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Abstract
The epithelial-to-mesenchymal transition (EMT) that occurs during embryonic development is recapitulated during
tumor metastasis. Important regulators of this process include growth factors, transcription factors, and adhesion
molecules. New evidence suggests that microRNA (miRNA) activity contributes tometastatic progression and EMT;
however, the mechanisms leading to altered miRNA expression during cancer progression remain poorly under-
stood. Importantly, overexpression of the epidermal growth factor receptor (EGFR) in ovarian cancer correlates with
poor disease outcome and induces EMT in ovarian cancer cells. We report that EGFR signaling leads to transcriptional
repression of the miRNA miR-125a through the ETS family transcription factor PEA3. Overexpression of miR-125a
induces conversionof highly invasive ovarian cancer cells fromamesenchymal to anepithelialmorphology, suggesting
miR-125a is a negative regulator of EMT. We identify AT-rich interactive domain 3B (ARID3B) as a target of miR-125a
and demonstrate that ARID3B is overexpressed in human ovarian cancer. Repression of miR-125a through growth
factor signaling represents a novel mechanism for regulating ovarian cancer invasive behavior.
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Introduction
MicroRNA (miRNA) are a novel class of noncoding regulatory RNA
molecules. They regulate gene expression by associating with the 3′un-
translated region (3′UTR) of mRNA. Every tumor type surveyed thus
far expresses different miRNA than the corresponding normal tissue,
and multiple reports indicate that miRNA are differentially expressed
in ovarian cancer [1,2]. These findings suggest that miRNAmay be in-
volved in tumor initiation, growth, or progression; however, the mech-
anisms leading to regulation of miRNA expression in ovarian cancer
have not been characterized.

The epidermal growth factor receptor (EGFR) is often mutated or
overexpressed in ovarian cancer [3–8], and expression correlates with
poor survival. One of the ways that EGFR is thought to promote tu-
mor progression is by induction of the epithelial-to-mesenchymal
transition (EMT). Loss of E-cadherin is a critical step in EMT [9].
EGFR induces loss of E-cadherin in ovarian tumor cells, and EGFR
expression correlates with E-cadherin loss in ovarian tumors [10]. Ac-
tivation of EGFR also drives ovarian cancer cell invasion and activation
of matrix metalloproteinases [10–13]. Therefore, multiple signaling
pathways and gene products that contribute to cancer progression are
EGF-regulated.
InDrosophila, EGFR induces transcription of miR-7 during photo-
receptor differentiation through degradation of the ETS family tran-
scription factor YAN [14]. Because EGFR-mediated signaling events
are conserved between Drosophila and humans, we hypothesized that
EGFRmay regulate miRNA in human disease. Because YANnegatively
regulated miRNA gene expression, we chose to identify miRNA with
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reduced expression in ovarian cancer. Two separate studies reported that
miR-125a was decreased in ovarian cancer, so we focused on EGFR reg-
ulation of miR-125a [1,2].
In this study, we examined the expression of miR-125a in response

to EGF treatment and showed for the first time in mammalian cells
that EGF regulated miRNA expression at the transcriptional level
through the ETS factor PEA3. Because miR-125a expression induced
amesenchymal-to-epithelial transition in invasive ovarian cancer cells, we
chose to identify targets of miR-125a that may regulate EMT. AT-rich
interactive domain 3B (ARID3B) seemed to be a strong target by se-
quence alignment. ARID3B transforms fibroblasts (withMYCN) and is
tumor-promoting in neuroblastoma cells [15]. Interestingly, ARID3B is
essential for the development of mesenchymal cells in embryos and loss
of ARID3B is embryonic lethal [16]. These studies imply that ARID3B
may play an important role in EMTand tumor progression. Our find-
ings demonstrate that miR-125a regulates ARID3B expression and that
ARID3B is elevated in ovarian cancer.

Materials and Methods

Cell Culture
The ovarian carcinoma cell lines OVCA433 and DOV13 (and stable

cell lines) were grown in minimum essential medium supplemented with
10% FBS, 0.2 mM L-glutamine, 1 mM sodium pyruvate, 50 U/ml
penicillin, and 50 μg/ml streptomycin. OVCA433 cells expressing
PEA3 were described previously [11]. To generate miR-125a expressing
cell lines, pre-miR-125a was cloned into pSilencer (Ambion, Austin,
TX), and OVCA433 and DOV13 cells were transfected according to
the instructions using Superfect (Qiagen, Valencia, CA). Stable cell lines
were maintained in either 1 mg/ml G418 or 200 μg/ml Hygromycin B
(Invitrogen, Carlsbad, CA). Epidermal growth factor was purchased
from Biomedical Technologies, Inc (Stoughton, MA).

Western Blots
Cells were lysed in RIPA buffer (50 mM Tris pH 7.5, 150 mM

NaCl, 1% Triton X-100, 5 mM EDTA). Protein concentration was
determined using the BCA kit (Pierce, Rockford, IL). Twenty-five
micrograms of protein was separated by SDS-PAGE and transferred
to nitrocellulose. Blots were probed with the following antibodies:
E-cadherin, N-cadherin, and β-catenin from BD Transduction Labo-
ratories (San Jose, CA); GAPDH from Chemicon (Temecula, CA);
and ARID3B from Abcam (Cambridge, MA). Antibodies for Snail
and β-tubulin were from Santa Cruz Biotechnologies (Santa Cruz,
CA). Densitometry was performed using the Kodak Image Station
using Molecular Imaging Software version 4.0 (Carestream Health,
New Haven, CT). Statistics were calculated using Student’s t test.

Microscopy
Phase-contrast imaging and immunofluorescence microscopy were

performed using an Olympus BH-2 inverted microscope or an Olym-
pus 1X70 fluorescence microscope (Olympus, Center Valley, PA), re-
spectively. For immunofluorescence studies cells were fixed in ice-cold
acetone, blockedwithBSA, andwere then incubatedwith anti-ARID3B
(Abcam), anti–E-cadherin, anti–N-cadherin, or anti–β-catenin (all from
BD Transduction Laboratories). Fluorescein isothiocyanate–conjugated
antirabbit or antimouse secondary antibodies from Chemicon were
used. Coverslips were mounted using Vectashield mounting medium
with 4′,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame,
CA). Bright field (for immunohistochemistry [IHC]) images were col-
lected on a Zeiss Axioskop2 MOT (Carl Zeiss Micro Imaging, Inc,
Thornwood, NY) using Slidebook software (Olympus).

Immunohistochemistry
IHC was performed on US Biomax, Inc (Rockville, MD) tissue ar-

rays (OV807, OV1001, OV808) for ARID3B. IHC was performed
according to the staining procedure for paraffin sections provided by
the VECTASTAIN ABC KITusing DAB as a substrate solution and
Hematoxylin QS as a counterstain (all from Vector Laboratories).

RNA Detection
Total RNAwas extracted with TRIzol (Invitrogen) according to the

manufacturer’s instructions. Complementary DNA (cDNA) was gen-
erated from 1 μg of RNA using High Capacity cDNA Archive Kit or
5 ng of RNA using a miRNA kit according to the manufacturer’s in-
structions (Applied Biosciences, Foster City, CA). For quantitative
PCR (Q-PCR) SYBR Master Mix and TaqMan Master Mix solution
was obtained from Applied Biosciences, and primer/probe QuantiTect
Primer Assays for GAPDH and ARID3B were obtained from Qiagen
and miR-125a Primer Assays were included in the miRNA cDNA kit.
All reactions were performed in duplicate, and all experiments per-
formed at least three times using a 7900HTsequence detection system
(Applied Biosciences). ΔΔCT calculations were used to normalize sig-
nal versus a GAPDH control. Statistics were calculated using Student’s
t test. Reverse transcription–polymerase chain reaction (RT-PCR) for pri-
miR-125a and 18s RNAwas performed using the following primers:
Pri-F, 5′-GGGTTCCTTGGGGAGGAG-3′ and Pri-R, 5′-ATTCC-
CCAGGTGTGTGGTT-3′; 18sF, 5′-AAACGGCTACCACATC-
CAAG-3′ and 18sR, 5′-CCTCCAATGGATCCTCGTTA-3′.

Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed as described

previously [11]. PCR was performed on the miR-125a promoter using
the following primers: 5′-GGGTAGGTAGGAAGCAGGTG-3′ and
5′-CAAGGAACCCAGGAGTCCA-3′. Immunoprecipitation (IP)
with anti–β-tubulin (Santa Cruz Biotechnologies) was used as a negative
control. ChIP controls were also performed on samples without chro-
matin or without antibody. As an additional negative control, we per-
formed ChIP to a region upstream of the miR-125a promoter using
the following primers: 5′-CTTAGGTCCGGGGAATCTCT-3′ and
5′-GGGTCTACGGCCAGCTCT-3′.

Statistical Analysis
Statistical analysis for immunohistochemistry was performed using

a Jonckheere-Terpstra exact test for trend was used to compare the dis-
tribution of expression levels (high, medium, low, none) across tissue
types (serous tumor, benign tumor, normal epithelium) followed by
pairwise comparisons of tissue types. A Bonferroni adjustment was
applied to the P values for the pairwise comparisons. All tests were
two-sided.

Results

EGF and PEA3 Regulate miR-125a Expression
To identify miRNA down-modulated in ovarian cancer, we com-

pared the published reports from Nam et al. [2] and Iorio et al. [1].
The only miRNA that were decreased in both reports were members
of either the miR-125a/b family or the miR-99a/b100 family. Anal-
ysis of the genomic regions of DNA 1000 bp upstream of miR-125a,
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miR-125b, miR-99a, and miR-100 (data not shown) revealed that
miR-125a contained five PEA3 binding sites, making it a candidate for
EGFregulation [11].miR-100 had one PEA3 site in the upstream region,
whereas miR-99a and miR-125a had no binding sites (data not shown).
Therefore, we chose to focus our studies on miR-125a regulation.

For the studies presented here, we used two different cell lines. The
ovarian cancer cell line OVCA433 exhibits an epithelial morphology
and is poorly invasive. Importantly, OVCA433 cells respond robustly
to EGF treatment by undergoing an EMT and becoming invasive
[10,11,17]. DOV13 cells will also be used because they are highly in-
vasive ovarian tumor cells. We have shown that EGFR stimulates the
activity of the transcription factor PEA3 [11]. To determine whether
PEA3 repressesmiR-125a, we performedRT-PCR for the pri-miR-125a
(the original miRNA transcript that has not undergone processing) on
vector control (V3) and PEA3 overexpressing (P2) cells (which were
characterized in the study of Cowden Dahl et al. [11] and derived from
the OVCA433 cells). Pri-miR-125a expression was reduced in PEA3
overexpressing cells (Figure 1A), and similarly, 20 nM EGF treatment
for 8 hours also reduced transcription of miR-125a (Figure 1A).We next
assessed if the mature miR-125a was reduced as a result of EGFR and
PEA3 activation. miR-125a expression was decreased by 40% (P < .05)
and 50% (P < .05) by EGF treatment or PEA3 overexpression, respec-
tively (Figure 1B).We observed a 20%decrease inmiR-125a inDOV13
cells and immortalized ovarian epithelial cells (IOSE 398; data not
shown). We predict that the smaller change in miR-125a expression
in response to EGF in DOV13 cells results from the cells being less re-
Figure 1. EGFR signaling through PEA3 represses miR-125a expressi
on vector (V3), PEA3 (P2), OVCA433 untreated (0), and OVCA433 + 8 h
untreated OVCA433 cells or treated with EGF for 8 hours and in V3 and
cells, respectively. *P < .05. (C) ChIP for PEA3 association with the P
cells. ChIP was also performed on OVCA433 cells untreated or treat
negative control. ChIP performed in the absence of chromatin (ch) o
each sample is shown. ChIP was also performed on chromosomal DN
sponsive to EGF stimulation. EGF stimulates OVCA433 invasion by
12-fold [11] and DOV13 invasion by only 2-fold [13]. Interestingly,
the total PEA3 protein expression is similar between DOV13 and
OVCA433 cells and is provided in Figure W1.We find that EGFR sig-
naling and PEA3 activity repress transcription of miR-125a leading to
decreased mature miR-125a.

We next examined if miR-125a repression occurs through the EGF-
regulated transcription factor PEA3. ChIP demonstrated that treat-
ment of cells with 20 nM EGF enhanced PEA3 association with the
miR-125a promoter (Figure 1C ) indicating that EGFR activation of
PEA3 represses miR-125a transcription. Of note, we see PEA3 associ-
ates with the miR-125a promoter after 2 hours of EGF treatment fol-
lowed by the decrease in mature miR-125a between 4 and 8 hours
(data not shown and Figure 1B). We predict that PEA3 associates with
the miR-125a promoter within 2 hours of EGF treatment, but the de-
crease in total miR-125a expression is evident once the existing pool of
mature miR-125a is degraded. As controls, we performed ChIP for a
region of DNA upstream of the miR-125a promoter. This work repre-
sents the first example of EGF leading to transcriptional regulation of
a miRNA in human cancer cells.

Overexpression of miR-125a Results in a Mesenchymal-to-
Epithelial Transition

Because EGFR activity represses miR-125a, we generatedOVCA433
and DOV13 cells that overexpress miR-125a (433mir125a and DOV-
mir125a, respectively). These cell lines enable us to investigate a
on. (A) RT-PCR for pri-miR-125a (lanes 2-5) and 18s RNA (lanes 6-9)
ours of EGF treatment (8). (B) TaqMan PCR for mature miR-125a on
P2 cells. Expression was normalized to untreated OVCA433 and V3
EA3 binding sites immediately upstream of miR-125a in V3 and P2
ed with EGF for 2 or 8 hours. IP with anti–β-tubulin was used as a
r antibody (ab) did not result in PCR products. Input chromatin for
A upstream of the miR-125a promoter on samples and input DNA.
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