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Abstract

Clinical resistance to chemotherapeutic agents is one of the major hindrances in the treatment of human
cancers. EHZ2 is involved in drug resistance and is overexpressed in drug-resistant cancer cell lines. In this study,
we investigated the effects of EHZ2 on cisplatin -resistance in A549/DDP and AGS/DDP cells. EHZ2 mRNA and
protein were found to be significantly overexpressed in AS49/DDP and AGS/DDP cells, compared to parental
cells. EHZ2 siRNA successfully silenced EHZ2 mRNA and protein expression. Proliferation was inhibited and
drug resistance to cisplatin was improved. Flow cytometry showed that silencing of EHZ?2 arrested A549/DDP
and AGS/DDP cells in the G0/G1 phase, increasing apoptosis, rh-123 fluorescence intensity and caspase-3/8
activities. Silencing of EHZ2 also significantly reduced the mRNA and protein expression levels of cyclin D1 and
MDRI1,while up-regulating p15, p21, p27 and miR-218 in A549/DPP cells. Furthermore, silencing of EHZ2 also
significantly increased the expression level of tumor suppressor factor miR-218. We also found down-regulating
EHZ2 expression increased methylation in A5S49/DDP and AGS/DDP cells. This study demonstrates that drug
resistance can be effectively reversed in human cisplatin-resistant lung and gastric cancer cells through delivery

of siRNAs targeting EHZ2.
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Introduction

Lung cancer is the most common malignant tumor
and currently the cancer causing the highest mortality
worldwide (Gadgeel et al., 2013). Among which, the
vast majority of lung cancer is human non-small cell lung
cancer (NSCLC), accounting for approximately 85% of
the total number (Hensing et al., 2014). Gastric cancer is
the fourth leading cancer in the world (Shi et al., 2014)
and its prevalence ranks the second in China (Zhang et
al.,2010).

Chemotherapy is the main treatment method for these
2 types of cancers either as neoadjuvant therapy (i.e.
pre-operative treatment), as adjuvant therapy (i.e. post-
operative treatment), or as palliative therapy for patients
with inoperable advanced cancers. Platinum drugs are an
important class of chemotherapeutic drugs for cancers,
among which, cisplatin is one of the most representative
drugs (Hato et al., 2014). However, lung cancer tends
to develop resistance to cisplatin during chemotherapy,
leading to treatment failure. In contrast, gastric cancer is
often insensitive to cisplatin at the beginning of treatment.
In the past 2 decades, targeted therapy has made great

success with cancer genomics and molecular biology;
taking the small-molecule drugs for the treatment of
NSCLC for examples: epidermal growth factor receptor
(EGFR) inhibitors gefitinib and erlotinib (Jang et al.,
2014), EGFR monoclonal antibody cetuximab (Janjigian
et al., 2014), vascular endothelial growth factor (VEGF)
monoclonal antibody bevacizumab (Powell et al., 2013);
the examples for the treatment of gastric cancer include
human epidermal growth factor receptor 2 (Her 2)
monoclonal antibody trastuzumab (Zheng et al.,2014) and
vascular endothelial cell growth factor receptor (VEGFR)
monoclonal antibody ramucirumab (Wadhwaet al.,2014).
But, these targeted drugs have very clear therapeutic
indications that can only benefit patients with positive
specific biomarkers. Although these drugs can improve
the response rate, prolong the progression-free survival
and improve the quality of life in these patients, they
have limited impact on the overall survival. Therefore,
the relatively economic conventional chemotherapeutic
drugs still play very important roles in first-line treatment
of these cancers.

In order to resolve drug resistance of chemotherapeutic
drugs, develop new targeted drugs, and improve the
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clinical benefits of cancer patients, it is necessary to
continue the search for new biomarkers. EZH2, a catalytic
subunit of polycomb repressive complex (PRC2), can
either inhibit gene transcription by methylating lysine 27
on histone 3 (Fujii et al., 2008; Popovic et al., 2014) or
directly inhibit gene activity by methylating DNA bases
(Liu et al., 2014). It has been found in NSCLC (Behrens
et al., 2013) and gastric cancer (Choi et al., 2013; He
et al., 2013) that EZH2 over-expression is positively
correlated with poor prognosis of the patients. In addition,
some studies showed that EZH2 played positive roles
in cisplatin-resistant ovarian cancers (Hu et al., 2010;
Tamgue et al., 2013) and 5-Fu-resistant liver cancers
(Zhang et al., 2013) This study not only investigated the
effects of EZH2 on cisplatin resistance in NSCLC and
gastric cancer but also preliminarily probed its molecular
mechanisms.

Materials and Methods

Main reagents and instruments

Human lung cancer A549 cell line and gastric cancer
AGS cell line were purchased from ATCC; MTS, Rh-123
and RT-PCR kits were purchased from Promega; cisplatin
was purchased from Sigma-Aldrich; EZH2 siRNA and
related reagents were purchased from Cell Signaling
Technology; PI cell cycle determination kit, Annexin
V-FITC/PI kit and Caspase-3/8 activity kit were purchased
from BD; various monoclonal antibodies were purchased
from SantaCruz; ECL immunoblotting substrate kit
was purchased from Millipore; flow cytometry: BD;
microplate reader: Thermo; PCR instrument: Thermo.

Cell culture and induction of drug-resistance cell line

Both A549 and AGS cells were maintained in F12K
(containing 10% fetal bovine serum) and cultured in an
incubator under 37°C, 5% CO, and saturated humidity
condition. The cells were digested with 0.25% trypsin-
EDTA for passaging. Cells in logarithmic growth phase
were used in all experiments. In order to induce drug-
resistance cell line, the primary cells were cultured with
sub-lethal dose (the initial concentration was 1/10 of the
IC, ) of cisplatin, which was gradually escalated until
IC,, of cisplatin for cells was more than 10 times the
initial value.

SiRNA silencing EZH?2 expression

The cells were cultured in 10cm culture dishes until
reaching approximately 70% confluence. The siRNA
reagent was prepared in accordance with procedures
described in the kit instructions; the working concentration
of siRNA was 100nM. In 48h after transfection, the culture
was changed to regular medium to continue the culture
for 24h prior to subsequent experiments. The number
of cell subcultures used for general experiments did not
exceed 2 passages after siRNA treatment in order to avoid
attenuation of the silencing effect. The silencing of EZH2
was assessed using Western blotting and RT-PCR.

Determination of cell sensitivity to cisplatin using MTS
assay
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The cells in logarithmic growth phase, 5x10* cells/
ml, were seeded in 96-microwell plates, 100ul/well,
and cultured overnight until cell adhesion. Different
concentrations of cisplatin were added to continue the
culture for 72h. After removing the medium, MTS was
added in accordance with the kit instructions to continue
the culture for 4h. Finally, the OD was measured at 490nm
wavelength using a microplate reader. The inhibition
rate of the drug on these cells was calculated as follows:
Inhibit rate=(1-experimental group OD/control group OD)
x100%. The inhibition curve was plotted and fitted using
cisplatin concentration as the abscissa and inhibition rate
was the ordinate to obtain the IC,| value. The reversion
fold (RF)=IC, (silencing group)/IC, (control group).

Determination of intracellular Rh-123 content, cell cycle,
apoptosis and Caspase-3/8 activity using flow cytometry

The cells in logarithmic growth phase were incubated
with 10uM Rh-123 staining solution for 1h. Then,
the cells were collected to determine the intracellular
fluorescence intensity of Rh-123 using flow cytometry
in order to reflect the intracellular Rh-123 content. The
cell cycle was determined with PI staining method. After
the cells had been treated with SuM cisplatin for 24h,
the cells were collected to determine the cell cycle using
method described in the kit instructions. Apoptosis was
determined using Annexin V-FITC/PI doubling-staining
technique. After the cells had been treated with 20uM
cisplatin for 24h, the cells were collected to determine
apoptosis using method described in the kit instructions.
After the cells had been treated with cisplatin in the same
way, intracellular Caspase-3 and Caspase-8 activities were
determined using PE-labeled anti-activated Caspase-3 and
Caspase-8 antibodies and detected using flow cytometry
in accordance with the kit instructions.

Determination of intracellular EZH2, cyclin DI, pl5,
p21, added MRP1, GST-mt, P-gp, Survivin, Livin and p27
expression levels using Western blotting

The cells in logarithmic growth phase were lysed to
extract the proteins from cell lysate. The proteins were
separated in 12% SDS-PAGE and transferred onto a PVDF
membrane. Different antibodies were used to determine
the target proteins (4°C, overnight). After washing off
the primary antibodies, the membrane was incubated
with HRP-conjugated secondary antibody for 1h. After
washing, ECL kit was used to develop the immunoreactive
bands using 3-actin as the internal reference.

Determination of EZH2, cyclin DI, pl5, p21, added
MRPI1, GST-n, P-gp, Survivin, Livin and p27 mRNA
levels, and miRNA-218 level in A549/DPP tumor cells
using RT-PCR technique

The total RNA was extracted using Trizol method.
Reverse transcription was carried out using Real-Time
PCR kit to obtain the cDNA. The cDNA (1 pl) was
amplified by PCR ( pre-denaturation step at 95°C f or
5 min followed by 40 cycles of 95°C f or 30 s,60°C
f or 30s, and 72°C f or 30s; then 72°C f or 10 min).
Sequences of primers used are as follows: P-actin
upstream, 5’-TTAGCTGTGCTCGCGCTACTCTCTC-3’,
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5’-GTCGGATTGATGAAACCCAGACACA-37;
EZH2 upstream, 5°- CTTCTGCTGTGCCCT TATC
-3’, downstream, 5- CCGTCCACCTCGGAAAT
-37; cyclin D1 upstream, 5°- GGCGGA
GGAGAACAAACAGA -3’, downstream, 5°-
TGGCACAAGAGGCAACGA -3’; pl5 upstream,
5’- GATGTGCAAGCGACGACAGA -3°, downstream,
5’- GAGCAAAGGCCAGCA TCCT -3’;p21 upstream,
5’-CCTCATCCCGTGTTCTCCTTT -3°,downstream, 5°-
GTACCACCC AG CGGACAAGT -3’;MDRI1 upstream,
5’- AAATTGGCTTGACAAGTTGTATATGG -3°,
downstream, 5°- CACCAGCATCATGAGAGGAAGTC
-3’;MRP1 upstream, 5°- TCTACCTCCT
GTGGCTGAATCTG -3, downstream, 5’-
CCGATTGTCTTTGCTCTTCATG -3’; GST-rupstream,
5’- TGGGCATCTGAAGCCTTTTG -3°, downstream,
5’- GATCTGGTCACCCACG ATGAA -3’; Survivin
upstream, 5’- CGAGGCTGGCTTCATCCACT -3’,
downstream, 5’- ACG GCGCACTTTCTTCGCA -3°;
Livin upstream, 5’- GTCCCTGCCTCTGGGTAC -3,
downstream, 5°- CAGGGAGCCCACTCTGCA -3’; p27
upstream, 5°- CTGCAACCGACGATTC TTCTACT -3°,
downstream, 5°- GGGCGTCTGCTCCACAGA -3’;The
PCR primer of miRNA-218 was purchased from Applied
Biosystems. the fold changes were calculated by the
delta—delta Ct method. All experiments were performed
in three biological replicates.

Determination of MDRI gene methylation level
Phenol-chloroform method was used to extract total
DNA from the cells. CpGenome DNA Modification kit
(purchased from Chemicon) was used for sodium bisulfate
modification of the DNA. Then, the methylation level of
MDRI1 gene was determined using nested PCR technique;
the primers used in the first round of PCR were upstream:
5’-GGAAGTTAGAATATTTTTTTTGGAAAT-3’
a n d d ownstream:
5’-ACCTCTACTTCTTTAAACTTAAAAAAACC-3’.
The primers used in the second round of PCR to
determine the methylation sequence were upstream:
5’-CGAGGAATTAGTATTTAGTTAATTCGGGTCGG-

3 and d ownstream:
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Figure 1. EZH2 Expression Level was Significantly
Up-regulated in A549/DDP and AGS/DDP Cells. EZH2
mRNA(A) and protein(B) expression levels in A549/DDP and
AGS/DDP cells were detected by Real-time PCR and western
blotting ;respectively. The statistical significance was considered
as *p<0.05 and **p<0.01 where compared with control
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5’-ACTCAACCCACGCCCCGACG-3’. The primers
used for the determination of non-methylation sequence
were upstream: 5’-TGAGGAATTAGTATTTAGTTA
ATTTGGGTTGG-3" and downstream:
5’-ACTCAACCCACACCCCAACA-3’. The specific
test methods referred to the literature (Zhang et al., 2013).

Statistical analysis

The experimental data were expressed as
meantstandard deviation. SPSS13.0 software was
used for the analysis. One-way ANOVA was used for
comparisons; p<0.05 indicated that the difference was
statistically significant.

Results

EZH? expression level in cisplatin drug-resistant cell line
is significantly up-regulated

After gradual induction, the drug-resistant cell lines
A549/DDP and AGS/DDP were successfully obtained. As
showed Figure 1, with MTS assay, their respective drug
resistance (by comparing the IC, ) was 16 and 21 times
of the original cell lines. Both WB and RT-PCR showed
that the EZH2 level was significantly higher in these drug-
resistant cells than in the original cell lines.

SIRNA significantly down-regulates EZH2 expression
level in drug-resistant cells and reverses cisplatin drug
resistance

In 72h after siRNA transfection, both WB and RT-
PCR results showed that EZH?2 expression level in A549/
DDP and AGS/DDP cell significantly decreased, while
control siRNA has no effect on EZH2 expression. MTS
assay result showed that, after EZH?2 silencing, cisplatin
resistance of A549/DDP and AGS/DDP was significantly
reversed to varying degrees (Figure 2).
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Figure 2. Silencing of EZH2 Significantly Reverses
Cisplatin Drug Resistance in A549/DDP and AGS/DDP
Cells. A: After transfected with EZH2 siRNA, EZH2 Mrna and
protein expression levels in A549/DDP and AGS/DDP cells were
detected by Real-time PCR and western blotting ;respectively. B:
After transfected with EZH2 siRNA the cell viabilities of A549/
DDP and AGS/DDP cells were detected by MTS assay. The
statistical significance was considered as *p<0.05 and **p<0.01
where compared with control
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EZH? silencing increases Rh-123 content in drug-resistant
cells, arrests the cell cycle in GO/G 1 phase, and increases
cisplatin-induced apoptosis rate and Caspase-3/8 activity
The flow cytometric results were shown in Figure 3,
after EZH2 silencing, the intracellular Rh-123 fluorescence
intensity increased by 3.28 fold and 4.06 fold when
compared with that in the control group. EZH?2 silencing
alone was sufficient to arrest A549/DDP and AGS/DDP
cell cycles in GO/G1 phase. Cell cycle arrest effect was
more prominent after treatment with SuM cisplatin for
24h. In addition, EZH2 silencing itself did not have clear
impact on the apoptosis of drug-resistant cells; but, after
treatment with 20uM cisplatin for 24h, the apoptosis rate
was 8.8% and 17.4% in A549/DDP control group and
the silencing group, respectively, the apoptosis rate was
11.1% and 16.4% for AGS/DDP groups; the differences
had statistical significance. Similarly, after treatment
with cisplatin, the contents of activated Caspase-3 and
Caspase-8 were significantly higher in silencing group.

EZH?2 silencing down-regulates cyclin DI and MDRI
expression while up-regulates p15, p21, p27 and miR-218
expression in A549/DPP cells

WB results showed that, when compared with the
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Figure 3. EZH2 Silencing Induced Cell-cycle Arreste
and Opoptosis in A549/DDP and AGS/DDP Cells. A:
Cells were transfected with EZH2 siRNA for 24h.PI staining
was used to analyze the cell cycle distribution; B: Cells were
transfected with EZH2 siRNA for 24h, and then cells as assessed
by Annexin V-fluorescein isothiocyanate and propidium iodide
(PI) double staining and fluorescence-activated cell sorter
analysis; C: The intracellular rhodamine 123 accumulation in
A549/DDP and AGS/DDP cells were detected by flow cytometry
after transfected with EZH2 siRNA for 24.The statistical
significance was considered as *p<0.05 and **p<0.01 where
compared with control; D: Intracellular Caspase-3 and Caspase-8
activities in A549/DDP and AGS/DDP cells were detected by
flow cytometry after transfected with EZH2 siRNA for 24.
Statistical significance was considered as *p<0.05 and **p<0.01
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control group, the expression level of cyclin DI, a
check-point control protein of GO/G1 phase, significantly
decreased in drug-resistant cells after EZH?2 silencing.
The expression of multi-drug-resistant protein MDR1
also decreased significantly. In contrast, the expression
of cell cycle negative regulators such as pl5, p21 and
p27 increased significantly. The study also found that
the expression level of tumor suppressor factor miR-218
significantly increased after EZH?2 silencing (Figure 4).

MDRI gene methylation level after EZH?2 silencing

To further investigate the mechanisms of EZH2-
mediated regulation of gene expression, we determined
the methylation level of MDR1. As shown by the
electrophoretic analysis of nested PCR products, in drug-
resistant cell lines A549/DDP and AGS/DDP, MDR1 gene
methylation band was darker; after EZH?2 silencing, this
band became significantly lighter, suggesting that EZH2
is able to regulate the related genes through this epigenetic
approach, the methylation (Figure 5).
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Figure 4. Silencing of EZH2 Affects mRNAs and
Proteins of Associated with Proliferation and Apoptosis
in A549/DDP and AGS/DDP Cells. A: A549/DDP cells
were transfected with EZH2 siRNA for 72h, and then cells were
collected. The total cell lysates of suspended were analyzed
by western blotting to examine the expression of the cell
proliferation and apoptosis proteins(EZH2, cyclin D1, p15,p21,
added MRP1, GST-m, P-gp, Survivin, Livin and p27). The mRNA
expression levels of above gene(B) and miR-218 (C) were dected
by real-time PCR. The statistical significance was considered as
*p<0.05 and **p<0.01 where compared with control
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Figure 5. Methylation-specific PCR Analysis of the
Methylation Status of MDRI1. PCR products specific for
unmethylation (U) and methylation (M) were analysed in 3%
agarose gels. The U and M bands were almost equally visible in
the control groups, while the M bands were markedly brighter
than the U bands in the siEZH2 groups in A549/DDP and AGS/
DDP cells

Discussion

Although some studies have shown that EZH?2 plays
important roles not only in cancer development and
progression but also in chemotherapeutic drug resistance
of some types of tumors, the studies on its potential roles in
cisplatin resistance of NSCLC and gastric cancer are few.
In this study, we first constructed two cisplatin-resistant
cancer cell lines, namely A549/DDP and AGS/DDP. We
found that EZH2 expression level was significantly higher
in drug-resistant cells than in the original cell lines. After
further silencing EZH2 using siRNA, cisplatin sensitivity
of the drug-resistant cells increased significantly. These
results strongly suggest that EZH2 plays an important
role in cisplatin resistance of NSCLC and gastric
cancer. EZH2, as a methyltransferase, can regulate gene
expression indirectly by methylating the histone or directly
by methylating the DNA. This gene regulation manner
belongs to the category of epigenetics and cannot be
detected with conventional genomic study method, namely
the DNA sequencing. However, studies over the past
decade have discovered its key roles in tumors (Yamaguchi
et al., 2014). Currently, some selective small-molecule
EZH?2 inhibitors with significant anti-tumor effects have
been discovered and entered clinical trials (Avan et al.,
2012; Garapaty et al., 2013). Notably, studies on the
roles of EZH?2 in tumor resistance to chemotherapeutic
drugs and the mechanisms of actions have very important
significance because they can provide the basis for clinical
application of EZH?2 inhibitor and chemotherapeutic drug
combinations.

The two primary mechanisms responsible for tumor
cell drug resistance usually include over-expression
of multi-drug resistance genes to increase drug efflux
resulting in reduction of intracellular drug concentration,
and resistance to drug-induced apoptosis (Zhang et al.,
2013). We hypothesized that EZH2 may also reverse
A549/DDP and AGS/DDP drug resistance by regulating
these two drug-resistant mechanisms. Accordingly, we
carried out relevant studies to test this hypothesis. The
results showed that EZH? silencing increased intracellular
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Rh-123 concentration and enhanced apoptosis. Western
blotting results showed that MDR1 expression was
significantly down-regulated after EZH2 silencing.
This protein belongs to the ABC superfamily capable of
pumping chemotherapeutic drugs out of the cells (Ansbro
et al., 2013). Down-regulating the expression of these
proteins can increase the intracellular concentration of
chemotherapeutic drugs, which is consistent with our
observation on elevated intracellular Rh-123 level.
This result is also consistent with the results observed
by Zhang et al. (2013) and Zhu et al. (2014) in 5-Fu-
resistant hepatoma cells. Both Annexin V/PI staining
and Caspase-3/8 activity assay results suggest that
silencing EZH?2 is able to increase cisplatin-induced tumor
apoptosis rate, but EZH2 silencing itself did not induce
significant apoptosis, suggesting that EZH2 may not be
directly involved in the regulation of apoptosis; the higher
cisplatin-induced apoptosis rate in EZH?2 silencing group
may be related to the increased intracellular cisplatin
concentration resulting from EZH?2 silencing.

In addition, we examined the effects of EZH2 on
cell cycle. In mammalian cells, CDK4/6-cyclin D and
CDK2-cyclin E complexes are the primary cell cycle G1/S
checkpoint factors controlling whether cells leave Gl
phase to enter S phase and start DNA synthesis(Robson et
al., 1999) While, p15,p21 and p27 are negative regulators
of these two complexes and therefore the cell cycle
inhibitors (Robson et al., 1999; Sherr et al., 1999). Our
WB results showed that after EZH?2 silencing, cyclin D1
expression level was down-regulated while p15, p21 and
p27 expression level were up-regulated, suggesting that
EZH?2 regulates cell cycle through coordinated regulation
of a variety of cell cycle-related factors.

RT-PCR results showed that EZH2 regulated all the
above proteins at mRNA level, which is consistent with
the nature of epigenetic regulation of EZH2. To further
confirm the gene regulation mode of EZH2 in A549/
DDP and AGS/DDP cells, we determined MDR1 gene
methylation level and found that the degree of MDRI1
gene methylation increased after EZH2 silencing. Because
gene methylation is generally regarded as a gene silencing
marker (Suzuki et al., 2014), this result is consistent with
the finding that EZH?2 silencing down-regulated MDR1
expression. We also determined miRNA-218 expression
level; the recent finding has showed that EZH2 can silence
this microRNA to promote the development of pancreatic
ductal adenocarcinoma (Li et al., 2011). The miR-218, a
tumor suppressor gene, plays a role in gastric cancer, oral
squamous cell carcinoma, and medulloblastoma (Tie et al.,
2010; Peng et al.,2014;Uesugi et al., 2011;Venkataraman
et al.,2013). Our study showed that EZH2 silencing was
also able to increase miR-218 level in A549/DDP and
AGS/DDP cells to further exert tumor suppressor actions,
suggesting that EZH2 can regulate cisplatin resistance
indirectly.

In summary, this study shows that silencing EZH2
can reverse cisplatin resistance of NSCLC and gastric
cancer cells; its mechanisms of action may be related
to the down-regulation of multi-drug resistance gene
expression, inhibiting drug efflux, promoting apoptosis,
inhibiting cell cycle, and activating certain tumor
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suppressor factor activities. This study will provide the
basis for the development of EZH2 targeted drugs and the
combination with chemotherapeutic drugs to improve the
patients’ benefits.
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