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Abstract Both miR-212 and miR-132 are usually downreg-
ulated in ovarian cancer and act as tumor suppressors.
However, the mechanism of their downregulation in ovarian
cancer is not clear. In this study, we investigated the regulative
effects of miR-212 and miR-132 on SOX4 expression in ovar-
ian cancer cells and also studied whether there is a feedback
regulation between miR-212/miR-132 and SOX4 via an epi-
genetic mechanism. The results showed that both EZH2 and
SOX4 overexpressions significantly repressed miR-212 and
miR-132 expressions in SKOV3 and OV2008 cells.
Immunoprecipitation assay showed that there are interactions
among SOX4, EZH2, and H3K27me3, and ChIP assay con-
firmed significant enrichment of EZH2 and H3K27me3 in the
promoter region of miR-212/132. Both pri-miR-212 and pri-
miR-132 expressions decreased after enforced EZH2 or
SOX4 expression. Western blot and dual-luciferase assay con-
firmed that miR-212 and miR-132 can target the same sites in
the 3'UTR of SOX4 mRNA and suppress its expression in
ovarian cancer cells. MiR-132 or miR-212 overexpression or
knockdown of endogenous SOX4 reduced epithelial-
mesenchymal transition (EMT)-like properties. Therefore,
we infer that the SOX4/EZH2 complex can silence miR-212
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and miR-132 expressions via binding to the promoter region
and promoting H3K27me3, while miR-212 and miR-132 can
directly bind to the 3'UTR of SOX4 and suppress its expres-
sion. This forms a MiR-132/212-SOX4/EZH2-H3K27me3
feedback loop in ovarian cancer cells. Functionally, SOX4 is
a downstream effector of miR-212/132 modulating EMT of
ovarian cancer cells.
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Introduction

Alterations of epigenetic modulation, such as methylation,
histone modification, and non-coding RNAs, are widely seen
in carcinogenesis [1, 2]. Ovarian cancer is a malignant and
highly aggressive female neoplasm [3]. The molecular mech-
anisms underlying this malignancy have not been fully under-
stood. MiR-212 and miR-132 are derived from the miR-212/
132 cluster in chromosome 17 in human [4]. Previous studies
reported that both miR-212 and miR-132 are usually down-
regulated in ovarian cancer and act as tumor suppressors by
targeting E2F5 and HBEGF [5-7]. However, how these two
microRNAs (miRNAs) are downregulated in ovarian cancer
is not clear.

Enhancer of zeste homolog 2 (EZH2) is a subunit of the
Polycomb repressor complex 2 (PRC2), which promotes
DNA methylation via recruiting DNA methyl transferases
(DNMTs) [8]. In addition, as a histone methyl transferase,
EZH2 can specifically catalyze trimethylation (me3) of lysine
27 (K27) on histone 3 (H3) (H3K27me3), an epigenetic mod-
ification that silences gene transcription [9]. Recent studies
found that this mechanism is involved in miRNA silencing
in pathological development of multiple types of cancer, such
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as miR-218 repression in malignant transformation of human
bronchial epithelial cells [10], miR-31 downregulation in in-
vasive esophageal cancer cells [11], and miR-200b/a loss in
ovarian cancer [12]. SOX4 is a member of the highly con-
served SoxC (SRY-related high-motility group box) transcrip-
tion factor family [13]. Previous studies reported that aberrant
SOX4 upregulation is associated with enhanced cancer cell
invasion and metastasis [14, 15]. As a transcription factor,
SOX4 can bind to the promoter region of EZH2 and enhance
its expression [16]. In addtion, it also interacts with EZH2 and
HDAC3, which forms a co-repressor complex to silence miR-
31 expression via binding to the promoter region [11]. In
addition, the regulative effects of miR-212 and miR-132 on
SOX4 were also observed in breast cancer [17].

Based on these observations, we hypothesized that there
might be mutual regulation between miR-212/miR-132 and
SOX4. In this study, we firstly investigated the regulative
effects of miR-212 and miR-132 on SOX4 expression in ovar-
ian cancer cells and also studied whether there is a feedback
regulation between miR-212/132 and SOX4 via an epigenetic
mechanism. In addition, we further studied the role of SOX4
in the pathological development of ovarian cancer, typically in
the epithelial-mesenchymal transition (EMT).

Materials and methods
Cell culture and treatment

The human ovarian cancer cell lines SKOV-3 and OV2008
were obtained from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). All cell lines were cultured in
Dulbecco’s modified eagle medium (DMEM) supplemented
with 10 % fetal bovine serum at 37 °C in 5 % CO,.

pWPXL-SOX4 and pCMVHA-hEZH2 expression vec-
tors and the corresponding negative controls were obtained
from Addgene (Cambridge, MA, USA). SOX4 small inter-
fering RNA (siRNA) and the scramble negative controls,
miR-212 mimics and miR-132 mimics, and the correspond-
ing negative controls were purchased from RiboBio
(Guangzhou, China). The lentiviral pWPXL-SOX4 was
prepared according to manufacturer’s instruction. SKOV3
and OV2008 cells were infected with pWPXL-Sox4 or
transfected with pCMVHA hEZH2 using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) for overexpression.
SKOV3 and OV2008 cells were transfected with 100-nM
miR-212 mimics or miR-132 mimics using Lipofectamine
2000 (Invitrogen). SKOV3 cells were transfected with
100 nM SOX4 siRNA using Lipofectamine 2000
(Invitrogen) for knockdown. The morphological phenotype
of the cells after transfection was captured using a CCD
camera under a light microscopy.

@ Springer

Dual-luciferase assay

The binding sites between miR-212/132 and SOX4 3'UTR
were predicted using TargetScan 7.0. Based on the results of
prediction, a pair of oligonucleotides covering the wild-type
or mutant miR-212/132 binding site of SOX4 3'UTR with
flanking Sacl and Xhol restriction enzyme digestion sites were
chemically synthesized. Then, the sequences were inserted
into the sites Sacl and Xhol in pGL-3 promoter vector, respec-
tively. The reconstructed dual-luciferase reporter plasmids
were named as pGL3-SOX4-WT and pGL3-SOX4-MT, re-
spectively. SKOV3 and OV2008 cells were co-transfected
with 200-ng recombinant plasmids, 20-ng phRL-TK plasmid
carrying the Renilla luciferase gene, and 100-nM miR-212
mimics or miR-132 mimics using Lipofectamine 2000
(Invitrogen). Twenty-four hours after transfection, the lucifer-
ase activity was analyzed using the Dual-Luciferase Reporter
Assay System (Promega, Madison, WI, USA). Firefly lucif-
erase activity was normalized to that of Renilla luciferase.

The qRT-PCR analysis

Total RNA was extracted from the cell samples using TRIzol
reagent (Invitrogen). Complementary DNA (cDNA) was re-
versely transcribed using the SuperScript  First-Strand
Synthesis System (Invitrogen). The primers for SOX4 and
EZH2 were synthesized according to the design in one previ-
ous study [11]. The qRT-PCR was performed using SYBR®
Premix Dimmer Eraser Kit (TaKaRa, Dalian, China) in an
ABI Prism 7500 (Applied Biosystems, Foster City, CA,
USA). GAPDH was used as the endogenous control.

The levels of pri-miR-212 and pri-miR-132 were quanti-
fied using TagMan Pri-miRNA Assays (Applied Biosystems,
Foster City, CA, USA). The miRNA-specific cDNA was first-
ly synthesized using the stem-loop primers and the TagMan
MicroRNA Reverse Transcription Kit (Applied Biosystems)
according to the manufacturer’s instructions. Then, mature
miR-212 and miR-132 were quantified by qRT-PCT using
the TagMan MicroRNA Assays Kit (Applied Biosystems).
The results were presented using 2~ method.

Western blot analysis

Of the total protein extracted from cultured ovarian cancer
cells, 20 pug was fractionated on 10 % SDS-polyacrylamide
gel. Then, the proteins were transferred to nitrocellulose mem-
brane and then subjected to primary antibody incubation. The
primary antibodies used included anti-EZH2 (1:2000, ab3748,
Abcam), anti-SOX4 (1:5000, ab134107, Abcam), anti-E-
cadherin (1:1000, no. 3195, Cell Signaling, Danvers, MA,
USA), anti-N-cadherin (1:1000, no. 13,116, Cell Signaling),
anti-Vimentin (1:1000, no. 5741, Cell Signaling), and anti-[3-
actin (1:2000, ab8227, Abcam). The second HRP-conjugated
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secondary antibodies were purchased from Abcam. The blot
signals were visualized using the ECL Western Blotting
Substrate (Promega, Madison, WI, USA). Then, signal inten-
sity of the protein bands was quantified using densitometry
(Quantity One software, Bio-Rad).

Immunoprecipitation

SOV3 and OV2008 cells were harvested and lysed using ice-
cold immunoprecipitation (IP) lysis buffer (Pierce, Rockford,
IL, USA). The lysate was incubated on ice for 5 min with
periodic mixing. Then, the cell debris was removed by centri-
fugation at ~13,000xg for 10 min at 4 °C. Total protein lysate
(500 pg) was immunoprecipitated with the agarose-
immobilized antibody (6 png of anti-SOX4, EZH2, or isotype
control antibodies) and incubated overnight at 4 °C. Then, the
immune complexes were eluted from the agarose beads and
analyzed by SDS-PAGE followed by immunoblot analysis.

Chromatin immunoprecipitation

The chromatin immunoprecipitation (ChIP) assays were
performed by using the Magna ChIP" A/G Chromatin
Immunoprecipitation Kit (Millipore) following the man-
ufacturer’s protocol. Briefly, SOV3 and OV2008 cells
(1 x 107) were fixed using 1 % formaldehyde for
15 min. Then, the cell samples were lyzed and the
protein-bound chromatin was fragmented by sonication
into fragments ranging from 200 to 1000 bp. Equal vol-
umes of chromatin were immunoprecipitated with mag-
netic Dynal bead (Invitrogen)-coupled antibody against
EZH2 (Abcam), SOX4 (Abcam), H3K27me3
(Millipore), or isotype IgG at 4 °C overnight. The
cross-links for the enriched and the input DNA were then
reversed, and the DNA was cleaned by RNase A
(0.2 mg/mL) and proteinase K (2 pg/mL). The DNA
samples were further purified and then used for qRT-
PCR analysis. A pair of primers that amplified a 152-
bp sequence in the miR-212 upstream promoter region
was designed (forward 5'-ACCTGATATTCAAT
AGACA-3’; reverse 5'-CAAATTAGCCCTAAAGAG-3').

Fluorescence microscopy

SKOV3 cells with or without knockdown of SOX4 were
grown on coverslips. Then, the cells were fixed in methanol,
permeabilized in 0.1 % Triton X-100, and blocked in 1 %
BSA. To investigate the expressions of E-cadherin and N-
cadherin, the coverslips were probed with primary antibodies
against E-cadherin (1:500, ab40772, Abcam) and N-cadherin
(1:100, ab76011, Abcam), respectively, at 4 °C overnight.
After the incubation, the coverslips were washed and further
incubated with secondary Alexa Fluor®555-conjugated

donkey anti-rabbit IgG H&L (1:500, ab150074, Abcam) and
Alexa Fluor®488-conjugated donkey anti-rabbit polyclonal
antibody (1:500, ab150073, Abcam), respectively, for 1 h at
room temperature. Nuclei were stained using Prolong® Gold
Antifade Reagent with DAPI (no. 8961, Cell Signaling). The
images were captured using a fluorescence microscope
(Olympus IX73, Olympus, Tokyo, Japan).

Statistical analysis

Data were presented in the form of means + standard deviation
(SD). Group difference was compared by using the unpaired ¢
test. A two-sided p value of <0.05 was considered statistically
significant.

Results

MiR-212 and miR-132 expressions are decreased due
to EZH2 or SOX4 upregulation in ovarian cancer cells

Previous studies found that both miR-132 and miR-212 are
two tumor suppressive miRNAs that are usually downregulat-
ed in ovarian cancer [5-7]. To investigate whether miR-212/
132 expression is decreased due to EZH2-mediated
H3K27me3 in ovarian cancer cells, SKOV3 and OV2008
cells were firstly transfected for EZH2 overexpression
(Fig. 1a—c). Previous studies reported that SOX4 can bind to
the promoter region of EZH2 and enhances its expression [16]
and can also interact with EZH2 as a co-repressor complex to
silence miRNA expression [11]. We overexpressed SOX4 in
SKOV3 and OV2008 cells (Fig. 1d—f). SOX4 overexpression
also led to enhanced EZH2 expression in the cells (Fig. le, f).
Then, we performed qRT-PCR analysis to quantify miR-212/
132 levels after EZH2 or SOX4 overexpression. Interestingly,
we observed that both EZH2 and SOX4 overexpressions sig-
nificantly repressed miR-212 and miR-132 expressions in
SKOV3 and OV2008 cells (Fig. 1g—).

MiR-212 and miR-132 are epigenetically silenced by via
SOX4/EZH2-mediated H3K27me3

MiR-212 and miR-132 are two miRNAs clustered together.
Previous studies found that hypermethylation in the promoter
region of miR-212/132 is a mechanism of miR-212 and miR-
132 downregulation in some types of cancers [18, 19]. EZH2-
mediated H3K27 trimethylation is also a mechanism of
miRNA suppression [10, 11]. Since we observed that EZH2
or SOX4 upregulation can result in decreased miR-212 and
miR-132 in ovarian cancer cells, we hypothesized that EZH2-
mediated H3K27 trimethylation might be a mechanism under-
lying the downregulation. By using anti-SOX4 and anti-EZH2
for coimmunoprecipitation (co-IP) in cell lysates from

@ Springer



15722

Tumor Biol. (2016) 37:15719-15727

a 6 Vector d 6 Vector g I
g — @B pCMVHA-hEZH2 = g — . pWPXL-SOX4 15 Vector 15 Vector
%“g’ €3 = ] = pCMVHA-hEZH2 B pWPXL-SOX4
N ze ! - g ~E
b 5 38 33 .0 T - 33 o T T
0 & o 2 o 1.09 x o 107
Z 9 2 292 - ge
g8 g s s 5
es - - 23 - = i g5 = =
= 0 2k = 0
° . . o . . % o 0.5 - % o 0.51
SKOV3 0V2008 SKOV3 0V2008 x g x £
b e C s
SKOV3 0V2008 Vector PWPXL-SOX4 Vector PWPXL-SOX4
Voctor  pCNVHAEZHZ  Vector _ pCMVHAREZHZ 0.0 0.0-
‘ SOXS | — — — —‘ SKOV3 0V2008 SKOV3 0V2008
EZH2 | S— S —
EZH2  — — e a— ‘ h j
p-actin ‘ 15 Vector 15 Vector
pactin| W S — -\ | == pCMVHA-hEZH2 | = pwPXL-sOX4
f wE og
el ~
5 Vector - <3 1.04 T - <3 1.0 T -
£ S pCMVHA-hEZH2 5 Vector 4 Vector 14 [ 14 o 1
%A < S pWPXL-SOX4 . pWPXL-SOX4 £ g € g
) I g_4 2 2% ]
NE 3 g'g Eg 3 E=I = 0 ke
&2 <E 3 ~ £ 5 9 0.5 ok 5 0 0.5 ok
oS 58 g2 g s 4 g g
02 2 26 NG 2 x X X x
>0 D 2 03 o )
£e 2s ze
- Z2E £8&
g 1 - E7 =1 0.0- 0.0-
x 4 4 SKov3 0V2008
0 T T 0 0

SKOV3 ov2008

SKOV3  0V2008

Fig. 1 MiR-212 and miR-132 expressions are decreased due to EZH2 or
SOX4 upregulation in ovarian cancer cells. a—¢ The qRT-PCR analysis of
EZH2 mRNA (a) and western blot images (b) and quantitation of band
gray scale (¢) of EZH2 protein expression in SKOV3 and OV2008 cells
after transfection of EZH2 expression vectors (p)CMVHA-hEZH2) or the
negative control. d—f The qRT-PCR of SOX4 mRNA expression (d) and

SKOV3 and OV2008 cells, we observed that there is an inter-
action among SOX4, EZH2, and H3K27me3 (Fig. 2a, b).
Then, we detected whether SOX4 and EZH?2 tethered to the
promoter region of miR-212/132. By perform ChIP assay, we
found significant enrichment of EZH2 and H3K27me3 in re-
gions upstream of miR-212/132 (Fig. 2¢). However, although
SOX4 in the promoter region is slightly increased, the increase
was not significant (Fig. 2¢). To further verify the epigenetic
silencing effect of SOX4/EZH2 complex, we further detected
the levels of pri-miR-212 and pri-miR-132 in SKOV3 and
OV2008 cells after EZH2 or SOX4 overexpression. The
qRT-PCR results showed that both pri-miR-212 and pri-
miR-132 expressions decreased after enforced EZH2 and
SOX4 expressions (Fig. 2d—g). These results suggest that the
SOX4/EZH2 complex can silence miR-212 and miR-132 ex-
pressions via binding to the promoter region and promoting
H3K27me3.

SOX4 is a direct target of miR-212 and miR-132
in ovarian cancer cells

Since miR-212 and miR-132 share a part of same nucleotides,
it is possible that they might synergistically suppress the same
genes. In addition, the regulative effects of miR-212 and miR-
132 on SOX4 were also observed in breast cancer [17]. By
performing bioinformatic analysis, we found that the 3'UTR
of SOX4 has a highly conserved putative target of miR-212
and miR-132 (Fig. 3a). Therefore, we further verify the
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western blot images (e) and quantitation of band gray scale (f) of SOX4
and EZH2 (f) proteins in SKOV3 and OV2008 cells after infected with
pWPXL-SOX4 or the negative control. g—j The qRT-PCR of miR-212 (g,
i) and miR-132 (h, j) expressions in SKOV3 and OV2008 cells after
transfection of pPCMVHA-hEZH2 (g, h) or infected with pWPXL-
SOX4 (i, j). **p < 0.01

regulative effects in ovarian cancer cells. SKOV3 and
OV2008 cells were transfected with miR-212 (Fig. 3b) and
miR-132 (Fig. 3c) for overexpression. Both enforced miR-212
and miR-132 expressions significantly decreased SOX4 level
in these two cell lines (Fig. 3d). To further verify the direct
binding between miR-212 or miR-132 and 3'UTR of SOX4,
the luciferase reporters carrying either wild-type or mutant
SOX4 3'UTR sequences (Fig. 3a) were constructed.
Subsequent dual-luciferase assay showed that both miR-212
and miR-132 can suppress the luciferase activity of the report-
er plasmids carrying wild-type sequences in SKOV3 and
OV2008 cells (Fig. 3e, f). However, these two miRNAs had
no suppressive effect on the reporters with mutant sequences
(Fig. 3e, f). These results confirmed that SOX4 is a direct
target of miR-212 and miR-132 in ovarian cancer cells. In
combination with findings above, we infer that there is a re-
ciprocal control between miR-212/miR-132 and SOX4 in
ovarian cancer via the SOX4/EZH2-mediated H3K27me3
(Fig. 3g).

SOX4 is a functional downstream effector of miR-212
and miR-132 modulating EMT of ovarian cancer cells

Previous studies reported that SOX4 is an oncogene in
ovarian cancer, and its upregulation is associated with en-
hanced cancer cell invasion and metastasis [14, 15]. In this
study, we further studied the role of miR-212/miR-132/
SOX4 axis in the pathological development of ovarian
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cancer. EMT is an important mechanism of enahnced can-
cer cell invasion and metastasis [20]. SKOV3 cells
transfected with miR-212 or miR-132 mimics showed
elongated fibroblast-like morphologic alteration (Fig. 4a).
In addition, enforced miR-212 or miR-132 expression sig-
nificantly increased the expression of E-cadherin and

Fig. 4 SOX4 is a functional
downstream effector of miR-212
and miR-132 modulating EMT of
ovarian cancer cells. a
Morphology of SKOV3 cells af-
ter transfection of miR-212 or
miR-132 mimics. b, ¢ Western
blot analysis (b) and quantitation
(¢) of E-cadherin (E-cad), N-
cadherin (N-cad), and Vimentin
expressions in SKOV3 cells after
transfection of miR-212 or miR- b

a MiR-NC

MiR-212

suppressed the expressions of N-cadherin and Vimentin
in SKOV3 cells (Fig. 4b, ¢). Then, we further investigated
how SOX4 modulates EMT of ovarian cancer cells.
Knockdown of endogenous SOX4 by transfection of
SOX4 siRNA promoted elongated fibroblast-like morpho-
logic alteration of SKOV3 cells (Fig. 4d). In contrast,

miR-132

132 mimics. d Morphology of
SKOV3 cells after transfection of

E-cad

SOX4 siRNA or infected with

pWPXL-SOX4. e, f Western blot Necad

analysis (e) and quantitation (f) of
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Representative immunofluores- d
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N-cad; blue DAPIL. **p < 0.01

DAPI/E-Cadherin/N-Cadherin

@ Springer

Si-NC Si-SOX4 e
¥ AT

E-cad N-cad  Vimentin
Si-NC Si-SOX4 Vector pWPXL-SOX4
E-cad’ L cm— | — - |
N-cad | “— — | | | — —|
Vimentin | e — | | | — -’
Pactin | MEG—-——— — —
% 3 1 Si-NC % 5 Vector
2 @ Si-SOX4 o 41 wE pWPXL-SOX4 o
g’ g3
1= o
24 - T * 22
8 i 8
K . o1
5 ©
o 0
E-cad N-cad Vimentin E-cad N-cad Vimentin
Vector pWPXL-SOX4




Tumor Biol. (2016) 37:15719-15727

15725

SOX4 overexpression induced mesenchymal cell-like mor-
phology (Fig. 4d). By using western blot analysis, we ob-
served that knockdown of endogenous SOX4 increased the
expression of E-cadherin and also significantly suppressed
the expressions of N-cadherin and Vimentin (Fig. 4e, f).
The following immunofluorescence staining also con-
firmed these changes (Fig. 4g).

Discussion

MiRNAs can be either tumor suppressors or oncogenes,
depending on their downstream genes. MiR-212 and
miR-132 have been previously identified as tumor sup-
pressor in ovarian cancer and are both significantly
downregulated in serum and tissues from epithelial
ovarian cancer patients than the healthy controls [5, 7].
Enforced miR-212 expression can suppress SKOV3 cell
proliferation, migration, and invasion by targeting the
HBEGF transcript [7], while miR-132 also presented
similar inhibitive effects on ovarian cancer cell prolifer-
ation, colony formation, migration, and invasion via
targeting E2F5 [5]. However, how these two miRNAs
are downregulated and whether other targets are in-
volved in their regulation in ovarian cancer are not
clear. MiR-212 and miR-132 are clustered together in
the intro of chromosome 17 in human [4]. Previous
studied found that epigenetic regulation is a possible
mechanism of downregulated miR-212 and miR-132 in
several types of cancer. One previous study based on
non-small-cell lung carcinoma cells and normal human
fibroblasts found that although the transcriptional start
site of miR-212 is embedded in a CpG island, miR-
212 suppression is not a result of DNA hypermethyla-
tion but associated with methylation status of histone
tails in the promoter region [21]. MiR-132 is reduced
due to promoter CpG island methylation in prostate can-
cer cells [19] and in HBV-related hepatocellular carci-
noma [22]. In this study, we tried to further investigate
the mechanism underlying miR-212 and miR-132 down-
regulation in ovarian cancer.

EZH2-mediated H3K27me3 is an epigenetic modifica-
tion that leads to silence of multiple miRNA transcription in
several disease models, such as miR-218 in non-small-cell
lung cancer cells [10], miR-31 in invasive esophageal can-
cer cells [11], and miR-101 in embryonal rhabdomyosarco-
ma [23]. EZH2 upregulation is also observed in ovarian
cancer tissue and cells [24]. Therefore, we hypothesized
that the EZH2-mediated H3K27me3 might also be a mech-
anism of miR-212/132 downregulation in ovarian cancer
cells. The results showed that EZH2 overexpression signif-
icantly repressed miR-212 and miR-132 expressions in
SKOV3 and OV2008 cells. Interestingly, by performing

ChIP assay, we also verified the interaction between
EZH2 and SOX4. In fact, SOX4 can enhance the expres-
sion of EZH2 via binding to the promoter region [16] and
can also interact with EZH2 and HDAC3 to form a co-
repressor complex to silence miRNA expression [11]. In
this study, co-IP assay confirmed the interaction among
SOX4, EZH2, and H3K27me3 in both SKOV3 and
OV2008 cells. Following ChIP assay also detected signifi-
cant enrichment of EZH2 and H3K27me3 in regions up-
stream of miR-212/132. One previous study studied the
regulative effects of the SOX4, EZH2, and HDAC3 com-
plexes on miR-31 expression in esophageal cancer cells
[11]. Their IP assay study observed that there is a direct
interaction between EZH2 and H3K27me3 marks and be-
tween HDAC3 and H3K27me3 marks but not between
SOX4 and H3K27me3. These findings suggest that SOX4
is a functional part of the complex but without direct inter-
action with the DNA. This might be the reason why the
quantitative ChIP assay did not observed significant in-
crease of SOX4 in the promoter region of miR-212/132.
In addition, our qRT-PCR results further demonstrated that
both pri-miR-212 and pri-miR-132 expressions were de-
creased after enforced EZH2 and SOX4 expressions.
Therefore, we infer that the SOX4/EZH2 complex can si-
lence miR-212/132 expression via binding to the promoter
region and promoting H3K27me3.

Two previous studies reported that both miR-212 and
miR-132 can directly bind to the 3'UTR of SOX4 in breast
cancer [17], osteosarcoma [25], and lung cancer [26] and in
B cell development [27]. This triggered our interest to fur-
ther investigate whether there is a reciprocal regulation
between miR-212/132 and SOX4. By performing western
blot and dual-luciferase assay, we confirmed that miR-212
and miR-132 can target the same sites in the 3'UTR of
SOX4 messenger RNA (mRNA) and suppress its expres-
sion in ovarian cancer cells. This finding validated our
hypothesis that there is a reciprocal control between miR-
212/miR-132 and SOX4 in ovarian cancer via the SOX4/
EZH2-mediated H3K27me3.

SOX4, as a transcription factor, upregulation in ovarian
cancer is associated with enhanced cancer cell invasion and
metastasis [14, 15]. However, its pathological role in ovar-
ian cancer has not been fully revealed. One recent study
reported that SOX4 is a master regulator that is indispens-
able for EMT in cancer cells [16]. Several miRNAs with
suppressive effect on SOX4 expression also showed inhib-
itive effect on EMT [25, 28, 29]. We also investigated the
effect of the miR-212/miR-132/SOX4 axis on EMT of ovar-
ian cancer cells. The results showed that miR-212 or miR-
132 overexpression or knockdown of endogenous SOX4
increased the expression of E-cadherin and also significant-
ly suppressed the expressions of N-cadherin and Vimentin
in SKOV3 cells. Therefore, we infer that SOX4 is a
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functional downstream effector of miR-212 and miR-132
modulating EMT of ovarian cancer cells.

Conclusion

SOX4/EZH2 complex can silence miR-212/132 expression
via binding to the promoter region and promoting
H3K27me3, while miR-212 and miR-132 can directly bind
to the 3'UTR of SOX4 and suppress its expression. This forms
a MiR-132/212-SOX4/EZH2-H3K27me3 feedback loop in
ovarian cancer cells. Functionally, SOX4 is a downstream
effector of miR-212 and miR-132 modulating EMT of ovarian
cancer cells.
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