227863 at 2.577 2.524|CTSD cathepsin D (lysosomal aspartyl peptidase)
cytoplasmic FMR1 interacting protein 2 ; cytoplasmic

220999 s at 2.573 3.038|CYFIP2 FMR1 interacting protein 2

1559116 s at 2.559 1.995|AD-020 Chromosome 1 open reading frame 119

222150 s _at 2.555 2.22|LOC54103 |hypothetical protein LOC54103

206280 _at 2.533 1.924|CDH18 cadherin 18, type 2

228315 at 2.528 3.249 CDNA FLJ31683 fis, clone NT2RI2005353

1557779 at 2.523 2226 Homo sapiens, clone IMAGE 4400004, mRNA

200974 at 252 4108{ACTA2 actin,alpha 2, smooth muscle, aorta

221756 at 251 2171|{MGC17330 |HGFL gene ; HGFL gene

202180 s at 2.505 2.634|MVP major vault protein

221218 s at 2.484 2.759|TPK1 thiamin pyrophosphokinase 1

219049 at 2.479 1.767(ChGn chondroitin beta1,4 N-acetylgalactosaminyltransferase

227020 at 2.448 2 095(YPEL2 vippee-like 2 (Drosophila)

225207 _at 2.441 2.274|PDK4 pyruvate dehydrogenase kinase, isoenzyme 4

215779 s at 2.439 2.315|HIST1H2BG |histone 1, H2bg

210778 s at 2.432 1.917 [ MXD4 MAX dimerization protein 4

202284 s at 2.428 4.05|CDKN1A cyclin-dependent kinase inhibitor 1A (p21, Cip1)
phosphoeinositide-3-kinase, regulatory subunit 3 (p55,

211580 s at 2.405 1.801|PIK3R3 gamma)

213261 _at 2.388 1.842|LBA1 lupus brain antigen 1

216785 s at 2.388 3.311|CYFIP2 cytoplasmic FMR1 interacting protein 2

210218 s at 2.381 2.055({SP100 nuclear antigen Sp100

215465 at 2.375 2 541 |ABCA12 ATP-binding cassette, sub-family A (ABC1), member 12

203058 s at 2 365 2 382|PAPSS2 3'-phosphoadenosine 5'-phosphosulfate synthase 2
CD59 antigen p18-20 (antigen identified by monoclonal

200984 s at 235 2.369|CD59 antibodies 16.3A5, EJ16, EJ30, EL32 and G344)
microtubule associated serine/threonine kinase family

225613 at 2.346 2.243|MAST4 member 4
2
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Table 1: Genes deregulated by HdmX and Hdm2 in MCF7 cells.

Fold Change vs. siCon Gene
AffylD siHdmX siHdm2  Symbol Description
CD59 antigen p18-20 (antigen identified by monoclonal
212463 at 2.34 2.5|CD59 antibodies 16.3A5, EJ16, EJ30, EL32 and G344)
204846 at 2.338 2 398|CP ceruloplasmin (ferroxidase)
236835 at 2 336 1.973|FUT8 fucosyltransferase 8 (alpha (1,6) fucosyltransferase)
236278 at 2.333 2228
214616 at 2.322 2.008|HIST1H3E |histone 1, H3e
membrane associated guanylate kinase, WW and PDZ
209737 at 2.3 2.216|MAGI2 domain containing 2
203060 s at 2.304 2 3|PAPSS2 3'-phosphoadenosine 5'-phosphosulfate synthase 2
1552632 a_at 2.303 1.894|KIAA1001  |Arylsulfatase G
209460 _at 2.302 2.261|ABAT 4-aminobutyrate aminotransferase
207664 at 2.264 1.981|ADAM2 ADAM metallopeptidase domain 2 (fertilin beta)
200696 s at 2.249 2.239|GSN gelsolin (amyloidosis, Finnish type)
238439 at 224 2 4| ANKRD22 |ankyrin repeat domain 22
223315 at 2237 2.067|NTN4 netrin 4
224847 at 2.237 2.597|CDK6 cyclin-dependent kinase 6
242093 at 2.234 1.698
223686 at 2.208 3.069|TPK1 thiamin pyrophosphokinase 1
tumor necrosis factor receptor superfamily, member
10¢, decoy without an intracellular domain ;
210484 s at 2.204 3.38| TNFRSF10C|hypothetical protein MGC31957
collagen, type I, alpha 1 (Ehlers-Danlos syndrome
201852 x at 2.203 1.924|COL3A1 type IV, autosomal dominant)
1564573 at 2.193 213|LOC402778 |similar to RIKEN cDNA 6330512M04 gene (mouse)
213744 at 2.192 1.528| ATRNL1 attractin-like 1
220553 at 2.192 1.863|PGM2L1 phosphoglucomutase 2-like 1
223600 s _at 2.191 2.291 [KIAA1683  |KIAA1683
aldo-keto reductase family 1, member C3 (3-alpha
209160 at 2.185 2.108|AKR1C3 hydroxysteroid dehydrogenase, type Il)
kynurenine 3-monooxygenase (kynurenine 3-
211138 s at 218 2 362[|KMO hydroxylase)
228390 at 2179 1.883 CDNA clone IMAGE: 5259272
206463 s at 2.172 2.849|DHRS2 dehydrogenase/reductase (SDR family) member 2
212346 s at 2.169 2327 | MXD4 MAX dimerization protein 4
1555756 _a at 2.164 1.907|CLEC7A C-type lectin domain family 7, member A
214455 at 215 1.773|HIST1H2BC |histone 1, H2bc
228151 _at 2.148 1.989 Transcribed locus
1550322 _at 2.145 2.587|PTP4A1 Protein tyrosine phosphatase type IVA, member 1
203543 s at 2927 1.708|KLF9 Kruppel-like factor 9
205776 _at 2.124 1.96|FMO5 flavin containing monooxygenase 5
206110 _at 2122 2 096|HIST1H3H |histone 1, H3h
microtubule associated serine/threonine kinase family
40016 g at 2118 2 19|MAST4 member 4
205059 s at 2.114 2.441|IDUA iduronidase, alpha-L-
regulatory factor X, 5 (influences HLA class |l
202963 at 2113 2.189|RFX5 expression)
solute carrier family 1 (neuronal/epithelial high affinity
213664 at 2.105 2326(SLC1A1 glutamate transporter, system Xag), member 1
218280 x_at 2.101 2187 |HIST2H2AA |histone 2, H2aa
3
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Table 1: Genes deregulated by HdmX and Hdm2 in MCF7 cells.

Fold Change vs. siCon Gene

AffylD siHdmX siHdm2  Symbol Description
214696 _at 24 2.282|MGC14376 |hypothetical protein MGC14376
225725 at 2.091 2788 CDNA FLJ31683 fis, clone NT2R12005353
224848 at 2.075 2.117|CDKB cyclin-dependent kinase 6
regulatory factor X, 5 (influences HLA class Il
202964 s at 2.071 2 222|RFX5 expression)
238935 at 207 2 278|RPS27L Ribosomal protein S27-like
phosphoinositide-3-kinase, regulatory subunit 2 (p85
1568629 s at 2.055 2.066|PIK3R2 beta)
223201 s at 2.055 1.808|RP13-360B2] hypothetical protein FLJ22679
218346 s at 2.037 2 688|SESN1 sestrin 1
202291 s at 2.026 1.538[MGP matrix Gla protein
203887 s at 2.013 1.968| THBD thrombomodulin
230093 _at 2.008 1.981|TSGA2 testis specific A2 homolog (mouse)
219099 at 2.002 2.401({C120r1f5 chromeosome 12 open reading frame 5
229441 at 1.996 1.589|PRSS23 Protease, sering, 23
collagen, type I, alpha 1 (Ehlers-Danlos syndrome
215076 s at 1.988 1.606|COL3A1 type IV, autosomal dominant)
202073 at 1.973 2.071|OPTN optineurin
202357 s at 1.968 1.822|BF B-factor, properdin
227221 at 1.968 3 CDNA FLJ31883 fis, clone NT2RI2005353
205110 _s at 1.957 1.806|FGF13 fibroblast growth factor 13
203888 at 1.953 1.979|THBD thrombomeodulin
203571 s at 1.941 1.905{C100rf116  |chromosome 10 open reading frame 116
223878 at 1.935 1.539({INPP4B inositol polyphosphate-4-phosphatase, type I, 105kDa
223179 at 1.934 2. 243[YPEL3 vippee-like 3 (Drosophila)
glutaminyl-peptide cyclotransferase (glutaminyl
205174 s at 1.916 1.606|QPCT cyclase)
218113 _at 1.908 1.568|TMEM2 transmembrane protein 2
235534 at 1.908 2274 Homo sapiens, clone IMAGE 5723825, mRNA
CD59 antigen p18-20 (antigen identified by monoclonal
200983 x at 1.903 2 .087|CD58 antibodies 16.3A5, EJ16, EJ30, EL32 and G344)
211864 s at 1.885 2. 053|FER1L3 fer-1-like 3, myoferlin (C. elegans)
206482 at 1.884 1.66|PTKB FTKE protein tyrosine kinase 6
223434 at 1.883 1.588|GBP3 guanylate binding protein 3
223196 s at 1.877 2.476|SESN2 sestrin 2
1553033 at 1.868 1.821|SYTLS synaptotagmin-like 5
226771 _at 1.856 2.23|ATP8B2 ATPase, Class |, type 8B, member 2
201798 s at 1.855 1.889|FER1L3 fer-1-like 3, myoferlin (C. elegans)
227134 at 1.854 2.699(SYTL1 synaptotagmin-like 1
202708 s at 1.846 1.881|HIST2H2BE |histone 2, H2be
229566 at 1.845 1.815{L.OC440448 |hypothetical gene supported by AF0B86204
205326 at 1.823 1.651|RAMP3 receptor (calcitonin) activity modifying protein 3
238673 _at 1.82 1.691 Transcribed locus
222450 at 1.818 1.724| TMEPAI fransmembrane, prostate androgen induced RNA
225927 at 1.81 1.514| MAP3K1 mitogen-activated protein kinase kinase kinase 1
213142 x at 1.804 1.742[LOC54103 |hypothetical protein LOC54103
1556308 _at 1.803 2.048|FLJ33674 |hypothetical protein FLJ33674
2265822 at 1.803 2.181|MGC17299 |hypothetical protein MGC17299
208796 s at 18 1.994|CCNG1 cyclin G1
4
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Table 1: Genes deregulated by HdmX and Hdm2 in MCF7 cells.

Fold Change vs. siCon Gene

AffylD siHdmX siHdm2 Symbol Description

226403 at 1.795 1.785|TMC4 transmembrane channel-like 4

209333 at 1.794 1.599|ULK1 unc-51-like kinase 1 (C. elegans)
Protein kinase (cAMP-dependent, catalytic) inhibitor

226864 at 1.794 1.541|PKIA alpha

203059 s at 1.787 2 03|PAPSS?2 3'-phosphoadenosine 5'-phosphosulfate synthase 2

214290 s at 1.773 1.898|HIST2H2AA |histone 2, H2aa

205726 at 1.766 1.86|DIAPH2 diaphanous homolog 2 (Drosophila)

219410 at 1.753 1.508| TMEM45A |transmembrane protein 45A

37996 s at 1.752 1.871|DMPK dystrophia myotonica-protein kinase

200766 _at 1.744 1.73|CTSD cathepsin D (lysosomal aspartyl peptidase)

232306 at 1.742 1.778|CDH26 cadherin-like 26

217419 x_at 1.732 1.94|AGRN agrin

219561 at 1.723 1.849|COPZL2 coatomer protein complex, subunit zeta 2

216264 s at 1.718 1.998|LAMB2 laminin, beta 2 (laminin S)

212120 at 1.712 1.606|RHOQ Fas homolog gene family, member Q

212285 s at 1.711 2 049|AGRN agrin

218007 s at 1.707 1.645|RPS27L ribosomal protein S27-like

230780 _at 1.707 1.809 CDNA FLJ31839 fis, clone NT2ZRP7000086

207655 s at 1.7 2.051|BLNK B-cell linker

231406 at 1.7 1.665[LOC401394 |hypothetical LOC401394 ;| hypothetical LOC402578
solute carrier family 16 (monocarboxylic acid

204462 s at 1.699 1.527[SLC16A2 transporters), member 2

214481 at 1.699 1.542|HIST1H2AM |Histone 1, H2am

231766 s at 1.693 1.786{COL12A1 collagen, type Xll, alpha 1

219687 at 1.692 1.503|HHAT hedgehog acyltransferase
serpin peptidase inhibitor, clade A (alpha-1

202376 _at 1.69 1.527|SERPINAS |antiproteinase, antitrypsin), member 3
dual-specificity tyrosine-(Y)-phosphorylation regulated

204954 s at 1.689 2.736|DYRK1B kinase 1B

clusterin (complement lysis inhibitor, SP-40,40, sulfated
glycoprotein 2, testosterone-repressed prostate

208792 s at 1.677 1.825|CLU message 2, apolipoprotein J)
217529 at 1.676 1.979|LOC401394 |hypothetical LOC401394 ; hypothetical LOC402578
218471 s at 1.673 1.821|BBS1 Bardet-Bied! syndrome 1

steroid sulfatase (microsomal), arylsulfatase C,
203767 s at 1.664 1.758|STS isozyme S

clusterin (complement lysis inhibitor, SP-40,40, sulfated
glycoprotein 2, testosterone-repressed prostate

208791 at 1.663 2.024|CLU message 2, apolipoprotein J)

201648 at 1.654 1.684|JAK1 Janus kinase 1 (a protein tyrosine kinase)
208917 s at 1.646 1.874|TP53AP1 TP53 activated protein 1

212450 at 1.645 1.534|KIAA0256  |KIAAD256 gene product

clusterin (complement lysis inhibitor, SP-40,40, sulfated
glycoprotein 2, testosterone-repressed prostate

222043 at 1.636 1.867|(CLU message 2, apolipoprotein J)

204546 at 1.625 2.033|KIAADS13  |KIAAD513

236668 at 1.621 1.853 CDNA clone IMAGE 5312086

209623 at 1.618 1.859{MCCC2 methylcrotonoyl-Coenzyme A carboxylase 2 (beta)
5
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Table 1: Genes deregulated by HdmX and Hdm2 in MCF7 cells.

Fold Change vs. siCon Gene
AffylD siHdmX siHdm2  Symbol Description
runt-related transcription factor 1 (acute myeloid
209360 s at 1.616 1.683|RUNX1 leukemia 1; aml1 oncogene)
220613 s at 1.614 1.616{SYTL2 synaptotagmin-like 2
217767 at 1.613 1.596|{C3 complement component 3
209166 s at 1.611 1.58| MAN2B1 mannosidase, alpha, class 2B, member 1
207813 s at 1.61 3.021|FDXR ferredoxin reductase
217783 s at 1.609 1.626|YPELS vippee-like 5 (Drosophila)
201116 s at 1.608 1.764|CPE carboxypeptidase E
209739 s at 1.6 1.817|PNPLA4 patatin-like phospholipase domain containing 4
219529 at 1.59 1.596|CLIC3 chloride intracellular channel 3
223195 s at 1.59 2.022|SESN2 sestrin 2
203725 at 1.589 2.034|GADD45A  |growth arrest and DNA-damage-inducible, alpha
209216 at 1.683 1.712|WDR45 WD repeat domain 45
234644 x at 1.682 1.738 CDNA: FLJ22426 fis, clone HRCO08780
214542 x at 1.681 1.637|HIST1H2AI |histone 1, H2ai
210886 x at 1.577 1.681|TP53AP1 TP53 activated protein 1
201939 at 1.575 1.54|PLK2 polo-like kinase 2 (Drosophila)
208890 s _at 1.568 1.97|PLXNB2 plexin B2
211979 at 1.561 1.549|GPR107 G protein-coupled receptor 107
210241 s at 1.557 1.585| TP53AP1 TP53 activated protein 1
v-erb-b2 erythroblastic leukemia viral oncogene
homolog 2, neuro/glioblastoma derived oncogene
210930 s at 1.557 1.628|ERBB2 homolog (avian)
218706 s at 1.557 1.533|NS3TP2 HCV NS3-transactivated protein 2
BCL2-associated athanogene | BCL2-associated
202387 at 1.545 1.691|BAG1 athanogene
225968 at 1.545 1.679|PRICKLE2 |prickle-like 2 (Drosophila)
200920 s at 1.54 1.545|BTG1 B-cell translocation gene 1, anti-proliferative
216080 s at 1.639 1.637|FADS3 fatty acid desaturase 3
39248 at 1.637 1.845|AQP3 aguaporin 3
dual-specificity tyrosine-(Y)-phosphorylation regulated
217270 s at 1.635 1.844|DYRK1B kinase 1B
214433 s at 1.534 1.634|SELENBP1 |selenium binding protein 1 ; selenium binding protein 1
210224 at 1.524 1.575{MR1 maijor histocompatibility complex, class |-related
224836 at 1.5612 1.833|TPS3INP2  Jtumor protein p53 inducible nuclear protein 2
212890 at 1.511 1.874|MGC15523 |hypothetical protein MGC15523
214086 s at 0.666 0.605|PARP2 poly (ADP-ribose) polymerase family, member 2
213346 _at 0.665 0.616|LOC393081 |hypothetical protein BC015148
228559 at 0.665 0.657 CDNA clone IMAGE:8043059
227337 _at 0.663 0.544|ANKRED37  |ankyrin repeat domain 37
235425 at 0.663 0.554|SGOL2 shugeshin-like 2 (S. pombe)
204435 at 0.661 0.587 [NUPL1 nucleoporin like 1
201890 at 0.66 0.636|RRM?2 ribonuclectide reductase M2 polypeptide
220840 s at 0.66 0.588|C1orf112 chromosome 1 open reading frame 112
222843 at 0.658 0.543|FIGNL1 fidgetin-like 1
SMC2 structural maintenance of chromosomes 2-like 1
204240 s at 0.657 0.631|SMC2L1 (yeast)
228273 at 0.657 0.612|FLJ11029 Hypothetical protein FLJ11028
203625 x at 0.656 0.579(SKP2 S-phase kinase-associated protein 2 (p45)
218350 _s at 0.656 0.613|GMNN geminin, DNA replication inhibitor
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Table 1: Genes deregulated by HdmX and Hdm2 in MCF7 cells.
Fold Change vs. siCon Gene
AffylD siHdmX siHdm2 Symbol Description
219502 at 0.656 0.492|NEIL3 nei endonuclease Vlll-like 3 (E. coli)
acetyl-Coenzyme A acetyltransferase 2 (acetoacetyl
209608 s at 0.655 0.664|ACAT2 Coenzyme A thiolase)
203213 at 0.653 0.543|CDC2 Cell division cycle 2, G1 to S and G2 to M
227787 s at 0653 0 636|THRAPS thyroid hormone receptor associated protein 6
219555 s at 0.65 0.621|BM0O39 uncharacterized bone marrow protein BM0398
203302 at 0.646 0.569|DCK deoxycytidine kinase
anillin, actin binding protein (scraps homolog,
222608 s at 0.646 0.54] ANLN Drosophila)
222740 at 0.646 0.473|ATAD2 ATPase family, AAA domain containing 2
216228 s at 0.645 0.554|WDHD1 WD repeat and HMG-box DNA binding protein 1
222848 at 0.645 0.464|FKSG14 leucine zipper protein FKSG14
220865 s at 0.644 0.641|TPRT trans-prenyltransferase
205394 at 0.642 0.541|CHEK1 CHK1 checkpoint homolog (S. pombe)
2232566 at 0.642 0.568|KIAA1333  |KIAA1333
228442 at 0.642 0.618{C18orf54 chromosome 18 open reading frame 54
204531 s at 0.641 0.61|BRCA1 breast cancer 1, early onset
209754 s at 0.641 0.59|TMPO thymopoietin
211767 at 0.641 0.613|SLD5 SLDS hemolog ; SLDS hemolog
223255 at 0.641 0.554|KIAA1333 |KIAA1333
225300 at 0.641 0.639|C150r23 chromosome 15 open reading frame 23
229886 at 0.641 0.627|FLJ32363 |FLJ32363 protein
209709 s at 0.638 0.638[HMMR hyaluronan-mediated motility receptor (RHAMM)
218755 at 0.638 0.596|KIF20A kinesin family member 20A
1568596 a at 0.637 0.657 [TROAP trophinin associated protein (tastin)
219531 at 0.637 0.653|Cep72 centrosomal protein 72 kDa
227545 at 0.637 0.626|BARD1 BRCA1 associated RING domain 1
234944 s at 0.637 0.597|FAMS4A family with sequence similarity 54, member A
238075 at 0.637 0.601|CHEK1 CHK1 checkpoint homolog (S. pombe)
204962 s at 0.636 0.666|CENPA centromere protein A, 17kDa
222039 at 0.636 0.582|LOC146909 |hypothetical protein LOC146309
202705 at 0.635 0.651|CCNB2 cyclin B2
229610 at 0.635 0.603|FLJ40628 |hypothetical protein FLJ40629
219650 at 0.634 0.605|FLJ20105  |FLJ20105 protein
SMC4 structural maintenance of chromosomes 4-like 1
201663 s at 0.633 0.618|SMCA4L1 (yeast)
218883 s at 0.633 0.641[MLF1IP MLF1 interacting protein
chromobox homolog 5 (HP1 alpha homolog,
209715 at 0.632 0.621|CBX5 Drosophila)
220239 at 0.629 0.626 KLHL7 kelch-like 7 (Droseophila)
209680 s at 0.628 0.531[KIFC1 kinesin family member C1
218768 at 0.627 0.61|NUP107 nucleoporin 107kDa
38158 at 0.627 0.661[(ESPL1 extra spindle poles like 1 (S. cerevisiae)
204127 at 0626 0.6|RFC3 replication factor C (activator 1) 3, 38kDa
cyclin-dependent kinase inhibitor 3 (CDK2-associated
209714 s at 0.625 0.629|CDKN3 dual specificity phosphatase)
235545 at 0.625 0.556|DEPDCA DEP domain containing 1
208955 at 0.624 0.604|DUT dUTP pyropheosphatase
201896 s at 0.623 0.65|PSRCA proline/serine-rich coiled-coil 1
212621 _at 0.622 0.623|KIAAD286  |KIAAD286 protein
213647 _at 0.622 0.465|DNAZL DNA2 DNA replication helicase 2-like (yeast)
7
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Table 1: Genes deregulated by HdmX and Hdmz2 in MCF7 cells.
Fold Change vs. siCon Gene
AffylD siHdmX siHdm2 Symbeol Description
204822 at 0.62 0.523|TTK TTK protein kinase
204825 at 0.62 0.606| MELK maternal embryonic leucine zipper kinase
215773 x at 0.82 0.664|PARP2 poly (ADP-ribose) polymerase family, member 2
204162 at 0.619 0.573|KNTC2 kinetochore associated 2
205393 s at 0.619 0.561|CHEK1 CHK1 checkpoint homolog (S. pombe)
221685 s at 0.619 0.555|FLJ20364  |hypothetical protein FLJ20364
227928 at 0.619 0.523|FLJ20641 hypothetical protein FLJ20641
228069 at 0.619 0.575|FAMS4A family with sequence similarity 54, member A
230165 at 0.619 0.548|SGOL2 shugoshin-like 2 (S. pombe)
218585 s at 0618 0.555]|DTL denticleless homolog (Drosophila)
218355 at 0.616 0.638|KIF4A kinesin family member 4A
223307 _at 0.616 0.63|CDCA3 cell division cycle associated 3
218039 at 0.815 0.612|NUSAP1 nucleclar and spindle associated protein 1
204033 at 0614 0.628|TRIP13 thyroid hormone receptor interactor 13
225687 at 0.613 0.621|C200rf129  |chromosome 20 open reading frame 128
226308 at 0.61 0.633|NY-SAR-48 |sarcoma antigen NY-SAR-48
204752 x at 0.608 0.618|PARP2 poly (ADP-ribose) polymerase family, member 2
Polymerase (RNA) Il (DNA directed) polypeptide G
206653 at 0.608 0.473|POLR3G (32kD)
MCM7 minichromosome maintenance deficient 7 (S.
210983 s at 0.608 0.666|MCM7 cerevisiae)
218782 s at 0.608 0.5|ATAD2 ATPase family, AAA domain containing 2
219258 at 0.608 0.527|FLJ20516  |timeless-interacting protein
MCM7 minichromosome maintenance deficient 7 (S,
208795 s at 0.607 0.634|MCM7 cerevisiae)
220060 s at 0.607 0.506|FLJ20641 hypothetical protein FLJ20641
cell division cycle associated 3 ; cell division cycle
221436_s_at 0.607 0.623|CDCA3 associated 3
223542 at 0.607 0.512|ANKRD32  |ankyrin repeat domain 32
1553244 at 0.604 0.592|FANCB Fanconi anemia, complementation group B
219004 s at 0.604 0.627|C210rf45 chromosome 21 open reading frame 45
221591 s at 0.603 0.647 |FAMB4A family with sequence similarity 64, member A
Fanconi anemia, complementation group A ; Fanconi
203805 s at 0.602 0.59|FANCA anemia, complementation group A
219978 s at 0.601 0.579|NUSAP1 nucleolar and spindle associated protein 1
221879 at 0.601 0.596|CALML4 calmodulin-like 4
BUB1 budding uninhibited by benzimidazoles 1
203755 _at 06 0.577|BUB1B homoelog beta (yeast)
203764 at 0.6 0.567|DLG7 discs, large homolog 7 (Drosophila)
204887 s at 0.6 0.59|PLK4 polo-like kinase 4 (Drosophila)
206550 s at 0.6 0.81|NUP155 nucleoporin 155kDa
227211 _at 06 0.577|PHF19 PHD finger protein 19
205053 at 0.599 0.638|PRIM1 primase, polypeptide 1, 48kDa
64408 s at 0.598 0.515|CALML4 calmodulin-like 4
221521 s at 0.597 0.63|Pfs2 DNA replication complex GINS protein PSF2
MCM10 minichromosome maintenance deficient 10 (S.
222962 s at 0.595 0.498|MCM10 cerevisiae)
205519 at 0.594 0.533|WDR76 WD repeat domain 76
219990 at 0.594 0.423|E2F8 E2F transcription factor 8
213226 at 0.592 0.485|CCNA2 Cyclin A2
219703 at 0.592 0.44| MNS1 meiosis-specific nuclear structural 1
8
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Table 1: Genes deregulated by HdmX and Hdmz2 in MCF7 cells.

Fold Change vs. siCon Gene
AffylD siHdmX siHdm2 Symbeol Description
242584 at 0.589 0.516|FLJ13305  |hypothetical protein FLJ13305
anillin, actin binding protein (scraps homolog,
1652619 a at 0.587 0.48|ANLN Drosophila)
204603 at 0.583 0.503|EXO1 exonuclease 1
MCM10 minichromosome maintenance deficient 10 (S.
223570 at 0.583 0.502|MCM10 cerevisiae)
204492 at 0.582 0.628| ARHGAP11ARho GTPase activating protein 11A
214240 at 0.582 0.643|GAL galanin
219306 _at 0.582 0.56|KIF15 kinesin family member 15
203145 at 0.581 0.645|SPAGS sperm associated antigen 5
203968 s at 0.581 0.561|CDC6B CDCEB cell division cycle 6 homolog (S. cerevisiag)
230847 _at 0.58 0.521|WRNIP1 Werner helicase interacting protein 1
221520 s at 0.578 0.662|CDCAS8 cell division cycle associated 8
219294 at 0577 0.509]|CB0orf139 chromosome 6 open reading frame 139
1652921 a at 0.575 0.56|FIGNL1 fidgetin-like 1
cell division cycle associated 7 ; cell division cycle
224428 s at 0.575 0.491|CDCA7 associated 7
218663 at 0.573 0.579|HCAP-G chromosome condensation protein G
1553984 s at 0.572 0.643|DTYMK deoxythymidylate kinase (thymidylate kinase)
MCM10 minichromosome maintenance deficient 10 (S.
220651 s at 0.571 0.527 | MCM10 cerevisiae)
236641 at 0.571 0.48{KIF14 kinesin family member 14
204023 at 0.57 0.598|RFC4 replication factor C (activator 1) 4, 37kDa
RADS1 homolog (RecA homolog, E. coli) (S.
205024 s at 0.568 0.584|RADST cerevisiag)
218662 s at 0.566 0.516|HCAP-G chromosome condensation protein G
222958 s at 0.566 0.473|DEPDC1 DEP domain containing 1
242787 _at 0.565 0.526
1654768 a at 0.564 0.522|MAD2L1 MADZ2 mitotic arrest deficient-like 1 (yeast)
204641 at 0.564 0.521|NEK2 NIMA (never in mitosis gene a)-related kinase 2
209773 s at 0.564 0.65|RRM2 ribonuclectide reductase M2 polypeptide
223229 at 0.564 0.605|UBE2T ubiquitin-conjugating enzyme E2T (putative)
201897 s at 0.563 0.602|CKS1B CDC28 protein kinase regulatory subunit 1B
214804 at 0.563 0.582|FSHPRH1  |FSH primary response (LRPR1 homolog, rat) 1
225834 at 0.562 0.489|FAM72A family with sequence similarity 72, member A
202954 at 0.56 0.641|UBE2C ubiquitin-conjugating enzyme E2C
205909 at 0.557 0.55|POLEZ2 polymerase (DNA directed), epsilon 2 (p59 subunit)
205967 _at 0.553 0.556|HIST1H4C |histone 1, Hdc
212949 at 0.551 0.558|BRRN1 barren homolog (Drosophila)
TAF5 RNA polymerase |l, TATA box binding protein
1553528 a_at 0.548 0.438|TAFS (TBP)-associated factor, 100kDa
three prime repair exonuclease 2 ; 265 proteasome-
207891 s at 0.548 0.582|TREX2 ; UIPjassociated UCH interacting protein 1
219494 at 0.547 0.562|RAD54B RADS4 homolog B (S. cerevisiae)
spindle pole body component 25 homolog (S.
209891 at 0.546 0.504|SPBC25 cerevisiae)
205733 at 0.545 0.521|BLM Bloom syndrome
227165 at 0.545 0.517|C130rf3 chromosome 13 open reading frame 3
210416 s at 0.544 0.572|CHEK2 CHKZ2 checkpoint homolog (S. pombe)
BUB1 budding uninhibited by benzimidazoles 1
215509 s at 0.544 0.493|BUB1 homolog (yeast)
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Table 1: Genes deregulated by HdmX and Hdmz2 in MCF7 cells.
Fold Change vs. siCon Gene
AffylD siHdmX siHdm2 Symbeol Description
37577 _at 0.544 0.538| ARHGAP19 |Rho GTPase activating protein 19
212619 at 0.542 0.501|KIAAD286  |KIAAD286 protein
NIMA (never in mitosis gene a)-related kinase 2 ; NIMA
211080 s at 0.541 0.524|NEK2 (never in mitosis gene a)-related kinase 2
204128 s at 0.54 0.562|RFC3 replication factor C (activator 1) 3, 38kDa
204126 s at 0.539 0.606|CDC45L CDC45 cell division cycle 45-like (S. cerevisiae)
223381 at 0.538 0.465|CDCA1 cell division cycle associated 1
203967 at 0.536 0.501|CDC6B CDCEB cell division cycle 6 homelog (S. cerevisiag)
220295 x at 0.535 0.444| DEPDCA DEP domain containing 1
242939 at 0.535 0.595|TFDP1 transcription factor Dp-1
222680 s at 0.533 0.532|DTL denticleless homolog (Drosophila)
232278 s at 0.53 0.495|DEPDC DEP domain containing 1
204728 s at 0.529 0.501 |WDHD1 WD repeat and HMG-box DNA binding protein 1
TAFS RNA polymerase I, TATA box binding protein
210053 _at 0.529 0.461|TAFS (TBP)-associated factor, 100kDa
apolipoprotein B mRNA editing enzyme, catalytic
206632 s at 0.522 0.526| APOBECSB |polypeptide-like 3B
202779 s at 0.517 0.642|UBE2S ubiguitin-conjugating enzyme E23
209464 at 0.517 0.566|AURKB aurora kinase B
203418 at 0.514 0.541|CCNA2 cyclin A2
223700 at 0.514 0.504|GAJ GAJ protein
203214 x_at 0.507 0.505|CDC2 cell divisioncycle 2 G1to Sand G2to M
218726 _at 0.507 0.527 | DKFZp762E1 hypothetical protein DKFZp762E1312
230021 _at 0.501 0.575|MGC45866 |leusine-rich repeat kinase 1
209408 at 0.498 0.564|KIF2C kinesin family member 2C
211519 s at 0.498 0537 |KIF2C kinesin family member 2C
210559 s at 0.497 0.494|CDC2 cell division cycle 2 G1to Sand G2 to M
defective in sister chromatid cohesion homolog 1 (S.
219000 s at 0.49 0.519|DCC1 cerevisiae)
asp (abnormal spindle)-like, microcephaly associated
239002 at 0.488 0.416|ASPM (Drosophila)
210334 x at 0.483 0.544|BIRC5 baculoviral |AP repeat-containing 5 (survivin)
10
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