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EZH2-specific microRNA-98 inhibits human ovarian cancer stem
cell proliferation via regulating the pRb-E2F pathway
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Abstract The Polycomb group protein, enhancer of zeste
homolog 2 (EZH2), plays an important role in transcriptional
regulation through chromatin remodeling and interactions
with other transcription factors to control cell proliferation
and embryonic development. Previous study has shown that
EZH2 is important for cell cycle regulation and is highly
expressed in human ovarian cancer. Loss of EZH2 inhibits
growth of ovarian cancer as well as other human carcinomas.
In this study, an expression plasmid of EZH2-targeted
microRNA-98 was constructed and transfected into human
ovarian cancer stem cells (OCSCs). Seventy-two hours after
transfection, cell growth was inhibited and arrested at the G0/
G1 transition. p21CIPI/WAF1 was up-regulated, while the
CDK2/cyclin E complex and c-Myc were down-regulated.
Most importantly, expression levels of E2F1, retinoblastoma
protein (pRb), and histone deacetylase 1 (HDAC1) in the
pRb–E2F signaling pathway had changed. Furthermore,
microRNA-98 suppressed the growth of OCSCs xenograft
tumors. Our findings suggest that EZH2-specific
microRNA-98 can effectively inhibit cell proliferation
in vitro and regulate the pRb–E2F pathway in human OCSCs.
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Introduction

In 2008 and 2010, CD44+/CD117+ ovarian cancer stem cells
(OCSCs) were isolated and enriched from human primary
ovarian tumor tissues and confirmed by flow cytometry
sorting by Zhang et al. [1] and Liu et al. [2]. Most ovarian
cancer patients receive chemotherapy throughout the course
of their long-term treatment; it is a common and conservative
treatment for ovarian cancer. Despite this treatment, cancer
cells still invade and metastasize in many patients [2–4].
Several studies indicate that OCSCs are the root of metastasis
and invasion in ovarian cancer [2–4]; however, the mecha-
nisms responsible for the development of highly proliferative
and invasive OCSCs are complicated and thus far poorly
understood. Proteins encoded by the Polycomb-group (PcG)
family of genes are known to play crucial roles in the gene
expression program that allows stem cells to maintain a plu-
ripotent state, being able to differentiate into specialized phe-
notypes when signaled to do so. PcG proteins were first
described in Drosophila where they were shown to repress
the homeotic genes that control segment identity in the devel-
oping embryo [5–9]. The enhancer of zeste homolog 2
(EZH2) gene is a human homolog of the Drosophila PcG
gene, enhancer of Zest [E(z)] [10]. EZH2 is a component of
the Polycomb repressive complex 2 (PRC2), which along with
embryonic ectoderm development (EED) and suppressor of
zeste (Su(z)12), initiates stable transcriptional repression in
early embryogenesis [11, 12]. PRC1 subsequently maintains
transcriptional silencing. EZH2 contains a highly conserved,
C-terminal SET (Su(var)3-9, enhancer of zeste, and Trithorax)
domain that catalyzes the addition of methyl groups to histone
H3 at lysines 27 and 9, with a strong preference for methyl-
ating K27 [10, 11, 13, 14]. One of the earliest reports of EZH2
was from a gene profiling study where EZH2was identified as
the most significantly overexpressed gene in metastatic pros-
tate cancer. The study also showed that loss of EZH2 inhibited
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growth of OCSCs [15–17]. Similar requirements for EZH2 in
the proliferation of other cell types have been described
[15–17]. Analysis of patient samples has also shown that
elevated EZH2 levels significantly correlate with invasiveness
and increased proliferation rates of breast carcinomas [18, 19].
MicroRNAs (miRNAs) are small RNA molecules (21–23 nt)
that act as negative regulators of gene expression, either by
blockingmRNA translation or through RNA interference [3, 4,
20–23]. Previous studies revealed that dysregulation of specif-
ic miRNAswere associatedwith certain types of OCSCs; these
specific miRNAs act as either oncogenes or tumor suppressors,
depending on the target gene [3, 4]. In this study, EZH2-
targeted microRNA-98 was constructed and applied to trans-
fect a human OCSCs line, 22RV1. We found the growth of
these transfected cells were inhibited and arrested at the G0/G1

transition. In addition, p21CIPI/WAF1 was up-regulated, while
the CDK2/cyclin E complex and c-Myc were down-regulated.
Expression levels of E2F1, retinoblastoma protein (pRb), and
histone deacetylase (HDAC1) of the pRb–E2F signaling path-
way altered. Our results demonstrated that EZH2-specific
microRNA-98 effectively inhibits human OCSCs proliferation
in vitro and regulates the pRb–E2F pathway.

Materials and methods

Isolation of CD44+/CD117+ ovarian tumor cells
by fluorescence-activated cell sorting

Ovarian tumors were collected from the inpatient clinic of
Shanghai Tenth People’s Hospital (Shanghai, China) between
May 2013 and Dec 2013. CD44+/CD117+ cell subpopulations
were isolated from tumor samples, as previously described
[1–4]. Briefly, 4 μl each of 10 mg/ml mouse anti-human
CD117-FITC and rabbit anti-human CD44-PE (eBioscience)
in a final volume of 1.0 ml were added to sedimented cells and
incubated at 4 °C in phosphate buffered saline (PBS) for 30min
to block nonspecific binding. Cells were then washed twice in
PBS and CD44+/CD117+ cells were isolated by flow cytometry
(BD FACSAria; BD Bioscience, San Jose, CA, USA), incubat-
ed at 10 °C in PBS for 15 min and then washed twice in PBS.
Isolated CD44+/CD117+ OCSCs were plated at 1,000 cells/ml
in DMEM:F12 medium (HyClone), supplemented with
10 ng/ml bFGF, 10 ng/ml EGF, 5 μg/ml insulin and 0.5 %
BSA (all obtained from Sigma-Aldrich, St. Louis, MO, USA)
and grown at 37 °C in a humidified atmosphere containing 5 %
CO2. The resulting nonadherent spherical OCSC clusters were
grown until passage 4 before being used for experiments.

Reporter vector construction

A microRNA expression reporter plasmid was constructed as
previously described [3, 4]. A negative control plasmid was

constructed similarly, except that 11 nucleotides in the
miRNA-98 seed sequence were mutated (GAGGTAGTAAGT
TGTATTGTwas changed to GtGcTtGTtAcaTcaAcTGT; muta-
tions in lower case). OCSCs were transfected with 0.3 μg
wild-type (WT) or mutant (Mut) miRNA-98 vector using
Lipofectamine 2000 (Invitrogen), according to the manufac-
turer’s protocol.

Luciferase report assay

Luciferase report assays were done as previously described [3,
4]. NIH-3T3 mouse embryonic fibroblast cells were seeded at
3×104/well in 48-well plates and co-transfected with 400 ng
pRNAT-CMV32-mir98-WT, pRNAT-CMV32-mir98-Mut or
pRNAT-CMV32 (empty vector); 20 ng pGL3-EZH2-3UTR-
WT or pGL3-EZH2-3UTR-Mut; and pRL-TK (Promega,
Madison, WI, USA) using Lipofectamine 2000 according to
the manufacturer’s protocol. Luciferase activity was measured
after 48 h using the Dual-Luciferase Reporter Assay System
(Promega).

Northern blotting

Northern blotting was done as previously described [3, 4]. For
all cell treatment groups, 20μg of good-quality total RNAwas
analyzed on a 7.5 M urea, 12 % PAA denaturing gel and
transferred to a Hybond N+ nylon membrane (Amersham,
Freiburg, Germany). Membranes were cross-linked using ul-
traviolet light for 30 s at 1,200 mJ/cm2 and hybridized to the
miRNA-98 antisense Starfire probe, 5′-AAGAATACAACT
TACTACCTCA-3′ (IDT, Coralville, IA, USA) for the detec-
tion of 22-nt miRNA-98 fragments, according to the manu-
facturer’s instructions. After washing, membranes were ex-
posed to Kodak XAR-5 film for 20–40 h (Sigma-Aldrich). A
human U6 snRNA probe (5′-GCAGGGGCCATGCTAATC
TTCTCTGTATCG-3′) was used as a positive control, with an
exposure time of 15–30 min.

Methyl thiazolyl tetrazolium (MTT) assay for cell
proliferation

Cells were seeded at 2×103 per well in 96-well plates and
cultured in DMEM:F12 supplemented with 10 % FBS at
37 °C with 5%CO2, until 85 % confluent. MTT (Sigma)
reagent (5 mg/ml) was added to the maintenance cell medium
at different time points, and incubated at 37 °C for an addi-
tional 4 h. The reaction was terminated with 150 μl
dimethylsulfoxide (DMSO; Sigma) per well and the cells
were lysed for 15 min, and the plates were gently shaken
every 5 min. Absorbance values were determined by using
the enzyme linked immunosorbent assay (ELISA) reader
(Model 680; Bio-Rad) at 490 nm.
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Flow cytometric (FCM) analysis of cell cycle by propidium
iodide (PI) staining

Cells were washed three times by PBS and then were collected
by centrifugation (Allegra X-22R; Beckman Coulter) at
1,000×g for 5 min. The cell pellets were resuspended in
1 ml of PBS, fixed in 70 % ice-cold ethanol, and kept in a
freezer for more than 48 h. Before FCM analysis, the fixed
cells were centrifuged, washed twice with PBS, and resus-
pended in PI staining solution (Sigma) containing 50 μl/ml PI
and 250 μg/ml RNase A (Sigma). The cell suspension, which
was hidden from light, was incubated for 30 min at 4 °C and
analyzed using the FACS (FCM-500, Beckman Coulter). A
total of 10,000 events were acquired for analysis using
CellQuest software.

Quantitative real-time PCR (qRT-PCR) analysis

Cells were seeded at 3×105 per well in 6-well plates and
cultured for 72 h before being transfected. Total RNAs from
each treatment group were isolated using Trizol Reagent
according to the manufacturer’s protocol. The RNA samples
were treated with DNase I (Sigma), quantified, and reverse-
transcribed into cDNA using the ReverTra Ace-α First Strand
cDNA Synthesis Kit. qRT-PCR was conducted using a
RealPlex4 real-time PCR detection system from Eppendorf
Co. Ltd (Germany), with SyBR Green RealTime PCRMaster
MIX used as the detection dye. qRT-PCR amplification was
performed over 40 cycles with denaturation at 95 °C for 15 s
and annealing at 58 °C for 45 s. Target cDNAwas quantified
using the relative quantification method. A comparative
threshold cycle (Ct) was used to determine gene expression
relative to a control (calibrator) and steady-state mRNA levels
are reported as n-fold difference relative to the calibrator. For
each sample, the EZH2 and cGFP Ct values were normalized
using the formula ΔCt = Ct_EZH2–Ct_18sRNA. To determine
relative expression levels, the following formula was used
ΔΔCt = ΔCt_sample − ΔCt_calibrator. The values used to plot
relative EZH2 or cGFP expression were calculated using the
expression 2−ΔΔCt. The mRNA levels were calibrated based
on levels of 18 s RNA (24).

Co-immunoprecipitation (Co-IP) assay

Each group cells were seeded at 3×105 per well in 6-well
plates and cultured until 85 % confluent, which were lysed
(500 μl/plate) in a modified cell lysis buffer for Western and
IP (20 mM Tris, pH 7.5, 150 mM NaCl, 1 % Triton X-100,
1 mM EDTA, sodium pyrophosphate, β-glycerophosphate,
Na3VO4 and leupeptin) (Beyotime Institute of Biotechnolo-
gy). After lysis, each sample was centrifuged to clear the
lysate of the insoluble debris and preincubated with 20 μg
protein A agarose beads (Beyotime Inst i tute of

Biotechnology) by rocking for 30 min at 4 °C, followed by
centrifugation and transfer to a fresh 1.5-ml tube. The primary
antibody was incubated for 90min before re-addition of 20μg
protein A agarose beads to capture the immune complexes
(Table 1). The pelleted beads were then washed three times
with 500 μl cell lysis buffer, dissolved in 4× SDS-PAGE
samples loading buffer, and heated for 10 min at 95 °C.

Western blotting analysis

Protein products of each group were dissolved in 4× SDS-
PAGE samples loading buffer, and heated for 10 min at 95 °C
after being quantified by the method of Lowry et al. The
proteins were resolved by 12 % SDS-PAGE, transferred on
PVDF (Millipore)membranes and then, the PVDFmembranes
were blocked by 5 % BSA (Sigma) in TBST (20 mM Tris,
150 mM NaCl, 0.2 % Tween-20, pH 7.6) at 4 °C overnight.
After blocking, the PVDFmembranes were washed four times
for 15 min with TBST at room temperature, and incubated for
1 h with primary antibodies (Table 1). Following extensive
washing with TBST, the PVDFmembranes were incubated for
1 h with appropriate secondary antibody. Finally, the PVDF
membranes were washed four times for 15 min with TBST at
room temperature. Following washing, the PVDF membranes
were incubated in enhanced chemiluminescent Western blot-
ting detection system kit (Pierce Biotechnology, Rockford, IL,
USA), and exposed to X-ray films (Kodak).

In vivo xenograft experiments

Approximately 1×104 logarithmically growing OCSCs were
inoculated into BALB/c nude mice. Each experimental group
consisted of three mice. After 12 weeks, mice were sacrificed
and tumors were excised. Tumor weight was measured and
tumor volume was calculated according to this formula: Tu-
mor volume (mm3) = (ab2)/2, where a is the longest axis (mm)
and b is the shortest axis (mm).

Statistical analysis

Each experiment was performed as least three times, and data
were shown as the mean ± SE where applicable, and differ-
ences were evaluated using Mann–Whitney test. The proba-
bility of <0.05 was considered statistically significant.

Results

Patient population

A total of six ovarian cancer patients were included in this
study. The characteristics of all ovarian patients are summa-
rized in Table 2. The age, stage, grade of differentiation, and
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histology distribution of these patients is based on the Inter-
national Federation of Gynecology and Obstetrics (FIGO)
annual report for European countries.

Identification of miRNA-98 binding sites in the EZH2 3′UTR

The miRBase Target database was used to analyze precursor
miRNA (pre-miRNA) sequences, mature miRNA sequences,

chromosomal locations, the length of miRNA-98, and poten-
tial target sites in the EZH2 gene. A putative 7-nt miRNA
target site was identified in the EZH2 mRNA 3′ untranslated
region (3′ UTR) of several mammalian species (Fig. 1). To
examine whether EZH2 expression is regulated by mature
miRNA-98, a luciferase reporter containing a WT or Mut
EZH2 3′ UTR miRNA-98 binding site, or an empty plasmid
control, was co-transfected with miRNA-98 expression vec-
tors (WT-miRNA-98, Mut-miRNA-98 or empty vector con-
trol) into NIH-3T3 cells. The activity of the luciferase reporter
containing WT EZH2 3′ UTR was significantly inhibited by
miRNA-98 cotransfection, while the activity of the reporter
containing the mutated EZH2 3′ UTR site was unaffected by
miRNA-98 cotransfection (Fig. 1). These results demonstrate
that miRNA-98 targets EZH2 mRNA by specifically binding
to the 3′ UTR.

Mature miRNA-98 downregulation in CD44+/CD117+

OCSCs correlates with EZH2 overexpression

The qRT-PCR result showed that EZH2 mRNA expression
was significantly higher in OCSCs than in CD44−/CD117−

ovarian cancer cells (OCCs) (Fig. 1). Moreover, the result of
Northern blotting indicated that miRNA-98 hybridization sig-
nals were weaker in OCSCs extracts than in OCCs extracts,
thus revealing that miRNA-98 is downregulated in OCSCs
(Fig. 1). In addition, qRT-PCR analysis demonstrated that
EZH2 mRNA expression is reduced following miRNA-98
transfection in OCSCs, in contrast to cells transfected with
Mut miRNA-98 (Fig. 1). However, the expression level of
miRNA-98 in miRNA-98-transfected OCSCs was elevated of
the time course, compare to it in untransfected group and
miRNA-Mut transfected group (Fig. 1). These data show an
inverse correlation betweenmiRNA-98 and EZH2 expression.

Proliferation of OCSCs is inhibited by miRNA-98 mediated
EZH2 gene silencing

The results of the proliferation assays performed are shown in
Fig. 2. Using an MTT assay, the inhibition rate of miRNA-98

Table 1 Primary antibodies list
Antibodies Manufacturer Applications

Rabbit anti-human E2F1 Cell Signaling Technology, Danvers, MA, USA WB (1:1,000)

Rabbit anti-human EZH2 Cell Signaling Technology, Danvers, MA, USA WB (1:1,000)

Rabbit anti-human p21 Cell Signaling Technology, Danvers, MA, USA WB (1:1,000)

Rabbit anti-human cyclin E Cell Signaling Technology, Danvers, MA, USA WB (1:1,000)

Rabbit anti-human c-Myc Cell Signaling Technology, Danvers, MA, USA WB (1:1,000)

Rabbit anti-human pRB Cell Signaling Technology, Danvers, MA, USA WB (1:1,000)

Rabbit anti-human HDAC1 Cell Signaling Technology, Danvers, MA, USA WB (1:1,000)

Rabbit anti-human CDK2 Cell Signaling Technology, Danvers, MA, USA WB (1:1,000)

Rabbit anti-GAPDH Cell Signaling Technology, Danvers, MA, USA WB (1:1,000)

Table 2 Characteristics of the patients’ cohort

Patients (n=6)

Age median (range), years 28–61

≤40 2

40–60 3

≥60 1

Surgical staging

Ia, Ib, Ic 1

IIa, IIb, IIc 3

IIIa, IIIb, IIc 2

IV –

Histopathology

Serous 2

Endometrioid 1

Mucinous 1

Clear cells 1

Others (mixed epithelial, undifferentiated) 1

Tumor grade

1 1

2 3

3 or clear cell 2

Unknown –

Treatments

Primary surgery 3

Radical surgery –

Secondary surgery –

Platinum-based chemotherapy 3

Radiotherapy –
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transfected cells was shown to be markedly higher than non-
transfected cells or miRNA-mut transfected cells at both 48 h
and 72 h post-transfection (Table 3). In contrast, the viability
of each group cells did not show any differences in prolifer-
ation at 24 h. But the inhibition rates remained unchanged for
untransfected cells and miRNA-98-Mut transfected cells for
the remainder of the time course. These data indicate that
inhibition of EZH2 expression reduces the viability of OCSCs
in vitro.

Cell cycle changes induced by miRNA-98 expressing

To detect changes in cell cycle progression for OCSCs, each
group cells were stained with PI and analyzed by flow cytom-
etry. The results showed that most of the miRNA-98
transfected cells were arrested in the G0/G1 phase of the cell

cycle and the percentage of cells in G2/M phase were mark-
edly decreased. In contrast, there were no significant differ-
ences in the cell cycle distribution of the miRNA-98-Mut
transfected and untransfected cells (Fig. 2). These cell cycle
results suggest that knockdown of EZH2 expression affects
cell cycle regulation by miRNA-98.

The effects of miRNA-98 on the pRB-E2F pathway

First, the results of qRT-PCR showed that the levels ofHdac1,
E2f1, Ccne, Cdk2 and pRb mRNAs were significantly lower
in OCSCs transfected with miR-98 expressing plasmids than
in those transfected with mutant miR-98 plasmids or
untransfected group. Conversely, the levels of p21 mRNA
was significantly higher in the miR-98-transfected cells
(Fig. 3). co-IP andWestern blot analysis were used to evaluate

Fig. 1 EZH2 is a specific miRNA-98 target. a The mature miRNA-98
sequence was 100 % homologous in all species examined. Complemen-
tarity between miRNA-98 and the human EZH2 3′ UTR target site is
shown. b Luciferase reporter assays in NIH-3T3 mouse embryonic fibro-
blast cells. Plasmid DNA containing the EZH2 3′ UTR miRNA-98-
binding site (pGL3cm-EZH2-3UTR-WT), mutated EZH2 3′ UTR
MiRNA-98-binding site (pGL3cm-EZH2-3UTR-Mut) or empty plasmid
(pGL3cm)were cotransfected with anmiRNA-98 expression vector (WT,
Mut, or empty vector). Activity of the reporter containing the EZH2 3′
UTRwas specifically inhibited bymiRNA-98 coexpression (*P<0.05 vs.
PGL3cm transfection; #P>0.05 vs. PGL3cm transfection; n=6). c qRT-
PCR analysis of Ezh2 mRNA expression in OCSCs and OCCs. Relative

mRNA expression was normalized to 18S rRNA (**P<0.01 vs. OCCs;
#P>0.05 vs. OCCs; n=6). d Northern blot of endogenous miRNA-98
expression in OCSCs and OCCs. U6 snRNA was used as a loading
control. e qRT-PCR analysis of EZH2 mRNA expression in miRNA-98
transfected OCSCs, miRNA-Mut transfected OCSCs or untransfected
group on each time point. Relative mRNA expression was normalized
to that of 18S rRNA (**P<0.01 vs. untransfected; *P<0.05 vs.
untransfected; #P>0.05 vs. untransfected; n=6). f microRNA-qRT-PCR
analysis of miRNA-98 expression in miRNA-98 transfected OCSCs,
miRNA-Mut transfected OCSCs or untransfected group on each time
point. Relative mRNA expression was normalized to that of U6 snRNA
(**P<0.01 vs. untransfected; #P>0.05 vs. untransfected; n=6)
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the relative expression of the PcG proteins, as well as proteins
upstream and downstream of the PcG proteins. As shown in
Fig. 3, levels of EZH2, E2F1 and HDAC1 decreased in

OCSCs transfected with miRNA-98 (0.400±0.070, 0.325±
0.025 and 0.100±0.020, respectively). These changes in
above proteins were significant relative to miRNA-Mut

Fig. 2 miRNA-98
overexpression inhibits the
proliferation capacity and cell
cycle of OCSCs. aMTTassays of
each group (**P<0.01 vs.
untransfected; #P>0.05 vs.
untransfected; n=6). b Flow
cytometry analysis showed that
the majority of the miRNA-98
transfected OCSCs were arrested
in the G0/G1 phase of the cell
cycle and the percentage of cells
in the G2/M phases was markedly
decreased (**P<0.01 vs.
untransfected; *P<0.05 vs.
untransfected; #P>0.05 vs.
untransfected; n=6)

Table 3 The MTT results of cell
proliferation inhibition rate Time (h) miRNA-98 transfected OCSCs

(n=6)
miRNA-Mut transfected OCSCs
(n=6)

Untransfected OCSCs
(n=6)

0 0.54±0.18 % 0.26±0.12 % 0.52±0.21 %

24 8.79±2.12 % 1.29±1.03 % 1.02±0.77 %

48 24.88±3.42 % 4.62±1.17 % 3.25±1.15 %

72 57.97±4.01 % 6.38±2.73 % 6.54±1.92 %
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(0.930±0.030, 0.925±0.015 and 0.520±0.020, respectively)
and untransfected cells (0.930±0.020, 0.870±0.040 and
0.405±0.025, respectively). Meanwhile, the expression of
pRB and c-Myc decreased in miRNA-98 transfected cells
(0.125±0.015 and 0.101±0.012, respectively) relative to
miRNA-Mut (0.615±0.065 and 0.631±0.021, respectively)
and untransfected cells (0.615±0.005 and 0.602±0.031, re-
spectively). In addition, expression of cyclin E and CDK2
were detected and were found to be expressed at lower levels
in miRNA-98 cells (0.103±0.021 and 0.172±0.031, respec-
tively) than in miRNA-Mut (0.605±0.065 and 0.515±0.005,
respectively) or untransfected (0.603±0.021 and 0.512±
0.041, respectively) cells. In contrast, the expression of p21
inmiRNA-98 transfected cells (0.855±0.035) was higher than
in miRNA-Mut (0.085±0.015) and untransfected cells (0.075
±0.025). However, for all proteins evaluated, there was no

significant difference in protein levels between miRNA-Mut
transfected cells and untransfected cells. The results based on
co-IP and Western blot analyses suggested that EZH2 regu-
lated the PcG proteins, HDAC1, E2F1, and pRb, yet also had
the potential to affect the expression of additional proteins
both upstream and downstream.

miR-98 overexpression inhibits OCSCs xenograft growth

The effect of miR-98 overexpression on tumor growth in vivo
was investigated by subcutaneous inoculation of miR-98 or
Mut -transfected OCSCs into nude mice. The tumors were
analyzed after the mice were sacrificed 8 weeks following
inoculation. As shown in Fig. 4, the tumor volume was
substantially reduced by miR-98 overexpression. Although
mice in both groups eventually developed tumors, those

Fig. 3 miRNA-98 regulates the PcG proteins and cell cycle factors
expression. a The results of qRT-PCR showed that the levels of Hdac1,
E2f1, Ccne, Cdk2 and pRb mRNAs were significantly lower in miRNA-
98 transfected OCSCs than them in miRNA-Mut transfected OCSCs or
untransfected group. Conversely, the levels of p21 mRNA was signifi-
cantly higher in miRNA-98 transfected OCSCs. Relative mRNA expres-
sion was normalized to that of 18S rRNA (**P<0.01 vs. untransfected;
*P<0.05 vs. untransfected; #P>0.05 vs. untransfected; n=6). b Co-
immunoprecipitation (co-IP) and Western blot analysis indicated that
levels of EZH2, E2F1 and HDAC1 decreased in miRNA-98 transfected

OCSCs. Meanwhile, the expression of pRB and c-Myc decreased in
miRNA-98 transfected cells relative to miRNA-Mut and untransfected
cells. Moreover, expression of cyclin E and CDK2 expressed at lower
levels in miRNA-98 transfected OCSCs. However, the expression of p21
in miRNA-98 transfected cells was higher than in miRNA-Mut and
untransfected cells. Then, for all proteins evaluated, there was no signif-
icant difference in protein levels between miRNA-Mut transfected cells
and untransfected cells (**P<0.01 vs. untransfected; *P<0.05 vs.
untransfected; #P>0.05 vs. untransfected; n=6). c The process of
miRNA-98 regulated the PcG proteins and cell cycle
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formed from miR-98 transfected cells grew more slowly than
those formed from mutant miR-98 transfected cells (Fig. 4).
Mice developed tumors approximately 12 weeks after inocu-
lation with OCSCs transfected with mutant miR-98 from
either cell line (Fig. 4). In contrast, only one of the three mice
inoculated with miR-98 transfected OCSCs developed a tu-
mor in the same time period. In addition, tumors obtained
from the mutant miR-98-transfected group were significantly
heavier than those from the miR-98 transfected group (Fig. 4).
Representative hematoxylin and eosin (H&E)-stained sections
of all subcutaneous xenograft tumors derived from both miR-
98 or Mut-transfected OCSCs were categorized as serous
ovarian cancer of moderate or poor differentiation (Fig. 4).
In summary, xenografts formed by miR-98 transfected
OCSCs were smaller, with reduced proliferation capacity than
those formed by mutant miR-98 transfected OCSCs.

Discussion

Current evidence suggests that the capacity for ovarian tumor
formation and growth resides exclusively in a small proportion
of tumor cells, termed OCSCs. OCSCs were first isolated from

human ovarian tumor tissue based on the specific expression of
CD44/CD117 cell-surface antigens [2, 4]. The observation that
stem cells and OCSCs share the common defining features of
incomplete differentiation and a capacity for self-renewal and
invasion have led to the cancer stem cell hypothesis, suggest-
ing that the proliferation and invasion of a small subpopulation
of cells is responsible for tumor growth [1, 2]. The OCSCs are
known to possess an enhanced tumor-initiating capacity, with
an ability of self-renewal, a low degree of differentiation,
highly invasive, and generally more resistant than other cancer
cells to conventional anticancer therapeutics [1–4]. These
properties link OCSCs to tumor recurrence and distant metas-
tasis; therefore, it is essential to elucidate their unique signaling
and regulatory mechanisms in order to design specific thera-
pies that target OCSCs. However, the mechanisms controlling
OCIC proliferation is complicated and thus far poorly under-
stood. To date, several reports indicate that EZH2 protein is
overexpressed in some cancer cells [24–26].

To evaluate changes in the PcG family of proteins, and
evaluate the potential for these changes to affect prostate
carcinoma, cell cycle distribution and expression of Cdk pro-
teins in a prostate cancer cell line expressing an EZH2-specific
miRNA-98 were analyzed. qRT-PCR assays demonstrated

Fig. 4 miRNA-98 inhibits the growth of OCSCs in vivo. amiRNA-98 or
miRNA-Mut transfected human OCSCs were subcutaneously inoculated
into SCID mice. Images of the excised xenograft tumors were shown
here. b miRNA-98 expression delayed tumor growth. All mice in the
miRNA-Mut transfected group developed tumors approximately 8 weeks
after injection; tumors formed by the miRNA-98 transfected cells grew
more slowly (**P<0.01 vs. miRNA-Mut; *P<0.05 vs. miRNA-Mut; n=
3). c Tumor weight at 12 weeks (**P<0.01 vs. miRNA-Mut; n=3). d

Hematoxylin and eosin staining of tumor tissues formed in the miRNA-
Mut transfected group and miRNA-98 transfected group revealing the
cellular heterogeneity. Original magnification: ×100. Representative
H&E staining sections of all subcutaneous xenograft tumors derived from
miRNA-98 transfected group or miRNA-Mut transfected OCSCs spher-
oid cells were categorized as serous adenocarcinomas of moderate/poor
differentiation (Grade II/III), similar to the parental primary patient
tumors
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that levels of EZH2 mRNA were significantly reduced in
miRNA-98 transfected OCSCs compared to miRNA-Mut
transfected and untransfected cells 72 h after transfection.
Subsequently, MTT assays and flow cytometry analysis de-
tected an inhibition of proliferation and an arrest of cells in the
G0/G1 phase for miRNA-98 transfected OCSCs. To further
identify the proteins involved in cell cycle regulation that are
affected by EZH2, co-IP assays and Western blot analysis
were performed. Cyclin E, p21, as well as the PcG-group
family of proteins, HDAC1, pRb, E2F1, and c-Myc were
detected. p21CIPI/WAF1 was up-regulated, while the
CDK2/Cyclin E complex and c-Myc were down-regulated.
For the pRb-E2F pathway factors, E2F1, pRb, and HDAC,
they had decreased expression in OCSCs transfected with
miRNA-98.

Based on the results from this study, we propose a model
(Fig. 3) of cell cycle regulation where the PcG-group protein,
EZH2, signals through the CDK–pRb–E2F signaling pathway.
This model is based on the experiments performed in this study
that demonstrated the following points: (1) EZH2-targeted
miRNA-98 decreased EZH2 expression and inhibited prolifer-
ation of the human OCSCs; (2) EZH2 affected the expression
of the cell cyclin proteins p21, and cyclin E-CDK2 complex, as
well as HDAC1, E2F1, and pRb. It is hypothesized that
inhibition of EZH2 by miRNA-98 affected additional proteins
than those specifically identified in this study, and therefore
variances in the level of protein expression of p21, Cyclin E, c-
Myc, HDAC1, E2F1, and pRb reflect the complex interplay of
proteins that regulate the cell cycle of human OCSCs. There-
fore, additional studies are needed to further elucidate the cell
cycle signaling of prostate cancer cells; however, we have
shown that EZH2 has an important role.
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