
Inhibition enhancer of zeste homologue 2 promotes senescence and apoptosis
induced by doxorubicin in p53 mutant gastric cancer cells
J. Bai, M. Ma, M. Cai, F. Xu, J. Chen, G. Wang, X. Shuaia and K. Taoa

Department of Gastrointestinal Surgery II, Wuhan Union Hospital, Tongji Medical College of Huazhong University of Science and Technology,
Wuhan, Hubei Province, 430022, China

Received 25 November 2013; revision accepted 17 January 2014

Abstract
Objectives: Enhancer of zeste homologue 2
(EZH2) is crucially involved in epigenetic silencing
by acting as a histone methyltransferase. Although
EZH2 is overexpressed in many cancers and is
involved in malignant cell proliferation and inva-
sion, the role of EZH2 in senescence induced by
DNA damage has up to now remained largely
unknown. In this study, we sought to explore the
outcome of EZH2 depletion along with exposure of
doxorubicin (DOX), and related mechanisms, in
gastric cancer cells.
Materials and methods: Here, senescence induced
by DNA damage was achieved in gastric cancer
cells by DOX treatment. EZH2 was downregulated
by transfection with siRNA or treated with (-)-epig-
allocatechin-3-gallate, a targeted inhibitor. Senes-
cence-associated b galactosidase (SA-b-gal) and
formation of senescence-associated heterochromatin
foci were used to identify cell senescence. To
investigate effects of EZH2 depletion on the cell
cycle, apoptosis and proliferation, flow cytometry
and MTT analysis were employed. Changes in
p53–p21 axis activation were detected by Western
blotting.
Results: We found that cell proliferative arrest
caused by DOX could be promoted by EZH2
depletion. Mechanistically, EZH2 depletion not
only worked in coordination with DNA damage
during the progression of cell senescence but also

promoted apoptosis in p53 mutant cells. However,
it had no cooperative relationship with DOX in
p53 wild-type cells.
Conclusions: These data help unravel a crucial role
for EZH2 in senescence and apoptosis in gastric can-
cer cells and that p53 genomic status was associated
with different cell responses to EZH2 silencing.

Introduction

Although the incidence of gastric cancer has been sub-
stantially declining over the last several decades, it
remains the fourth most frequently diagnosed cancer and
second leading cause of death from cancer in some parts
of the world (1). Chemotherapy is an important treat-
ment for gastric cancer alongside surgical resection.
While historically apoptosis has been considered to be
the only desirable outcome of any anti-neoplastic treat-
ment, it has emerged recently that senescence could be a
potential alternative outcome for tumour therapy in vivo.
As a chemotherapeutic drug, doxorubicin (DOX) is
known to induce cell senescence by causing a DNA
damage response (2); it causes similar physiological
and phenotypic changes with replicative senescence,
including growth arrest, enlarged and flattened cell mor-
phology, appearance of senescence-associated b-galacto-
sidase (SA-b-gal) activity and senescence-associated
heterochromatic foci (SAHF) (3–5). As DOX induces
cell senescence at concentrations significantly lower than
those required for induction of apoptosis (6), promoting
cancer cell senescence would have the advantage of
reducing side effects of DOX treatment and act as an
important internal barrier against tumourigenesis, by
eliminating premalignant cells.

Enhancer of zeste homologue 2 (EZH2), a compo-
nent of polycomb repressive complexes 2, is a human
homologue of the Drosophila protein ‘enhancer of zest’.
In particular, it trimethylates lysine 27 of histone H3
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(H3K27me3) via its SET domain, thereby regulating gene
expression by an epigenetic regulatory mechanism (7,8).
EZH2 is more highly expressed in malignant than non-
malignant tissues of gastric cancer, and expression of
EZH2 closely correlates with tumour size, depth of inva-
sion, vessel invasion, lymph node metastasis and clinical
stage (9,10). Additionally, EZH2 is involved in both in
cell senescence and apoptosis. Its depletion inhibits cell
proliferation and restores features of the senescent cell
phenotype by relieving transcriptional repression of some
cell cycle-related genes, such as p21, p16 and p15
(11,12). In human glioma cells, nasopharyngeal carci-
noma cells and some other cancers, inhibition of EZH2
expression can result in apoptosis (13–15); these reports
illustrate the dual character of EZH2 on cancer cells.

Despite accumulating wealth of information concern-
ing influences of EZH2 on progress of cancers, the role of
EZH2 in cell response to low DNA damage has not been
well characterized. In this study, we have sought to explore
the outcome of EZH2 depletion along with exposure to
DOX and related mechanisms, in gastric cancer cells.

Materials and methods

Cell culture

The human gastric cancer cell line MKN28 (GeneChem,
Shanghai, China) and AGS cell line (Type Culture Col-
lection of the Chinese Academy of Sciences) were main-
tained in RPMI 1640, supplemented with 10% foetal
bovine serum (Hyclone, Logan, UT, USA) in a humidi-
fied CO2 (5%) incubator at 37 °C.

Induction of cell senescence

Doxorubicin was purchased from Roche incorporated
(Basel, Switzerland). To induce premature senescence,
the different cell lines were treated with a variety of
concentrations of DOX (MKN28: 25 lM, AGS: 0.
1 lM,) for 2 h, then incubated in drug-free culture med-
ium for a further 48 h.

Inhibition of endogenous EZH2 by siRNA

Small interfering RNA (siRNA) oligo against the human
EZH2 gene (Gene ID: 2146, accession: NM_004456.4)
and negative control siRNA were purchased from Cell
Signaling Technology (Boston, MA, USA) (6509S, 6201S).
Fifty to sixty per cent confluent gastric cancer cells were
transfected ith 100 nM of siRNA using Lipofectamine
2000 (Invitrogen, Camarillo, CA, USA) following the
manufacturer’s instructions. Transfected cells were incu-
bated for 48 h, followed by cell harvesting and analysis.

(�)-Epigallocatechin-3-gallate (EGCG) treatment

The gastric cancer cells were split to 50% confluence
24 h before treatment. Then they were treated with EGCG
(Sigma, St. Louis, MO, USA) at 50 lM for 48 h. At the
end of treatment, cells were harvested for analysis.

RNA isolation and q-RT-PCR

Total RNA was isolated using Trizol (Takara, Dalian,
China). cDNA was synthesized using PrimeScript RT
reagent kit (Takara) according to the manufacturer’s
instructions and PCR was conducted with Taq polymerase
(Takara). Primers to EZH2 were as follows: 50-GACGGC
TTCCCAATAACA-30 (F) and 50-TGAGGCTTCAGCAC
CACT-30 (R). GAPDH was as an internal control using
the following primer set: 50-AACGGATTTGGTCGTAT
TG-30 (F) and 50-GGAAGATGGTGATGGGATT-30 (R).

Western blotting

Proteins were lysed in RIPA buffer containing a prote-
ase inhibitor cocktail (Sigma); they were resolved using
sodium dodecyl sulphate-poly-acrylamide gel electro-
phoresis and transferred to polyvinylidene difluoride
membranes. Membranes were incubated in the indicated
primary antibodies and anti-rabbit secondary antibodies
conjugated to horseradish peroxidase. After development
with the ECL system, signals were detected using the
GelDoc XR System (Bio-rad, Hercules, CA, USA).
Antibodies used were as follows: rabbit anti-EZH2 (Cell
Signaling Technology), rabbit anti-p53 (Sigma), rabbit
anti-p21 (RabMAbs, Burlingame, CA, USA) and rabbit
anti-GAPDH (Sigma).

MTT assay

Cell viability was measured using the MTT assay. Cells
were plated in 96-well plates; at the end of treatment,
20 ll MTT (5 mg/ml) was added to each well for an
additional 4 h. Blue MTT formazan precipitate was then
dissolved in 150 ll of DMSO. Absorbance at 490 nm
(A value) was measured on a microplate reader, and cell
proliferation inhibition levels were counted and calcu-
lated using the following formula:

Cell inhibitory level ¼
ð1� average A value of experimental group=

average A value of control groupÞ� 100%:

SA-b-gal staining

Cytochemical staining for SA-b-gal at pH 6.0 was per-
formed using a senescence-b-galactosidase staining kit
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(Cell Signaling Technology). After staining, cells were
imaged using a microscope-mounted camera. Five fields
each were examined with at least 300 cells per field;
SA-b-gal-positive cells were counted.

SAHF analysis

Cells were cultured directly on glass coverslips and were
fixed in 4% paraformaldehyde. After washing in PBS,
DNA was visualized by DAPI (1 lg/ml) (Roche) stain-
ing for 5 min, followed by two PBS washes. Samples
were then examined using a fluorescence microscope
(Olympus, Tokyo, Japan). Five fields were examined
with at least 50 cells per field; cells with SAHF were
counted along the way.

Cell cycle analysis

Cells were washed in PBS and fixed in ice cold 75%
ethanol at 4 °C, overnight. They were then washed
twice in PBS and stained with 100 lg/ml propidium
iodide (Sigma) containing RNase A (Sigma), for 30 min
at 37 °C. Cell cycle distribution in different phases was
determined using flow cytometry (Becton Dickinson,
Franklin Lakes, NJ, USA).

Analysis of apoptosis

Apoptotic cells were detected using an annexin V-EGFP
apoptosis detection kit (Keygentec, Nanjing, China).
Collected cells were washed twice in ice-cold PBS and
re-suspended in 500 lL binding buffer. FITC annexin V
(5 ll) and propidium iodide (5 ll) were added to cell
preparations and incubated for 15 min at room tempera-
ture in the dark. Samples were then analysed by flow
cytometry (Becton Dickinson).

Statistical analysis

All experiments were repeated more than three times.
Statistical analysis was carried out using the t-test for
independent samples. P values of <0.05 were considered
statistically significant.

Results

DOX induced gastric cancer cells to senesce

Doxorubicin has been shown to suppress cell proliferation
through a DNA damage response (2). Our gastric cancer
cells were treated with DOX to investigate whether it had
the function of inducing senescence in them. After treat-
ment, most cells became flattened and had comparatively

enlarged morphology. As shown in (Fig. 1a,b), positive
level of senescence-associated SA-b-gal staining was
increased from 4.50 � 2.07 to 34.45 � 7.05% in
MKN28 cells and from 6.54 � 0.75 to 66.61 � 2.59% in
AGS cells; SAHF formation increased in treated MKN28
cells 30.13 � 1.8% (Fig. 1a,c). Flow cytometry analysis
demonstrated that proportions of cells in G0/G1 phase
increased in treated cells. In MKN28 cells, we also
noticed a significant increase in proportions of cells in
G2/M (Fig. 1d,e). Cell inhibitory levels were 44.18 �
0.33% in MKN28 cells and 5.81 � 0.92% in AGS cells.
These morphological changes and characteristics of mito-
sis confirmed that low concentrations of DOX efficiently
induced senescence in the gastric cancer cells. Western
blotting indicated that DOX induced p53 and protein of
its target gene p21 increased slightly in AGS cells, but
only p53 increased in MKN28 cells.

EZH2 downregulation inhibited proliferation of the
gastric cancer cells

MKN28 and AGS cells were transfected with siRNA
and scrambled siRNA as negative control (Control siR-
NA). Transcriptional levels of EZH2 were tested using
q-RT-PCR and a significant reduction in EZH2 was
observed. Lower protein levels were also found by Wes-
tern blot assay. Then, we used EGCG to inhibit EZH2
pharmacologically. EZH2 expression was downregulated
as a result of increase in EGCG concentration. In gen-
eral, both siRNA and EGCG inhibited EZH2 expression
(Fig. 2a,b). To investigate effects of EZH2 depletion on
cell proliferation, the MTT viabilty assay was employed.
EZH2 depletion by targeted siRNA or EGCG led to
reduced proliferation efficiency. Cell inhibitory level is
shown in Fig. 2c and 2d.

Inhibition of EZH2 worked in coordination with DOX to
arrest cell proliferation

Given the effect of EZH2 on proliferation of our gastric
cancer cells, we speculated on possible synergistic effects
of EZH2 depletion and DOX. We treated cells with siR-
NA/EGCG and DOX, independently and in combination.
Cell inhibition was most profound in the siRNA + DOX
group (60.96 + 2.87% in MKN28 cells, 49.86 + 1.71%
in AGS cells) and the EGCG + DOX group (65.22 +
0.25% MKN28 cells, 33.12 + 2.52% in AGSs).

EZH2 depletion promoted DOX -induced senescence in
cells with mutant p53

To further elucidate reasons why inhibiting EZH2 pro-
moted DOX-induced cell proliferation inhibition, we
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counted cells positive for SA-b-gal expression, and
observed SAHF formation again. In MKN28 cells carry-
ing mutant p53, siRNA and EGCG caused marked
increase in positive level of SA-b-gal staining and SAHF
(Fig. 3a,c,d) and there was increase in percentage of G0/
G1 phase cells (Fig. 3e). Remarkably, this effect was
greater in cells treated with siRNA/EGCG combined with
DOX (Fig. 3b–e). These results suggested that EZH2
depletion promoted DOX-induced senescence in MKN28
cells. In AGS cells which had wild-type p53, only EGCG

increased positive level of SA-b-gal expression and per-
centage of G0/G1 slightly; small changes were observed
when both agents were present (Fig. 3a–c,e).

Combination of EZH2 inhibition and DOX promoted
apoptosis in cells with mutant p53

The above results suggest that senescence was not the
mechanism acting to promote growth arrest in AGS
cells, so we hypothesized that apoptosis might be the

(a) (b)

(c)

(d) (e)

(f)

Figure 1. Low concentration of doxorubicin (DOX) induced gastric cancer cells to senescence. Gastric cancer cells were treated with DOX for 2 h
(MKN28: 25 lM, AGS: 0.1 lM). After 48 h of culture in drug-free medium, cells were stained with SA-b-gal staining solution (pH 6.0) and DAPI, then
cell images were captured. White arrow indicates senescence-associated heterochromatin foci (a). The positive rate of SA-b-gal staining was increased
in both cell lines (b). Percentage of senescence-associated heterochromatin foci-positive cells scored in normal and DOX group of MKN28 (c). Cell
cycle was analysed by flow cytometry and cells arrested in G0/G1 phase were increased. Besides, there was also a significant increase in the proportion
of cells in G2/M phase in MKN28 cells (d, e). A representative Western blot shows higher levels of p53 and p21 proteins in AGS, but only p53
increased in MKN28 after treatment of DOX (f). *Indicates a significant (P < 0.05) difference between normal and DOX group.
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explanation for incremental cell inhibitory level. Flow
cytometric analysis showed a significant increase in per
cent apoptotic events after siRNA treatment in both
types of gastric cancer cell and an additional increase
when siRNA and DOX were present in MKN28 cells,
but not in AGSs. These results indicate that EZH2
silencing caused apoptosis in p53 mutant and p53 wild-
type cancer cells, and promoted apoptosis more pro-
foundly in wild-type p53 cells (Fig. 4a,b).

We then had performed Western blotting to examine
expression of p53 in the DOX group and co-treatment
group. As shown in (Fig. 4c), EZH2 depletion increased

accumulation of p53 protein and protein of its target
gene p21, in AGS cells under co-treatment. However,
expression of the two proteins was not changed in
MKN28 cells. These results indicate that EZH2 deple-
tion might have a relationship with activation of the p53
pathway in p53 wild-type cells.

Discussion

As one of the first protein lysine methylases implicated
in human cancers, EZH2 is overexpressed in many
kinds of malignancy, playing an important role in

(a)

(b)

(c)

(d)

Figure 2. Enhancer of zeste homologue 2 (EZH2) downregulation inhibits the growth of gastric cancer cells. mRNA expression of EZH2
was examined by q-RT-PCR in gastric cancer cells transfected with siRNA (100 nM, 2 days). Protein expressions of EZH2 in cells transfected
with siRNA or treated with various concentrations of EGCG were measured by Western blot. GAPDH was used as an internal control. *Indicates a
significant (P < 0.05) difference between siRNA and control siRNA treatment (a, b). Cellular proliferation inhibited rate increased with time extend-
ing in cells transfected siRNA compared with control siRNA. Besides time extending, cell inhibitory rate had a positive correlation with the concen-
trations of EGCG (c, d).
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tumour cell proliferation, metastasis and senescence
(16,17), thus considered to be a promising potential tar-
get in cancer therapy. In this study, we demonstrate that
inhibiting EZH2 worked in coordination with DOX to
arrest cancer cell proliferation. EZH2 depletion pro-
moted DOX-induced cell senescence and apoptosis in
gastric cancer cells with mutant p53, but had almost no
cooperative effect in cells with wild-type p53. These
findings bear important implications for cancer treatment
and indicate that the therapeutic inhibition of EZH2
might be an attractive approach to sensitize low-dose
chemotherapy for cancers that overexpress EZH2.

Apoptosis and senescence are both distinct mecha-
nisms for tumour suppression (18,19) and share one

common pathway – p53/p21 (20). MKN28 cells have
mutant p53, and express mRNAs of p21, CDK2 and G1
cyclins, at high levels. Although MKN28 cells express
high levels of p21 mRNA, its protein is not detectable
by Western blot analysis (21). AGS cells, as a p53 wild-
type gastric cancer cell line contain a functional p53/p21
pathway and can be activated by EZH2 silencing.
Thereby, we consider that p53 genomic status plays an
important role in determining response to DNA damage
with EZH2 depletion in gastric cancer cells.

p53 is a transcription factor whose ability to sup-
press tumourigenesis in mammals has been extensively
studied (22), and is regarded as a central player in
tumour suppression and therapy. As p53 is an integral

(a) (c)

(d)

(e)

(b)

Figure 3. Enhancer of zeste homologue 2 (EZH2) depletion promotes doxorubicin (DOX)-induced senescence in p53 mutant type cells.
After being transfected or treated with EGCG or treatment of siRNA/EGCG combined with DOX, cells stained with SA-b-gal staining solution and
DAPI were captured. White arrows indicate senescence-associated heterochromatin foci (a, b). In MKN28 cells, which carry mutant p53, siRNA
and EGCG caused a marked increase in positive rate of SA-b-gal staining and senescence-associated heterochromatin foci formation, and this effect
was greater in cells treated with siRNA/EGCG combined with DOX. In AGS which had wild-type p53, only EGCG increased the positive rate of
SA-b-gal staining slightly, and small change was observed when both agents were present (c, d). Targeted siRNA or EGCG increased percentage
of G0/G1 phase cells and promoted DOX-induced cell cycle arrest in MKN28. However, only EGCG arrested cell cycle in G0/G1 phase, and slight
change is observed when both agents were present in AGS (e), *P < 0.05.
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and central part of a network of proteins that respond to
stress stimuli, the decision between proliferative growth
arrest, senescence or apoptosis is believed to be deter-
mined by the appropriate qualitative status of p53 (23).
Level of genetic activation of p53 may be decisive for
the cellular response: lower levels of p53 may favour
growth arrest, whereas higher levels could trigger apop-
tosis (23). In spite of low concentrations of DOX caus-
ing activation of the p53/p21 pathway (24), as p53
mutant type cancer cells, MKN28 cells always keep the
p53/p21 pathway inactive Low-level p53 caused senes-
cence most significantly when both DOX and EZH2
inhibitor were present. On the other hand, the p53/p21
pathway is functional in wild type cells, either DOX or

EZH2 inhibition was shown to activate it. Small doses
of DOX caused p53 slight activation, and resulted in
senescence. EZH2 inhibitors accumulate p53 at high-
expression levels, leading to apoptosis being the most
striking feature in AGS cells after treatment. In accor-
dance with our work, Wu et al. (25) reported that EZH2
depletion results in abrogation of both cell cycle G1 and
G2/M checkpoints, directing a DNA damage response
predominantly toward apoptosis, in both p53-proficient
and p53-deficient cancer cells, but not in normal cells.
Mechanistically, EZH2 regulates the DNA damage
response in p53 wild-type cells mainly through tran-
scriptional repression of FBXO32, which binds to and
directs p21 for proteasome-mediated degradation,

(a)

(b)

(c)

Figure 4. Combination of Enhancer of zeste homologue 2 (EZH2) inhibition and doxorubicin (DOX) promotes apoptosis in cells with
mutant p53. After being transfected targeted siRNA, cells were induced by DOX. Cellular apoptosis was analysed by flow cytometry. Only annex-
in V–stained cells were considered as apoptotic. siRNA produced a significant accumulation of cells in early apoptosis both in MKN28 and in
AGS. Additionally, siRNA and DOX co-treatment increased the per cent of apoptosis cells compared with single treatment in MKN28, but not in
AGS, *P < 0.05. (a, b) Western blot shows that combined EZH2 depletion and DOX alter expression of p53, p21 proteins in AGS, but no change
was observed in MKN28. GAPDH was used as an internal control (c).
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whereas it affects p53-deficient cells by regulating Chk1
activation by a distinct mechanism.

EGCG, a bioactive polyphenolic agent in green tea,
and histone lysine methyltransferase that reduces cell
survival through reducing Bmi-1 and EZH2 levels and
also a global reduction of H3K27me3 (26,27). In this
study, we treated cells with a wide range of EGCG con-
centrations and found that EGCG depleted EZH2 effec-
tively in the gastric cancer cells. This change induced a
diversity of responses at the cellular level. In contrast to
siRNA, EGCG increased SA-b-gal expression and per-
centage of G0/G1 slightly; small increases were
observed when both agents were present in AGS cells.
This suggests that EZH2 is not the only target for
EGCG. Further investigation of the molecular mecha-
nisms is likely to provide additional insight into this.

Given the toxic side effect of chemotherapy, any
method that can make cancer cells sensitive to even mild
DNA damage, and response towards senescence or apop-
totic progression, needs serious attention paid to it.
Although the responses are different, EZH2 silencing pro-
moted growth arrest by low concentrations of DOX no
matter the cells’ p53 status. We consider it as a sensitizer
that not only can enhance efficacy of DNA damaging che-
motherapeutic agents but also reduce toxic effects. In con-
clusion, these results suggest that joint application of
EZH2 inhibitors and low concentrations of DOX may be
a potential novel approach to gastric cancer treatment.
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