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Enhancer of zeste homolog 2 (EZH2) is overexpressed in various malignancies and associated with poor
prognosis and drug-resistance. A recent study suggested that there is a link between EZH2 expression and
the mediation of gene silencing in association with aberrant DNA methylation. In the present study, we
showed an inverse correlation between EZH2 and human mutL homolog 1 gene (hMLH1) expression in
30 epithelial ovarian cancer (EOC) tissues. Moreover, we found that EZH2 downregulation could induce
the re-expression of the unmethylated, basally expressed hMLH1 gene without affecting DNA methyla-
tion in the hMLH1 promoter. These results suggest that EZH2 can modulate the transcription of basally
expressed hMLH1 via a non-DNA-methylation-dependent pathway, but it has no effect on hMLH1 silenc-
ing that is mediated by DNA hypermethylation.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Enhancer of zeste homolog 2 (EZH2) is a core component of the
polycomb repressive complex 2 (PRC2), which is a highly conserved
histone methyltransferase that catalyzes the trimethylation of his-
tone H3 lysine 27 (H3K27me3). EZH2 plays a critical role in tumori-
genesis and cancer progression through epigenetic gene silencing
and chromatin remodeling [1]. Increasing evidence suggests that
the EZH2 gene is overexpressed in a variety of human malignancies,
including breast, prostate, oral, esophageal, gastric, colon, hepatocel-
lular, bladder, and endometrial cancers [2-4]. Our previous studies
have shown that EZH2 is upregulated in ovarian cancer and that its
expression is significantly associated with an advanced International
Federation of Gynecology and Obstetrics (FIGO) stage and resistance
to cisplatin. Furthermore, loss of EZH2 suppresses proliferation and
migration of ovarian cancer cells and resensitizes cisplatin-resistant
cells in vitro and in vivo [5,6]. However, the mechanisms of EZH2
involvement in ovarian cancer have not been studied.

Mismatch repair (MMR) deficiency is a distinct carcinogenic
mechanism. Following its discovery in hereditary non-polyposis
colorectal cancer (HNPCC) syndrome in the early 1990s [7], MMR
deficiency was identified as a potential cancer-initiating pathway
in cancers of other organs, including the ovaries [8]. Promoter
hypermethylation of the MMR gene mutL homolog 1 (hMLH1),
an epigenetic mechanism, is known to cause inactivation of the
MMR system [9-11]. DNA methylation occurs on cytosine bases
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linked to guanine bases, forming CpG dinucleotide pairs known
as islands [12]. Promoter hypermethylation of the hMLH1 gene
has been observed in sporadic microsatellite instability-high
(MSI-H) cancers, including colorectal and endometrial cancers
[13]. In addition, studies in ovarian cancer have reported a fre-
quency of hMLH1 promoter hypermethylation that ranged from
6% to 12.5%[11,12,14,15]. More recently, preclinical data suggested
a relationship between hMLH1 deficiency and resistance to cis-
platin and carboplatin [16,17].

EZH2 can recruit the DNA methyltransferases DNMT1, DNMT3A,
and DNMT3B [18], resulting in DNA methylation and subsequent
gene silencing in certain circumstances [19]. A previous study
showed that trimethylation of H3K27 and EZH2 binding were en-
riched along the hypermethylated and silenced hMLH1 promoter
in colon cancer cells [20]. In addition, Vire et al. proposed that
EZH2 directly controls both the initiation and maintenance of DNA
methylation [18]. Thus, we hypothesized the existence of a link be-
tween EZH2 overexpression and hMLH1 silencing in association
with DNA methylation in ovarian cancer. However, the findings
we now present suggest that although EZH2 may function to hold
hMLH1 in a basal transcription state in the absence of DNA hyper-
methylation, it is not solely responsible for the maintenance of tran-
scriptional repression of the heavily methylated hMLH1 gene.

2. Materials and methods
2.1. Cell culture

The epithelial ovarian cancer (EOC) cell lines HO8910, SKOV3
and ES2 were obtained from the Center for Type Culture Collection
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of the Chinese Academy of Sciences (CTCCCAS, Shanghai, China),
A2780 was obtained from the China Center for Type Culture Collec-
tion (CCTCC, Wuhan, China), and OV2008 and C13* were obtained
from Dr. Rakesh Goel of the Ottawa Regional Cancer Center, Can-
ada. Cells were cultured at 37 °C in RPMI 1640 (Gibco, USA) supple-
mented with 10% heat-inactivated fetal bovine serum (Gibco, USA)
in a 5% CO, atmosphere.

2.2. Western blot analysis

The total protein from each sample was separated on a 10%
SDS-PAGE gel and subsequently transferred to a polyvinylidene
difluoride (PVDF) membrane (Bio-Rad, USA). The membranes were
incubated overnight with the following primary antibodies: rabbit
anti-EZH2 antibody (1:1000; Invitrogen, USA), mouse anti-hMLH1
antibody (1:500; BD Pharmingen, USA), rabbit anti-H3K27me3
antibody (1:1000; Cell Signaling Technology, USA), rabbit anti-
HDAC1 antibody (1:1000; Anbo Technology, China), and rabbit
anti-GAPDH antibody (1:1000; Santa Cruz, USA). The primary anti-
bodies were detected using anti-rabbit or anti-mouse secondary
antibodies (1:5000 dilution; Santa Cruz, USA), which were incu-
bated with the membrane for 2 h at room temperature and visual-
ized using an ECL system (Beyotime, China) via exposure to an X-
ray film in accordance with the manufacturer’s instructions.

2.3. Tissue specimens

Thirty epithelial ovarian cancer (EOC) tissue samples were ob-
tained from patients by surgical resection at the Department of
Gynecology (Untion Hospital, Tongji medical college, Huazhong
Science and Technology) between January 2005 and October
2010. These samples included ten serous cystadenocarcinomas,
three mucinous cystadenocarcinomas, eight endometrioid carcino-
mas, seven clear cell tumors and two undifferentiated tumors. Each
sample was divided into two portions; one was immediately fro-
zen in liquid nitrogen after resection, and the other was paraffin-
embedded after fixation by 10% formalin. The patients were be-
tween 42 and 73 years of age, with a median age of 53 years. The
histological diagnosis was confirmed by two pathologists in all
cases, and none of the patients had any preoperative treatment,
such as radiation or chemotherapy. The study was approved by
the ethics committee of Huazhong University of Science and Tech-
nology, Wuhan, China.

2.4. Immunohistochemistry

The immunohistochemistry for EZH2 (1:100; Invitrogen, USA)
and hMLH1 (1:200; BD Pharmingen, USA) was performed on for-
malin-fixed, paraffin-embedded tissue sections using steam heat-
induced epitope retrieval and the DAB chromogen (Boster, China).
Specimens were scored as positive for overexpression of EZH2
when >21% cells were positive, and specimens were scored as neg-
ative for overexpression when only 0-20% of the cells were posi-
tive. For hMLH1 expression, samples were considered positive if
>10% of cells had positive staining.

2.5. RNA isolation and real-time RT-PCR

Total RNA from the cell lines was isolated with TRIzol Reagent
(Invitrogen, USA) and reverse transcribed to cDNA with the Ex-
Script RT (Takara, China). The PCR primer pairs used had the fol-
lowing sequences: EZH2, upstream 5-TTGTTGGCGGAAGCGTGT
AAAATC-3' and downstream 5'-TCCCTAGTCCCGCGCAATGAGC-3';
hMLH1, upstream 5-CTGAAGGCACTTCCGTTGAG-3’ and down-
stream 5'-TGGCCGCTGGATAACTTC-3'; GAPDH, upstream 5'-GCA
CCGTCAAGGCTGAGAAC-3’ and downstream 5'-ATGGTGGTG
AAGACGCCAGT-3'. All reactions were performed on an Applied

Biosystems Step One Plus Real-Time System (Applied Biosystems,
USA). Real-time fluorescence monitoring of the PCR products was
performed with SYBR Green Realtime PCR Master MIX (TOYOBO,
China).

2.6. EZH?2 siRNA transient transfection

A2780, SKOV3, ES2, HO8910, OV2008 and C13* cells were trans-
fected with either a non-targeting control or an EZH2-targeting
small interfering RNA (siRNA) (GenePharma, Shanghai, China)
using Lipofectamine 2000 (Invitrogen, USA). At various time points
after transfection, cells were harvested and subjected to several
assays.

2.7. EZH2 shRNA stable transfection

A non-targeting or EZH2-targeting short hairpin RNA (shRNA)
was cloned into the SuperSilencing shRNA expression vector
(Genepharma, Shanghai, China) as previously shown [6]. C13*
and A2780 cells were transfected with Lipofectamine 2000 (Invit-
rogen, USA) according to the manufacturer’s instructions. The
transfected cells were selected with G418, and individual clones
were isolated.

2.8. Immunocytochemical staining

Immunocytochemistry for EZH2 (1:100; Invitrogen, USA) and
hMLH1 (1:200; BD Pharmingen, USA) was performed on 4% para-
formaldehyde-fixed cancer cells. The cells were subsequently
stained using the DAB chromagen (Boster, China). The coverslips
were viewed with a microscope (IX71, Olympus, Japan) equipped
with a CCD camera (Olympus, Japan) and IP-lab software.

2.9. Pyrosequencing analysis

The methylation status of specific cytosine residues in the
hMLH1 gene promoter was determined by pyrosequencing follow-
ing bisulfite modification of DNA extracted from cells and frozen
EOC tissues. The tumor specimens selected for DNA isolation had
high tumor cellularity. The DNA from cells and frozen tissues
was extracted with a Genomic DNA Extraction Kit (Tiangen Bio-
tech, China). Bisulfite modification was performed using a Bisul-
Flash™ DNA Modification Kit (Epigentek, USA). The modified
DNA was amplified by PCR with the following primers: forward
primer: 5-TTTAGGAGTGAAGGAGGT-3’' and reverse primer: Bio-
tin-5'-BIOTIN-CCCTATACCTAATCTATC-3'. After PCR, the biotinyla-
ted strand was captured on streptavidin-coated beads (Biotage
AB, USA) and incubated with a sequencing primer: 5'-GTTTTGAYG-
TAGAYGTTTTATTAGGGT-3'. A 50-pul PCR product was used for
pyrosequencing with a Pyro Gold SNP Reagent Kit (Biotage AB,
USA) and a PyroMark Q96 ID (Qiagen, Germany) according to the
manufacturer’s instructions.

2.10. Statistical analysis

Statistical analyses, including the t-test, Pearson correlation,
and Fisher’s exact test, were performed using SPSS for Windows
version 13.0 (SPSS Inc, Chicago, IL, USA). A P-value of less than
0.05 was considered to be statistically significant.

3. Results

3.1. hMLH1 promoter methylation is inversely associated with hMLH1
expression but not with EZH2 expression in EOC cell lines

The expression of EZH2 and hMLH1 were investigated in six
ovarian cancer cell lines (A2780, ES2, OV2008, C13* SKOV3,
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HO8910). The Western blot data showed that EZH2 protein was
detectable in all cell lines tested, whereas hMLH1 protein was ex-
pressed in ES2, C13* SKOV3 and HO8910 and was not expressed in
A2780 or OV2008 (Fig. 1A). The levels of EZH2 and hMLH1 mRNA
in these cell lines, was judged by real-time RT-PCR, were well cor-
related with their respective protein levels. All cell lines expressed
a higher level of EZH2 mRNA but showed varied expression levels
of hMLH1 mRNA. The levels of hMLH1 mRNA were especially low
in the A2780 and OV2008 cell lines (Fig. 1B).

DNA methylation levels in the promoter region of hMLH1 were
measured by pyrosequencing. A2780 and OV2008 cells had signif-
icantly higher methylation levels (94.67 + 1.53% and 94.63 + 0.82%,
respectively). The mRNA expression of hMLH1 was significantly in-
versely correlated with its DNA methylation level (Fig. 1C, Pearson
correlation, r = —0.943, P = 0.005), suggesting an important role for
cytosine methylation in controlling hMLH1 expression. However,
the expression of EZH2 mRNA and the level of hMLH1 methylation
were not correlated (Fig. 1D, Pearson correlation, r=0.599,
P=0.209).

3.2. EZH2 overexpression correlates with the loss of hMLH1 in EOC
tissues

To investigate the association between EZH2 expression,
hMLH1 expression, and DNA methylation in the hMLH1 promoter
region in tissues of EOC patients, we performed immunohisto-
chemical staining for EZH2 and hMLH1 as well as pyrosequencing
for hMLH1 methylation on 30 EOC tissue specimens. EZH2 and
hMLH1 were predominantly expressed in the nuclei of the epithe-
lial cancer cells; the staining intensity in the cytoplasm was mini-
mal. Positive EZH2 staining was found in 20 (66.7%) cases. Positive
hMLH1 staining was observed in 14 (46.7%) cases, eight of which
(57.14%) were EZH2 negative. Among the 16 cases without detect-
able hMLH1 expression, 14 (87.5%) were EZH2 positive (represen-
tative results shown in Fig. 2A). The correlation between the
expression of EZH2 and hMLH1 was significant (Table 1, Fisher’s
exact test, P=0.019). These findings suggest that EZH2 expression
inversely correlates with hMLH1 expression.
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The methylation of hMLH1 occurred more frequently in
hMLH1-negative tumors (33.99 + 16.00%) compared to those with
positive hMLH1 expression (19.43 +11.43%; Student’s t-test,
P=0.007; Fig. 2B). This finding suggests a correlation between
the promoter methylation and gene silencing of hMLH1. However,
the hMLH1 methylation levels did not correlate with EZH2 protein
expression (Fig. 2C, Student’s t-test, P = 0.435).

3.3. Downregulation of EZH2 activates the transcription of
unmethylated, basally expressed hMLH1

To determine whether EZH2 can independently affect hMLH1
gene expression, we downregulated EZH2 in cell lines using siRNA.
A marked decrease in EZH2 protein level was detected by Western
blot in all six EOC cell lines 72 h after transfection with EZH2-tar-
geted siRNA. This decrease was accompanied by a decrease in the
levels of the EZH2-specific chromatin H3K27me3 marks and the
levels of histone deacetylase 1 (HDAC1) in all cell lines. Addition-
ally, an increased level of hMLH1 protein was found in C13* ES2,
HO08910, and SKOV3 cells, but not in OV2008 and A2780 cells, in
which the hMLH1 promoter is hypermethylated (Fig. 3A). Real-
time RT-PCR revealed similar results on the mRNA level. The level
of EZH2 mRNA was markedly decreased in all six cell lines after
transfection with EZH2-targeted siRNA (Fig. 3B). Furthermore,
the level of hMLH1 mRNA increased from 1.5-fold to 2.3-fold after
EZH2 downregulation in the four unmethylated cell lines C13*, ES2,
HO08910, and SKOV3 (C13*, 2.1-fold; ES2, 2.3-fold; HO8910, 1.5-
fold; SKOV3, 1.7-fold) (Fig. 3C). In contrast, the mRNA expression
of hMLH1 was unaffected in OV2008 and A2780 cells. Moreover,
immunocytochemical staining demonstrated that the level of
hMLH1 protein expression was restored in the nucleus after
EZH2 depletion in ES2 cells (Fig. 3D), confirming that EZH2 overex-
pression downregulates hMLH1 protein expression in ovarian can-
cer cells.

Given that the transient downregulation of EZH2 might not al-
low enough time for gene re-expression or sufficient depletion of
EZH2 to fully affect its catalyzed mark, we also stably downregu-
lated EZH2 in C13* and A2780 cells using a SuperSilencing shRNA
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Fig. 1. Expression of EZH2 and hMLH1 in EOC cell lines. (A) Western blot analysis of EOC cell lines for EZH2 and hMLH1 with GAPDH as a loading control. (B) Real-time RT-
PCR analysis of EZH2 and hMLH1 expression in EOC cell lines. (C) Association of hMLH1 methylation levels and mRNA expression in EOC cell lines (Pearson correlation, r = -
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Fig. 2. EZH2 overexpression correlates with the loss of hMLH1 expression in EOC patients. (A) hMLH1 protein detected by immunohistochemical staining in tissue specimens
from EOC patients. Histological appearance of the EOC specimens stained with H&E (hematoxylin and eosin) and immunohistochemistry for EZH2 and hMLH1 proteins were
performed using two continuous thin tissue sections to show the inverse correlation of the expression of EZH2 and hMLH1 proteins in individual cancer cells. In case 17, EZH2
overexpression is observed in EOC cancer cells when hMLH1 expression was negative. Conversely, hMLH1 was expressed when EZH2 was negative in case 20. (B) Methylation
levels of hMLH1 in EOC patients with positive and negative hMLH1 staining (Student’s t-test, P = 0.007). (C) Methylation levels of hMLH1 in EOC patients with positive and

negative EZH2 staining (Student’s t-test, P = 0.435, ns).

Table 1
Association between hMLH1 and EZH2 protein expression in EOC patients.
hMLH1 P
Positive Negative
EZH2
Positive 6(30.0%) 14(70.0%) 0.019
Negative 8(80.0%) 2(20.0%)

" P values were based on Fisher exact tests.

expression vector with a short hairpin loop that targets EZH2. Wes-
tern blot and real-time RT-PCR analyses showed that downregula-
tion of EZH2 induced a significant increase of hMLH1 in C13* cells,
which lack DNA methylation, but not in hypermethylated A2780
cells. These results are similar to those obtained using the transient
approach (Fig. 3A, E and F).

3.4. Downregulation of EZH2 does not affect DNA methylation levels of
the hMLH1 promoter

Finally, we were interested in whether the DNA methylation
status of hMLH1 accounts for the hMLH1 expression mediated by
EZH2 downregulation. However, we failed to observe any signifi-

cant reduction in DNA methylation at the hMLH1 promoter in cell
lines after either the transient (Fig. 4B) or the stable (Fig. 4A-C)
downregulation of EZH2, suggesting downregulation of EZH2 is
not sufficient to affect the DNA methylation levels of the hMLH1
promoter.

4. Discussion

Loss of MMR capacity may represent an important tumor-initi-
ating mechanism in ovarian cancer. Previous studies reported that
hMLH1 expression is reduced in up to 47.6% of ovarian cancers
[11,21,22], whereas hMLH1 promoter methylation is only respon-
sible for hMLH1 reduction in 6-12.5% of sporadic ovarian cancers
[15,23]. The discovery of novel strategies to restore hMLH1 expres-
sion and function is highly desirable for developing therapies for
women with hMLH1-deficient tumors. The mechanism of hMLH1
regulation by EZH2 demonstrated above may shed some light on
this topic.

Epigenetics is emerging as an essential aspect of cell-lineage
determination and maintenance mechanisms. DNA methylation
and histone modification control epigenetic phenomena, particu-
larly histone methylation. Recently, Vire et al. reported that EZH2
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Fig. 3. Downregulation EZH2 leads to re-expression of hMLH1 when the promoter is not associated with dense DNA methylation in EOC cell lines. (A) Western blot analysis.
Left panels, protein extracts were probed for EZH2, hMLH1, H3K27me3, HDAC1 and GAPDH in ES2 and A2780 cells transiently transfected with EZH2 siRNA or control siRNA;
right panels, protein extracts were probed for EZH2, hMLH1, H3K27me3, HDAC1 and GAPDH in C13* and A2780 cells stably transfected with either EZH2 shRNA or control
shRNA. (B and C) Real-time RT-PCR analysis of EZH2 and hMLH1 in C13* ES2, HO8910, SKOV3, 0V2008 and A2780 cells transiently transfected with EZH2 siRNA or control
siRNA. GAPDH was used as a loading control. EZH2 mRNA expression levels are shown in B, and hMLH1 mRNA expression levels are shown in C. (D) Immunocytochemical
staining of EZH2 and hMLH1 in ES2 cells transiently transfected with either EZH2 siRNA or control siRNA. E and F, real-time RT-PCR analysis of EZH2 and hMLH1 in C13* and
A2780 cells stably transfected with either EZH2 shRNA or control shRNA. GAPDH was used as a loading control. EZH2 mRNA expression levels are shown in E, and hMLH1
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can directly control DNA methylation; EZH2 interacts with DNMTs
and can affect DNMT activity in vivo, and knockdown of EZH2 or
DNMTs markedly increases the expression of their target genes.
These effects permit the two processes that can repress gene
expression, histone methylation and DNA methylation, to act in
concert [18]. Although EZH2 is required for DNA methylation initi-
ation, it is not essential for maintaining DNA methylation and gene
silencing. Kelly et al. showed that although depletion of EZH2
could induce the re-expression of its nonmethylated target genes,
it could not affect the expression of fully silenced and hypermethy-
lated genes. Contrary to Vire's results, Kelly et al. failed to observe a
significant reduction of DNA methylation at the promoters regions
of EZH2-taget genes MYT1 and WNT1 after EZH2 knockdown [24].
Similarly, Kondo et al. found that downregulation of EZH2 restored
expression of the H3K27me3 target genes alone or in synergy with
histone deacetylase inhibition without affecting promoter methyl-
ation and restored expression of genes silenced by DNA hyperme-
thylation [25]. Consistent with Kelly and Knodo’s studies, we found

that EZH2 downregulation resulted in increased expression of
unmethylated, basally expressed hMLH1, but did not induce re-
expression of the silent hMLH1 gene, which was frequently DNA-
methylated in the EOC cell lines A2780 and OV2008. Furthermore,
reduction of EZH2 did not significantly affect the levels of hMLH1
promoter methylation, suggesting that EZH2 has cell- and gene-
specific gene silencing mechanisms. When these genes are not reg-
ulated by DNA methylation and when the expression is at basal
levels, depletion of EZH2 can induce increased transcription. Addi-
tionally, reduction of EZH2 does not significantly affect the levels
of hMLH1 promoter methylation, indicating that EZH2 plays a
key role in the downregulation of hMLH1, independent of pro-
moter methylation. Therefore, EZH2 likely regulates hMLH1
through another pathway.

Fujii et al. showed that the levels of H3K27me3 and HDAC1
bound to the promoter of the EZH2-target gene RUNX3 were sig-
nificantly reduced after knockdown of EZH2, and the decreases in
H3K27me3 and HDAC1 were inversely correlated with the increase
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Fig. 4. EZH2 depletion does not reduce hMLH1 promoter methylation. (A) Pyrosequencing of the hMLH1 promoter in A2780 and C13* cells stably transfected with EZH2
shRNA or control shRNA. (B) DNA methylation levels of the hMLH1 promoter in C13*, ES2, HO8910, SKOV3, 0V2008 and A2780 cells transiently transfected with either EZH2
siRNA or control siRNA, evaluated by pyrosequencing analysis. (C) DNA methylation levels of hMLH1 promoter in C13* and A2780 cells stably transfected with either EZH2
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in expression of the RUNX3 gene. In their study, EZH2 knockdown
restored the RUNX3 transcript levels without any change in the
DNA methylation status of the RUNX3 promoter region. RUNX3
expression also increased upon treatment with the deacetylase
inhibitor TSA. These findings strongly indicate that EZH2 and HDAC1
act synergistically to downregulate RUNX3 expression. Similarly, we
found that downregulation of EZH2 was associated with a global de-
crease in H3K27me3 and HDAC1, suggesting that downregulation of
hMLH1 may be mediated by both H3K27me3 and histone deacety-
lation, although further studies are needed to verify this hypothesis.

The regulatory mechanisms of EZH2 towards its target genes
have been increasingly studied. Studies have shown that EZH2
overexpression is sufficient for activation of the phosphoinositide
3-kinase/Akt (PI3K/Akt) pathway, specifically through the activa-
tion of Akt isoform 1, which in turn results in dysregulation of
BRCA1 expression and genomic stability [26]. Moreover, several
noncoding RNAs (ncRNAs) have been shown to interact with
EZH2 and may facilitate its recruitment to some target genes, such
as HOTAIR and Xist [27,28]. Another significant study reported that
EZH2 targets many components of key signaling pathways through

the epigenetic silencing of tumor suppressor microRNAs (miRNAs)
in hepatocellular carcinoma (HCC). For example, DVL1, a member
of the Wnt signaling pathway, and CACNG3, a member of the
MAPK/ERK signaling pathway, are predicted targets of miR-139, a
well-characterized EZH2-target miRNA [29]. Although various
functions of EZH2 have been identified, its modulatory mecha-
nisms are complex and have not yet been fully explored.

In this study, we described, for the first time, that EZH2 can
function as a modulator of hMLH1 expression when the promoter
of hMLH1 is not associated with frequent DNA methylation. Our
results suggest that downregulation of hMLH1 may be one path-
way by which EZH2 affects tumor progression and response to che-
motherapy in ovarian cancer.
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