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EZH?2 inhibition sensitizes tamoxifen-resistant breast
cancer cells through cell cycle regulation
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Abstract. Enhancer of zeste homologue 2 (EZH2), a catalytic
subunit of polycomb repressive complex 2, is overexpressed
in a number of different tumors including breast cancer, and
serves important roles in cell cycle regulation, proliferation,
apoptosis, tumorigenesis and drug resistance. However, it
remains unclear whether EZH?2 contributes to tamoxifen
resistance in breast cancer. In the present study, the role of
EZH2 in tamoxifen resistance in MCF-7 cells was investi-
gated. EZH?2 was overexpressed in MCF-7 tamoxifen-resistant
(MCF-7 TamR) cells. EZH2 overexpression decreased the
sensitivity of MCF-7 cells to tamoxifen, and EZH?2 knock-
down improved the sensitivity of MCF-7 TamR cells to
tamoxifen. Furthermore, EZH2 knockdown induced cell cycle
arrest in MCF-7 TamR cells, accompanied by a decrease in
cyclin D1 expression and an increase in pl6 expression. EZH2
knockdown reduced pl6 gene methylation in MCF-7 TamR
cells. These findings suggested that EZH2 overexpression
may contribute to tamoxifen resistance in breast cancer, and
EZH?2 inhibition may reverse tamoxifen resistance in breast
cancer by regulating the cell cycle via the demethylation of the
pl6 gene. Thus, EZH?2 inhibitors may be effective for treating
tamoxifen resistance in breast cancer.
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Introduction

Breast cancer is a leading cause of death in women worldwide (1).
Tamoxifen, a selective estrogen receptor modulator (SERM), is
one of the most effective endocrine therapy for estrogen receptor
(ER)-positive breast cancer (2). However, approximately
30-40% of ER-positive breast cancer patients do not respond
to tamoxifen endocrine therapy, and moreover, tumors that
initially respond to tamoxifen treatment develop resistance to
this drug over time (3,4). The mechanisms underlying tamoxifen
resistance are complex and remain unclear, although loss of ER
expression or dysregulation of ER co-regulators, and activation
of many kinases such as the receptor tyrosine kinase have been
found to contribute to tamoxifen resistance (5).

Enhancer of zeste homologue 2 (EZH2), as a histone meth-
yltransferase, is a catalytic subunit of polycomb repressive
complex 2 (PRC2) which induces transcriptional inhibition
through the tri-methylation of lysine residue 27 on histone H3
(H3K27m3) (6). Abnormal activities of DNA methyltransfer-
ases lead to epigenetic changes of many genes that contribute
to carcinogenesis (7). EZH2 plays an important role in many
cellular processes such as cell cycle regulation, proliferation,
apoptosis, tumorigenesis, and drug resistance (8-10). EZH2
has been found to be overexpressed in a wide range of tumors
such as osteosarcoma (11), breast cancer (12), and prostate
cancer (13). EZH2 overexpression is associated with poor
clinical outcomes (14,15). Inhibition of EZH2 may represent
a promising therapeutic strategy for anticancer treatment (16).

Breast cancer is a heterogeneous disease that includes
different subtypes defined by ER, progesterone receptor
(PR), and human epidermal growth factor receptor 2 (HER2).
In addition, Jang et al (17) reported that high EZH?2 protein
expression was associated with poor survival in patients with
Luminal A breast cancer. Moreover, high EZH2 expression
has been reported to be associated with unfavorable outcome
in the ER-positive breast cancer patients following tamoxifen
treatment (18). Therefore, it appears that EZH?2 overexpression
may contribute to tamoxifen resistance in ER-positive breast
cancer. However, the role of EZH?2 in tamoxifen resistance has
not been investigated yet.
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In the present study, we established a tamoxifen resistant
MCEF-7 breast cancer cell line, and investigated the role of
EZH?2 in tamoxifen resistance. The purpose of this study
was to explore the mechanisms by which EZH2 mediated
tamoxifen resistance in breast cancer cells.

Materials and methods

Cell culture. The human breast cancer cell line MCF-7 was
obtained from the American Type Culture Collection (ATCC,
Rockville, MD,USA). MCF-7 cells were cultured in Dulbecco's
Modified Eagle Medium (DMEM; Biological Industries,
Beit-Haemek, Israel) supplemented with 10% fetal bovine
serum (FBS; Biological Industries), 100 IU/ml penicillin, and
100 IU/ml streptomycin (Beyotime, Shanghai, China).

MCF-7 tamoxifen resistant (MCF-7 TamR) cells were
selected from MCF-7 parental cells after treatment with
4-hydroxytamoxifen (4-OH TAM; Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany) for 10 months as previously
reported (19) with some modifications. Briefly, MCF-7 cells
were cultured in the phenol red-free RPMI 1640 medium
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA).
Cells were treated with 1 uM 4-OH TAM for 21 days, followed
by incubation with TAM-free medium for 7 days. Survived
cells were diluted to obtain the monoclonal cells, which were
further cultured in 1 uM 4-OH TAM for 10 months. MCF-7
parental cells grown in the RPMI 1640 medium with 0.1%
ethanol (vehicle) for 10 months were used as control cells.
All cultures were maintained in a 5% CO,, 37°C, and 95%
humidity cell culture incubator.

Cell viability assays. Cell viability was assessed using the 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide
(MTT) assay. Briefly, cells were plated into 96-well plates
at a density of 500 cells/well. Cells were cultured for 24 h,
and then were treated with different concentrations of 4-OH
TAM (0-18 uM) for 2 days. MTT solution (20 pl; Solarbio,
Beijing, China) was added to each well at a final concentration
of 0.05 mg/I and incubated for 4 h. After MTT solution was
removed, 150 ul DMSO was added to each well, and mixed
carefully. The plate was read at a wavelength of 570 nm in
a microplate reader (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). All experiments were performed in triplicated and
repeated at least three times.

RNA isolation and RT-qPCR assays. Total RNA was isolated
from cells using Trizol reagent (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA). Complementary DNA
was synthesized with 1 ug of total RNA in a 10 ul of a reac-
tion mixture (Promega Corporation, Madison, WI, USA)
according to the manufacturer's instruction. Quantitative
RT-PCR was performed using SYBR Green real-time qPCR
kit (Toyobo Life Science, Osaka, Japan) in the Agilent
Technologies Stratagene Mx3000P (Agilent Technologies,
Inc., Santa Clara, CA, USA). The primer sequences were
as follows: 5'-AGGACGGCTCCTCTAACCAT-3' (sense)
and 5-CTTGGTGTTGCACTGTGCTT-3' (antisense) for
EZH2; and 5-TGACGTGGACATCCGCAAAG-3' (sense)
and 5-CTGGAAGGTGGACAGCGAGG-3' (antisense) for
B-actin. The PCR amplification conditions were 10 min
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at 95°C, followed by 40 cycles at 94°C for 15 sec, 60°C for
45 sec and 72°C for 20 sec. Quantitative RT-PCR assays were
conducted on a MxPro-Mx3000P (Standalone) Comparative
Quantitation (Agilent Technologies, Inc.). All quantitative
RT-PCRs were performed in triplicate.

Plasmid construction and transfection. The human genomic
cDNA of the EZH2 (NM_004456.4) was amplified by PCR
and was subcloned into the Xhol/Kpnl site of pcDNA3.1 (+)
vector (cat. no. V79020; Invitrogen; Thermo Fisher Scientific,
Inc.). The primer sequences were shown in Table I. The
construct of the EZH2 expression vector was confirmed by
DNA sequencing. MCF-7 cells were transfected with the EZH?2
expression vector or control vector using Lipofectamine 2000
Transfection Reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions. The trans-
fection efficiency was confirmed by western blot analysis.
After transfection for 72 h, cells were used for MTT assay,
western blot analysis, and flow cytometry.

SiRNA transfection. Cells were seeded into six-well plates at
a density of 1.5x10° cells/well. Then, siRNAs against EZH2
(target sequence: 5'-CAGACGAGCTGATGAAGTAAA-3'; cat.
no. SI00063966; Qiagen GmbH, Hilden, Germany) or negative
control siRNAs (target sequence: 5-AATTCTCCGAACGTG
TCACGT-3; cat. no. 1022076; Qiagen, Hilden, Germany) (20)
were transfected into cells using Lipofectamine 2000
Transfection Reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's recommendations. The
transfection efficiency was confirmed by western blot analysis.
After transfection, cells were used for MTT assay, western blot
analysis, and flow cytometry.

Western blot analysis. Cells were homogenized in ice-cold
RIPA lysis buffer (Beyotime, Shanghai, China) supplemented
with 1 mM phenylmethylsulfonyl fluoride (PMSF) (Solarbio)
as previously described (21). Protein concentrations were
determined using Bicinchoninic Acid Kit (Beyotime). Then,
equal amounts of protein (10-20 ug) were separated by 12%
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
electrically transferred to PVDF membranes (GE Healthcare,
Chicago, IL, USA). The membranes were blocked with 5%
fat-free milk followed by incubation with primary antibodies
against EZH2 (mouse anti-human polyclonal antibody, dilu-
tion 1:2,500; cat. no. abl68764; Abcam, Cambridge, MA,
USA), cyclin D1 (rabbit anti-human polyclonal antibody, dilu-
tion 1:1,000; cat. no. AB32262; Absci, Vancouver, WA, USA),
pl6™ (rabbit anti-human polyclonal antibody, dilution 1:1,000;
cat. no. 10883-1-AP; Wuhan Sanying Biotechnology, Wuhan,
China), ER (rabbit anti-human polyclonal antibody, dilution
1:500; cat. no. 21244-1-AP; Wuhan Sanying Biotechnology),
phosphorylated AKT (rabbit anti-human monoclonal antibody,
dilution 1:2,000; cat. no. 4060; Cell Signaling Technology,
Inc., Danvers, MA, USA), AKT (mouse anti-human mono-
clonal antibody, dilution 1:2,000; cat. no. 2920; Cell Signaling
Technology, Inc.), phosphorylated ERK1/2 (rabbit anti-human
monoclonal antibody, dilution 1:2,000; cat. no. 4370; Cell
Signaling Technology, Inc.), or ERK1/2 (rabbit anti-human
monoclonal antibody, dilution 1:1,000; cat. no. 4695; Cell
Signaling Technology, Inc.) at 4°C overnight. The membranes
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Oligo name Primer sequence Product size (bp)
EZH2-F 5'-TTTAAACTTAAGCTTGGTACCATGGGCCAGACTGGGAAG-3' 2,256
EZH2-R 5'-AACGGGCCCTCTAGACTCGAGTCAAGGGATTTCCATTTCTC-3'

pl6 MF 5-TTATTAGAGGGTGGGGCGGATCGC-3' 150

pl6 MR 5'-GACCCCGAACCGCGACCGTAA-3'

P16 UF 5-TTATTAGAGGGTGGGGTGGATTGT-3' 151

P16 UR 5'-CAACCCCAAACCACAACCATAA-3

EZH?2, enhancer of zeste homologue 2; F, forward; R, reverse; MF, forward for methylation analysis; MR, reverse for methylation analysis; UF,
forward for unmethylation analysis; UR, reverse for unmethylation analysis.

were then incubated with horseradish peroxidase-linked
goat anti-rabbit/mouse secondary antibody (dilution
1:5,000, OriGene Technologies, Inc., Beijing, China) at
room temperature for 1.5 h. B-actin (mouse anti-human
monoclonal antibody, dilution 1:1,000; cat. no. TA-09;
OriGene Technologies, Inc.) was used as a loading control.
Bands were visualized using a chemiluminescence detec-
tion system, and was analyzed using the Tanon Gis software
(Tanon, China).

Flow cytometry. Cell cycle analyses were performed by flow
cytometry. Briefly, after transfection with pcDNA3.1-EZH2
or control pcDNA3.1 as well as siEZH2 or control siRNAs
for 72 h, MCF-7 TamR and parental cells were seeded into
six-well plates and treated with 4-OH TAM (8 yM) for 48 h.
Then, cells were collected, washed, fixed with 75% ethanol at
-20°C for 24 h. Cells stained with the propidium iodide (PI)
at a final concentration of 10 yl/ml for 30 min in the dark.
Data acquisitions were performed using a flow cytometer
(BD FACSCalibur™; BD Biosciences, Franklin Lakes, NJ,
USA). The percentage of cells in the G1, S, and G2 phases
was analyzed. All experiments were repeated at least three
times.

Methylation analysis by methylation-specific PCR (MSP).
After transfection with pcDNA3.1-EZH2 or control
pcDNA3.1 as well as siEZH?2 or control siRNAs for 72 h,
MCF-7 TamR and parental cells were treated with 4-OH
TAM (8 uM) for 48 h. Total DNA was extracted from cells
using the cell/tissue genomic DNA extraction kit (Beijing
Transgen Biotech Co., Ltd., Beijing, China) according to the
manufacturer's instructions. DNA (1 pg) was bisulfite-treated
with the CpGenome™ DNA modification kit (EMD Millipore,
Billerica, MA, USA) according to the manufacturer's protocol.
Methylation-specific PCR was carried out to investigate the
methylation status of the pl6 gene. PCR primers specific to
unmethylated and methylated bisulfite-modified DNA (22) are
shown in Table I. PCR reactions were performed as follows:
95°C for 10 min, 94°C for 30 sec, annealing at 62°C for 30 sec,
and extension at 72°C for 30 sec; a total of 40 cycles; followed
by a final extension at 72°C for 10 min. PCR products were
separated by 2% gel electrophoresis, and the density of the
methylated band (M) or the unmethylated (U) bands were
used to assess the methylation levels of pl6. Results from

triplicate experiments were used to determine methylation
status.

Statistical analysis. Data analyses were performed using the
SPSS 16.0 software package (SPSS, Inc., Chicago, IL, USA).
Quantitative data are expressed as mean = SEM. Student's
t test was used to compare differences among groups. P<0.05
was considered to indicate a statistically significant difference.

Results

EZH?2 is overexpressed in MCF-7 TamR cells. We generated
MCF-7 TamR cells by treating MCF-7 parental cells with
4-OH TAM for 10 months. MTT assays showed that in the
presence of 2 uM 4-OH TAM, cell viability of both MCF-7
parental and TamR cells was increased in a time-dependent
manner, and the growth was faster for MCF-7 TamR cells
compared with their parental cells. At 6 days after 2 uM
4-OH TAM treatment, cell viability of MCF-7 parental cells
was significantly lower compared with MCF-7 TamR cells
(P<0.05; Fig. 1A). In addition, in the presence of 4-OH TAM,
cell viability of MCF-7 parental cells was decreased in a
concentration-dependent manner, and cell viability of MCF-7
TamR cells was significantly higher than that of MCF-7
parental cells at concentrations =4 yM 4-OH TAM for 2 days
(P<0.05; Fig. 1B). These results indicated that MCF-7 TamR
cells were resistant to tamoxifen.

We further investigated EZH?2 expression in MCF-7 TamR
cells. Quantitative RT-PCR results showed that the EZH2
mRNA expression was significantly higher in MCF-7 TamR
cells than in MCF-7 parental cells (P<0.05; Fig. 1C). Western
blot analysis showed that EZH2 expression was significantly
increased in MCF-7 TamR cells compared with MCF-7
parental cells (P<0.01; Fig. 1D). The treatment of 4-OH
TAM decreased the EZH2 expression levels in a dose- and
time-dependent manner (Fig. 1E and F). We also examined the
ER expression levels in MCF-7 TamR cells and their parental
cells, and found that there was not significant different from
these two cell lines (Fig. 1D).

EZH?2 overexpression decreases tamoxifen sensitivity of
MCF-7 cells. We then investigated the role of EZH?2 in tamox-
ifen sensitivity by transfecting MCF-7 parental cells with
pcDNA3.1-EZH2 expression vectors. Western blot analysis
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Figure 1. EZH2 was overexpressed in TamR MCF-7 cells. An MTT assay revealed the cell viabilities of MCF-7 TamR and the parental cells in the presence
of (A) 2 uM 4-OH TAM for 2-6 days (n=3) and (B) different concentrations of 4-OH TAM (2-18 uM) for 2 days (n=3). "P<0.05 and “"P<0.01 vs. MCF-7 cells.
(C) Reverse transcription-quantitative polymerase chain reaction analysis showed the expression of EZH2 mRNA in MCF-7 TamR and their parental cells.
B-actin was used as a loading control (n=3). "P<0.05, as indicated. (D) Western blot analysis revealed the protein expression of EZH2 or ER in MCF-7 TamR
and their parental cells. B-actin was used as a loading control. “P<0.01, as indicated. Western blotting assay showed the protein expression of EZH2 in MCF-7
TamR and parental cells in the presence of (E) 12 uM 4-OH TAM for 0-3 days and (F) different concentrations of 4-OH TAM (0-12 uM) for 2 days. [3-actin
was used as a loading control. EZH2, enhancer of zeste homologue 2; 4-OH TAM, 4-hydroxytamoxifen; ER, estrogen receptor; TamR, tamoxifen resistant.

showed that EZH?2 expression was significantly increased
in MCF-7 parental cells transfected with pcDNA3.1-EZH2
vectors (Fig. 2A). MTT assays showed that cell viability of
EZH2-overexpressing MCF-7 cells was significantly increased
in the presence of 4-OH TAM (=4 uM) compared with
control cells (P<0.05; Fig. 2B). In addition, cell viability of
EZH2-overexpressing MCF-7 cells was significantly increased
after 8 yM 4-OH TAM treatment for 48-72 h compared with
control cells (P<0.01; Fig. 2C). These results suggested that
EZH2 overexpression decreased tamoxifen sensitivity of
MCF-7 cells.

EZH?2 knockdown increases tamoxifen sensitivity of MCF-7
TamR cells. We further investigated whether EZH?2 inhibition
increased the sensitivity of MCF-7 TamR cells to tamoxifen,
using siRNAs against EZH2. Western blot analysis showed
that EZH?2 expression was decreased in MCF-7 TamR cells
transfected with EZH2-siRNAs (Fig. 2D). MTT assays
showed that cell viability of MCF-7 TamR cells treated with
EZH2-siRNAs was significantly decreased in the presence of

4-OH TAM compared with control cells (P<0.05; Fig. 2E). Cell
viability of MCF-7 TamR cells treated with EZH2-siRNAs
was significantly decreased after 8 uM 4-OH TAM treatment
for 72 h compared with control cells (P<0.01; Fig. 2F). These
findings suggested that EZH?2 knockdown increased the sensi-
tivity of MCF-7 TamR cells to 4-OH TAM.

EZH?2 knockdown induces cell cycle arrest in MCF-7 TamR
cells. To understand the role of EZH?2 in cell growth of MCF-7
TamR cells, we performed cell-cycle analysis in MCF-7 TamR
cells treated with EZH2-siRNAs. Flow cytometry results
showed that the percentage of cells in the GO/G1 phase was
significantly increased and the percentage of cells in the
S phase was significantly decreased in MCF-7 TamR cells
treated with EZH2-siRNAs compared with control cells
(P<0.05; Fig. 3A and B), suggesting that EZH2 knockdown
induced cell cycle arrest in MCF-7 TamR cells.

We then examined the role of EZH2 in cell cycle of
MCEF-7 parental cells by overexpressing pcDNA3.1-EZH?2
vectors. Flow cytometry results showed that the percentage
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Figure 2. Role of EZH?2 in tamoxifen sensitivity. (A) Representative western blot analysis of the protein expression of EZH2 in MCF-7 cells transfected with
pcDNA3.1-EZH?2 expression vectors or pcDNA3.1 empty vectors for 72 h. $-actin was used as a loading control. (B) MTT assay revealed the cell viability of
MCF-7 cells transfected with pcDNA3.1-EZH2 expression vector or pcDNA3.1 vector for 72 h. Cells were treated with different concentrations of 4-OH TAM
(0-14 uM) for 48 h (n=3). (C) MTT assay showed the cell viability of MCF-7 cells transfected with pcDNA3.1-EZH2 expression vector or pcDNA3.1 vector
for 72 h. Cells were treated with 4-OH TAM (8 uM) for 0-72 h (n=3). "P<0.05 and “P<0.01 vs. pcDNA3.1 vector. (D) Representative western blot analysis
of the protein expression of EZH2 in MCF-7 TamR cells transfected with siRNAs against EZH?2 or control siRNAs for 72 h. f-actin was used as a loading
control. (E) MTT assay showed the cell viability of TamR MCF-7 cells transfected with siRNAs against EZH2 or control siRNAs for 72 h. Cells were treated
with different concentrations of 4-OH TAM (0-16 uM) for 48 h (n=3). (F) MTT assay showed the cell viability of MCF-7 TamR cells transfected with siRNAs
against EZH2 or control siRNAs for 72 h. Cells were treated with 4-OH TAM (8 uM) for different times 0-72 h (n=3). ‘P<0.05 and “P<0.01 vs. control siRNAs.
EZH2, enhancer of zeste homologue 2; 4-OH TAM, 4-hydroxytamoxifen; TamR, tamoxifen resistant; siRNA, small interfering RNA.

of cells in the GO/G1 phase was significantly decreased in
EZH2-overexpressing MCF-7 cells compared with control
cells (P<0.01; Fig. 3C and D). These results further suggested
that EZH?2 overexpression promoted cell cycle progression in
MCF-7 cells.

Since cell cycle progression is promoted by cyclin-dependent
kinases (CDKs) such as cyclin D1 and inhibited by CDK
inhibitor pl6, we then investigated the role of EZH2 in the
expression of cyclin D1 and p16 in MCF-7 TamR cells. Western
blot analysis showed that EZH2 knockdown significantly
reduced cyclin DI expression and increased p16 expression in
MCEF-7 TamR cells (P<0.01; Fig. 3E and F). In contrast, EZH2
overexpression increased cyclin D1 expression and decreased
p16 expression in MCF-7 parental cells (P<0.01; Fig. 3E and F).

EZH?2 knockdown decreases pl6 gene methylation in MCF-7
TamR cells. We further investigated the role of EZH?2 in p16
methylation in MCF-7 TamR cells and their parental cells,
using methylation-specific PCR. As shown in Fig. 4A, EZH2
knockdown significantly decreased the DNA methylation
level, but increased the unmethylation level of pl6 in MCF-7
TamR cells (P<0.05; Fig. 4A). In contrast, EZH?2 overexpres-
sion significantly increased the DNA methylation level, but

decreased unmethylation level of p16 in MCF-7 cells (P<0.05;
Fig. 4B).

The AKT and ERK signaling pathways are involved in EZH?2
expression in MCF-7 TamR cells. It has been reported that
AKT and ERK signaling pathway regulates EZH?2 expression
in breast cancer (12,23,24). We then examined the expression
of phosphorylated AKT, AKT, phosphorylated ERK1/2 and
ERK1/2 in MCF-7 parental and TamR cells. Western blot
analysis showed that the expression level of phosphorylated
AKT, AKT, phosphorylated ERK1/2 and ERK1/2 was signifi-
cantly lower in MCF-7 TamR cells compared with MCF-7
parental cells (P<0.01; Fig. 5A and B). These results suggested
that the AKT and ERK signaling pathways are involved in
EZH2 expression in MCF-7 TamR cells.

Discussion

In the present study, we examined EZH2 expression in MCF-7
TamR cells, and found that EZH2 expression was significantly
increased in MCF-7 TamR cells compared with parental
control cells. We further found that EZH2 overexpression
decreased the sensitivity of MCF-7 cells to tamoxifen, and
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Figure 3. EZH2 affected the cell cycle in MCF-7 TamR and their parental cells. (A) Representative flow cytometry of the cell-cycle distribution in MCF-7
TamR cells transfected with siRNAs against EZH2 or control siRNAs for 72 h. Cells were treated with 8 uM 4-OH TAM for 48 h. (B) The percentages of
MCF-7 TamR cells transfected with siRNAs against EZH2 or control siRNAs in the GO/GI1, S and G2/M phases (n=3). (C) Representative flow cytometry
depicting the cell-cycle distribution in MCF-7 cells transfected with pcDNA3.1-EZH?2 expression vector or pcDNA3.1 vector for 72 h. Cells were treated with
8 uM 4-OH TAM for 48 h. (D) The percentage of MCF-7 cells transfected with pcDNA3.1-EZH?2 expression vector or pcDNA3.1 vector in the GO/G1, S and
G2/M phases (n=3). (E) Representative western blotting of the expression of p16, cyclin D1 and EZH2 in MCF-7 TamR cells transfected with siRNAs against
EZH?2 or control siRNAs for 72 h, or in MCF-7 cells transfected with pcDNA3.1-EZH?2 expression vectors or pcDNA3.1 empty vectors for 72 h. Cells were
treated with 8 uM 4-OH TAM for 48 h. B-actin was used as a loading control. (F) Quantification of the expression of cycle D1 and p16 (n=3). "P<0.05 and
“P<0.01, as indicated. EZH2, enhancer of zeste homologue 2; 4-OH TAM, 4-hydroxytamoxifen; TamR, tamoxifen resistant; siRNA, small interfering RNA.

EZH?2 knockdown increased the sensitivity of MCF-7 TamR
cells. Furthermore, we found that EZH2 knockdown induced
cell cycle arrest in MCF-7 TamR cells by decreasing Cyclin
D1 expression and increasing pl6 expression. Moreover,
EZH2 knockdown reduced pl6 gene methylation in MCF-7
TamR cells. Our findings suggest that EZH2 overexpression
contributes to tamoxifen resistance in breast cancer, and EZH2
inhibition may reverse tamoxifen resistance in breast cancer
by regulating cell cycle via the demethylation of the p16 gene.

EZH2 overexpression has been found in many tumors
including breast cancer (12). However, the mechanisms
underlying EZH2 overexpression in breast cancer are not fully
understood. It has been reported that the AKT and MEK/ERK
signaling pathways promoted EZH2 overexpression in breast
cancer (12,23,24). In the present study, we found that EZH2
was overexpressed in MCF-7 TamR cells. However, the
mechanisms underlying EZH2 overexpression in TamR cells

remain unclear. It has been known that AKT and MEK/ERK
signaling activation contributes to tamoxifen resistance in
breast cancer (25,26). We found that the expression of AKT,
p-AKT, ERK1/2, p-ERK1/2 significantly reduced in MCF-7
TamR cells than their parental cells. Therefore, it appears that
AKT and MEK/ERK signaling may be responsible for EZH2
overexpression in TamR cells. Further studies are warranted
to investigate the signaling mechanisms underlying EZH?2
overexpression in TamR breast cancer cells.

Cell cycle regulators such as cyclins, CDKs and CDK
inhibitors play an important role in regulation of cell cycle
progression and have been demonstrated to be associated
with tamoxifen resistance (26). Cyclin D1 promotes cell
cycle progression to the S phase, and has been found to be
upregulated in tamoxifen-resistant breast cancer cells (27).
Cyclin D1 overexpression is associated with poor clinical
outcomes in breast cancer patients following tamoxifen
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treatment (28,29). It has been reported that cyclin D1 expres-
sion is necessary for proliferation of tamoxifen-resistant
breast cancer cells (30). In the present study, we found
that EZH?2 knockdown increased the sensitivity of MCF-7
TamR cells to tamoxifen, and induced cell cycle arrest in
MCF-7 TamR cells by inhibiting cyclin DI expression. In
addition, EZH?2 overexpression increased cyclin DI expres-
sion in MCF-7 parental cells, accompanied by a decrease
in tamoxifen sensitivity. These findings suggest that EZH2
overexpression contributes to tamoxifen resistance in breast
cancer cells by upregulating cyclin D1.

As a tumor suppressor, pl6 is a cyclin-dependent kinase
inhibitor that binds to CDK4/6, and subsequently prevents the
interaction of CDK4/6 with cyclin D1, resulting in inhibition
of cell cycle progression (31). In this study, we found that
EZH2 knockdown induced cell cycle arrest and increased pl6
expression in MCF-7 TamR cells, and EZH?2 overexpression
decreased p16 expression in MCF-7 parental cells, suggesting
that EZH2 knockdown inhibits cell cycle progression by
upregulation of p16. Hypermethylation of the p16 gene is one of
the major mechanisms responsible for downregulation of pl6
expression in many cancers including breast cancer, leading
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to cell cycle progression (32-34). In this study, we found that
EZH2 knockdown reduced the DNA methylation level of the
pl6 promoter in MCF-7 TamR cells, suggesting that EZH2
knockdown upregulates pl6 expression via inhibition of pl6
promoter methylation. It has been reported that EZH2 controls
DNA methylation by directly interacting with the DNA
methyltransferases (35). Therefore, EZH2 may promote pl16
promoter methylation via DNA methyltransferase.

It has been reported that an increase in ER expression
can re-sensitize TamR cells to tamoxifen in breast cancer
cells (36), suggesting that downregulation of ER expression
may contribute to tamoxifen resistance. In the present study, we
examined ER expression in MCF-7 parental and TamR cells,
and found that ER expression was not significantly different
between MCF-7 parental and TamR cells, suggesting that
tamoxifen resistance might be mediated by ER-independent
signaling pathways in MCF-7 TamR cells.

Several studies have shown that EZH2 overexpression
correlates with pathological types, histological grade, ER
negativity, PR negativity, and HER-2 positivity as well as poor
prognosis in breast cancer (17,37,38). In addition, low EZH2
expression is associated with a reduced risk of developing
breast cancer (39). It has been reported that EZH?2 inhibition
decreases proliferation and promotes apoptosis in breast cancer
cells in vitro, and produces anti-tumor activity in vivo (40,41).
Therefore, EZH2 inhibition may represent a promising new
therapeutic strategy for the treatment of breast cancer. Several
small molecule inhibitors of methyl transferase have been
identified for the treatment of many cancers such as breast
cancer and leukemia, and combination therapy with hypo-
methylators and chemotherapeutic agents can synergistically
inhibit breast cancer cells (42-44). Recently, Song et al (40)
reported that ZLD1039, a highly selective small molecule
inhibitor of EZH2, inhibited tumor growth and metastasis
in breast cancer xenograft mice. Furthermore, a phase I/II
clinical trial has been initiated for EZH?2 inhibitor EPZ-6438
for the treatment of advanced solid tumor (45). In this study,
we found that EZH?2 inhibition increased the sensitivity of
MCEF-7 TamR breast cancer cells to tamoxifen, suggesting that
EZH?2 inhibitors may be used to reverse tamoxifen resistance,
and combination of EZH?2 inhibitors with tamoxifen may be
effective for treating ER-positive breast cancer.

In summary, we found that EZH2 was overexpressed in
MCF-7 TamR breast cancer cells, and EZH2 knockdown by
siRNAs increased the sensitivity of MCF-7 TamR cells to
tamoxifen. In addition, EZH2 knockdown induced cell cycle
arrest by decreasing cyclin D1 expression and increasing
pl6 expression. Inhibition of pl6 promoter methylation by
EZH2 knockdown resulted in upregulation of pl6 expression.
Our findings suggest that EZH2 inhibition may be used for
reversing tamoxifen resistance in breast cancer.
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