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Abstract: Histone modification and chromatin remodeling are important events in response to DNA damage, and 
Polycomb group (PcG) proteins, catalyzing H3K27 methylation, are involved. However, the biological function and 
mechanism of PcG in DNA damage are not fully understood. Additionally, downstream effectors in hepatocellular 
carcinoma (HCC) remain unclear. The present study investigated the biological and mechanistic roles of PcG in the 
DNA damage response induced by chemotherapeutic drugs in HCC. It was found that chemotherapy drugs, such 
as epirubicin (EPB) and mitomycin C (MMC), effectively blocked expression of PcG in p53-wild-type HepG2 cells but 
not in PLC/PRF5 and Hep3B cells with p53 mutation or deletion. PcG-related target genes involved in DNA dam-
age were identified, including p53, Ataxia telangiectasia mutated (ATM) and Forkhead box O3 (FOXO3). Moreover, 
targeting PcG-induced p53 expression was associated with increased drug sensitivity in HCC cells. shRNA targeting 
enhancer of zeste homolog 2 (EZH2) or its inhibitor GSK126 significantly promoted chemotherapeutic drug-induced 
genotoxicity and increased HepG2 cell chemosensitivity. Mechanistically, chromatin immunoprecipitation (ChIP) 
assays confirmed that PcG binds to the ATM promoter and inhibits its expression through covalent modification of 
H3K27me3. Herein, we establish a potential chemotherapy association with GSK126, and the findings suggest this 
link might represent a new strategy for increasing the sensitivity of HCC to chemotherapeutic agents.
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Introduction

Hepatocellular carcinoma (HCC) is the main 
type of liver cancer [1]. Clinically, surgery and 
radio-/chemotherapy are currently the major 
therapeutic strategies. However, therapeutic 
effects are commonly limited by intrinsic or 
acquired resistance due to an abnormal repair 
response upon DNA damage induced by radio-/
chemotherapy [2]. 

Several evolutionarily conserved SET (suppres-
sor of variegation, Enhancer of Zeste, and 
Trithorax) domain-containing proteins have be- 
en shown to possess histone 3-specific methyl-
transferase (HMTase) activity. Interaction of 
these SET domain-containing factors with DNA 
results in dynamic alterations in chromatin con-

formation, which affect the accessibility of a 
variety of repair factors to the damaged site [3]. 
Upon DNA damage, Ku70 (Lupus Ku autoanti-
gen protein p70) and BRCA1 (Breast cancer 1), 
which are the essential components of non-
homologous end joining (NHEJ) and homolo-
gous recombination (HR), are recruited to DNA 
double-strand break (DSB) sites [4, 5]. It has 
been found that Lysine-specific histone demeth-
ylase 5B (KDM5B) is necessary for efficient 
DSB repair and recruitment of Ku70 and BRCA1, 
whereas KDM5B deficiency promotes sponta-
neous DNA damage, activates p53 signaling, 
and sensitizes cells to genotoxic insults [5]. 
Moreover, demethylation of histone H3 lysine 
36 mediated by the interaction between fuma-
rase and the histone variant H2A.Z at DSB 
regions can further increase accumulation of 
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Ku70-containing DNA-PK at DSB sites for NHEJ 
DNA repair and cell survival [6]. This evidence 
suggests that histone remodeling is essential 
for recruiting DNA damage response factors to 
damaged sites in the DNA damage response 
[7].

The Polycomb group (PcG) family comprises at 
least two distinct complexes named PRC1 
(Polycomb repressive complex 1) and PRC2 
(Polycomb repressive complex2) [8]. PRC1, the 
maintenance complex, includes the proteins 
B-lymphoma Moloney murine leukemia virus 
insertion region-1 (BMI1), Chromobox homolog 
8 (CBX8), and others [9]. PRC2 is the initiation 
complex, and in humans, its core consists of 
EZH2, Suppressor of zeste 12 (SUZ12), and 
Embryonic extoderm development (EED). EZH2 
specifically trimethylates histone 3 at lysine 27 
(H3K27me3), and methylated H3K27 is recog-
nized by PRC1 proteins to condense chromatin 
structure, leading to transcriptional repression 
of target genes [10]. Recent studies have 
reported that knockdown (KD) of CBX8 signifi-
cantly reduces the efficiency of both homolo-
gous and nonhomologous recombination and 
increases the sensitivity of U2OS cells to ioniz-
ing radiation [11]. In addition, BMI1 is involved 
in the DNA damage response, and BMI1-
knockout (KO) HCT116 cells are hypersensitive 
to UV exposure [12]. Poly ADP-ribose poly-
merase (PARP) is believed to be a DNA damage 
receptor that is activated upon identification of 
a site of DNA damage. Indeed, it was found that 
PARP recruits PcG to sites of DNA damage 
induced by UV and causes transcription inhibi-
tion and that PcG deficiency promotes radiation 
sensitivity in eukaryotic cells [13]. Moreover, it 
was reported that BMI1 decreases etoposide 
(ETOP)-induced G2/M checkpoint activation by 
reducing Nijmegen breakage syndrome 1 
(NBS1)-mediated ataxia telangiectasia mutat-
ed (ATM) activation [14]. These results further 
suggest that PcGs are involved in the DNA dam-
age response and are closely linked to chemo- 
or radio-sensitivity. 

Although abnormal expression of EZH2 is well 
documented in HCC and promotes tumor devel-
opment in both an H3K27me3-dependent and 
-independent manner [15-17], the potential 
action of EZH2 and its downstream effectors in 
regulating the DNA damage response in HCC is 
not well defined. Here, we report the biological 
and mechanistic importance of PcG in the DNA 
damage response with regard to  epigenetic 

regulation of the classical ATM/p53 pathways 
in HCC.

Materials and methods 

Chromatin immunoprecipitation assays

Chromatin immunoprecipitation (ChIP) assays 
were performed as previously described [18]. 
In brief, 1*106 HepG2 cells were treated with 
1% formaldehyde for 10 minutes at 37°C, fol-
lowed by pulsed ultrasonication to shear cellu-
lar DNA. The ChIP assays were then carried out 
using the indicated antibodies according to the 
protocol of ChIP Assay Kit (Millipore). After over-
night incubation with antibodies, protein A- or 
protein G-agarose beads were added. The 
cross-links between nuclear proteins and 
genomic DNA were reversed, and the DNA 
pulled down by the antibody was purified by 
phenol/chloroform extraction. The primer pair 
sequences and antibodies used in ChIP are 
listed in Supplementary Tables 1 and 2.

Cell proliferation assay

HCC cells were seeded in 96-well plates at 
1500 cells/well and allowed to adhere over-
night. The cells were then treated with various 
concentrations of epirubicin (EPB), mitomycin C 
(MMC), and GSK126 three times a week. After 
one week, cell proliferation was analyzed using 
CCK8 Cell Proliferation Assay Kit. The CCK8 
reagent (10 µL) was added to each well and 
incubated for 1-4 hours. The number of viable 
cells was calculated by absorbance measure-
ments at 450 nm. Each condition was assessed 
in triplicate.

Statistical analysis

All statistical analyses were performed using 
SPSS software version 13.0. Data for cell 
growth and clone formation assays and cell 
migration experiments were analyzed by two-
tailed Student t tests. The results for paramet-
ric variables are expressed as means ± SEM. In 
all cases, P < 0.05 was considered statistically 
significant.

Results

Expression of PcG is activated in primary HCC

In our previous report, we found that expres-
sion of PcG to be activated in primary HCC 
specimens [17]. In the present study, western 
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blotting revealed robust up-regulation of EZH2 
and SUZ12 in primary HCC specimens com-
pared with adjacent tissues (Figure 1A). In 
addition, ectopic activation of PcG components 
was observed in several HCC cell lines 
(Supplementary Figure 1). Diethylnitrosamine 
(DEN), a liver-specific DNA damage carcinogen 
that specifically induces poorly differentiated 
primary HCC nodules within 8 to 9 months in 
mice, was applied in establishment of an HCC 
model [18, 19]. Using this HCC mouse model 
[18], we found that expression of EZH2 and 
SUZ12 was markedly up-regulated in cancer-
ous tissue compared with adjacent normal tis-
sue (Figure 1B). Furthermore, transient expo-
sure of DEN stimulated expression of EZH2 and 
SUZ12 at one or two weeks in vivo (Figure 1C). 

marker of DNA damage, MMC and EPB clearly 
blocked expression of PcG, including PRC2 
(SUZ12, EZH2) and PRC1 (BMI1, CBX8), in a 
dose-dependent manner (Figure 2A). Further- 
more, expression of PcG proteins gradually 
decreased in a time course-dependent manner 
in HepG2 cells upon exposure to MMC or EPB 
(Figure 2B). These data suggest that the PcG 
pathway might serve as a target for chemother-
apeutic drugs. As the p53 pathway is a key 
checkpoint for DNA damage repair, we 
assessed whether p53 is involved in chemo-
therapy-induced PcG inhibition. Unexpectedly, 
we found increased expression of PcG in PLC/
PRF5 (p53 mutant) cells exposed to MMC, 
whereas no obvious changes were observed in 
Hep3B (p53 null) cells (Figure 2C and 2D). 

Figure 1. Expression of PcG is activated in both HCC and tumor-related ani-
mal models. A. Expression of EZH2 and SUZ12 was detected by western 
blotting in 11 paired samples of tumor (T) and adjacent tissues (N) from 
different HCC patients. B. Mice were injected with DEN (25 mg/kg, i.p.) at 
15 days of age and were killed at 8 months after DEN injection. Represen-
tative liver image is shown on the left. Expression of EZH2 and SUZ12 in 
DEN-induced tumor (T) and normal (N) liver tissues of mice was detected by 
western blotting (on the right), n=6. C. C57BL/6 mice were treated with DEN 
(25 mg/kg, i.p.) at 6 weeks of age and killed at 1 or 2 weeks after DEN in-
jection. Expression of EZH2 and SUZ12 in the liver was detected by western 
blotting. D. C57BL/6 mice were treated with CCl4 (2 mL/kg, i.p.) at 6 weeks 
of age and killed at 24 and 48 hours after CCl4 injection; expression of EZH2 
and SUZ12 in the liver was detected by western blotting. E. C57BL/6 mice 
were treated with TAA (2 mL/kg, i.p.) at 6 weeks of age and killed at 24 or 
72 hours after TAA injection; expression of EZH2 and SUZ12 in the liver was 
detected by western blotting.

To examine the early stage of 
HCC development, another 
well-established, liver-specific 
damage and inflammation 
mouse model was applied 
[20, 21], and we found that 
expression of EZH2 and SUZ- 
12 proteins to be robustly  
activated by CCL4 or thioacet-
amide (TAA) exposure at the 
indicated times (Figure 1D 
and 1E). These observations 
suggest that expression of 
PcG is responsive to genotoxic 
insults in the liver. 

Chemotherapy drugs repress 
expression of PcG in HepG2 
cells

EPB and MMC are broad-spec-
trum anticancer drugs that  
primarily act through genome 
toxicity. It has been reported 
that chemotherapy tolerance 
in various types of liver can- 
cer cells is associated with  
an abnormal DNA damage 
response [22]. To provide  
further evidence of the poten-
tial role of PcG in the DNA 
response induced by chemo-
therapy drugs, we treated 
HepG2 (p53 wild-type) cells 
with MMC and EPB. Western 
blot analysis indicated that  
following activation of ATM, a 
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Similar results were obtained using PLC/PRF5 
and Hep3B cells exposed to EPB (Figure 2E 
and 2F). These findings suggest that regulation 
of PcG expression upon DNA damage induced 
by MMC and EPB is dependent on the p53 
pathway in HCC cells. Phenotypically, cell toxic-
ity assays revealed HepG2 cells to be more 
sensitive than Hep3B and PLC/PRF5 cells to 
either MMC or EPB (Figure 2G and 2H). These 
results suggest that chemosensitivity in HCC is 
at least partly related to inhibition of PcG 
expression in a p53-dependent manner. 

Inhibition of EZH2 increases chemotherapy 
drug genotoxicity in HCC

To explore a functional implication of PcG in the 
DNA damage response in HCC, we detected the 
formation of γH2A.X foci in HepG2 cells stably 
transfected with either vectors or constructs 
expressing shRNAs that specifically target 
EZH2 after EPB or MMC treatment. We found 
that exposure of either EPB or MMC increased 
the presence of phosphorylated histone H2A.X 
(γH2A.X), a DSB marker, at 1 or 6 hours (Figure 

3A-C). KD of EZH2 did not markedly affect the 
basal level of γH2A.X but did strikingly increase 
the level of γH2A.X foci in HepG2 cells exposed 
to EPB or MMC at the indicated times (Figure 
3D-F). The significant difference in the DNA 
damage response between the EZH2 shRNA 
group versus the control group treated  
with chemotherapy drugs is highlighted in 
Supplementary Figure 2. These results indicate 
that interfering with EZH2 expression contrib-
utes to DNA damage accumulation upon expo-
sure to chemotherapy drugs. 

PcG regulates the p53/ATM pathway

p53 mutation is a major genetic event in  
HCC. We previously reported that expression  
of PcG was negatively correlated with p53 in 
HCC and that PcG regulates p53 transcription 
in an H3K27me3-independent manner [16]. 
Consistent with this, mRNA expression of p53 
was clearly elevated by substantial KD of CBX8, 
BMI1, EZH2 or SUZ12 with shRNA (Figure 4A 
and 4B). In addition, CDKN2A and FOXO3, 
which are linked to the p53 apoptotic pathway, 

Figure 2. Expression of PcG is down-regulated upon chemotherapy treatment in a p53-dependent manner. A. 
HepG2 cells were treated with MMC or EPB at the indicated concentrations for 72 hours; expression of PcG and 
ATM is shown. B. HepG2 cells were exposed to MMC (1.0 μg/mL) or EPB (0.1 μg/mL) on the indicated days. The pro-
tein levels of PcG and ATM were detected by western blotting. C, E. Expression of PcG and ATM in PLC/PRF/5 cells 
treated with MMC and EPB at the indicated concentrations for 72 hours is shown. D, F. Hep3B cells were exposed 
to MMC or EPB at the indicated concentrations, and the protein levels of PcG were detected by western blotting. G, 
H. Subconfluent cultures of HepG2, Hep3B and PLC/PRF/5 cells were exposed to increasing concentrations of EPB 
and MMC, and the cell proliferation capacity was measured by the cholecystokinin-8 (CCK8) assay. The values are 
the means of three independent experiments. 
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were also dramatically stimulated in HepG2 
cells with PcG silencing (Figure 4A and 4B). 
DNA lesions, especially DSBs, activate the 
ATM-p53 and ATM-Chk2 pathways to induce 
cell cycle arrest and apoptosis [23]. Interesting- 
ly, we found that KD of either EZH2 or SUZ12 
modestly increased mRNA levels of ATM (Figure 
4C and 4D). Furthermore, reduction of EZH2, 
BMI1, and CBX8 by shRNA effectively increased 
expression of wild-type and phosphorylated 
ATM, which is associated with activation of p53 
expression (Figure 4E). These results indicate 
that PcG function in the DNA damage response 
occurs at least in part via regulation of the 
ATM/p53 pathway in p53-wild-type HCC. 

The ATM/p53 pathway is epigenetically regu-
lated by PcG in HCC

ATM, one of the most important factors in the 
DNA damage response, is immediately activat-
ed by DSBs via autophosphorylation at ser-
ine-1981 (ATM-pS1981). However, transcrip-
tional regulation of ATM by certain mediators  
in HCC has not been fully characterized. Thus, 
we further explored the mechanism of tran-
scriptional regulation of ATM by PcG. As impor-
tant epigenetic regulators, PcG proteins regu-
late target gene transcription through H3K27 
remodeling at specific promoter loci [16]. 
Interestingly, in our previous ChIP-on-chip 

Figure 3. Knockdown of EZH2 is involved in DNA damage and leads to increased chemosensitivity. Serum-starved 
shLuc- or shEZH2-transfected HepG2 cells were treated with 0.1 μg/mL EPB or 1.0 μg/mL MMC and harvested at 
the indicated time points. Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI; color-inverted to blue), and 
γH2A.X is shown in red; images were captured by immunofluorescence (IF), 1600-fold. Scale bar, 5 μm.
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assay (GSE52300) [17], we found EZH2 and 
SUZ12 to be present at ATM promoter loci 
(Supplementary Figure 3). To elucidate the me-
chanistic importance of PcG in regulating ATM 
expression, we performed ChIP assays using 
six distinct pairs of ChIP primers for the ATM 
promoter (Figure 5A). Using an H3K27me3-
specific antibody, we demonstrated that 
H3K27me3 was present at the ATM promoter 
in HepG2 cells (Figure 5B). Importantly, KD of 
EZH2 by shRNA led to a significant decrease in 
the level of H3K27me3 at the ATM promoter 
(Figure 5B). Next, we treated HepG2 cells with 
5 μM GSK126 (a potent, highly selective 
S-adenosyl-methionine-competitive, small mol-
ecule inhibitor of EZH2 methyltransferase activ-
ity). ChIP assays showed H3K27me3 at the 
ATM promoter, the levels of which were mod-
estly reduced by GSK126 at days 3 post-treat-
ment (Figure 5C). Therefore, we conclude that 
ATM transcription is directly regulated by EZH2-
mediated H3K27me3 modification in HCC 
cells.

Targeting PcG increases the chemosensitivity 
of HCC cells

To further evaluate the biological importance of 
PcG in the DNA damage response, the combi-

HepG2 cells to EPB or MMC (Figure 6B and 6C, 
Supplementary Figure 4A and 4B). These 
results indicate that GSK126 directly induces 
cytotoxic effects in HCC cells and further 
increases the sensitivity of tumor cells to  
chemotherapeutic drugs. A similar tendency 
was also found with EZH2 KD in HepG2  
cells treated with EPB and MMC (Figure 6F  
and 6G). In contrast, no obvious synergistic 
effect was found with PLC/PRF/5 cell exposure 
to GSK126 combined with chemotherapy 
(Figure 6D and 6E, Supplementary Figure 4C 
and 4D). These findings further demonstrate 
that PcG promotes DNA damage in a manner 
that is dependent on the p53 pathway. 

Discussion

The present study confirmed the biological and 
mechanistic importance of PcG in regulating 
the DNA damage response in HCC. Here, we 
show that EZH2 shRNA or specific inhibition of 
chromatin H3K27me3 by GSK126 significantly 
promoted EPB- or MMC-induced DNA damage, 
resulting in elevated sensitivity to chemothera-
py. Mechanistically, ATM promoter loci were 
occupied by H3K27me3 in response to PcG, 
which led to gene silencing. Furthermore, EPB 
or MMC significantly inhibited expression of 

Figure 4. Interfering with PcG activates the p53/ATM pathway. A, B. mRNA 
levels of TP53, CDKN2A and FOXO3 were measured by quantitative reverse 
transcription-polymerase chain reaction (qRT-PCR) in HepG2 cells transfect-
ed with shLuc, shCBX8, or shBMI1. C, D. mRNA levels of ATM were measured 
by qRT-PCR in shLuc, shEZH2 or shSUZ12 HepG2 cells. E. Total ATM, p-ATM, 
and p53 levels were detected by western blotting in shLuc, shCBX8, shBMI1, 
shEZH2 or shSUZ12 HepG2 cells.

nation of a PcG inhibitor and 
certain chemicals was app- 
lied. First, HepG2 cells were 
treated with KU55933, a 
potent inhibitor of ATM, 
GSK126 or MMC, for 12 
hours. As expected, exposure 
to MMC or KU55933 notably 
increased γH2A.X foci in 
HepG2 cells (Figure 6A). Im- 
portantly, formation of γH- 
2A.X foci was also strikingly 
increased by GSK126 treat-
ment in HepG2 cells (Figure 
6A), suggesting that specifi-
cally targeting global H3K- 
27me3 by GSK126 substan-
tially provoked the DNA dam-
age response in HCC cells.  
To confirm whether GSK126 
effectively increased sensitiv-
ity cytotoxins, HCC cells were 
treated with GSK126 and/ 
or chemotherapeutic drugs. 
CCK8 assays indicated that 
GSK126 treatment strikingly 
increased the sensitivity of 
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PcG family proteins in p53-wild-type HepG2 
cells but not in Hep3B or PLC/PRF5 cells with 
p53 deletion or mutation. These findings sug-
gest that the cytotoxicity of chemotherapeutic 
drugs is mediated at least in part through PcG 
regulation, which is dependent on wild-type 
p53. In other words, targeting PcG could be an 

effective strategy for increasing the sensitivity 
of cancer cells through the ATM/p53 pathway. 

Mutation of EZH2 in Caenorhabditis elegans 
and deletion of PcG proteins in mammals 
results in a DNA damage-sensitive phenotype 
[24]. ChIP sequencing data demonstrate that 

Figure 5. PcG epigenetically regulates ATM in HCC cells. A. A schematic representation of human ATM and primer 
pairs (PPs) used for ChIP assays. B. ChIP assays were performed using an antibody against H3K27me3 in HepG2 
cells carrying shLuc and shEZH2. C. ChIP assays were performed using an antibody against H3K27me3 in HepG2 
cells treated with 5 μM GSK126. Rabbit IgG served as a negative control.

Figure 6. The EZH2 inhibitor GSK126, combined with chemotherapy, further inhibits proliferation of HepG2 cells 
and increases chemosensitivity in a p53-dependent manner. A. Serum-starved HepG2 cells were treated with 10 
μM GSK126, 10 μM KU55933 or 1.0 μg/mL MMC for 12 hours. DAPI (blue), γ-H2A.X (green), and merged images 
were detected by IF, 1600-fold. B-E. Subconfluent cultures of HepG2, Hep3B and PLC/PRF/5 cells were co-treated 
with increasing concentrations of GSK126 and EPB or MMC, and cell proliferation was measured by the cholecysto-
kinin-8 (CCK8) assay. The values are the means of three independent experiments. F and G. Serum-starved shLuc 
or shEZH2 HepG2 cells were treated with 0.1 μg/mL EPB or 1.0 μg/mL MMC, and cell proliferation was measured 
by the CCK8 assay. The values are the means of three independent experiments.
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EZH2 is present at the promoters of DNA dam-
age-response genes [25]. These findings high-
light an interesting mechanism between DNA 
damage and PcG. As one of the most important 
effectors in response to DNA damage and epi-
genetic regulators, PcG-mediated regulation of 
p53 has drawn much attention. It has been 
reported that PcG represses p53 expression in 
human HCC cells, and it was reported that an 
increased level of PcG correlates with down-
regulation of p53 in multiple tumors, including 
HCC [16, 26-28]. However, the mechanism 
underlying this correlation remains largely 
unknown. Recently, it was reported that as a 
key negative regulator of the tumor suppressor 
p53, Mouse double minute 2 homolog (Mdm2), 
is recruited to target gene promoters by EZH2 
and enhances PcG-dependent repressive chro-
matin modifications. Mdm2 also cooperates in 
gene repression with the PRC1 protein RING1B, 
an H2AK119 ubiquitin ligase [29]. Moreover, as 
components of PRC1, it was found that BMI1 
and RNF2/RING1B heterodimerize via their 
N-terminal RING domains to form an active E3 
ubiquitin ligase that targets p53 for degrada-
tion. Unlike Mdm2, this RNF2/RING1B E3 ligase 
only degrades p53 in selective cell lines, such 
as those from germ-cell tumors, including 
HCT116 cells [30]. These findings could be 
used to partially interpret the observed sup-
pressive effect of PcG on p53. Nonetheless, it 
is unclear whether p53 is required for PcG-
mediated suppression. Indeed, it has been 
reported that p53 recruits both Histone deacet-
ylases (HDACs) and PcG to the Arf locus to 
repress its expression. Binding of both HDAC 
and PcG to Arf is disrupted by inactivation of 
p53 and can be restored in p53-null mouse 
embryonic fibroblasts (MEFs) by reintroduction 
of wild-type but not mutant p53. This repres-
sion constitutes a second feedback loop in p53 
regulation [31]. These results may partially 
explain why PcG expression is inhibited by che-
motherapeutic agents in p53-wild-type HCC 
cells. Chemotherapy drugs induce the DNA 
damage response by activating the p53 path-
way, and increasing p53 further inhibits expres-
sion of PcG. 

Of note, expression of p53 upon DNA damage 
can be repressed by PcG in an H3K27me3-
independent manner [16], whereas activation 
of ATM appears to occur in an H3K27me3-
dependent manner. In the present study, ChIP 

assays confirmed that PcG bound to the ATM 
promoter with enrichment of H3K27me3 modi-
fication in HepG2 cells. These results suggest 
that transcription of ATM is directly regulated by 
EZH2-mediated H3K27me3 and further regu-
lates expression of p53 in HCC cells. From this 
perspective, ATM might act as the mediator or 
bridge for this indirect regulation between PcG 
and p53 upon DNA damage in HCC cells. 
Moreover, this is the first report of epigenetic 
regulation of ATM by PcG, which could provide a 
promising strategy for designing and applying 
novel chemotherapy treatment. 

Although the exact mechanism of anticancer 
drug resistance remains unknown, the strong 
DNA damage repair capability of cancer cells 
might be one explanation. Histone methylation 
is considered a pivotal characteristic in the 
choice of DNA damage repair pathway, there-
fore it might allow for the discovery and phar-
macological intervention of cancer treatment. 
To date, a number of small molecule inhibitors 
targeting histone methyltransferases and 
demethylases have reached the first stages of 
clinical trials in cancer treatment [32, 33]. 
Moreover, several clinical trials of inhibitors tar-
geting histone methylation (DOT1L, EZH2, G9a, 
SMYD2, LSD1, KDM5B, KDM6B and IDH inhibi-
tors) in leukemia, non-Hodgkin’s lymphoma 
(NHL) and solid tumors are already completed 
or ongoing [32-34]. Regarding the EZH2 inhibi-
tor EPZ-6438 (tazemetostat), the first part of its 
clinical phase 1/2 trial in patients with ad- 
vanced solid tumors or with relapsed or refrac-
tory B cell lymphoma has already been com-
pleted, with both favorable safety and tolerabil-
ity (ClinicalTrials.gov identifier: NCT01897571). 
In addition, nine of the fifteen NHL patients in 
the group achieved an objective response, with 
the majority of adverse events evaluated at 
grade 1 or 2 [32]. Interestingly, preclinical data 
indicate synergism between EPZ-6438 and 
R-CHOP (rituximab, cyclophosphamide, doxoru-
bicin, vincristine, and prednisone) (Epizyme, 
International Conference on Malignant Lym- 
phoma (ICML), Recap Presentation June 22, 
2015). In our study, combining EZH2 shRNA or 
GSK126 effectively enhanced the sensitivity of 
HCC cells to chemotherapeutic drugs in the 
MMC or EPB treatment group, respectively. Our 
results suggest that GSK126 directly inhibits 
the growth of p53-wild-type HCC cells and 
increases the susceptibility of tumor cells to 
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chemotherapy drugs. Hence, our findings indi-
cate that small molecule inhibitors targeting 
PcG might serve as sensitizers for p53-wild-
type HCC chemotherapy. Indeed, targeting PcG 
could provide a promising method to prevent 
further tumor occurrence by this cocktail-type 
chemotherapy through regulation of the ATM/
p53 pathway. 

Methylation and other modifications of differ-
ent histones and their performances are not 
individual but connected, and such factors 
have been indicated as acting in concert in a 
context-dependent manner in the DNA damage 
response. Therefore, targeting multiple histone 
modifiers with chemotherapy might be a prom-
ising future strategy for cancer therapy.  

Acknowledgements

We appreciate the valuable comments from 
other members of our laboratories. This work 
was supported by grants from the National 
Natural Science Foundation of China (815- 
72778 and U1605224 to G.J., 81672091 and 
81541142 to L.X., 81472020 to S.G.), the 
Natural Science Foundation of Fujian Province 
(2015J01352 to S.G.), and the Natural Science 
Foundation of Beijing (No.7172232 to L.X.).

Disclosure of conflict of interest

None.

Address correspondence to: Guang-Hui Jin, De- 
partment of Basic Medical Sciences, Medical 
College, Xiamen University, Chengzhi Bulding 110, 
Xiang’an South Road, Xiamen, Fujian 361102, P.R. 
China. Tel: +86-592-218-6173; Fax: +86-592-218-
1535. E-mail: ghjin@xmu.edu.cn; Li-Xiang Xue 
Medical Research Center, Department of Radiation 
Oncology, Peking University Third Hospital, 49 
Huayuan North Road, Beijing 100191, P.R. China. 
Tel: 86-10-82265198; E-mail: lixiangxue@hsc.pku.
edu.cn

References

[1]	 Parkin DM, Bray MF, Ferlay MJ and Pisani P. 
Global cancer statistics, 2002. CA A Cancer J 
Clin 2005; 55: 108.

[2]	 Jackson SP and Bartek J. The DNA-damage re-
sponse in human biology and disease. Nature 
2009; 461: 1071-1078.

[3]	 Ataian YA and Krebs JE. Five repair pathways in 
one context: chromatin modification during 
DNA repair. Biochem Cell Biol 2006; 84: 490.

[4]	 Yang YG, Saidi A, Frappart PO, Min W, Barru-
cand C, Dumonjones V, Michelon J, Herceg Z 
and Wang ZQ. Conditional deletion of Nbs1 in 
murine cells reveals its role in branching repair 
pathways of DNA double-strand breaks. EMBO 
J 2006; 25: 5527-5538.

[5]	 Li X, Liu L, Yang S, Song N, Zhou X, Gao J, Yu N, 
Shan L, Wang Q and Liang J. Histone demethyl-
ase KDM5B is a key regulator of genome sta-
bility. Proc Natl Acad Sci U S A 2014; 111: 
7096-101.

[6]	 Jiang Y, Qian X, Shen J, Wang Y, Li X, Liu R, Xia 
Y, Chen Q, Peng G and Lin SY. Local generation 
of fumarate promotes DNA repair through inhi-
bition of histone H3 demethylation. Nature Cell 
Biology 2015; 17: 1158-1168.

[7]	 Colak S and Medema JP. Cancer stem cells 
&ndash; important players in tumor therapy 
resistance. FEBS J 2014; 281: 4779-4791.

[8]	 Simon JA and Kingston RE. Mechanisms of 
polycomb gene silencing: knowns and un-
knowns. Nature Reviews Molecular Cell Biolo-
gy 2009; 10: 697-708.

[9]	 Wang W, Qin JJ, Voruganti S, Nag S, Zhou J and 
Zhang R. Polycomb group (PcG) proteins and 
human cancers: multifaceted functions and 
therapeutic implications. Medicinal Research 
Reviews 2015; 35: 1220-1267.

[10]	 Gao SB, Sun SL, Zheng QL, Zhang L, Zhu Y, Jin 
GH and Xue LX. Genetic alteration and misex-
pression of Polycomb group genes in hepato-
cellular carcinoma. Am J Cancer Res 2015; 5: 
2969.

[11]	 Oza J, Ganguly B, Kulkarni A, Ginjala V, Yao M 
and Ganesan S. A novel role of chromodomain 
protein CBX8 in DNA damage response. J Biol 
Chem 2016; 291: 22881-22893.

[12]	 Sanchez A, De Vivo A, Uprety N, Kim J, Stevens 
SM Jr and Kee Y. BMI1-UBR5 axis regulates 
transcriptional repression at damaged chro-
matin. Proc Natl Acad Sci U S A 2016; 113: 
11243-11248.

[13]	 Rouleau M, Mcdonald D, Gagné P, Ouellet ME, 
Droit A, Hunter JM, Dutertre S, Prigent C, Hen-
dzel MJ and Poirier GG. PARP-3 associates with 
polycomb group bodies and with components 
of the DNA damage repair machinery. J Cell 
Biochem 2007; 100: 385.

[14]	 Wei F, Ojo D, Lin X, Wong N, He L, Yan J, Xu S, 
Major P and Tang D. BMI1 attenuates etopo-
side-induced G2/M checkpoints via reducing 
ATM activation. Oncogene 2015; 34: 3063.

[15]	 Cai MY, Hou JH, Rao HL, Luo RZ, Li M, Pei XQ, 
Lin MC, Guan XY, Kung HF and Zeng YX. High 
expression of H3K27me3 in human hepatocel-
lular carcinomas correlates closely with vascu-
lar invasion and predicts worse prognosis in 
patients. Mol Med 2011; 17: 12-20.

[16]	 Gao SB, Zheng QF, Xu B, Pan CB, Li KL, Zhao Y, 
Zheng QL, Lin X, Xue LX and Jin GH. EZH2 re-

mailto:ghjin@xmu.edu.cn


PcG regulates the ATM/p53 pathway

1883	 Am J Cancer Res 2017;7(9):1874-1883

presses target genes through H3K27-depen-
dent and H3K27-independent mechanisms in 
hepatocellular carcinoma. Mol Cancer Res 
2014; 12: 1388-1397.

[17]	 Gao SB, Xu B, Ding LH, Zheng QL, Zhang L, 
Zheng QF, Li SH, Feng ZJ, Wei J and Yin ZY. The 
functional and mechanistic relatedness of 
EZH2 and menin in hepatocellular carcinoma. 
J Hepatol 2014; 61: 832-839.

[18]	 Xu B, Li SH, Zheng R, Gao SB, Ding LH, Yin ZY, 
Lin X, Feng ZJ, Zhang S and Wang XM. Menin 
promotes hepatocellular carcinogenesis and 
epigenetically up-regulates Yap1 transcription. 
Proc Natl Acad Sci U S A 2013; 110: 17480-
17485.

[19]	 Maeda S, Kamata H, Luo JL, Leffert H and Kar-
in M. IKKbeta couples hepatocyte death to cy-
tokine-driven compensatory proliferation that 
promotes chemical hepatocarcinogenesis. Cell 
2005; 121: 977-990.

[20]	 Morio LA, Chiu H, Sprowles KA, Zhou P, Heck 
DE, Gordon MK and Laskin DL. Distinct roles of 
tumor necrosis factor-alpha and nitric oxide in 
acute liver injury induced by carbon tetrachlo-
ride in mice. Toxicol Appl Pharmacol 2001; 
172: 44-51.

[21]	 Chen LH, Hsu CY and Weng CF. Involvement of 
P53 and Bax/Bad triggering apoptosis in thio-
acetamide-induced hepatic epithelial cells. 
World J Gastroenterol 2006; 12: 5175-5181.

[22]	 Rueff J and Rodrigues AS. Cancer drug resis-
tance: a brief overview from a genetic view-
point. Methods Mol Biol 2016; 1395: 1.

[23]	 Liu M, Jiang L and Guan XY. The genetic and 
epigenetic alterations in human hepatocellular 
carcinoma: a recent update. Protein Cell 2014; 
5: 673-691.

[24]	 Chou DM, Adamson B, Dephoure NE, Tan X, 
Nottke AC, Hurov KE, Gygi SP, Colaiacovo MP 
and Elledge SJ. A chromatin localization screen 
reveals poly (ADP ribose)-regulated recruit-
ment of the repressive polycomb and NuRD 
complexes to sites of DNA damage. Proc Natl 
Acad Sci U S A 2010; 107: 18475-18480.

[25]	 Chaudhary MW and Al-Baradie RS. Ataxia-tel-
angiectasia: future prospects. Appl Clin Genet 
2014; 7: 159-167.

[26]	 Yamada A, Fujii S, Daiko H, Nishimura M, Chi-
ba T and Ochiai A. Aberrant expression of 
EZH2 is associated with a poor outcome and 
P53 alteration in squamous cell carcinoma of 
the esophagus. Int J Oncol 2011; 38: 345-
353.

[27]	 Tang X, Milyavsky M, Shats I, Erez N, Goldfinger 
N and Rotter V. Activated p53 suppresses the 
histone methyltransferase EZH2 gene. Onco-
gene 2004; 23: 5759.

[28]	 Choi JH, Song YS, Yoon JS, Song KW and Lee 
YY. Enhancer of zeste homolog 2 expression is 
associated with tumor cell proliferation and 
metastasis in gastric cancer. APMIS 2010; 
118: 196-202.

[29]	 Wienken M, Moll UM and Dobbelstein M. 
Mdm2 as a chromatin modifier. J Mol Cell Biol 
2016; 

[30]	 Su WJ, Fang JS, Cheng F, Liu C, Zhou F and 
Zhang J. RNF2/Ring1b negatively regulates 
p53 expression in selective cancer cell types 
to promote tumor development. Proc Natl Acad 
Sci U S A 2013; 110: 1720-1725.

[31]	 Zeng Y, Kotake Y, Pei XH, Smith MD and Xiong 
Y. p53 binds to and is required for the repres-
sion of Arf tumor suppressor by HDAC and 
polycomb. Cancer Res 2011; 71: 2781-2792.

[32]	 Morera L. Targeting histone methyltransferas-
es and demethylases in clinical trials for can-
cer therapy. Clin Epigenetics 2016; 8: 57.

[33]	 Song Y, Wu F and Wu J. Targeting histone meth-
ylation for cancer therapy: enzymes, inhibitors, 
biological activity and perspectives. J Hematol 
Oncol 2016; 9: 1-21.

[34]	 Michalak EM and Visvader JE. Dysregulation of 
histone methyltransferases in breast cancer - 
Opportunities for new targeted therapies? Mol 
Oncol 2016; 10: 1497-1515. 



PcG regulates the ATM/p53 pathway

1	

Supplementary material and methods

Cell culture

The human HCC cell lines HepG2 (p53 wild-type) and Hep3B (p53 null) were obtained from Type Culture 
Collection of the Chinese Academy of Sciences (Shanghai, China). PLC/PRF5 (human HCC with p53 
mutation) cells were obtained from China Center for Type Culture Collection (Wuhan, China). Cell cultur-
ing was performed as previously described [1, 2]. Briefly, cells were cultured in DMEM (Gibco), RPMI-
1640 medium (Gibco), or F12 (Gibco) supplemented with 10% fetal bovine serum (FBS; HyClone) and 
1% penicillin-streptomycin.

Western blotting and immunofluorescence

Western blotting and immunofluorescence (IF) were performed as previously described [3]. 

Real-time qRT-PCR

qRT-PCR was performed as previously described [3] using an ABI Step One detection system with the 
primers listed in Supplementary Table 2. qRT-PCR reactions were performed using SYBR Green (Roche 
Applied Science) technology and repeated at least three times.
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Supplementary Table 1. The list of primers used in the study
qRT-PCR Primers

Gene name Forward primer sequence (5’ to 3’) Reverse primer sequence (5’ to 3’)
TP53 GCCGTCCCAAGCAATGGATGATTT TCTGGCATTCTGGGAGCTTCATCT
EZH2 ACATGCGACTGAGACAGCTCAAGA AGGATGTGCACAGGCTGTATCCTT
SUZ12 TTTCTCAGGGACCTACGTTGCAGT AGGTTTGGCAATAGGAGCCGTAGA
BMI1 GCTGATGCTGCCAATGGCTCTAAT TGCTGCTGGGCATCGTAAGTATCT
CBX8 TCGCAGAAGTACAGCACATGGGAA TGGCTGAGTCACTTCGAAACTCGT
CDKN2A ACCAGAGGCAGTAACCATGCC CATGCCTGCTTCTACAAACCCACA
FOXO3 ACTCACTTAGCCACAGCGATGTCA TGACCAAACTTCCCTGGTTAGGCT
ATM AACTGTGAGCTGTCTCCATTAC CTTCCGTAAGGCATCGTAACA

ChIP Primers
Target name Forward primer sequence (5’ to 3’) Reverse primer sequence (5’ to 3’)
ATM PP1 GAACGGGTGTCCTACTGTAATC GAGCTATCCTGTGCTCAAACA
ATM PP2 TTTGAGCTTTACCTGGCTCTC ACTTGTCTGTCAGGGTGTATTG
ATM PP3 CTCTACACTGGACGACGTATTG CCTTCTAATAACCCGCCCTTAT
ATM PP4 GCTTGGGCTCTGGAATCATA GCTCACCACAGGTCAAGATTA
ATM PP5 TGCCAAGGGCAGAGTTATTT CTTCCTACGAGCCTCTGAATTG 
ATM PP6 TGAGGCTTGGTGTACGAATG TTGGAAAGAAAGGGAGGTATGG

Supplementary Table 2. The list of reagents used in the study
Antibodies

Western blotting, IF
    Antigen Host Company Cat#/code
    EZH2 Rabbit Cell signaling #5246
    CBX8 Rabbit Sigma R30545
    SUZ12 Rabbit Cell signaling #3737
    BMI1 Rabbit Epitomics #5590-1
    P53 Mouse Santa Cruz sc-126
    β-actin Mouse Santa Cruz sc-47778
    GAPDH Rabbit EPITOMICS 2251-1
    p-H2A(Ser139) Mouse Millipore #05-636-1
    P-ATM(S1981) Rabbit Abcam Ab81292
    p-H2A(Ser139) Rabbit Cell signaling #2577
ChIP
    H3K27me3 Rabbit Millipore #17-622

Small molecular inhibitors
Name Company Cat#/code
GSK126 MedChem Express HY-13470
KU-55933 Selleck 587871-26-9
MMC Hisun Pharmaceutical
EPB Hisun Pharmaceutical
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Supplementary Figure 1. Expression of PcG was analyzed in human hepatocellular carcinoma (HCC) cell lines by 
western blotting.

Supplementary Figure 2. An average (%) of DNA damaged (γH2AX-positive) cells was determined, and the results 
are shown in the diagram. Three biological replicates were performed; the error bars represent standard deviation, 
and the paired t-test was used. Significant P values between the EZH2 shRNA group and the control group when 
treated with chemotherapy drugs are highlighted.
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Supplementary Figure 3. Genome-wide ChIP-on-chip assays using antibodies against EZH2 and SUZ12 in HepG2 
cells, with IgG-ChIP as the negative control. An expanded view of the ATM promoter region used in ChIP-on-chip as-
says.

Supplementary Figure 4. The effect of simultaneous GSK126 and chemotherapy treatment of HCC cells. (A, C) 
Subconfluent cultures of HepG2 (A) and PLC/PRF/5 (C) cells were co-treated with GSK126 and increasing con-
centrations of EPB, and the extent of cell proliferation was measured by the cholecystokinin-8 (CCK8) assay. (B, D) 
HepG2 (B) and PLC/PRF/5 (D) cells were co-treated with GSK126 and increasing concentrations of MMC, and cell 
proliferation was measured by the CCK8 assay. The values are the means of three independent experiments.


