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ABSTRACT
Hepatocellular carcinoma (HCC) is one of the leading causes of cancer death worldwide. Nucleosome assembly
protein 1-like 5 (NAP1L5) is a protein-coding gene that encodes a protein similar to nucleosome assembly
protein 1 (NAP1). It is a histone chaperone that plays an important role in gene transcription in organisms.
However, the role of NAP1L5 in the pathogenesis of hepatocellular carcinoma remains to be elucidated. In this
study, low expression of NAP1L5 was found in hepatocellular carcinoma, and the downregulation of NAP1L5
was related to shorter survival and disease-free survival. In addition, its expression is also related to the tumor
size and recurrence of hepatocellular carcinoma. The overexpression and knockdown of NAP1L5 by plasmid and
siRNA showed that NAP1L5 inhibited the proliferation, migration and invasion and induced apoptosis of
hepatoma cells. In vivo experiments confirmed that NAP1L5 can inhibit the growth and metastasis of
hepatocellular carcinoma cells. In the mechanistic study, we found that NAP1L5 affects the occurrence and
development of hepatocellular carcinoma by regulating MYH9 to inhibit the PI3K/AKT/mTOR signaling
pathway. As a functional tumor suppressor, NAP1L5 is expressed at low levels in HCC. NAP1L5 inhibits the
PI3K/AKT/mTOR signaling pathway in hepatocellular carcinoma by regulating MYH9. It may be a new potential
target for liver cancer treatment.

INTRODUCTION

preventing the chaotic aggregation of histones during
nucleosome formation [2]. It contains a highly
conserved central NAP domain, which is an important
binding site necessary for histone binding and
nucleosome assembly and plays a key role in
maintaining gene transcription in eukaryotes [3]. Recent
studies have demonstrated at least five homologous
Nap-1 genes in mice and humans [4], namely, NAP1L1,
NAP1L2, NAP1L3, NAP1L4 and NAP1L5. After
studying their specific functions, we found that the
mouse NAP1L2 protein can bind to chromatin in S
phase during chromatin condensation, regulate neuronal
cell proliferation and play an important role in neural
tube development and neuronal differentiation [5]. The
mouse NAP1L5 gene was identified as a paternally
imprinted gene in mouse parthenogenetic embryos for

According to recent statistics, there are approximately
906000 new cases of liver cancer and 830000 related
deaths every year; thus, liver cancer has become a
serious threat to human health [1]. Although the
comprehensive treatment of liver cancer has made great
progress, the prognosis of liver cancer is still not ideal.
Therefore, understanding the molecular mechanism and
changes in the occurrence and development of HCC is
very important to improve the treatment and prognosis
of patients with liver cancer.
Nucleosome assembly protein 1 (NAP1) is recognized
as a histone chaperone. It has been found that histone
chaperones are proteins that bind and transport histones,
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the first time [6]. With further study of the NAP1 family
in humans, it was found that PRDM8 exhibited
antitumor activity in HCC by regulating NAP1L1 [7].
LncRNA CDKN2B-AS1 promotes proliferation and
metastasis of human hepatocellular carcinoma through
the let-7c-5p/NAP1L1 axis [8]. NAP1L1 and NAP1L4
regulate apoptosis by selectively regulating the
expression of the p53 pre-response block and
proapoptotic genes in normal homeostasis and stressinduced responses [9]. NAP1L4 acts as a histone
chaperone throughout the cell cycle, and its expression
level increases with the progression of the cell cycle
from G0/G1 to M phase [10]. Currently, there are few
studies on human NAP1L5. The human Nap1l5 gene is
a patrilineal imprinted gene located in 4q22.1 [6]. This
region is the target of intermediate gene loss in
malignant liver tumors, such as hepatocellular
carcinoma and hepatoblastoma, suggesting that there
may be suppressor genes for liver cancer [11]. To date,
the role and mechanism of human NAP1L5 in the
progression of hepatocellular carcinoma are not clear.

Co., Ltd. (Zhejiang, China). We used high-glucose
Dulbecco’s modified Eagle medium containing 10%
fetal bovine serum and 1% streptomycin solution/
Corning penicillin to culture the cells. The cells were
cultured in a humidified chamber with a concentration
of 5% carbon dioxide at 37°C.
Lentivirus transduction, plasmids
interfering RNA (siRNA) transfection

and

small

To construct a stable overexpression cell line, lentivirus
was used as a vector to carry the NAP1L5 sequence,
and empty vector was used as a negative control. The
full-length CDS of Flag-NAP1L5 with green
fluorescent protein (GFP) was inserted into a lentiviral
vector (GENE, Shanghai, China). The lentiviral vector
was introduced into HepG2 and MHCC97H cells at
MOI of 10, and the original culture medium was
replaced with fresh culture medium 24 hours later. The
plasmid was purchased from Designgene Biological
Co., Ltd. (Wuhan, China), and siRNA was synthesized
by RiboBio (Guangzhou, China). According to the
operating procedures provided in the manufacturer’s
instructions, the plasmid and siRNA were introduced
into HepG2 and MHCC97H cells with liposome 3000
reagent (Invitrogen). The siNAP1L5, siMYH9 and
control sequences were recombined into HepG2 and
MHCC97H cells, and the sequences were as follows:

In this study, we found that the expression level of
NAP1L5 in HCC tissues was lower than that in normal
tissues, and the expression of NAP1L5 was closely
related to the prognosis of HCC. NAP1L5 inhibits the
malignant biological characteristics of hepatocellular
carcinoma cells in vivo and in vitro. In addition,
NAP1L5 induced a decrease in cells in the S phase of
the cell cycle and promoted the apoptosis of HCC cells.
According to the mechanistic analysis, NAP1L5
suppresses the PI3K/AKT/mTOR signaling pathway
through targeted regulation of MYH9. Our findings
suggest that NAP1L5 may become a potential
biomarker for liver cancer diagnosis and a new target
for treatment in the future.

st-h-NAP1L5_001: AGCCAAATTTGATAAGGAA
st-h-NAP1L5_002: GAAGCGATGCGATAAGATA
st-h-NAP1L5_003: GCCTGCCTAATTCGGTGAA
st-h-MYH9: CGCGTCCCCGCAAACCTCGAGAA
GGCAATTCAAGAGATTGCCTTCTCGAGGTTT
GCTTTTTGGAAAT
Western blotting

MATERIALS AND METHODS
According to the instructions, phosphorylated and
unphosphorylated protease inhibitors were added to
RIPA protein lysate to extract total protein. The
working solution of BCA was prepared, and the protein
concentration was determined by a BCA protein
concentration detection kit (Boster, Wuhan, China). The
protein concentration was determined by the BCA
method, and the absorbance of other wavelengths
between 540 and 595 nm was determined by an
enzyme-labeling instrument. The protein concentration
of the sample was calculated according to the standard
curve, sample volume and dilution multiple. A sodium
dodecyl sulfate-polyacrylamide SDS–PAGE gel was
prepared, and the protein was then separated by
electrophoresis (80 V, 120 min) and transferred to a
polyvinylidene fluoride (PVDF) membrane (Bedford
Millikon, MA, USA). After cutting, the membranes
were rinsed with TBST, 5% skim milk powder was

Patients and specimens
The tissues of hepatocellular carcinoma and
paracancerous liver tissues of patients treated in the
affiliated Hospital of Guizhou Medical University in
2021 were collected and assessed by Western blotting
(n = 8). The collected samples were stored at −80°C for
further study. A tissue microarray from Shanghai Outdo
Biotech Co., Ltd. (China), was used to analyze a total of
90 pairs of primary liver cancer tissues and the related
clinical and prognostic data.
Cell lines and cell culture
LO2 normal human hepatocytes and HuH7, PLC/PRF5,
MHCC97H, HLF, LM3, and HepG2 hepatoma cells
were purchased from Zhejiang Meisen Cell Technology
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added, and the membranes were sealed for 2 hours.
After TBST cleaning, the primary antibody was added
and incubated overnight at 4°C. TBST was cleaned after
the secondary antibody was added and incubated at
room temperature for 2 h. An (ECL)-Plus kit (Abclonal,
Wuhan, China) was used for fluorescence detection.
Primary antibodies against the following proteins were
used:

primer GGAGCGAGATCCCTCCAAAAT;
primer GGCTGTTGTCATACTTCTCATGG.
Colony formation assay

The cells were inoculated in a 6-well culture plate with
500 cells in each well. After incubation in high-glucose
DMEM for 14 days, the cells were washed with
phosphate-buffered saline (PBS) 3 times, fixed with 4%
paraformaldehyde and stained with hematoxylin. The
number of communities was counted under a light
microscope.

NAP1L5 (1:1000, Abclonal, A17849), GAPDH
(1:50000, Abclonal, AC033), AKT (1:1000,
Proteintech, 10176-2-AP), Phospho-akt (1:2000,
Proteintech, 66444-1-Ig), mTor(1:2000, Proteintech,
28273-1-AP), Phospho-mTOR (1:2000, Proteintech,
80596-1-RR), CDK4 (1:1000, Proteintech, 11026-1AP), CDK6 (1:1000, Proteintech, 14052-1-AP),
CyclinD1 (1:1000, Proteintech, 26939-1-AP), NCadherin (1:2000, Proteintech, 22018-1-AP), ECadherin (1:5000, Proteintech, 20874-1-AP), Vimentin
(1:2000, Proteintech, 10366-1-AP), SNAIL1 (1:1000,
Proteintech, 26183-1-AP), BAX (1:1000, Proteintech,
50599-2-Ig), BCL2 (1:1000, Proteintech, 12789-1-AP),
and β-tublin (1:3000, Proteintech, 10094-1-AP).

Migration and invasion assays
In the wound healing migration assay, approximately
1 × 106 HCC cells were seeded in a six-well culture
plate. After the hepatoma cells were attached, the tip
of a 200-μL plastic straw was scraped along the
bottom of the plate to form a wound. The cells were
washed with PBS 3 times, the isolated cells were
removed, and serum-free medium was added. Fortyeight hours later, the healing area was calculated. In
the Transwell assay, a 24-well Transwell filter and
Matrigel were used for cell migration and invasion
assays. The cells (5 × 104) were inoculated in 200 μL
of serum-free medium, and 700 μL of medium
containing 10% fetal bovine serum was added and
incubated at 37°C for 48 h (migration test) or 24 h
(invasion test). The cells on the submembrane surface
were stained with 0.1% crystal violet and
photographed, and each group was randomly divided
into 4 visual fields under a light microscope.

Immunohistochemistry
The expression of NAP1L5, Ki67 and TUNEL was
detected by immunohistochemistry (IHC). Carcinoma
and tumor transplantation tissues were fixed with
paraformaldehyde, embedded in paraffin, and sliced at 4
microns for immunohistochemical detection. After
dewaxing, hydration, and antigen repair, peroxidaselabeled streptavidin was added, and the sections were
blocked with goat serum. Tissue sections were
incubated with primary antibodies (NAP1L5 (1:200),
Ki67 (1:1200) and TUNEL (1:200)) in a refrigerator at
4°C for one night, incubated with secondary antibodies
at room temperature for 20 min, and then incubated
with chromogenic diaminodiamine for 5 min to detect
antigens.

EdU staining
The BeyoClick EdU cell proliferation kit was used in
conjunction with Alexa Fluor 555 for EdU staining
according to the manufacturer’s instructions. Briefly,
2 × 105 hepatoma cells were inoculated into a 6-well
plate with cover slides. After 12 hours, 10 μM EDU
chromogenic agent was added to each well, incubated at
37°C for 1.5 hours, washed with PBS, fixed with 4%
paraformaldehyde, permeabilized with 0.3% Triton X100 and stained with Click additive. The nucleus was
stained for 10 min with Hoechst 33342, and EDUpositive cells were counted under a fluorescence
microscope.

RT-qPCR
Using TRIzol reagent (Vazyme, Nanjing, China), total
RNA was extracted from liver cancer cell lines
according to the manufacturer’s instructions. RNA was
reverse transcribed into cDNA by superscript III RT
(Vazyme, Nanjing, China) and random primers. Then,
quantitative PCR with SYBR PreMix Ex Taq (Vazyme,
Nanjing, China) was carried out by using an iQ5
quantitative RT–qPCR detection system (Bio-Rad,
Richmond, CA, USA). The relative expression of genes
was analyzed by the 2−ΔΔCT method. The primer
sequence was as follows: NAP1L5 forward primer
ATGGCCGACTCGGAAAACC;
reverse
primer
TAGGCAGGCTCTCGATAAAGT; GAPDH forward
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Cell apoptosis assays and cell cycle
Apoptosis: A total of 2 × 104 cells were collected, and
the living cell culture medium was centrifuged with the
digested cell suspension, washed with PBS 3 times, and
stained with 7 μl of Annexin V and 10 μl of 7-AAD for
10 min. The apoptosis rate was detected by a flow
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CytoFLEXS cytometer and FlowJo software. Cell
cycle: A total of 106 cells were prepared, washed and
resuscitated with PBS, and the cells were collected by
centrifugation at 300 × g for 5 min. The cells were
completely resuscitated with PBS precooled at 2 ml at
4°C and centrifuged at 300 × g for 5 minutes. The
supernatant was discarded, and some PBS was
resuspended to form a single-cell suspension. After the
cells were fully dispersed into a single-cell suspension,
they were slowly dripped into anhydrous ethanol
precooled at −20°C, kept at a concentration of 70–75%
PBS overnight at −20°C, washed twice with PBS, and
centrifuged for 300 × g for 5 min. Then, 200–400 μL of
PI/RNase staining solution was added, and the cells
were resuscitated and stained for 30 minutes. Within
24 hours, the cells were detected by flow cytometry at
an excitation wavelength of 488 nm and an emission
wavelength of 585 ± 21 nm. The cell cycle distribution
was determined by the cell cycle fitting software Kaluza
and FlowJo.

sodium dodecyl sulfate loading buffer. The follow-up
analysis was performed by Western blotting.
Mass spectrometry
MHCC97H cells expressing NAP1L5 marked by FLAG
were collected and lysed at 4°C. Then, according to the
instructions of the manufacturer, IP experiments were
carried out with a FLAGIP Kit (Sigma, FLAGIPT1).
The lysate of MHCC97H cells overexpressing NAP1L5
labeled with FLAG was centrifuged at 12000 rpm for
10 min in a test tube. The supernatant was transferred to
a fresh test tube and sent to Shanghai BGI Tech
Solutions Co., Ltd., for mass spectrometry and further
analysis.
Statistical analysis
All the data were analyzed by GraphPad Prism 8 and
SPSS version 19.0 (IBM Corp., Armonk, NY, USA).
The differences between groups were compared by the
double-tailed Student’s t test. Multiple groups were
compared by single-factor analysis of variance
(ANOVA). P values <0.05, <0.01, and <0.001 indicated
statistical significance.

Animal experiments
In the tumor growth experiment, MHCC97H cells
carrying NAP1L5 high-expression lentivirus vector or
control vector were subcutaneously inoculated into the
right acromion of nude mice in the experimental and
control groups (4-week-old BALB/c-nude, 5 mice/
group, 2.0 × 106/mouse). Tumor formation in mice was
observed for more than 28 days. The tumor volume was
monitored every 4 days, and the formula was as
follows: V = (length × width2)/2 mm3. In the in vivo
transfer experiment, approximately 150 μL of
MHCC97H cells with a high expression of NAP1L5 or
carrying control vector were injected into the tail vein
of mice in the experimental and control groups (4-weekold BALB/c-nude, 5 mice/group, 2.0 × 106/mouse).
After 4 weeks, the mice were killed, and lung tissue was
collected to observe and count metastasis. The lung
tissue was stained with HE.

Availability of data and materials
All data are available upon request.

RESULTS
The downregulated expression of NAP1L5 in
hepatocellular carcinoma is related to poor prognosis
We searched the TCGA database for the RNA
expression of NAP1L5 in hepatocellular carcinoma and
found that the expression of NAP1L5 in cancer tissues
was lower than that in adjacent tissues (Figure 1A). We
collected 8 pairs of hepatocellular carcinoma tissue
samples from patients with hepatocellular carcinoma
and corresponding paracancerous tissues from the
affiliated Hospital of Guizhou Medical University. We
conducted Western blotting to detect the NAP1L5
protein. The protein content of NAP1L5 in cancer tissue
was lower than that in adjacent tissue (Figure 1B). We
performed immunohistochemistry in 90 pairs of
hepatocellular carcinoma tissue microarrays. Figure 1C
shows hepatocellular carcinoma and paracancerous
tissues with low and high expression of NAP1L5
(Figure 1C). After scoring, we found that the MAP1L5
score in liver cancer tissues was significantly lower than
that in adjacent tissues, with scores of 6.678 and 5.000,
respectively, and the difference was statistically
significant (Figure 1D). We concluded that the overall
survival rate of the low-NAP1L5 group was low, and

Coimmunoprecipitation (Co-IP)
The cells were collected and cleaved in low-salt lysis
buffer for 30 min at 4°C. The samples were incubated
with immunoglobulin microspheres at 4°C for 2 hours
and then centrifuged at 5000 rpm for 10 minutes. The
supernatant (20 μl) was saved as “Input”. Anti-IgG
antibodies (Proteintech, Wuhan, China) or anti-Flag
antibodies (Proteintech, Wuhan, China) were added to
the remaining cell lysate and prewashed with TBST
buffer 3 times. The cell lysate with antibody was rotated
gently overnight at 4°C. The protein A/G microspheres
were added to the cell lysate and then rotated at 4°C for
4 hours to harvest microbeads. The beads were washed
in TBST 3 times and then boiled for 10 min in 2X
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the disease-free survival rate of the low-NAP1L5 group
was significantly lower than that of the high-NAP1L5
group by Kaplan–Meier survival analysis (Figure 1E,
1F). According to the immunohistochemistry results,

89 cases of hepatocellular carcinoma
a low expression group (n = 45) and
group (n = 44). Interestingly, the
expression of NAP1L5 had a lower

were divided into
a high expression
group with low
survival rate and

Figure 1. The expression of NAP1L5 in hepatocellular carcinoma is decreased and is related to poor prognosis. (A) The
expression of the NAP1L5 gene in the TCGA database: 50 paracancerous tissues and 374 cancerous tissues. (B) The expression of NAP1L5
protein in 8 pairs of hepatocellular carcinoma (Tumor) and paracancerous tissues (Normal) was assessed. (C) Immunohistochemistry was
used to detect the expression of NAP1L5 in the HCC tissue microarray. (D) The immunohistochemical score of 90 samples of HCC and
paracancerous tissues in the tissue microarray. (E, F) Kaplan–Meier survival analysis was performed to evaluate the effect of NAP1L5 on
disease-free survival and overall survival. *p < 0.05; **p < 0.01;***p < 0.001.
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Table 1. NAP1L5 expression with clinicopathological characteristics of patients with HCC.
NAP1L5 density
Variable

All cases

Age (years)
≦50
>50
Gender
Female
Male
Vital Status
Alive
Dead
HbsAg
Positive
Negative
AFP (ng/mL)
≦400
>400
ALT level (U/L)
≦40
>40
Cirrhosis
Yes
No
Tumor size (cm)
≤6
>6
AJCC Stage
I
II–III
Histological Grade
I–II
III
Involucrum
Complete
Incomplete or absent
Recurrence
Yes
No

Low
n = 45

High
n = 44

p-value
0.900

19
26

18
26

3
42

6
38

0.276

0.018
24
21

34
10

11
34

8
36

0.471

0.937
28
16

29
16

25
20

27
17

0.578

0.699
4
41

5
39

33
12

34
10

0.667

0.691
31
14

32
12

18
27

24
20

0.169

0.169
27
18

20
24

15
30

26
18

0.015

We divided the patients into high expression group and low expression group according to the expression of NAP1L5.
Patients and disease were compared in each group.

a higher recurrence rate (Table 1). Univariate Cox
regression analysis showed that the tumor volume in the
group with low expression of NAP1L5 was larger
(hazard ratio [HR] 2.086, 95% confidence interval [CI]
1.017–4.276% confidence interval 0.045), and the
AJCC stage was later (risk ratio [HR] 2.262 min, 95%
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confidence interval [CI], 1.128–4.536). The histological
grade was higher (risk ratio [HR] 3.028 pcm, 95%
confidence interval [CI], 1.382–6.633%, confidence
interval [CI], 1.382–6.633%, confidence interval [CI]
4.860–1565.433%, confidence interval [CI] 4.860–
1565.433% confidence interval) (Table 2).
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Table 2. Univariate analysis.
Nap1l5
Age
Gender
HbsAg
AFP (ng/mL)
ALT level (U/L)
Cirrhosis
Tumor size (cm)
AJCC Stage
Histological Grade
Involucrum
Recurrence

p
0.017*
0.676
0.371
0.936
0.906
0.349
0.439
0.045*
0.021*
0.006*
0.066
0.002*

Hazard ratio
0.397
1.165
1.923
0.966
1.045
1.401
1.762
2.086
2.262
3.028
0.500
87.233

95% confidence interval
0.186–0.846
0.569–2.384
0.459–8.052
0.412–2.263
0.501–2.182
0.692–2.835
0.420–7.388
1.017–4.276
1.128–4.536
1.382–6.633
0.239–1.046
4.860–1565.433

Corresponding staining results were grouped according to tissue chip histochemistry score. Patients were evaluated for
correlation factor analysis using grouping results.

The inhibitory effect of NAP1L5 on cell
proliferation, migration and invasion in vitro was
observed

NAP1L5 may be a key factor in the regulation of
hepatoma cell function.
NAP1L5 induces a decrease in S phase of the cell
cycle and promotes apoptosis in vitro

We used RT–qPCR and Western blotting to study the
expression of NAP1L5 in hepatocellular carcinoma cell
lines and noncancerous liver cell lines. We found that
the mRNA and protein expression levels of NAP1L5 in
hepatocellular carcinoma cell lines were lower than
those in noncancer cell lines (Figure 2A, 2B).
MHCC97H and HepG2 cells were selected, and
lentivirus carrying small interfering RNA (siRNA) was
used to knock down the expression level of NAP1L5.
Compared with the negative control at the mRNA and
protein levels, the knockdown efficiency of three
NAP1L5 siRNAs was confirmed (Figure 2C). Among
the three siRNAs tested, siRNA#1 and siRNA#2
produced consistent knockdown results in MHCC97H
and HepG2 cell lines, so they were selected for followup studies. To determine the effect of NAP1L5 on the
function of HCC cells, we performed a variety of
in vitro experiments. EDU staining, colony formation
assays, Transwell assays and wound healing migration
assays all showed consistent results: the downregulation
of NAP1L5 significantly promoted the proliferation,
invasion and migration of MHCC97H and HepG2 cells
(Figure 2D–2G). We used plasmids to overexpress
NAP1L5 in MHCC97H and HepG2 cells. The
efficiency of NAP1L5 overexpression was confirmed
by comparison with the vector at the mRNA and protein
levels (Figure 3A, 3B). Repeating the above
experiments, it was found that overexpression of
NAP1L5 significantly inhibited the proliferation,
invasion and migration of MHCC97H and HepG2 cells
(Figure 3C–3F). These results are consistent with the
downregulated data of NAP1L5, suggesting that

www.aging-us.com

We measured the cell cycle distribution by flow
cytometry and found that the percentage of S phase
cells downregulated by NAP1L5 among HepG2 and
MHCC97H cells was significantly higher than that in
the control group (Figure 4A). In contrast, in HepG2
and SMMC7721 cells overexpressing NAP1L5, the
number of cells decreased in S phase (Figure 4B). Flow
cytometry analysis using Annexin V-APC/7-AAD
staining showed that the downregulation of NAP1L5
inhibited apoptosis in the two cell lines (Figure 4C),
while the upregulation of NAP15 promoted apoptosis
(Figure 4D). The above data suggest that NAP1L5 can
induce a decrease in S phase cells and promote the
apoptosis of HCC cells.
NAP1L5 inhibits tumor growth and metastasis
in vivo
MHCC97H cells stably overexpressing NAP1L5 were
implanted into nude mice in the experimental group,
and MHCC97H cells transferred into the control vector
were implanted into nude mice in the control group
(MHCC97H cells transfected with lentivirus vector
were verified by Western blotting), and the proliferation
of tumor cells in vivo was observed. All mice were
monitored every 4 days, and the mice were killed four
weeks later. The average tumor weight and volume of
mice in the experimental group decreased significantly
in the fourth week (Figure 5A–5C). The transplanted
tumors of the two groups underwent HE and
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immunohistochemical staining of Ki-67, NAP1L5 and
TUNEL. We found that the Ki67 score was lower in the
experimental group, while the NAP1L5 and TUNEL

scores were higher (Figure 5D). To explore the effect of
NAP1L5 on tumor metastasis, MHCC97H cells
carrying the NAP1L5 lentivirus vector or control vector

Figure 2. Downregulation of NAP1L5 can promote the proliferation, migration and invasion of hepatocellular carcinoma
cells in vitro. (A) NAP1L5 mRNA expression in the LO2 and hepatoma cell lines. (B) The expression of NAP1L5 protein in the LO2 and
hepatoma cell lines. (C) Validation of siRNaA transfection efficiency. (D) The effect of the downregulation of NAP1L5 on the proliferation of
HepG2 and MHCC97H cells was detected by EdU staining. (E) A colony formation assay was used to detect the effect of NAP1L5
downregulation on the proliferation of HepG2 and MHCC97H cells. (F) Transwell assays were used to detect the effect of NAP1L5
downregulation on the migration and invasion of HepG2 and MHCC97H cells. (G) The effect of the downregulation of NAP1L5 on the
migration of HepG2 and MHCC97H cells was detected by a wound healing migration assay. *p < 0.05; **p < 0.01; ***p < 0.001.
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were injected into the experimental and control groups
through the tail vein. The mice were killed 4 weeks later,
and the lung tissue was taken to observe the number of

metastatic foci and stained by HE. We found that the
overexpression of NAP1L5 was significantly associated
with reduced lung metastasis in mice (Figure 5E).

Figure 3. In vitro, NAP1L5 overexpression inhibited cell proliferation, migration and invasion. (A) The mRNA expression of
NAP1L5 in HepG2 and MHCC97H cell lines after plasmid transfer into vector and NAP1L5. (B) The expression of NAP1L5 protein in HepG2
and MHCC97H cell lines after plasmid transfer into vector and NAP1L5. (C) EdU staining was used to detect the effect of NAP1L5
overexpression on the proliferation of HepG2 and MHCC97H cells. (D) The effect of NAP1L5 overexpression on the proliferation of HepG2
and MHCC97H cells was detected by a colony formation assay. (E) Transwell assays were performed to detect the effect of NAP1L5
overexpression on the migration and invasion of HepG2 and MHCC97H cells. (F) The effects of NAP1L5 overexpression on the migration and
invasion of HepG2 and MHCC97H cells were detected by a wound healing migration assay. *p < 0.05; **p < 0.01; ***p < 0.001.
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In addition, we performed a pathological analysis of the
lung tissue of nude mice, and the results showed that the
incidence of lung metastasis in the experimental group
was lower than that in the control group (Figure 5F, 5G).
The above data further confirmed the antitumor activity
of NAP1L5 against hepatocellular carcinoma.

NAP1L5 inhibits the progression of hepatocellular
carcinoma through the PI3K/AKT/MTOR signaling
pathway
The MHCC97H cells carrying the control and lentivirus
vectors with high expression of NAP1L5 were enriched

Figure 4. NAP1L5 induces cell cycle S phase cell reduction and promotes apoptosis in vitro. (A) The effect of NAP1L5
downregulation on the cell cycle distribution of HepG2 and MHCC97H cells. (B) The effect of NAP1L5 overexpression on the cell cycle
distribution of HepG2 and MHCC97H cells. (C) The effect of the downregulation of NAP1L5 on the apoptosis of HepG2 and MHCC97H cells.
(D) The effect of NAP1L5 overexpression on HepG2 and MHCC97H cell apoptosis. *p < 0.05; **p < 0.01; ***p < 0.001.
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with 916 genes by mass spectrometry, while GO
enrichment analysis showed that there were 199
independent differentially expressed genes after
NAP1L5 overexpression compared with the control

vector group (Figure 6A). The GO function analysis of
the two groups of cells is shown in Figure 6B. The
independent difference in 199 genes was highly
correlated with the PI3K/AKT/MTOR signaling

Figure 5. NAP1L5 inhibits tumor growth and metastasis in vivo. (A–C) Xenografted tumors were produced by injection of MHCC97H
cells overexpressing NAP1L5 (experimental group) or carrying control vector (control group). The growth of the transplanted tumor was
measured by volume and weight. (D) HE, IHC, Ki-67 and TUNEL staining were performed on the transplanted tumor. (E) The lung metastasis
model was established by injecting MHCC97H cells overexpressing NAP1L5 (experimental group) or control vector (control group) through
the tail vein. (F, G)The number of metastatic foci in lung tissue was observed, and HE staining was performed on lung tissue. *p < 0.05; **p <
0.01; ***p < 0.001.
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pathway (Figure 6C). We determined the key proteins
in the PI3K/AKT/MTOR signaling pathway and found
that overexpression of NAP1L5 decreased the
phosphorylation of AKT and mTOR in HepG2 and

MHCC97H cells (Figure 6D), indicating that
PI3K/AKT/mTOR signaling was inhibited. In contrast,
NAP1L5 knockdown enhanced the PI3K/AKT/mTOR
signaling activity (Figure 6E). In addition, the

Figure 6. NAP1L5 regulates the PI3K/AKT/MTOR signaling pathway in hepatoma cells. (A) Venn diagram of the mass
spectrometry analysis of MHCC97H cells overexpressing NAP1L5 and transferred into the control vector. (B) Mass spectrometry analysis of
the GO functional enrichment map of MHCC97H cells overexpressing NAP1L5. (C) Enrichment of differentially expressed gene pathways in
NAP1L5-overexpressing and MHCC97H cells transfected with the control vector. (D) Western blotting was used to detect the expression of
p-AKT and p-mTOR in HepG2 and MHCC97H cells overexpressing NAP1L5. (E) Western blotting was used to detect the expression of p-AKT
and p-mTOR in HepG2 and MHCC97H cells downregulated by NAP1L5. (F) Western blotting was used to analyze the expression of key
molecules involved in cell cycle regulation, EMT and apoptosis in HepG2 and MHCC97H cells overexpressing NAP1L5. (G) Western blotting
was used to analyze the expression of key molecules involved in cell cycle regulation, EMT and apoptosis in HepG2 and MHCC97H cells
downregulated by NAP1L5.
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DISCUSSION

overexpression of NAP1L5 changes the expression of
indispensable key regulators in cell cycle regulation,
epithelial-mesenchymal transition (EMT) and apoptosis.
Western blotting showed that the expression of cyclin
D1; CDK4; CDK6; EMT-related proteins N-cadherin,
vimentin, and SNAIL; and apoptosis-related protein
Bcl-2 decreased in HepG2 and MHCC97H cells
overexpressing NAP1L5, while the levels of E-cadherin
and Bax were upregulated (Figure 6F). The Western
blotting results in the cells downregulated by NAP1L5
were the opposite (Figure 6G).

NAP1L5 is the human counterpart of yeast NAP-1
protein, a histone binding factor involved in maintaining
the formation of cumulative nucleosomes [14]. Studies
have also shown that human NAP1L5 may play a
negative role in cell cycle progression, usually inducing
cell cycle arrest and inhibiting cell growth [15].
However, there are few studies on NAP1L5. To the best
of our knowledge, the relationship between NAP1L5 and
HCC has not been reported. In this study, we
first proved the downregulation of NAP1L5 in
hepatocellular carcinoma tissue and that the
downregulation of NAP1L5 is related to shorter overall
and disease-free survival times. Then, we confirmed that
NAP1L5 significantly inhibited the proliferation,
migration and invasion of HCC cells and promoted
the apoptosis of HCC cells in vitro and in vivo. In
addition, we found that NAP1L5 may inhibit the
progression of hepatocellular carcinoma by inhibiting the
PI3K/AKT/MTOR signaling pathway. Finally, we
proved that NAP1L5 suppresses PI3K/AKT/MTOR
signaling and HCC progression through MYH9 targeting.

We promoted the activity of the PI3K/AKT/mTOR
signaling pathway by SC79 treatment, and the reduction
in p-AKT and p-mTOR was restored after adding SC79
to NAP1L5-overexpressing MHCC97H cells (Figure
7A). It was also found that SC79 induced and restored
the inhibitory effect of NAP1L5 overexpression on the
proliferation, migration and invasion of MHCC97H
cells (Figure 7B–7E). In summary, these data suggest
that NAP1L5 inhibits HCC progression by inhibiting
the PI3K/AKT/mTOR signaling pathway.
NAP1L5 combined with MYH9 inhibits
PI3K/AKT/MTOR axis and HCC progression

the
To explore the effect of NAP1L5 in HCC, we first
detected the expression of NAP1L5 in liver cancer
clinical tissue specimens and the public TCGA database.
The results showed that the expression of NAP1L5 was
downregulated in hepatocellular carcinoma. Through the
discussion of the clinicopathological features of the
patients, it was found that the expression of NAP1L5
was related to tumor volume, survival time and
recurrence (P < 0.05), suggesting that NAP1L5 may
have antitumor activity in hepatocellular carcinoma. We
used plasmids and siRNAs to change the expression of
NAP1L5 in HCC cells and verified the effect of this
change by EdU staining, colony formation assays,
Transwell assays, wound healing migration assays, flow
cytometry and animal experiments. The results showed
that NAP1L5 could significantly inhibit the
proliferation, invasion and metastasis of HCC cells in
vitro and in vivo. In some studies, the overexpression of
NAP1L5 significantly promoted the proliferation of
293T cells, while the growth rate of 293T cells
downregulated by NAP1L5 decreased. This study
suggested that Nap1l5 did not play a negative role in the
process of the cell cycle [16]. This is inconsistent with
our conclusion, and we speculate that NAP1L5 plays
different roles in different tissues and cells.

Further mass spectrometry analysis revealed that
MYH9 was a protein captured by NAP1L5 (Figure
8A). Co-IP verified the specificity of this interaction,
indicating that NAP1L5 could bind to MYH9 (Figure
8B). Overexpression of NAP1L5 resulted in a decrease
in MYH9 protein levels in MHCC97H and HepG2 cells
(Figure 8C). In contrast, NAP1L5 knockdown led to an
increase in MYH9 protein (Figure 8C). Many previous
studies have confirmed that MYH9 promotes the
occurrence and development of hepatocellular
carcinoma, such as the research of Professor Fang
Weiyi of Southern Medical University on the role of
MYH9 in HCC [12, 13]. The promotive role of MYH9
in hepatocellular carcinoma was confirmed, in
accordance with previous studies. Knockdown of both
NAP1L5 and MYH9 and downregulation of MYH9
genes in MHCC97H cells weakened the ability to
promote phosphorylation of AKT and mTOR formed
by low expression of NAP1L5 (Figure 8D) and
restored the enhanced proliferation, migration and
invasion of HCC cells (Figure 8E–8G). These data
demonstrate that NAP1L5 inhibits the progression of
hepatocellular carcinoma and PI3K/AKT/MTOR
signaling via MYH9.

Through mass spectrometry analysis and GO
enrichment analysis, we found that the overexpression
of NAP1L5 was highly related to the PI3K/AKT/
MTOR signaling pathway and proved that NAP1L5
inhibited the progression of liver cancer through the
PI3K/AKT/MTOR signaling pathway. The PI3K/AKT/

Figure 9 is a schematic diagram that reveals the process
by which NAP1L5 binds MYH9 to regulate cycle,
apoptosis, EMT-related proteins and downstream
PI3K/AKT/mTOR signaling pathways that affect the
progression of HCC (Figure 9).

www.aging-us.com

9012

AGING

mTOR signaling pathway has a wide range of functions
in HCC and may have wide application prospects in the
treatment of liver cancer in the future [17]. The PI3K/
Akt/mTOR signaling pathway is overexpressed in

nearly 50% of hepatocellular carcinoma cases, and its
abnormal activation affects cell proliferation,
metabolism,
tumor
cell
differentiation,
lipid
metabolism, autophagy and EMT [18, 19]. It has been

Figure 7. NAP1L5 inhibits the progression of hepatocellular carcinoma by regulating PI3K/AKT/MTOR. (A) The expression of pAKT and p-mTOR in MHCC97H-Vector cells and MHCC97H-NAP1L5 cells treated with SC79 (100 ng/mL) and the two types of cells without
SC79 treatment was detected by Western blotting. (B) A colony formation assay was used to detect the effect of SC79 (100 ng/mL) on the
proliferation of MHCC97H-Vector and MHCC97H-NAP1L5 cells. (C) EdU staining was used to detect the effect of SC79 (100 ng/mL) on the
proliferation of MHCC97H-Vector and MHCC97H-NAP1L5 cells. (D) The effect of SC79 (100 ng/mL) on the migration and invasion of
MHCC97H-Vector and MHCC97H-NAP1L5 cells was detected by a Transwell assay. (E) The effect of SC79 (100 ng/mL) on the migration of
MHCC97H-Vector and MHCC97H-NAP1L5 cells was detected by a wound healing migration assay. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 8. Effects of NAP1L5 binding to MYH9 on downstream signaling pathways and cell function in hepatocellular
carcinoma. (A) The possible interacting proteins were analyzed by mass spectrometry. Trypsin digestion fragments were detected by mass
spectrometry, and B and Y represent N-terminal and C-terminal collision-induced dissociation fragment ions. (B) Co-IP confirmed the
combination of NAP1L5 and MYH9. (C) Western blotting showed that the expression of NAP1L5 protein was negatively correlated with that
of MYH9 protein. (D) Both NAP1L5 and MYH9 were downregulated in the MHCC97H cell line. Western blotting showed that the
phosphorylation levels of AKT and mTOR were lower than those in the NAP1L5-downregulated cell line. (E) A colony formation assay
verified the change in the proliferation ability of MHCC97H cells with simultaneous downregulation of NAP1L5 and MYH9. (F) EdU staining
verified the change in the proliferation ability of MHCC97H cells with simultaneous downregulation of NAP1L5 and MYH9. (G) A Transwell
assay verified the change in the migration and invasion ability of MHCC97H cells with simultaneous downregulation of NAP1L5 and MYH9.
*p < 0.05; **p < 0.01; ***p < 0.001.
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found that the activation of PI3K and Akt leads to the
phosphorylation of the transcription factor cyclic
adenosine monophosphate (CAMP) response element
binding protein (CREB) on Ser133, leading to CREB
dimerization and activation, which regulates cell
proliferation, apoptosis, angiogenesis, metastasis and
metabolism [20]. Foxo1 is the main FOXO protein that
promotes the occurrence and development of

hepatocellular carcinoma [21]. In hepatocellular
carcinoma, the activation of Akt inhibits the
transcriptional activity of FOXO1, while FOXO1
usually inhibits the expression of epithelial
mesenchymal transformation-induced transcription
factor and transforming growth factor-β, leading to
epithelial mesenchymal transformation and promoting
the migration and invasion of hepatocellular carcinoma

Figure 9. The flow chart of NAP1L5 targeting combined with MYH9 Inhibit HCC progression. NAP1L5 targets and binds MYH9 to
regulate cycle, apoptosis, EMT-related protein expression and PI3K/AKT/mTOR signal pathway activity, thus inhibiting the progression of
hepatocellular carcinoma.
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cells [22]. The PI3K/AKT/mTOR signaling pathway
regulates the NF-κB family of transcription factors,
which regulate inflammation, cellular stress, and innate
and acquired immune responses, which in turn regulate
the survival, proliferation, migration and invasion of
hepatocytes, Kupffer cells and hepatic stellate cells
[23]. The PI3K/Akt/mTOR signaling pathway can
promote lipid synthesis by regulating the transcription
factor sterol regulatory element binding protein-1
(SREBP-1) and other mechanisms to support cell
growth, proliferation and tumorigenesis [24]. The
PI3k/Akt/mTOR signaling pathway also regulates
autophagy. Under normal physiological conditions,
when mTORC1 is activated, autophagy is inhibited by
activating the TG1 human homologs UNC-51-like
autophagy activating protein 1 (ULK1) and UNC-51like autophagy activating protein 2 (ULK2) [25, 26].
This evidence suggests that the activation of the
PI3K/Akt/mTOR signaling pathway is involved in the
progression of hepatocellular carcinoma. The cellular
mechanism of widespread activation of the
PI3K/Akt/mTOR pathway in hepatocellular carcinoma
is not completely clear, but inhibition of PI3K/AKT/
mTOR can prevent abnormal cell proliferation, cell
metabolism and tumor angiogenesis, thus providing
potential molecular targeted therapy [27]. Inhibitors of
this pathway have been the focus of research in the
treatment of hepatocellular carcinoma. Studies have
confirmed that sorafenib can prolong the median
survival time of patients with advanced hepatocellular
carcinoma and become a first-line treatment for
advanced HCC [28]. The efficacy and safety of
lenvatinib are similar to those of sorafenib, and it has
become the second first-line systematic treatment for
advanced liver cancer [29]. Rapamycin inhibits the
phosphorylation of mTOR in vitro and in vivo, which
effectively inhibits the growth and proliferation of
hepatocellular carcinoma cells [30]. Currently, it is
believed that the crosstalk between the PI3K/AKT/
mTORm signaling pathway and other signaling
pathways and the existence of a mTOR feedback loop
may be the reasons for resistance to treatment [31].
Combined with our research, the above conclusions
establish an indirect relationship between NAP1L5 and
the
downstream
variety
effects
of
the
PI3K/AKT/mTOR signaling pathways for further
research and exploration.

can cause many diseases, such as MYH9-related
diseases (MYH9-RD), chronic kidney disease, and
sensorineural deafness [33]. However, tumor research
has confirmed that MYH9 can play a dual role in
cancer. Studies have shown that in head and neck
squamous cell carcinoma, low expression of MYH9
leads to poor prognosis, thus supporting the role of
MYH9 as a human tumor suppressor [34]. Other studies
have shown that MYH9 binds to CXCR4 and promotes
the migration and invasion of renal cell carcinoma [35].
In addition, MYH9 plays a promoting role in the
invasion and metastasis of gastric cancer [36, 37] and
colorectal cancer [38]. Liver cancer-related data show
that Myh9 may promote the dryness of liver cancer and
accelerate cancer progression through Wnt signaling
[13]. We also reached a consistent conclusion in our
study that MYH9 plays a promoting role in liver cancer.

We proved the interaction between NAP1L5 and
MYH9 by mass spectrometry and Co-IP and found that
they regulated the downstream signaling pathways and
functions of hepatocellular carcinoma cells. The MYH9
gene encodes a traditional nonmuscle myosin (NMIIA),
which participates in cytoskeleton reorganization, focus
contact formation and lipid contraction and regulates
cell adhesion and migration [32]. Defects in this gene
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In summary, our research shows that NAP1L5 is
expressed at low levels in HCC and that its expression
is related to the survival rate of patients, further
proving that NAP1L5 regulates MYH9 to inhibit the
progression of HCC through the PI3K/AKT/mTOR
signaling pathway. This suggests that NAP1L5 may be
a new biomarker with which to evaluate the prognosis
of liver cancer and a potential therapeutic target for
liver cancer.

Abbreviations
HCC: Hepatocellular carcinoma; NAP1: Nucleosome
assembly protein 1; NAP1L5: Nucleosome assembly
protein 1- like 5; IHC: Immunohistochemistry; Co-IP:
Coimmunoprecipitation; EMT: Epithelial–mesenchymal
transition; CAMP: Cyclic adenosine monophosphate;
SREBP-1: Sterol regulatory element binding protein-1;
MYH9-RD: MYH9-related diseases.

AUTHOR CONTRIBUTIONS
Experimental design (R-Z); experiment and data
acquisition (R-Z); data analysis and statistics (R-Z, YZG); paper writing (R-Z); paper revision (R-Z, S-Z);
administrative, technical or material support; and
technical guidance (S-Z).

ACKNOWLEDGMENTS

CONFLICTS OF INTEREST
The authors declare no conflicts of interest related to
this study.

9016

AGING

ETHICAL STATEMENT AND CONSENT

7. Chen Z, Gao W, Pu L, Zhang L, Han G, Zuo X, Zhang Y, Li
X, Shen H, Wu J, Wang X. PRDM8 exhibits antitumor
activities toward hepatocellular carcinoma by targeting
NAP1L1. Hepatology. 2018; 68:994–1009.
https://doi.org/10.1002/hep.29890
PMID:29572888

After providing written knowledge to and receiving
consent from all subjects, this study was conducted in
accordance with the moral principles of the Helsinki
Declaration. Animal experiments followed the
recommendations of the National Institutes of Health’s
guidelines for the protection and use of laboratory
animals. This study was reviewed and approved by the
Ethics Committee of the affiliated Hospital of Guizhou
Medical University.

8. Huang Y, Xiang B, Liu Y, Wang Y, Kan H. LncRNA
CDKN2B-AS1 promotes tumor growth and metastasis
of human hepatocellular carcinoma by targeting let7c-5p/NAP1L1 axis. Cancer Lett. 2018; 437:56–66.
https://doi.org/10.1016/j.canlet.2018.08.024
PMID:30165194

FUNDING
Talents of Guizhou Science
Cooperation platform [2019] 5628.

and

9. Tanaka T, Hozumi Y, Martelli AM, Iino M, Goto K.
Nucleosome assembly proteins NAP1L1 and NAP1L4
modulate p53 acetylation to regulate cell fate. Biochim
Biophys Acta Mol Cell Res. 2019; 1866:118560.
https://doi.org/10.1016/j.bbamcr.2019.118560
PMID:31634504

Technology

REFERENCES
1.

Sung H, Ferlay J, Siegel RL, Laversanne M,
Soerjomataram I, Jemal A, Bray F. Global Cancer
Statistics 2020: GLOBOCAN Estimates of Incidence
and Mortality Worldwide for 36 Cancers in 185
Countries. CA Cancer J Clin. 2021; 71:209–49.
https://doi.org/10.3322/caac.21660
PMID:33538338

2.

Andrews AJ, Chen X, Zevin A, Stargell LA, Luger K. The
histone chaperone Nap1 promotes nucleosome
assembly by eliminating nonnucleosomal histone
DNA interactions. Mol Cell. 2010; 37:834–42.
https://doi.org/10.1016/j.molcel.2010.01.037
PMID:20347425

3.

Akishina AA, Kuvaeva EE, Vorontsova YE, Simonova
OB. NAP Family Histone Chaperones: Characterization
and Role in Ontogenesis. Russ J Dev Biol. 2020;
51:343–55.
https://doi.org/10.1134/S1062360420060028

4.

Attia M, Förster A, Rachez C, Freemont P, Avner P,
Rogner UC. Interaction between nucleosome
assembly protein 1-like family members. J Mol Biol.
2011; 407:647–60.
https://doi.org/10.1016/j.jmb.2011.02.016
PMID:21333655

5.

6.

10. Rodriguez P, Pelletier J, Price GB, Zannis-Hadjopoulos
M. NAP-2: histone chaperone function and
phosphorylation state through the cell cycle. J Mol
Biol. 2000; 298:225–38.
https://doi.org/10.1006/jmbi.2000.3674
PMID:10764593
11. Harada H, Nagai H, Ezura Y, Yokota T, Ohsawa I,
Yamaguchi K, Ohue C, Tsuneizumi M, Mikami I, Terada
Y, Yabe A, Emi M. Down-regulation of a novel gene,
DRLM, in human liver malignancy from 4q22 that
encodes a NAP-like protein. Gene. 2002; 296:171–7.
https://doi.org/10.1016/s0378-1119(02)00855-7
PMID:12383514
12. Lin X, Li AM, Li YH, Luo RC, Zou YJ, Liu YY, Liu C, Xie YY,
Zuo S, Liu Z, Liu Z, Fang WY. Silencing MYH9 blocks
HBx-induced GSK3β ubiquitination and degradation
to inhibit tumor stemness in hepatocellular
carcinoma. Signal Transduct Target Ther. 2020; 5:13.
https://doi.org/10.1038/s41392-020-0111-4
PMID:32296025
13. Lin X, Yu GF, Zuo S, Luo RC, Fang WY. Low MYH9
expression predicts a good prognosis for
hepatocellular carcinoma. Int J Clin Exp Pathol. 2018;
11:2784–91.
PMID:31938396

Rogner UC, Spyropoulos DD, Le Novère N, Changeux
JP, Avner P. Control of neurulation by the nucleosome
assembly protein-1-like 2. Nat Genet. 2000; 25:431–5.
https://doi.org/10.1038/78124
PMID:10932189

14. Ohkuni K, Shirahige K, Kikuchi A. Genome-wide
expression analysis of NAP1 in Saccharomyces
cerevisiae. Biochem Biophys Res Commun. 2003;
306:5–9.
https://doi.org/10.1016/s0006-291x(03)00907-0
PMID:12788058

Smith RJ, Dean W, Konfortova G, Kelsey G.
Identification of novel imprinted genes in a genomewide screen for maternal methylation. Genome Res.
2003; 13:558–69.
https://doi.org/10.1101/gr.781503
PMID:12670997

www.aging-us.com

15. Surget S, Khoury MP, Bourdon JC. Uncovering the role
of p53 splice variants in human malignancy: a clinical
perspective. Onco Targets Ther. 2013; 7:57–68.

9017

AGING

https://doi.org/10.2147/OTT.S53876
PMID:24379683

25. Kim J, Kundu M, Viollet B, Guan KL. AMPK and mTOR
regulate autophagy through direct phosphorylation of
Ulk1. Nat Cell Biol. 2011; 13:132–41.
https://doi.org/10.1038/ncb2152
PMID:21258367

16. Li M, Zhang HT, Li ZH, Hou JJ, Xu XL. Human
Nucleosome Assembly Protein 1-Like 5 (NAP1L5)
Promotes The Proliferation of 293T Cells. Prog
Biochem Biophys. 2018; 45:471–4.

26. Alers S, Löffler AS, Wesselborg S, Stork B. Role of
AMPK-mTOR-Ulk1/2 in the regulation of autophagy:
cross talk, shortcuts, and feedbacks. Mol Cell Biol.
2012; 32:2–11.
https://doi.org/10.1128/MCB.06159-11
PMID:22025673

17. Manning BD, Toker A. AKT/PKB Signaling: Navigating
the Network. Cell. 2017; 169:381–405.
https://doi.org/10.1016/j.cell.2017.04.001
PMID:28431241
18. Porta C, Paglino C, Mosca A. Targeting
PI3K/Akt/mTOR Signaling in Cancer. Front Oncol.
2014; 4:64.
https://doi.org/10.3389/fonc.2014.00064
PMID:24782981

27. Wang J, Zhou Y, Li D, Sun X, Deng Y, Zhao Q. TSPAN31
is a critical regulator on transduction of survival and
apoptotic signals in hepatocellular carcinoma cells.
FEBS Lett. 2017; 591:2905–18.
https://doi.org/10.1002/1873-3468.12737
PMID:28670683

19. Matter MS, Decaens T, Andersen JB, Thorgeirsson SS.
Targeting the mTOR pathway in hepatocellular
carcinoma: current state and future trends. J Hepatol.
2014; 60:855–65.
https://doi.org/10.1016/j.jhep.2013.11.031
PMID:24308993

28. Llovet JM, Ricci S, Mazzaferro V, Hilgard P, Gane E,
Blanc JF, de Oliveira AC, Santoro A, Raoul JL, Forner A,
Schwartz M, Porta C, Zeuzem S, et al, and SHARP
Investigators Study Group. Sorafenib in advanced
hepatocellular carcinoma. N Engl J Med. 2008;
359:378–90.
https://doi.org/10.1056/NEJMoa0708857
PMID:18650514

20. Sapio L, Salzillo A, Ragone A, Illiano M, Spina A,
Naviglio S. Targeting CREB in Cancer Therapy: A Key
Candidate or One of Many? An Update. Cancers
(Basel). 2020; 12:3166.
https://doi.org/10.3390/cancers12113166
PMID:33126560

29. Kudo M, Finn RS, Qin S, Han KH, Ikeda K, Piscaglia F,
Baron A, Park JW, Han G, Jassem J, Blanc JF, Vogel A,
Komov D, et al. Lenvatinib versus sorafenib in firstline treatment of patients with unresectable
hepatocellular carcinoma: a randomised phase 3 noninferiority trial. Lancet. 2018; 391:1163–73.
https://doi.org/10.1016/S0140-6736(18)30207-1
PMID:29433850

21. Yang S, Pang L, Dai W, Wu S, Ren T, Duan Y, Zheng Y,
Bi S, Zhang X, Kong J. Role of Forkhead Box O Proteins
in Hepatocellular Carcinoma Biology and Progression
(Review). Front Oncol. 2021; 11:667730.
https://doi.org/10.3389/fonc.2021.667730
PMID:34123834

30. Wang Z, Zhou J, Fan J, Qiu SJ, Yu Y, Huang XW, Tang
ZY. Effect of rapamycin alone and in combination with
sorafenib in an orthotopic model of human
hepatocellular carcinoma. Clin Cancer Res. 2008;
14:5124–30.
https://doi.org/10.1158/1078-0432.CCR-07-4774
PMID:18698030

22. Dong T, Zhang Y, Chen Y, Liu P, An T, Zhang J, Yang H,
Zhu W, Yang X. FOXO1 inhibits the invasion and
metastasis of hepatocellular carcinoma by reversing
ZEB2-induced epithelial-mesenchymal transition.
Oncotarget. 2017; 8:1703–13.
https://doi.org/10.18632/oncotarget.13786
PMID:27924058
23. Luedde T, Schwabe RF. NF-κB in the liver--linking
injury, fibrosis and hepatocellular carcinoma. Nat Rev
Gastroenterol Hepatol. 2011; 8:108–18.
https://doi.org/10.1038/nrgastro.2010.213
PMID:21293511

31. Sun EJ, Wankell M, Palamuthusingam P, McFarlane C,
Hebbard L. Targeting the PI3K/Akt/mTOR Pathway in
Hepatocellular Carcinoma. Biomedicines. 2021;
9:1639.
https://doi.org/10.3390/biomedicines9111639
PMID:34829868

24. Horton JD, Goldstein JL, Brown MS. SREBPs:
activators of the complete program of cholesterol
and fatty acid synthesis in the liver. J Clin Invest.
2002; 109:1125–31.
https://doi.org/10.1172/JCI15593
PMID:11994399

32. Vicente-Manzanares M, Ma X, Adelstein RS, Horwitz
AR. Non-muscle myosin II takes centre stage in cell
adhesion and migration. Nat Rev Mol Cell Biol. 2009;
10:778–90.
https://doi.org/10.1038/nrm2786
PMID:19851336

www.aging-us.com

9018

AGING

33. Pecci A, Ma X, Savoia A, Adelstein RS. MYH9:
Structure, functions and role of non-muscle myosin
IIA in human disease. Gene. 2018; 664:152–67.
https://doi.org/10.1016/j.gene.2018.04.048
PMID:29679756

37. Ye G, Huang K, Yu J, Zhao L, Zhu X, Yang Q, Li W, Jiang
Y, Zhuang B, Liu H, Shen Z, Wang D, Yan L, et al.
MicroRNA-647 Targets SRF-MYH9 Axis to Suppress
Invasion and Metastasis of Gastric Cancer.
Theranostics. 2017; 7:3338–53.
https://doi.org/10.7150/thno.20512
PMID:28900514

34. Schramek D, Sendoel A, Segal JP, Beronja S, Heller E,
Oristian D, Reva B, Fuchs E. Direct in vivo RNAi screen
unveils myosin IIa as a tumor suppressor of squamous
cell carcinomas. Science. 2014; 343:309–13.
https://doi.org/10.1126/science.1248627
PMID:24436421

38. Park SY, Kim H, Yoon S, Bae JA, Choi SY, Jung YD, Kim
KK. KITENIN-targeting microRNA-124 suppresses
colorectal cancer cell motility and tumorigenesis. Mol
Ther. 2014; 22:1653–64.
https://doi.org/10.1038/mt.2014.105
PMID:24909917

35. Xu Z, Li P, Wei D, Wang Z, Bao Y, Sun J, Qu L, Wang L.
NMMHC-IIA-dependent nuclear location of CXCR4
promotes migration and invasion in renal cell
carcinoma. Oncol Rep. 2016; 36:2681–8.
https://doi.org/10.3892/or.2016.5082
PMID:27634189
36. Liang S, He L, Zhao X, Miao Y, Gu Y, Guo C, Xue Z, Dou
W, Hu F, Wu K, Nie Y, Fan D. MicroRNA let-7f inhibits
tumor invasion and metastasis by targeting MYH9 in
human gastric cancer. PLoS One. 2011; 6:e18409.
https://doi.org/10.1371/journal.pone.0018409
PMID:21533124

www.aging-us.com

9019

AGING

