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Abstract

Background Epigenetic alterations play an important role in hepatocellular carcinoma (HCC) development.
Enhancer of zeste homolog 2 (EZH2) is a well-known epigenetic modifier that functions as an oncogene in tumors by
promoting the H3K27me3-mediated transcriptional repression of tumor suppressor genes. “Senescent cells”has been
proposed as a possible core component of the hallmarks of cancer conceptualization. Induction of cell senescence
and targeted elimination of these senescent tumor cells are new strategies for tumor therapy. However, the role of
EZH2 in regulating cellular senescence remains poorly understood.

Methods Bioinformatics analyses suggested that EZH2 and DNA topoisomerase Il alpha (TOP2A) are coexpressed in
tumors, including HCC. Kyoto Encyclopedia of Genes and Genome (KEGG) pathway enrichment analyses and gene
set enrichment analyses (GSEA) suggests a correlation of EZH2 and TOP2A expression with cellular senescence in
HCC. MicroRNA (miRNA) inhibitor and mimics, siRNA, PLKO-shRNA, and plenti6.3-miR-139 were used to upregulate or
downregulate the expression of target genes. CCK8, EdU, clone formation, and senescence-associated (3-galactosidase
(SA-B-gal) staining assays were performed to assess cell proliferation and cellular senescence phenotypes. Dual-
luciferase reporter and chromatin immunoprecipitation assays were performed to investigate the targeted binding
and inhibition of TOP2A 3’ untranslated region (UTR) by miR-139-5p and the DNA enrichment of miR139-5p by EZH2
and H3K27me3. BALB/c nude mice were used to establish a xenograft tumor model and verify the phenotypes upon
EZH2 and TOP2A silencing and miR-139 overexpression in vivo. In addition, tissue microarrays were used to analyze
the expression patterns and correlations among EZH2, TOP2A, and miR-139-5p expression in HCC.
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Results Bioinformatics analysis revealed that EZH2 and TOP2A are coexpressed in HCC. In vitro gain- and loss-
of-function experiments showed that inhibition of EZH2 and TOP2A induces cellular senescence and inhibits
proliferation of HCC cells. In vivo tumorigenesis assays indicated that EZH2 and TOP2A knockdown inhibits
tumorigenesis by inducing cellular senescence. Mechanistically, EZH2 promotes TOP2A expression by regulating
the H3K27me3-mediated epigenetic silencing of miR-139-5p. TOP2A is a direct target of miR-139-5p, and inhibition
of miR-139-5p can reverse the promotion by EZH2 of TOP2A expression. The overexpression of miR-139-5p induces
cellular senescence and inhibits proliferation of HCC cells both in vitro and in vivo. Clinically, expression of EZH2 and
TOP2A are higher in HCC tissues than in normal tissues, and this high coexpression indicates a worse outcome of
patients with HCC. Moreover, expression of EZH2 and TOP2A is significantly correlated with tumor differentiation
grade, tumor invasion, and TNM stage in HCC. miR-139-5p expression is lower in HCC tumors than in normal tissues
and is correlated with better prognosis of HCC patients.

Conclusions Our study revealed the role of the EZH2/miR-139-5p/TOP2A axis in regulating cellular senescence
and cell proliferation in HCC, enriching the molecular mechanisms of EZH2-mediated epigenetic regulation in HCC.
Therefore, our results provide insight into the therapeutic potential of targeting EZH2 to induce cellular senescence
and then destroy senescent cells for HCC.
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Introduction continues to increase despite the decline and stabiliza-
Liver cancer is one of the most common malig- tion of the overall tumor incidence rate [1]. The 5-year
nant tumors worldwide. The incidence of liver cancer relative survival rate for liver cancer from 2010 to 2016
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was significantly lower than that for all cancers [1]. The
prognosis for HCC, the most common form of primary
liver cancer, is poor, and only 5-15% of patients with
HCC are eligible for surgical removal. Furthermore,
drug resistance and adverse effects limit the effective-
ness of chemotherapy for advanced-stage HCC [2]. Epi-
genetic alterations are common in HCC [3]. Previous
studies have reported that epigenetic regulation plays an
important role in HCC progression, including the regula-
tion of cell metabolism [4], drug resistance [5], and the
tumor microenvironment [6]. Accumulating evidence
suggests that targeting epigenetic modifications may be
a promising therapeutic strategy for cancer treatment.
Thus, investigating the role and molecular mechanisms
of epigenetic regulation in HCC will expand our current
understanding of its pathogenesis and advance the devel-
opment of novel therapeutic approaches.

Enhancer of zeste homolog 2 (EZH2) is the enzymatic
catalytic subunit of PRC2 and functions as an oncogene
in tumors by promoting the H3K27me3-mediated tran-
scriptional repression of tumor suppressor genes [7, 8].
EZH2-mediated epigenetic silencing of miRNAs also
contributes to tumor progression [9]. Several EZH2
inhibitors have been reported to display potent anti-
tumor effects [7]. Clinical trials have indicated that tar-
geting EZH2 to treat specific types of cancers, either as
monotherapy or as part of combination therapy, is highly
promising [10-12]. Epigenetic circuitry containing EZH2
can promote hepatocarcinogenesis and is associated with
tumor recurrence and poor survival in HCC [13]. EZH2
promotes stemness and suppresses chemosensitivity in
HCC by inducing H3K27me3-mediated transcriptional
inhibition of the stemness regulator ATOH8 [14]. Fur-
thermore, EZH2-mediated H3K27me3 on the promoters
of CD274 (encoding PD-L1) and interferon regulatory
factor 1 (IRF1) inhibits PD-L1 expression in HCC [15].
Considering the important role of EZH2 in regulating
malignant biological properties and the immune micro-
environment, it may be an ideal therapeutic target for
HCC. However, their limited effectiveness and acquired
drug resistance still pose challenges to the clinical appli-
cation of EZH2 inhibitors [12]. Therefore, further inves-
tigations into the functions and molecular mechanisms
of EZH2 are warranted for its future applications in tar-
geted monotherapies and combination therapies.

By analyzing the genes associated with EZH2 in tumors
using the Oncomine dataset, we identified TOP2A as the
gene most significantly associated with EZH2 in tumors.
TOP2A is responsible for resolving DNA topological
strains and controlling genome dynamics, which are
essential for maintaining mitotic chromosome structure
and genome stability [16]. Aberrant expression of TOP2A
is associated with tumor progression, chemotherapy
response, and prognosis [17]. Bioinformatic analyses
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have identified TOP2A as a core oncogene in HCC pro-
gression [18, 19]. TOP2A is upregulated and correlated
with poor prognosis in HCC [20]. Previous studies have
identified EZH2 and TOP2A as comarkers of cancer
progression [21, 22]. These findings suggested a positive
correlation between EZH2 and TOP2A expression. How-
ever, the regulatory mechanisms underlying EZH2 and
TOP2A remain unclear.

KEGG pathway enrichment analyses and GSEA of the
HCC dataset from The Cancer Genome Atlas (TCGA)
revealed a positive correlation of EZH2 and TOP2A
expression with cellular senescence. Cellular senescence
is widespread across the spectrum of human cancers
and senescent cells may be functionally important cell
types in the tumor microenvironment [23]. It is a typi-
cal irreversible form of proliferation arrest marked by an
increase in the number of senescent cells. Senescence can
be induced in cells under various conditions, including
telomere attrition, genotoxic drugs, irradiation, onco-
genic stress, replicative and/or mitotic stress, and epigen-
etic modifiers [24]. The depletion of TOP2A, a mitotic
gene, could induce cellular senescence [25]. Considering
the molecular functions of EZH2 and TOP2A, they may
play a regulatory role in cellular senescence. However, the
mechanism underlying the regulatory role of EZH2 and
TOP2A in cellular senescence, particularly in the context
of HCC, has not been established.

In this study, we found that inhibition of EZH2
and TOP2A induced cellular senescence and inhib-
ited the proliferation of HCC cells both in vitro and in
vivo. Mechanistically, EZH2 activates TOP2A through
H3K27me3-mediated transcriptional inhibition of
miR-139-5p. Clinically, EZH2 and TOP2A are highly
expressed, and miR-139-5p is expressed at low levels in
HCC tumor tissues compared with adjacent normal tis-
sues, which indicates a poor prognosis in patients with
HCC. This study revealed the role of the EZH2/miR-
139-5p/TOP2A axis in promoting HCC progression via
the regulation of cellular senescence and suggested that
targeting EZH2 to induce senescence and then destroy
senescent cells is a promising therapeutic strategy for
HCC.

Materials and methods

Clinical specimens

Ten pairs of fresh frozen primary tumor tissues and cor-
responding adjacent normal tissues of HCC patients
were obtained from Xijing Hospital (Xi'an, China), with
the patients’ informed consent and the approval of the
Medical Ethics Committee of First Affiliated Hospital of
Fourth Military Medical University (approval number:
KY20172013-1).
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Materials

EZH2 inhibitors (EPZ005687 and UNC1999) were pur-
chased from Selleck Chemicals. Rabbit monoclonal
antibodies against EZH2 (5246 S), H3K27me3 (9733 S),
TOP2A (12,286 S) and Dicer (5362 S) for WB (1:1000),
IHC (1:50), and ChIP (1:100) were purchased from
Cell Signaling Technology (Cell Signaling Technology,
Beverly, MA, USA). The mouse monoclonal antibody
against p-actin (A5316) used for WB (1:2000) was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Lipo-
fectamine 2000 transfection reagent was obtained from
Invitrogen (Carlsbad, CA, USA).

Cell lines and cell culture conditions

The human HCC cell lines BEL7404, SMMC7721, SK-
Hepl, HepG2, PP5, Huh7, and SW739 and the human
normal liver cell line Lo2 were obtained from the Type
Culture Collection of the Chinese Academy of Sciences.
BEL7404, SMMC7721, SK-Hep1, and SNU739 cells were
cultured in RPMI Medium 1640 (Gibco BRL, Grand
Island, NY, USA) supplemented with 10% fetal bovine
serum (Gibco BRL), penicillin (100 mg/ml) and strep-
tomycin (100 mg/ml). HepG2, PP5, Huh7, and Lo2 cells
were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco BRL) supplemented with 10% fetal
bovine serum (Gibco BRL), penicillin (100 mg/ml) and
streptomycin (100 mg/ml). The human embryonic renal
epithelial cell line HEK293T was obtained from ATCC
(Manassas, VA, USA) and cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM, Gibco BRL) supplemented
with 10% fetal bovine serum (Gibco BRL), penicillin
(100 mg/ml), and streptomycin (100 mg/ml). The cells
were incubated at 37 °C in a 5% CO2 atmosphere.

Transfection

Transfection was performed using small interfering
RNAs, miRNA mimics, and miRNA inhibitors. When the
cells reached approximately 70% coverage, transfection
was performed using Lipofectamine 2000 according to
the manufacturer’s instructions (Invitrogen). The siRNA
duplex oligonucleotides that were used are listed in Table
S1.

Lentivirus packaging and Infection

Lentiviral pLKO.1-shRNA plasmids targeting EZH2
and TOP2A, and lentiviral Plenti6.3-miR139 plas-
mid expressing miR139-5p were constructed. For len-
tivirus packaging, pLKO.1-control, pLKO.1-shEZH2,
pLKO.1-shTOP2A, Plenti6.3-control, and Plenti6.3-
miR139 were transfected into HEK-293T cells using a
co-transfection system (pMD2G: psPAX2: target plas-
mids=1:3:4) with Lipofectamine 2000. The shRNA
sequences were designed by Sigma-Aldrich (St. Louis,
MO, USA) and the Sigma-Aldrich TRC numbers are

(2023) 42:320

Page 4 of 19

as follows: EZH2-shl: TRCN0000018365; EZH2-sh2:
TRCN0000039040; TOP2A-shl: TRCN0000290998;
TOP2A-sh2: TRCN0000049279. The culture superna-
tant was collected at 48 and 72 h after transfection and
then filtered through a 450 nm filter. When cancer cells
reached approximately 30% coverage in 6-well plates, 1
ml of lentivirus, 1 ml of fresh medium, and 2 pL of poly-
brene (Sigma, 10 pg/pl) were added for infection. After
incubation for 24 h, puromycin (2 pg/ul) was used for
three days to select cells that were successfully infected.

Western blot

Cells were washed three times with cold phosphate buft-
ered saline (PBS) and harvested using RIPA Lysis Buf-
fer (Shaanxi ZHHC Biotechnology) containing protease
inhibitors. The Pierce BCA Protein Assay Kit (Thermo
Scientific, USA) was used for total protein quantification.
Proteins were separated on 10% SDS polyacrylamide gels
and transferred to a nitrocellulose membrane (Millipore).
After blocking in 5% nonfat milk for 1 h at room temper-
ature, the membranes were incubated overnight at 4 °C
with specific primary antibodies. The membranes were
then washed three times with 1x TBST and incubated
with horseradish peroxidase (HRP)-conjugated anti-
rabbit IgG (1:10,000; PB001; Shaanxi ZHHC Biotechnol-
ogy) or anti-mouse IgG (1:10,000; PB002; Shaanxi ZHHC
Biotechnology) diluted in 1x TBST at room temperature
for 60 min. After final washing with 1x TBST, the mem-
branes were visualized using ECL chemiluminescent
reagents by Tanon 5500 (Tanon Science & Technology;
Shanghai, China).

Quantitative RT-PCR

Total RNA was extracted from cells using TRIzol Reagent
(Invitrogen), and 1 ug of total RNA was reverse tran-
scribed into ¢cDNA using PrimeScript RT Master Mix
(TaKaRa, Tokyo, Japan). Relative mRNA expression
was detected using the SYBR Premix Ex Taq reagent
kit (Takara, Japan). The fold changes of miR139-5p
were normalized to U6, and the fold changes of EZH2/
TOP2A/Dicer/p15/p16/p21/EED/SUZ12 were normal-
ized to B-actin using the comparative Ct method (fold
change=2—-AACt). The primers used for qRT-PCR are
listed in Table S2.

Cell viability assay

The CCK8 assay was performed to detect cell viabil-
ity. A total of 2,000 cells from each sample were seeded
in 96-well plates, and triplicate wells were prepared for
each sample. The supernatants were replaced with 100
uL CCKS8 solution (10 pL. CCK8:90 uL. medium) after the
cells were attached and spread, and incubated at 37 °C for
1-4 h. The absorbance at 450 nm was measured using a
BIO-RAD Microplate Reader, and the average optical
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density values were used as statistics. The growth curve
was plotted after continuous measurements for five days.

5-Ethynyl-20-deoxyuridine (EdU) incorporation and
Click-iT ™ reaction

The EdU incorporation assay was performed accord-
ing to the manufacturer’s instructions (YF 488 Click-iT
EdU Imaging Kit, US Everbright, China). For EdU incor-
poration, 10,000 cells from each sample were seeded in
96-well plates and incubated with EAU solution (50 uM)
at 37 °C for 2—4 h. For the click reaction, cells were fixed
with 4% paraformaldehyde for 15-30 min, permeabilized
with 5% (v/v) Triton-X100 in PBS for 20 min, incubated
with 100 puL Click-iT reaction buffer at room tempera-
ture in the dark for 30 min, and then incubated with 100
puL 1xHoechst 33,342 in PBS at room temperature away
from light for 15-30 min. Images were acquired using an
inverted fluorescence microscope. The cells were counted
using Image] software and the proliferation rates (%)
were calculated.

Plate clone formation assay

For the plate colony formation assay, 1,000 cells were
seeded in a 6-well plate and cultivated for 2 weeks.
After three washes with PBS, the cells were fixed with
4% paraformaldehyde for 15 min and stained with 0.5%
(w/v) crystal violet dye (Sigma-Aldrich) for 15 min. The
dye was washed off, and the plate was dried for imaging.
Images of cell clones were captured using an Odyssey
Scanner (LI-COR, Lincoln, NE, USA) and counted using
the Image] software.

SA-B-gal assay

Senescence-associated p-galactosidase (SA-B-gal) stain-
ing was performed according to the manufacturer’s
instructions (Senescence (-Galactosidase Staining Kit,
C0602, Beyotime, China), and positively stained cells
were quantified using Image]J software.

Xenograft Tumor model

Female nude mice aged 6—8 weeks were selected for the
subcutaneous tumor-bearing assay. All animal proce-
dures were carried out according to the criteria outlined
in the Guide for the Care and Use of Laboratory Animals
prepared by the National Academy of Sciences and pub-
lished by the National Institutes of Health (Bethesda,
MD, USA) and were approved by the Laboratory Ani-
mal Ethics Committee of the Fourth Military Medical
University (IACUC-20,171,005). BEL7404 cells stably
expressing miR139-5p and shRNAs targeting EZH2 and
TOP2A were injected subcutaneously into the flank of
each mouse (5x10° cells/mouse). BEL7404 cells stably
expressing Plenti6.3-control and pLKO.1-control were
injected subcutaneously into the flank of each mouse
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(5%10° cells/mouse) for comparison. The maximum (L)
and minimum (W) lengths of the tumor were measured
using a slide caliper, and the tumor volume was calcu-
lated according to the formula V = (L x W?)/2. Mice were
killed after 4—5 weeks and in vivo solid tumors were dis-
sected and weighed.

Immunohistochemistry (IHC)

Immunohistochemical staining was performed on for-
malin-fixed paraffin-embedded tissues. Tissue sections
were heated at 60 °C for 1 h and dewaxed and rehydrated.
Antigen recovery was performed and the sections were
blocked with 3% hydrogen peroxide. Nonspecific staining
was blocked with 10% goat serum. Appropriate primary
and secondary antibodies were selected, and DAB sub-
strate was used for the chromogenic reaction.

Tissue microarray assay

Human HCC tissue microarrays, containing 47 tumor tis-
sue samples and 47 adjacent normal tissue samples, were
obtained from the Department of Pathology, Fourth Mili-
tary Medical University (Xian, China). The slides were
stained with anti-human EZH2 (Cell Signaling Technol-
ogy, 5246 S, 1:50) and TOP2A (Cell Signaling Technol-
ogy, 12,286 S, 1:50) antibodies. The slides were scanned
using a Pannoramic MIDI (Santa Clara, CA, USA) and
quantified using the Quant Center. Correlation of protein
expression was analyzed using GraphPad Prism (Version
5; LaJolla, CA, USA).

Chromatin immunoprecipitation (ChIP) assay

ChIP analysis of EZH2/H3K27me3 was performed using
the SimpleChIP Enzymatic Chromatin IP Kit (Cell Sig-
naling Technology, 9003) according to the manufacturer’s
instructions. The primer sequences used for the ChIP
analysis are listed in Table S2.

Dual luciferase reporter assay

Cells were seeded in 48-well plates and co-transfected
with pGL3-TOP2A 3’-UTR, NC mimics/miR139-5p
mimics, and pRL-TK using Lipofectamine 2000 (Invit-
rogen) for 48 h. The supernatant of lysed cells was used
to measure luciferase activity using the Dual Luciferase
Reporter Assay System (Promega, USA). The relative fire-
fly luciferase activity was normalized to Renilla luciferase
activity.

Public database

The genes correlated with EZH2 in cancers and the
expression of EZH2 and TOP2A in HCC cancer tis-
sues and normal tissues were analyzed using the Onco-
mine database (https://www.oncomine.org/). EZH2
and TOP2A expression profiles were analyzed using
Gene Expression Profiling Interactive Analysis (GEPIA,
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http://gepia.cancer-pku.cn). Enrichment of the TOP2A
promoter region by EZH2 and H3K27me3 was ana-
lyzed using chromatin immunoprecipitation (ChIP)-
sequencing databases (https://www.encodeproject.org/).
The differentially expressed genes in HCC with high
and low expression of EZH2 and TOP2A and the cor-
relation between EZH2 and TOP2A expression and the
clinicopathological features of HCC patients were ana-
lyzed using Assistant for Clinical Bioinformatics (https://
www.aclbi.com/static/index.html#/). GSE185913 in the
GEO database (https://www.ncbi.nlm.nih.gov/geo/),
TargetScan Human 7.2 (http://www.targetscan.org/
vert_71/), and miRcode database (http://mircode.org/)
were used to screen miRNAs that target TOP2A in HCC.
Correlation analyses of EZH2/TOP2A and miRNAs and
miRNA expression in HCC were performed using Star-
Base v2.0 (http://starbase.sysu.edu.cn/). The prognostic
analyses of HCC were performed using Kaplan—Meier
Plotter (http://kmplot.com/analysed/), and the auto-
select best cutoft value was chosen. The variable values
were iterated over from the lower quartile to the upper
quartile, each setting was calculated by Cox regression,
and the most significant cutoff value was used as the best
cutoff to divide the input data into two groups [26].

Statistical analysis

Statistical analyses were performed using GraphPad
Prism, version 8.0. Significance between two groups was
analyzed using a two-tailed unpaired or paired Student’s
t test. The significance of more than three groups with
one variable was analyzed using a one-way ANOVA. The
significance of groups with two variables was analyzed
using a two-way ANOVA. The significance of the growth
curves was analyzed using a two-way ANOVA. The treat-
ment groups were compared to the control group unless
stated otherwise. The correlation between the mRNA and
protein levels of EZH2, TOP2A, and miR139-5p was ana-
lyzed using linear regression analysis. Prognostic analysis
was performed using the Kaplan-Meier method and log-
rank test. n=3 independent experiments unless stated
otherwise. The data are presented as the means+SD,
unless indicated otherwise. Differences were considered
statistically significant when p<0.05 (*), p<0.01 (**) or
p<0.001 (***).

Results

Coexpression of EZH2 and TOP2A in HCC

To identify genes correlated with EZH2 in HCC, we per-
formed a correlation gene analysis using data from the
Oncomine database. The results showed that TOP2A
was the gene most closely associated with EZH2 in vari-
ous cancer types, including HCC (Fig. 1A). We then ana-
lyzed the differentially expressed genes in HCC with high
and low EZH2 expression. The volcano plot showed that
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TOP2A was upregulated in high-EZH2 HCC (Fig. 1B).
We further analyzed the correlation between EZH2 and
TOP2A expression in cancer. EZH2 was positively corre-
lated with TOP2A in HCC (Fig. 1C) and 31 tumors in the
TCGA database (Fig. 1D). We reanalyzed the RNA-seq
data of the HCC dataset in TCGA and found that TOP2A
was more highly expressed in high-EZH2 HCC tissues
than in low-EZH2 HCC and normal tissues (Fig. 1E).
We assessed the protein and mRNA levels of EZH2 and
TOP2A in various HCC cell lines and found a positive
correlation between EZH2 and TOP2A (Fig. 1F and G).
Moreover, we examined the protein expression levels
of EZH2 and TOP2A in HCC tissues by immunohisto-
chemistry (IHC) using a tissue microarray and verified
the positive correlation between EZH2 and TOP2A in
HCC (Fig. 1H and I). To further confirm the underlying
functions of EZH2 and TOP2A, we analyzed the differen-
tially expressed genes of TOP2A in HCC (Fig. S1A) and
performed functional enrichment of the RNA-seq data
of EZH2 and TOP2A using KEGG enrichment analysis.
These results indicated that the functional enrichment
of the two genes was particularly consistent, and cellu-
lar senescence aroused our research interest (Fig. S1B).
In support of this notion, we performed GSEA on the
TCGA HCC dataset and found an enrichment of senes-
cence signatures in groups with high EZH2 and TOP2A
expression (Fig. 1] K, and S1C). Collectively, these find-
ings indicate that EZH2 and TOP2A are coexpressed in
HCC and may be involved in the regulation of cellular
senescence.

EZH2 promotes proliferation and inhibits senescence of
HCC cells

Although the carcinogenic function of EZH2 in HCC
is well established, its effect on cellular senescence and
the underlying mechanism remains unclear. To investi-
gate the effect of EZH2 on HCC cell growth and senes-
cence, we used EZH2 inhibitors to interfere with its
enzyme activity and siRNAs and shRNAs to decrease
its expression in the BEL7404 and SMMC7721 cell
lines. Western blotting verified that EZH2 was knocked
down using targeted siRNAs and shRNAs (Fig. S2A and
S2B). The results of the CCK8 and EdU assays showed
that the proliferative activity of the two HCC cell lines
decreased with EZH2 inhibitor treatment (Fig. S2C and
S2D). Similarly, cell proliferation slowed down after
EZH2 knockdown by siRNAs (Fig. S2E and S2F). We
then performed plate colony formation and senescence-
associated [-galactosidase (SA-B-gal) staining assays
using the BEL7404 and SMMC7721 cell lines with stable
knockdown of EZH2. The results showed that colony
formation was inhibited and the SA-p-gal-positive cell
rate increased with EZH2 knockdown (Fig. 2A). Mor-
phologically, the cells exhibited a senescent phenotype;
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Fig. 1 Coordinated expression of EZH2 and TOP2A in HCC. (A) Heatmap of genes correlated with EZH2 in cancers analyzed by the Oncomine database.
(B) Volcano plot showing the differentially expressed genes of EZH2 in HCC by reanalyzing the RNA-seq data in the TCGA dataset using the limma pack-
age in R software. (C and D) Correlation analysis of EZH2 and TOP2A in HCC (C) and 31 tumors (including ACC, BLCA, BRCA, CESC, CHOL, COAD, DLBC,
ESCA, GBM, HNSC, KICH, KIRC, KIRP, LAML, LGG, LIHC, LUAD, LUSC, MESO, OV, PAAD, PCPG, PRAD, READ, SARC, SKCM, STAD, TGCT, THCA, THYM, UCEC, UCS,
and UVM) in TCGA (D). (E) TOP2A expression in normal tissues (n=50), HCC tissues with low EZH2 expression (n=185), and HCC tissues with high EZH2
expression (n=186) by reanalyzing the RNA-seq data of HCC in the TCGA dataset using R software v4.0.3. (F) Western blot and (G) RT-qPCR analysis of
EZH2 and TOP2A expression patterns in HCC cell lines. (H) Protein levels of EZH2 and TOP2A in HCC tissues and paired paracancerous tissues (n=47)
analyzed by IHC. GSEA of RNA-seq data from TCGA of EZH2 high expression versus EZH2 low expression (J) and TOP2A high expression versus TOP2A
low expression using the Reactome cellular senescence gene set annotated in R-HSA-2,559,583. NES, normalized enrichment score. *p < 0.05, **p <0.01,

40 < 0,001
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Fig. 2 Inhibition of EZH2 impairs growth and induces senescence of HCC cells both in vitro and in vivo. (A) Representative images of colony formation
and SA-B-gal staining of cells. (B) mMRNA levels of EZH2 and senescence markers p15, p16, and p21 in BEL7404 and SMMC7721 cells. (C) Representative
images of tumors in nude mice subcutaneously inoculated with BEL7404 cells stably expressing pLKO.1-shEZH2s and pLKO.1-control (seven mice in each
group). (D and E) The tumor volume (D) and weight (E) in nude mice subcutaneously inoculated with BEL7404 cells stably expressing pLKO.1-shEZH2s
and pLKO.1-control. (F) Representative images of H&E, Ki67, TOP2A, and SA-B-gal staining of tumor tissues. (G) The cell rate of Ki67-positive cells in tumors.
(H) The cell rate of TOP2A-positive cells in tumors. (1) The cell rate of SA-B-gal-positive cells in tumors. (J) MRNA levels of EZH2, TOP2A, and senescence

markers p15, p16, and p21 in tumors in nude mice subcutaneously inoculated with BEL7404 cells. *p < 0.05, **p < 0.01, ***p <0.001
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that is, the cells became flatter and enlarged after EZH2
knockdown (Fig. 2A). Moreover, we tested the mRNA
levels of the senescence molecular markers p15, p16, and
p21 and found that the knockdown of EZH2 upregulated
them (Fig. 2B). To further verify these results in vivo, we
constructed a xenograft tumor model in nude mice using
BEL7404 cells with stable knockdown of EZH2. EZH2
knockdown suppressed tumor growth (Fig. 2C). Com-
pared to the control group, the tumor volume and weight
decreased in the EZH2 knockdown groups (Fig. 2D and
E). We then performed hematoxylin and eosin (H&E),
Ki67, TOP2A and SA-B-gal staining of tumor tissues
(Fig. 2F). EZH2 loss resulted in increased abnormal cell
division, decreased Ki67 and TOP2A expression, and
increased SA-B-gal expression in tumors (Fig. 2G-I).
Moreover, the molecular markers of senescence were
upregulated in EZH2 knockdown tumors (Fig. 2J). These
data suggest that EZH2 promotes cell growth and inhib-
its cellular senescence in HCC cells.

TOP2A promotes proliferation and inhibits senescence in
HCC cells

TOP2A is a key driver of the compaction of nuclear
DNA into individualized X-shaped chromosomes during
preparation for mitosis [27]. The dysfunction of TOP2A
is related to genome instability, cell cycle arrest, and
DNA damage, which trigger cell growth arrest and cellu-
lar senescence [28]. To study the role of TOP2A in HCC
cell proliferation and senescence, we used targeted siR-
NAs and shRNAs to downregulate TOP2A. Knockdown
of TOP2A using siRNAs inhibited the proliferation of
BEL7404 and SMMC7721 cells (Fig. S3A-S3D). Knock-
down of TOP2A using shRNAs inhibited colony forma-
tion and increased the SA-B-gal—positive cell rate in HCC
cells (Fig. S3E and 3 A). Moreover, compared to the con-
trol groups, the mRNA levels of p15, p16, and p21 were
upregulated in the EZH2 knockdown groups (Fig. 3B).
To further confirm these results in vivo, we constructed
a xenograft tumor model in nude mice using BEL7404
cells stably expressing TOP2A-targeted shRNAs. In vivo
growth of xenografts derived from cancer cells stably
expressing TOP2A shRNA was significantly suppressed
(Fig. 3C). The tumor volume and weight decreased with
TOP2A knockdown (Fig. 3D and E). We then performed
H&E, Ki67, and SA-B-gal staining of tumor tissues
(Fig. 3F). Compared with control tumors, TOP2A knock-
down tumors exhibited increased abnormal cell division,
decreased Ki67 expression, and an increased SA-B-gal—
positive cell rate (Fig. 3G H). Moreover, TOP2A knock-
down resulted in the upregulation of molecular markers
of senescence in tumors (Fig. 3I). Taken together, these
results indicate that TOP2A knockdown impairs cell
growth and induces cellular senescence in HCC.
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TOP2A is a direct target of miR-139-5p

To investigate the regulatory mode of EZH2 on TOP2A,
we analyzed the chromatin immunoprecipitation
sequencing (ChIP-seq) data of EZH2 and H3K27me3
in the HepG2 and MCF-7 cell lines from the ENCODE
database, with the ChIP-seq data of FOXM1 as a posi-
tive control. We found no EZH2 and H3K27me3 binding
peaks in the promoter region of TOP2A (Fig. S4). Thus,
TOP2A transcription is not directly regulated by EZH2.
miRNAs can function as bridges in transcriptional regu-
lation by EZH2 [9]. Therefore, we speculate that EZH2
indirectly regulates TOP2A expression via miRNAs. To
identify potential miRNAs that target TOP2A in HCC,
we predicted candidate miRNAs targeting TOP2A using
the TargetScan and miRcode databases. We then ana-
lyzed the data derived from the GSE185913 dataset and
found 27 differentially expressed miRNAs in normal
and liver cancer tissues. Overlap of the three datasets
revealed that miR-139-5p could be a miRNA that targets
TOP2A in HCC (Fig. 4A). Correlation analysis of data in
the starBase v2.0 database and expression in HCC cell
lines revealed a negative correlation between TOP2A
and miR-139-5p (Fig. 4B C). To further confirm whether
TOP2A is a direct target of miR139-5p, we cloned the
3’-UTR of TOP2A, encompassing the target site down-
stream of the firefly luciferase gene. The dual luciferase
reporter assay showed that compared with the negative
control (NC), transfection with miR139-5p mimics sig-
nificantly inhibited luciferase reporter activity (Fig. 4D),
confirming that miR139-5p directly targets the 3'UTR
of TOP2A. Moreover, the expression of TOP2A was
repressed by the ectopic expression of miR139-5p mim-
ics but was promoted by transfection with miR139-5p
inhibitors (Fig. 4E H). Collectively, these results indicate
that miR-139-5p directly targets TOP2A and inhibits its
expression in HCC cells.

EZH2 promotes TOP2A expression by epigenetically
silencing miR-139-5p

As shown in Fig. 5A C and supplemental Fig. 5A, TOP2A
expression was repressed by EZH2 inhibitor-mediated
H3K27me3 inhibition and EZH2 siRNA-mediated EZH2
downregulation. However, miR-139-5p expression was
promoted by EZH2 inhibitor treatment and EZH2 down-
regulation (Fig. 5D and E). Furthermore, knockdown
of the PRC2 complex subunits EED and SUZ12 also
resulted in the downregulation of TOP2A and upregu-
lation of miR-139-5p (Fig. S5B and 5 F). To further con-
firm the epigenetic regulation of EZH2 on miR-139-5p,
we performed a chromatin immunoprecipitation (ChIP)
assay and found a significant enrichment of EZH2 and
H3K27me3 on the promoter region of miR-139-5p in
BEL7404 and SMMC7721 cells (Fig. 5G). To investi-
gate whether EZH2 promotes TOP2A expression via
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Fig. 4 TOP2A is a direct target of miR-139-5p. (A) Overlap of miRNAs differentially expressed in hepatocellular carcinoma and adjacent normal tissue in
the GSE185913 set and miRNAs targeting TOP2A in the TargetScan and miRcode databases. (B) Correlation analysis of miR-139-5p and TOP2A in HCC
using starBase v2.0. (C) Correlation analysis of miR-139-5p and TOP2A in HCC cell lines. (D) Putative binding site of miR-139-5p in the TOP2A 3'UTR and
dual luciferase reporter assay of miR-139-5p and TOP2A 3'UTR in HEK293T, BEL7404 and SMMC7721 cell lines. (E) RT-gPCR of miR-139-5p in BEL7404 and
SMMC7721 cells transfected with miR-139-5p mimics. (F) Western blot of TOP2A in BEL7404 and SMMC7721 cells transfected with miR-139-5p mimics.
(G) RT—gPCR of miR-139-5p in BEL7404 and SMMC7721 cells transfected with miR-139-5p inhibitor. (H) Western blot of TOP2A in BEL7404 and SMMC7721
cells transfected with miR-139-5p inhibitor. *p <0.05, **p <0.01, ***p <0.001
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Fig.5 EZH2 acts as a positive regulator of TOP2A by promoting H3K27me3-mediated epigenetic silencing of miR-139-5p. (A) Protein levels of TOP2A and
H3K27me3 in cells treated with the EZH2 inhibitors UNC1999 and EPZ005687. (B and C) Protein levels (B) and mRNA levels (C) of EZH2 and TOP2A in cells
transfected with EZH2-targeted siRNAs. (D and E) mRNA levels of miR-139-5p in cells treated with EZH2 inhibitors UNC1999 and EPZ005687 (D) and in
cells transfected with EZH2 targeted siRNAs (E). (F) mRNA levels of miR-139-5p in cells transfected with EED- and SUZ12- targeted siRNAs. (G) ChIP-gPCR
analysis of the enrichment of EZH2 and H3K27me3 on the promoter region of miR-139-5p in HCC cell lines. IgG was used as a negative control and H3
was used as a positive control. (H) Western blot analysis of TOP2A and H3K27me3 in HCC cells transfected with inhibitor NC and miR139-5p inhibitor
and treated with DMSO, UNC1999, or EPZ005687. (1) Western blot analysis of TOP2A, EZH2 and H3K27me3 in HCC cells transfected with inhibitor NC and
miR139-5p inhibitor and transfected with NC or siEZH2. (J) Western blot analysis of TOP2A, Dicer, EZH2 and H3K27me3 in HCC cells transfected with NC,
siEZH2, siDicer, and siEZH2 and siDicer. *p <0.05, **p < 0.01, ***p <0.001
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miR-139-5p, we performed rescue assays. The decrease
in TOP2A protein expression induced by the EZH2
inhibitors UNC1999 and EPZ005687 was abrogated by
miR-139-5p inhibition (Fig. 5H). Similarly, the reduc-
tion in TOP2A mRNA and protein levels caused by
EZH2 knockdown was rescued by miR-139-5p inhibi-
tion (Fig. 51 and S5D). Previous studies have reported
that Dicer is essential for the maturation of most miR-
NAs [29]. As shown in Fig. 5], S5E, and S5F, Dicer
depletion blocked the reduction in TOP2A mRNA
and protein expression induced by EZH2 knockdown.
Taken together, EZH2 promoted TOP2A expression by
inducing H3K27me3-mediated epigenetic silencing of
miR-139-5p.

MiR-139-5p inhibits proliferation and induces senescence
in HCC cells

To investigate the function of miR-139-5p in HCC, we
transfected HCC cells with miR-139-5p mimic and
inhibitor. CCK8 and EdU assays showed that miR-139-5p
mimics inhibited the viability and proliferation rate of
HCC cells, whereas the miR-139-5p inhibitor promoted
HCC cell proliferation (Fig. S6A and S6B). We then
assessed the mRNA levels of cellular senescence mark-
ers and found that compared to the control group, pl5
and p16 were upregulated in cells transfected with miR-
139-5p mimics, whereas p15, p16, and p21 were down-
regulated in cells transfected with the miR-139-inhibitor
(Fig. S6C). We constructed two HCC cell lines, BEL7404
and SMMC7721, with stable miR-139-5p overexpres-
sion (Fig. S6D). Overexpression of miR-139-5p inhib-
ited colony formation and promoted senescence in HCC
cells (Fig. 6A). The mRNA levels of p15, p16, and p21 in
HCC cells were upregulated by miR-139-5p overexpres-
sion (Fig. 6B). Consistent with these in vitro results, the
in vivo growth of xenografts derived from BEL7404 cells
stably expressing miR-139-5p was significantly decreased
(Fig. 6C and E). H&E, ki67, TOP2A, and SA-p-gal stain-
ing showed that ectopic miR-139-5p expression resulted
in increased abnormal cell division, decreased cell pro-
liferation activity, decreased TOP2A expression, and
accelerated cellular senescence (Fig. 6F-I). Moreover,
molecular markers of senescence were upregulated in
miR-139-5p overexpressing tumors (Fig. 6]). These data
suggest that miR-139-5p inhibits cell proliferation and
induces cellular senescence in HCC cells.

Clinical significance of the EZH2/miR-139-5p/TOP2A axis

in HCC

We reanalyzed the expression data of EZH2 and TOP2A
in tumor tissues and paired normal tissues from 31
tumors in the TCGA database and found that EZH2
and TOP2A were highly expressed in various solid
tumors, including HCC (Fig. 7A). We then analyzed the
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expression levels of EZH2 and TOP2A in HCC and found
that EZH2 and TOP2A were upregulated in HCC tis-
sues compared to normal tissues in the GSE14520 and
GSE6764 datasets (Fig. 7B). To further confirm these
results, we collected ten pairs of HCC and adjacent nor-
mal tissues and found that EZH2 and TOP2A protein lev-
els were higher in tumor tissues than in adjacent normal
tissues (Fig. 7C). Consistently, compared with normal tis-
sues, EZH2 and TOP2A mRNA levels increased in HCC
tumor tissues and expression of miR-139-5p decreased
in HCC tumor tissues (Fig. 7D). We analyzed the corre-
lation of EZH2 and TOP2A with patients’ clinicopatho-
logical variables using HCC data from TCGA database
and found that high EZH2 and TOP2A expression was
significantly associated with tumor differentiation grade,
tumor invasion, TNM stage, and the status of patients
with HCC (Table 1). We further analyzed the data from
TCGA database and confirmed the decreased expression
of miR-139-5p in HCC. Compared with adjacent nor-
mal tissues, the miR-139-5p level is lower in HCC tumor
tissues; compared with low-EZH2 HCC, miR-139-5p
expression was lower in high-EZH2 HCC; compared
with low-TOP2A HCC, miR-139-5p expression was
lower in high-TOP2A HCC (Fig. 7E). Moreover, a posi-
tive correlation was found between EZH2 and TOP2A,
whereas negative correlations were found between EZH2
and miR-139-5p and between TOP2A and miR-139-5p
(Fig. 7F). To determine the prognostic value of the EZH2/
miR-139-5p/TOP2A axis in HCC, we reanalyzed the
prognostic data of HCC in the TCGA database and found
that compared with patients with EZH2-low and TOP2A-
low tumors, the prognosis of patients with EZH2-high
and TOP2A-high tumors was worse (Fig. 7G). Further-
more, Kaplan—Meier curves showed that high EZH2,
high TOP2A, and low miR-139-5p expression were cor-
related with adverse outcomes in patients with HCC
(Fig. 7H). Taken together, our results reveal the expres-
sion profiles of the EZH2/miR-139-5p/TOP2A axis in
HCC and a significant correlation between high EZH2,
high TOP2A, and low miR-139-5p levels and poor prog-
nosis in patients with HCC.

Discussion

As an epigenetic regulator, EZH2 promotes HCC pro-
gression by regulating stemness, chemosensitivity, and
the tumor microenvironment [13—15]. However, the role
of EZH2 and its mediated epigenetic modification in reg-
ulating cellular senescence in HCC remains unclear. In
the present study, we found that EZH2 depletion induced
senescence and inhibited proliferation of HCC cells both
in vitro and in vivo. Increasing cellular senescence is the
main feature of aging and a contributing factor in vari-
ous age-related diseases, including cancer [30]. Multiple
signaling pathways have been identified as hallmarks of



Wang et al. Journal of Experimental & Clinical Cancer Research

(2023) 42:320

BEL7404 SMMC7721
A 250 400
BEL7404 SMMC7721 2 200 [
H § 300
Plenti6.3 miR-139-0OE Plenti6.3 miR-139-OE 8150 - g
T 5100 3 R
o e E E
o g - g 50. é 100 H
c =
S5 . L
—_— _ 2 > &
8E & & & &
L & & € &
BEL7404 SMMC7721
320 o §5U o
@ H 20
$ e, g 10: gzn
200um anhec 200um 200um 5 50
CJPSHERHEEEN, JIH
& »;a°@ & @Q'o
B o & o &
_ BEL7404 _ SMMC7721
[ [
> >
400 800
2 + Plenti6.3 2 = - Plenti6.3
§ 350 py §7004 7 )
% 300 = miR-139-0E ‘® = miR-139-0OE
8 2504 &l 3 600+
o o
3 200- . % 5004 .
< 167 . . [ < 167 . . ey
Z 147 ! Z 147 | !
E 1.2- E 124
[
£ 1.0 2 1.0 oTe
< o8- < 0.8-
[+4 miR-139-5p  p15 p16 p21 4 miR-139-5p  p15 p16 p21
C D E
8 10 1500
= & —
c 508 £ .
K9] - = j000
o Soe 2
[
w I 3
o ‘E - E 500 "
2’-, 202 E
o
o 0.0
S
F Plenti6.3 G Ho
¥ 3 == Strong Positive Bi 180 = High Positive
m: _ == Positive s == Positive
o i £ Low Positive 3 100 = Low Positive
Iz E = Negative ° = == Negative
E E_ 50
g
8
S
& &
& &
§ i Eal ézp
x [ J
g 2 200 )
e 50 nE: ey « Plenti6.3
! B3 % 150 *  miR-139-OE
S g g
o ¢ 2 3 @ 100
O = o 25
o 2 5~
220 ¥ 20
T 1.5
=) o
31 £ 10
T 3 3
oy 0 T R
m|' \00@ :'"5%9
5 © &

Page 14 of 19

Fig. 6 miR-139-5p inhibits cell proliferation and induces senescence in HCC. (A) Representative images of colony formation and SA-3-gal staining of
cells stably expressing plenti6.3 and plenti6.3-miR-139. (B) mRNA levels of miR-139-5p and senescence markers p15, p16, and p21 in HCC cells over-
expressing miR-139. (C) Representative images of tumors in nude mice subcutaneously inoculated with BEL7404 cells stably expressing plenti6.3 and
plenti6.3-miR-139 (seven mice in each group). (D and E) The tumor volume (D) and weight (E) in nude mice subcutaneously inoculated with BEL7404
cells stably expressing plenti6.3 and plenti6.3-miR-139. (F) Representative images of H&E, Ki67, TOP2A, and SA-B-gal staining of tumor tissues. (G) The
cell rate of Ki67-positive cells in tumors. (H) The cell rate of TOP2A-positive cells in tumors. (I) The cell rate of SA-B-gal-positive cells in tumors. (J) MRNA
levels of miR-139-5p, TOP2A, and senescence markers p15, p16,and p21 in tumors in nude mice subcutaneously inoculated with BEL7404 cells. *p < 0.05,

*#*p <001, **p < 0.001
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Fig. 7 The expression profiles and correlation with prognosis of the EZH2/miR-139-5p/TOP2A axis in HCC. (A) The heatmap shows the expression profiles
of EZH2 and TOP2A across tumor samples and paired normal tissues in 31 tumors in the TCGA database. E-N for EZH2 expression in normal tissues, E-T
for EZH2 expression in tumor tissues, T-N for TOP2A expression in normal tissues, T-T for TOP2A expression in tumor tissues. (B) The expression of EZH2
and TOP2A in HCC cohorts (GSE14520 and GSE6764). (C) Protein levels of EZH2 and TOP2A in ten pairs of HCC tissues and para-carcinoma tissues. (D)
MRNA levels of EZH2, TOP2A and miR-139-5p in ten pairs of HCC tissues and para-carcinoma tissues. (E) The expression of miR-139-5p in HCC in the TCGA
database. (F) The expression correlation of EZH2, TOP2A and miR-139-5p in ten pairs of HCC tissues and para-carcinoma tissues. (G) Overall survival rate of
HCC from the TCGA database analyzed according to the mRNA levels of EZH2 and TOP2A. HCC patients were divided into high and low groups according
to the median mMRNA expression level of EZH2 and TOP2A, respectively. HH for EZH2-High/TOP2A-High (n=158); EZH2-High/TOP2A-Low (n=27); EZH2-
Low/TOP2A-High (n=27); LL for EZH2-Low/TOP2A-Low (n=158). (H) The correlation of EZH2, TOP2A, and miR-139-5p with overall survival (OS), relapse-

free survival (RFS), progression-free survival (PFS), and disease-free survival (DFS) in patients with HCC. *p < 0.05, **p < 0.01, ***p <0.001
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Table 1 Correlation between EZH2 and TOP2A expression and clinical characteristics in patients with HCC

Variables Expression of EZH2 P Expression of TOP2A p
High (n=188) Low (n=187) High (n=188) Low (n=187)

Status 0.002% 0.042*

Alive 106 135 1 130

Dead 80 50 75 55

Age (years) 0.198 0.032*

Age Mean (SD) 58.5(12.9) 60.3 (14.0) 57.9(13.1) 60.9 (13.8)

Age Median [Min Max] 59[18,85] 64 [16,90] 59[18,85] 64 [16,90]

Gender 0.196 0.083

Male 67 54 69 52

Female 119 131 17 133

Grade of differentiation 0.000%*** 0.000***

G1 17 38 17 38

G2 78 99 73 104

G3 78 44 84 38

G4 10 2 9 3

Tumor invasion 0.002* 0.002*

T1 72 109 75 106

T2 59 35 55 39

T3 48 32 48 32

T4 7 6 8 5

TX 1 1

Lymph node status 0.345 0.264

NO 130 122 131 121

N1 3 1 3 1

NX 52 62 51 63

Distant metastasis 0476 0.586

MO 137 129 135 131

M1 1 3 1 3

MX 48 53 50 51

TNM stages 0.024* 0.012*

I 69 102 15 38

Il 51 35 56 55

Il 53 32 82 68

IV 1 4 18 20

*p<0.05, **p<0.01, ***p<0.001

senescence, including the DNA damage response, cyclin-
dependent kinase inhibitors, cell cycle arrest, secre-
tory phenotype, apoptosis resistance, metabolism, and
endoplasmic reticulum stress [31]. CDK encoded in the
CDKN2A (p16), CDKN2B (p15) and CDKN1A (p21) loci
is the main driver of cell cycle arrest during senescence.
Our results indicated that EZH2 downregulation resulted
in an increase in senescent cells and upregulation of p15,
pl6, and p21. As the catalytic core of polycomb group
complexes, EZH2 depletion induces senescence via
two different mechanisms in normal cells during aging.
Downregulation of EZH2 first initiates a DNA dam-
age response and induces p21 expression, resulting in
loss of H3K27me3 and induction of p16 expression in a
DNA damage-independent manner [32]. However, the
molecular mechanisms by which EZH2 regulates cellu-
lar senescence in tumors, especially HCC, remain largely

unknown. In this study, we found that EZH2 inhibition
induced cellular senescence and impaired cell prolif-
eration in HCC via inhibition of H3K27me3-mediated
repression of miR-139-5p and subsequent upregulation
of TOP2A. A previous study indicated that EZH2 silenc-
ing-induced activation of p15 in cells without activation
of pl6 and p21 could induce cell senescence, indicating
that cell type, tissue and species specificity are involved
in the mechanisms of cellular senescence induction [33].
Our study uncovered the molecular mechanism of EZH2
and its epigenetic modification in regulating cellular
senescence in HCC.

As a mitotic gene, TOP2A is essential for maintain-
ing chromatin stability and regulating the cell cycle
[34]. Aberrant expression of TOP2A induces cell cycle
arrest and cellular senescence in HCC [25]. Our study
showed that downregulation of TOP2A induced cellular
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senescence and inhibited the proliferation of HCC cells
both in vitro and in vivo. Previous studies have identified
dual upregulation of EZH2 and TOP2A as biomarkers
for early identification of increased metastatic potential
and recurrence among patients undergoing radiother-
apy for prostate cancer [22, 35]. However, the regulatory
mechanism of EZH2 and TOP2A remains unclear. In the
present study, we found that both pharmacological inhi-
bition and gene intervention of EZH2 inhibited TOP2A
expression, indicating a positive regulatory relationship
between EZH2 and TOP2A. We analyzed the ChIP-seq
data of EZH2 and H3K27me3 from the ENCODE data-
base and found no binding peak of EZH2 and H3K27me3
in the TOP2A promoter region. These results indicate
that EZH2 and its epigenetic events indirectly promote
TOP2A expression.

miRNAs are endogenous small, noncoding RNAs that
negatively regulate protein-coding mRNA expression
post-transcriptionally. A previous study reported that
miRNAs are crucial mediators of EZH2 function in carci-
nogenesis [36]. Therefore, we screened for miRNAs that
mediate the regulation of TOP2A by EZH2. We identi-
fied TOP2A as a novel, direct target of miR-139-5p.
MiR-139-5p recognizes and combines with the 3'UTR
of TOP2A and represses TOP2A expression. Consistent
with a previous report on EZH2-mediated epigenetic
silencing of miRNAs [36], we verified the EZH2-medi-
ated epigenetic inactivation of miR-139-5p. EZH2-medi-
ated H3K27me3 inhibits the expression of miR-139-5p,
while knockdown of SUZ12 and EED, two PRC2 complex
subunits, increased miR-139-5p expression. The results
of the rescue assay showed that the loss of miR-139-5p
compensated for the reduced expression of TOP2A
induced by EZH2 inhibition. Collectively, these results
indicate that miR-139-5p is an essential mediator of
EZH2-mediated H3K27me3 and TOP2A expression.

MiR-139-5p is a well-characterized tumor-suppress-
ing miRNA [37, 38]. In HCC, miR-139-5p inhibits aero-
bic glycolysis, cell proliferation, migration, and invasion
by directly targeting the transcription factor ETS1 [39].
However, the role of miR-139-5p in cellular senescence
has not been reported. In our study, in vitro gain- and
loss-of-function experiments showed that miR-139-5p
inhibited HCC cell proliferation by inducing cellular
senescence and in vivo tumorigenesis assays indicated
that miR-139-5p suppressed tumorigenicity. Moreover,
miR-139-5p is downregulated in HCC tumor tissues, and
low expression of miR-139-5p is correlated with adverse
outcomes in patients with HCC. These results reveal the
role of miR-139-5p in regulating cellular senescence in
HCC, which enriches its function as a potent tumor sup-
pressor and suggests that it might be a potential prognos-
tic biomarker and therapeutic target for HCC.
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EZH2 is overexpressed in a variety of tumor tissues,
and high EZH2 expression is positively correlated with
clinicopathological features and poor prognosis of can-
cers [40, 41]. TOP2A is upregulated in pancreatic cancer,
and its upregulation is associated with tumor metasta-
sis and shorter survival [42]. The present study revealed
that EZH2 and TOP2A mRNAs and proteins were over-
expressed in HCC tumor tissues, and their overexpres-
sion was correlated with differential tumor grade, tumor
invasion, TNM stage, and shorter survival in patients
with HCC. Moreover, TOP2A is more highly expressed
in EZH2-high tumor tissues than in EZH2-low tumor tis-
sues and normal tissues, and the coordinated expression
of EZH2 and TOP2A is associated with a worse prog-
nosis in HCC. This suggests that HCC with high EZH2
and TOP2A expression is more aggressive, thus reveal-
ing a therapeutic and prognostic role for the combination
of EZH2 and TOP2A. To date, different types of EZH2
inhibitors have been developed and multiple clinical tri-
als of drugs targeting EZH?2 in different types of cancers
are underway [7]. TOP2A inhibitors combined with the
neddylation inhibitor MLN4924 show a synergistic effect
in glioblastoma [43]. Given the coordinated expression of
EZH2 and TOP2A in HCC, the combined use of EZH2
and TOP2A inhibitors might improve treatment efficacy
and overcome the limitations of monotherapy.

Cellular senescence is a phenotype that steadily
exposes tumor weaknesses once been induced and
the physiology of senescent cells is unique in terms of
metabolome, secretion, transcriptome, and epigenetics,
so the vulnerability exposed is more selective. Induction
of cancer cell senescence combined with a second drug
that selectively eliminates senescent cancer cells, named
“one-two punch” sequential treatment, may be a prom-
ising treatment strategy for cancer [44]. The “one-two
punch” treatment model was proposed for HCC. The
“first punch” is to use the specific mutations existing in
tumor cells to induce them to a specific state - the state
of cell senescence, so that tumor cells reveal “flaws” The
“second punch” accurately removes senescent cancer
cells [45]. In the present study, we found that inhibi-
tion of EZH2 induced HCC cell senescence by disturb-
ing H3K27me3/miR-139-5p/TOP2A signaling pathway.
These results suggest that targeting EZH2 can directly
inhibit the proliferation of liver cancer cells on the one
hand, and induce senescence of HCC cells on the other
hand. These induced senescent HCC cells can be selec-
tively targeted by senolytic therapy. Moeover, evidence
suggests that senescence induction therapies may have a
synergistic effect with immunotherapies in cancer treat-
ment [46]. EZH2 plays an important role in the immune
microenvironment of HCC by regulating T-cell function,
immune evasion, and NK-cell-mediated cytotoxicity [47].
Thus, targeting EZH2 may contribute to the synergistic
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anti-tumor efficacy of senescence induction therapies
and immunotherapies.

In summary, we demonstrated the involvement of the
EZH2/miR-139-5p/TOP2A axis in the regulation of cel-
lular senescence and cell proliferation in HCC. EZH?2, the
catalytic core of the PRC2 complex, promotes the expres-
sion of TOP2A through H3K27me3-mediated epigenetic
silencing of miR-139-5p. This finding reveals the mecha-
nism of EZH2-mediated epigenetic modification in the
regulation of senescence in HCC. The concurrent upreg-
ulation of TOP2A and EZH2 predicts a worse prognosis
in patients with HCC, suggesting a therapeutic strategy
for HCC that targets EZH2 to induce cellular senescence
and then destroy senescent cells.
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