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Epithelial-mesenchymal transition represents a key
event in cancer progression and has emerged as a prom-
ising anticancer target. Estrogen-related receptor alpha
(ERRa) is frequently elevated in advanced-stage ovar-
ian cancer, but its potential role in tumor progression
is not known. Here we show that ERRa functions in epi-
thelial-mesenchymal transition and in subsequent stem
cell traits responsible for the acquisition of high degree
of aggressiveness and potential for metastasis that are
characteristic of ovarian cancer. Importantly, targeted
inhibition of ERRa also inhibited the expression of Snail,
a repressor of E-cadherin and an inducer of epithelial-
mesenchymal transition. Interestingly, induction of Snail
resulted from not only changes in mRNA transcription
rate but also mRNA stability. We thus identified the
miR-200 family as a new player in the ERRo-mediated
posttranscriptional regulation of Snail, and antagonism
of miR-200a/b could revert the decreased expression
of Snail and reversal of epithelial-mesenchymal transi-
tion and stem cell characteristics due to ERRa. depletion.
Finally, we showed that RNA interference-mediated
inhibition of ERRa significantly reduced tumor burden,
ascites formation, and metastatic peritoneal nodules in
vivo in an orthotopic model of ovarian cancer. These
results suggest ERRa: activation as a mechanism of tumor
aggressiveness and imply that targeting ERRo. may be a
promising approach in ovarian cancer treatment.
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INTRODUCTION

Ovarian cancer is an aggressive disease, with 204,000 cases diag-
nosed worldwide each year, and is the leading cause of death
among all gynecologic tumors." The late diagnosis, combined
with widespread intraperitoneal metastasis and ascites forma-
tion, makes it extremely challenging to treat ovarian cancer in
which current treatment options are largely ineffective, result-
ing in a dismal 5-year survival of <25%. Therefore, understand-
ing the molecular mechanisms that mediate ovarian cancer

progression is critically important in the search for novel thera-
peutic approaches.

Estrogen-related receptor alpha (ERRa) was among the first
orphan members of the nuclear receptor superfamily to be discov-
ered.? Because of its structural similarities with estrogen receptor,
initial studies on the possible roles of ERRo. focused mainly on
the potential cross talk between these two receptors. However, this
concept has recently been revisited to reveal estrogen receptor-
independent functions that are unique to ERRa in tumor biology.
Of particular interest, levels of ERRa,, but not those of other fam-
ily members, are associated with a worse prognosis and have been
reported to be elevated in the more-aggressive tumors in ovarian
cancer.** This opens the possibility that ERRo. could directly regu-
late tumor progression of ovarian cancer cells. However, whether
and how ERRa is involved in the process of metastasis remains
unknown.

Epithelial-to-mesenchymal transition (EMT) is considered a
key step in metastasis, including ovarian cancer, which endows
carcinoma cells with enhanced migratory and survival abilities
that facilitate malignant progression.>® Recent findings further
illustrate a link between EMT and the gain of stem cell properties,
and these studies provide a new concept for therapies that target
cancer stem cells (CSCs).” Understanding the molecular mecha-
nisms that enable ovarian cancer cell dissemination, in particular
characterizing EMT effectors, will yield important insights.

Loss or reduction of E-cadherin is a well-established hallmark
of EMT, and the zinc finger transcription factors of the Snail/
Slug family have been implicated in this repression.® Although
downstream effects of Snail/Slug activation are well defined, less
is known about primary events that initiate EMT. Moreover, given
that directly inhibiting transcription factors is currently infeasi-
ble,”'® identifying their upstream regulators will also have great
therapeutic significance.

In this study, we show for the first time that targeted inhibi-
tion of ERRa in highly metastatic ovarian cancer cells signifi-
cantly attenuates EMT, CSC formation, and metastasis in vitro
and in vivo. We also provide mechanistic insight suggesting that
miR-200s, newly identified targets of ERRo action, is a critical
upstream effector of Snail-dependent repression of E-cadherin of
ERRa in this process.
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RESULTS

Targeted inhibition of ERRa suppresses EMT

EMT is an important driver of cancer progression. To assess the
functional role of ERRot in EMT, we first transfected OVCAR-3
cells with the wild-type ERRa. construct, taking advantage of its
low ERRa expression and epithelial morphology, and changes
in cell behavior were followed by optical microscopy. Figure
la shows that OVCAR-3 cells transfected with ERRa lost their
cobblestone-like epithelial morphology but were dispersed and
assumed a spindle-like fibroblast appearance. These changes are
typical of cells with a mesenchymal phenotype. Conversely, we
used RNA interference-mediated suppression of ERRa in SKOV-
3, which had high ERRo expression and the cells in which were
spindle-shaped and exhibited reduced cell-cell contact (Figure
1b). The effectiveness of this small interfering RNA (siRNA) in
depleting ERRot expression was confirmed by western blotting
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Figure 1 ERRa induces EMT in ovarian cells. (a) OVCAR-3 cells trans-
fected with empty vector pcDNA3.1 or ERRo construct or (b) SKOV-3
cells transfected with NS siRNA or ERRa. siRNA for 24 hours were fixed
and assessed for morphologic changes consistent with EMT. Left, the
presence of spindle-shaped cells with loss of epithelial cell morphology
was noted in ERRo-overexpressing and NS siRNA-treated cells. Right,
scattered colonies were scored. Inset, whole-cell lysates were analyzed
for the levels of ERRo by western blot analysis. (c) Expression of the epi-
thelial cell molecule E-cadherin and expression of mesenchymal marker
N-cadherin were assessed by western blotting. B-actin was included as
a loading control. The band intensities were quantified by densitometric
analysis and expression levels relative to that of B-actin are indicated.
Results are presented as the mean + SD and were analyzed using Mann-
Whitney U-test. *P < 0.05, compared with pcDNA3.7 or NS siRNA. Bar =
50 pm. EMT, epithelial-mesenchymal transition; ERRo., estrogen-related
receptor alpha; NS, nonspecific; siRNA, small interfering RNA.
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(Figure 1b, inset). Knockdown of ERRa could revert the mes-
enchymal phenotype to an epithelial phenotype (Figure 1b).
This was also confirmed by western blot analysis, which showed
a decrease of the epithelial cell marker, E-cadherin expression,
and an increase of the mesenchymal cell marker, N-cadherin
expression, on ERRa. overexpression (Figure 1c). Knocking
down ERRo also stimulated the induction of E-cadherin and
suppressed the expression of N-cadherin (Figure 1c). The use of
nonspecific siRNA had no effect. In addition, there was a correla-
tion between ERRa. expression and metastatic phenotype in cell
lines (Supplementary Figure S1). ERRa. was highly expressed in
CaOV-3, SKOV-3, and HEYAS cells, all of which have been shown
to frequently metastasize when inoculated into mice."! OVCAR-3
and OV-90 cells, which possess less metastatic potential, showed
lower ERRou expression.'” ERRo. was absent in human ovarian
surface epithelium (OSE), the tissue of origin of epithelial ovarian
carcinomas. Together, these data show a critical role of ERRa. in
the induction of EMT and metastatic phenotypes.

ERRa represses E-cadherin expression through Snail

Snail and Slug are zinc finger transcription factors that induce
EMT and repress E-cadherin gene transcription.”* " To elucidate
the mechanism of ERRa.-regulated EMT, we examined changes in
expression levels of these transcription factors. Our results showed
that overexpression of ERRo. was associated with an increase in
the expression of Snail but it had no effect on Slug (Figure 2a). To
further elucidate the involvement of ERRa in Snail upregulation,
ERRa was repressed by the use of siRNA. ERRo-specific siRNA
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Figure 2 ERRa induces the expression of Snail. (a) OVCAR-3 cells
were transfected with empty vector pcDNA3.1 or ERRo construct or
(b) SKOV-3 cells were transfected with nonspecific (NS) siRNA or ERRa
siRNA for 24 hours. Total RNA was extracted and reverse transcription—
polymerase chain reaction was performed using sequence-specific prim-
ers to ERRa,, Snail, and Slug. B-actin was included as an internal control.
The signal intensities were quantified by densitometric analysis and the
amount was normalized for the amount of B-actin. Results are presented
as the mean + SD and were analyzed using Mann-Whitney U-test.
*P < 0.05, compared with pcDNA3.1 or NS siRNA. ERRa, estrogen-
related receptor alpha; siRNA, small interfering RNA.
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markedly reduced Snail mRNA (Figure 2b). No inhibition was  expressed in ERRo-expressing cells. As shown, the expression of
observed with nonspecific siRNA (Figure 2b). Similarly, ERRoc  ERRa: caused a significant increase in the activation of the Snail
siRNA did not affect Slug expression (Figure 2b), suggesting a  promoter (Figure 3a). To examine whether ERRa regulates Snail

potent role of Snail in ERRa-mediated EMT regulation. expression at the posttranscriptional level, we performed acti-

nomycin D chase experiments to determine the half-life of Snail
ERRa activates Snail via both transcriptional and mRNA. Figure 3b shows that the half-life of Snail mMRNA was dra-
posttranscriptional mechanisms matically prolonged by ERRo. expression. However, in cells that

Next, we examined the mechanism by which ERRo increases — were treated with ERRo siRNA, there was a substantial decrease
Snail mRNA expression. This increase could be due to the result  in the half-life of Snail mRNA (Figure 3c), suggesting that the
of increased synthesis of the transcript and/or stability. To exam-  significant increase in Snail mRNA levels in response to ERRo
ine whether Snail was activated at the transcriptional level, lucif-  could be due to the combined effects on both transcription rate
erase reporter containing the 5" promoter region of Snail was  and stability.
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Figure 3 ERRa activates the promoter of Snail and attenuates its mRNA degradation. (a) OVCAR-3 cells were transiently transfected with 1.5
ug of the Snail promoter and 15 ng of B-galactosidase plasmid for 24 hours. Luciferase and B-galactosidase activities were assayed, and the luciferase
activity of each sample was normalized with -galactosidase activity. The luciferase activity was calculated relative to that with promoter alone, which
was arbitrarily assigned a value of one. (b) OVCAR-3 cells transfected with the empty vector pcDNA3.1 or ERRa construct or (€) SKOV-3 cells trans-
fected with nonspecific (NS) siRNA or ERRa siRNA were incubated with actinomycin D (ActD; 5 pg/ml) over a time course of 0, 1, 2, 4, and 6 hours.
Total RNA was then extracted and reverse transcription—polymerase chain reaction was performed using Snail sequence-specific primers. -actin was
included as an internal control. The signal intensities were quantified by densitometric analysis, and the amount was normalized for the amount of
B-actin. Results are presented as the mean + SD and were analyzed using Kruskal-Wallis test followed by Dunn’s test for post hoc analysis. *P < 0.05,
compared with pcDNA3.1. ERRo, estrogen-related receptor alpha; siRNA, small interfering RNA.
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miR-200 family members are regulated by ERRa
MicroRNAs (miRNAs), a class of 21- to 23-nucleotide-long non-
coding RNAs, are emerging as an attractive mechanism to inhibit
gene expression posttranscriptionally by either translational
blockage or mRNA degradation.'® To identify miRNAs that are
regulated by ERRa., we performed an unbiased screen using pre-
diction softwares and the set of miRNAs known to be associated
with ovarian cancer progression.'”'® We thus identified the miR-
200 family (miR-141, miR-200a, miR-200b, and miR-200c) as
Snail regulators. Although previously published data have shown
that miR-200 family members can regulate Snail in epiblast dif-
ferentiation during development,' the regulation of Snail by miR-
200 family members in tumor cells has never been investigated
before. On examining the expression level of miR-141, miR-200a,
miR-200b, and miR-200c, we found that the miRNAs are highly
expressed in ERRo siRNA-treated cells, whereas nonspecific
siRNA-treated cells showed no effect (Figure 4).

ERRa-regulated miR-200 family is involved in ERRa-
mediated EMT and CSC

To assess whether miR-200 was required for ERRo-induced EMT
regulation, we used hsa-miR-200a and hsa-miR-200b antagomirs.
By inhibiting miR-200a and/or miR-200b, the decreased Snail
expression and the reversal of EMT caused by ERRo. depletion
was significantly inhibited (Figure 5). Because cancer cells that
undergo EMT can acquire stem cell properties that promote
aggressive metastatic behavior, we determined the presence of
CSCs in ERRo knockdown cells. Knockdown of ERRot signifi-
cantly reduced formation of CSC-enriched spheres (Figure 6a).
There was also a significant decrease in the expression of Nanog,
Bmi-1, and Oct-4, which are established ovarian CSC markers,”
in ERRa knockdown cells (Figure 6b). We also observed that
miR-200a and miR-200b antagomirs had a substantial function in
reverting ERRol siRNA-mediated inhibition of sphere formation
(Figure 6¢). These results reveal a key role of the miR-200 family
members in ERRo.-mediated EMT regulation and show that miR-
200 also has a role in EMT-regulated CSCs.
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Figure 4 ERRa-induced EMT requires miR-200 family members.
SKOV-3 cells were transfected with NS siRNA or ERRo siRNA for 24
hours. Total RNA was extracted and reverse transcription-polymerase
chain reaction was performed using sequence-specific primers to miR-
141, miR-200a, miR-200b, and miR-200c. U6 was included as an internal
control. The signal intensities were quantified by densitometric analy-
sis and the amount was normalized for the amount of U6. Results are
presented as the mean + SD and were analyzed using Mann-Whitney
U-test. *P < 0.05, compared with NS siRNA. EMT, epithelial-mesenchy-
mal transition; ERRo., estrogen-related receptor alpha; NS, nonspecific;
siRNA, small interfering RNA.
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Silencing ERRa inhibits orthotopic ovarian cancer
metastasis

To extend these studies in an animal model, we investigated the
effect of ERRa. silencing on ovarian cancer metastasis. In this
in vivo study, luciferase-labeled nonspecific or ERRo siRNA-
expressing SKOV-3 cells were orthotopically injected into the
ovarian bursa, which emulates the clinical presentation of human
patients with ovarian cancer, and subjected to bioluminescence
imaging. The results showed that SKOV-3 cells expressing non-
specific siRNA grew as highly aggressive tumors and the tumor
cells disseminated to the peritoneum—with visible tumor masses
growing on the omentum, mesenteries, and small bowels—and
developed ascites, reflecting characteristics commonly displayed
by ovarian cancer lesions (Figure 7a). ERRot knockdown led to
a marked reduction of the ascites volume compared with the vol-
ume in nonspecific siRNA-treated cells (Figure 7b). Similarly,
the number and the size of tumor nodules were substantially
decreased by treatment with ERRo: siRNA than with nonspecific
siRNA (Figure 7c), giving further support to the importance of
ERRo! in ovarian cancer metastasis.

DISCUSSION
As a crucial initial step in cancer metastasis, anti-EMT strategies
hold great promise for the treatment of many cancers that cur-
rently lack effective therapies. As such, identifying factors that
control EMT and the associated malignant features is critical.
ERRo overexpression is correlated with poor outcome in ovarian
cancer,”* but the molecular mechanism underlying the aggressive
nature of these tumors remains largely unknown. Furthermore,
although originally identified as a metabolic regulator, recent
evidence suggests that its actions are not confined to metabolic
regulation.’* The work presented here is significant in several
ways. First, we show for the first time an additional and novel role
for ERRa as a critical positive regulator of EMT and subsequent
CSC-like properties and an inducer of ovarian cancer metasta-
sis, both in vitro and in vivo. Moreover, we show a new mecha-
nism of action by which ERRo regulates the miR-200 family to
modulate the EMT-inducing transcription factor Snail to suppress
E-cadherin expression. Given that EMT represents a fundamen-
tally important process in ovarian cancer® and that E-cadherin
repression is associated with poor outcome in ovarian cancer
patients,” our result that ERRol is involved in the regulation of
ovarian tumor progression and metastasis is clinically relevant.
There is increasing evidence that members of the Snail fam-
ily of transcription factors can be differentially regulated.” Thus,
despite the many similarities between Snail and Slug, they might
play important but distinct roles in cancer progression, and these
roles are compatible with current models.”**” Moreover, in addi-
tion to Snail, other members of the zinc finger transcription fac-
tors, including Zebl, SIP1, E12/E47, and Twist, have also been
shown to induce EMT and metastasis through the repression
of E-cadherin. Although Snail is implicated in the early step of
EMT, Zeb1 and other repressors are responsible for maintenance
of the migratory phenotype.® Our data showing that ERRo
induces expression of Snail suggest that ERRat may regulate the
first and necessary phase of the ovarian cancer dissemination pro-
cess. These observations follow clinical reports in which primary
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Figure 5 ERRo-induced EMT requires miR-200 family members. (a) SKOV-3 cells were transfected with nonspecific (NS) siRNA or ERRo siRNA
in combination with NS miRNA, anti-miR-200a, or anti-miR-200b for 24 hours. Morphologic changes were assessed by light microscopy (upper)
and scattered colonies were scored (lower). (b) Total RNA was extracted and reverse transcription—polymerase chain reaction was performed using
sequence-specific primers to Snail. B-actin was included as an internal control. The signal intensities were quantified by densitometric analysis and the
amount was normalized for the amount of B-actin. Results are presented as the mean + SD and were analyzed using Kruskal-Wallis test followed by
Dunn'’s test for post hoc analysis. *P < 0.05, compared with NS siRNA. Bar = 50 um. EMT, epithelial-mesenchymal transition; ERRa, estrogen-related

receptor alpha; siRNA, small interfering RNA.

ovarian tumors are believed to engage the EMT program at the
initial dissemination stage.* It is also relevant that Snail expres-
sion in ovarian carcinomas is associated with a worse prognosis
and shows more aggressive biological behavior.”~!

We show that ERRa affects Snail expression not only through
transcriptional regulation of Snail but also through posttranscrip-
tional regulation that targets the 3" untranslated region of Snail.
This dual mechanism of regulation is similar to what has been
recently described for insulin-like growth factor (IGF)-I signaling.
EWS-Flil regulates the IGF-I promoter directly and the expres-
sion of IGF-I via miRNAs indirectly.*>** The combined ability of
ERRo in increasing Snail transcription and in preventing mRNA
degradation indicates that it plays a central role in regulating Snail
expression and thus EMT.

Here, we also describe a novel oncogenic role of ERRa in
regulating miRNAs, although previously published data have
shown that ERRa can be regulated by miR-137.** The molecular
mechanism by which ERRo might regulate miRNA-200s is not
known. However, there are several plausible mechanisms: (i) In
its capacity as a transcriptional regulator,”>** ERRo. may directly
alter miR-200 gene expression. ERR0. response elements were

Molecular Therapy vol. 22 no. 4 apr. 2014

found at the promoter regions of the miR-200a/b cluster and
miR-200c/141. (ii) Alternatively, ERRo. may regulate miRNA bio-
genesis by downregulating Drosha and Dicer transcriptionally.
Transcription is increasingly recognized as an important mecha-
nism of Drosha and Dicer regulation,” and ERRa-binding sites
(TNAGGTCA) within the human Drosha (GenBank accession
number NC_000005.9) and Dicer (GenBank accession number
NG_016311.1) promoters have been identified. (iii) In addition,
although the transcriptional mechanism is well recognized, there
is now evidence that nuclear receptors can mediate rapid nonge-
nomic signaling.* These issues remain to be elucidated.

There is increasing evidence that the induction of EMT in
transformed ovarian cancer cells in vitro or in mouse models
generates cells with CSC characteristics, suggesting that ovarian
epithelial cells can gain CSC characteristics through EMT.**
Moreover, CSCs derived from ovarian tumors and metastatic
ovarian peritoneal effusions express EMT-associated markers.*!
Similarly, EMT and CSC markers are frequently associated with
ovarian carcinomas that have a propensity to metastasize, thus
reinforcing the close relationship of these processes.” Our studies
reveal a role for ERRa in linking EMT and CSCs, which not only
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Figure 6 Knockdown of ERRa inhibits CSC phenotype. (a) SKOV-3 cells were transfected with nonspecific (NS) siRNA or ERRa. siRNA for 72 hours.
The number of tumor spheres generated was photographed (left) and counted (right). Results are presented as the mean + SD and were analyzed
using Mann-Whitney U-test. (b) Total RNA was extracted and reverse transcription—polymerase chain reaction was performed using sequence-spe-
cific primers to Nanog, Oct-4, and Bmi-1. -Actin was included as an internal control. The signal intensities were quantified by densitometric analysis
and the amount was normalized for the amount of B-actin. Results are presented as the mean + SD and were analyzed using Mann-Whitney U-test.
(c) The number of tumor spheres generated was photographed (left) and counted (right). Bar = 50 um. Results are presented as the mean + SD and
were analyzed using Kruskal-Wallis test followed by Dunn’s test for post hoc analysis. *P < 0.05; **P < 0.01, compared with NS siRNA. Bar = 50 pm.
CSC; cancer stem cells; ERRo, estrogen-related receptor alpha; siRNA, small interfering RNA.

expands our understanding of the molecular mechanism but also
sheds light on a new therapeutic concept that warrants clinical
investigation.

This study further confirms an essential role of ERRo in
ovarian cancer progression and positions it as an important target
for cancer treatment. Because cells of the human OSE generally do
not express ERRa. (Supplementary Figure S1), its therapeutic tar-
geting may offer a highly selective approach. It is also worth noting
that high levels of ERRa are found in various cancers, including
ovarian cancer, and high ERRo. expression is associated with poor
prognosis in breast, colon, and ovarian cancers,*** suggesting that
the role of ERRot in EMT may have broader implications for other
tumor cell types. Small molecules that modulate ERRo. activity
are not yet available. However, several orphan nuclear receptor
antagonists have recently entered various clinical trials with suc-
cess, but these also cause unwanted side effects.* Therefore, seek-
ing a safe and effective therapeutic method is crucial. In recent
years, the use of siRNA, a powerful gene-silencing technology, has
been widely used for silencing malignant genes, including nuclear

748

receptors, and in many cases, it possesses advantages (e.g., safe,
efficient, and specific) as compared with small molecule inhibi-
tors.”” The peritoneal dissemination of ovarian cancer may offer
significant targeting advantage for intraperitoneal gene delivery
in that the therapeutic siRNA can be sensitive and specific to the
target cells owing to the closed space of the peritoneal cavity.*s

In summary, our studies identify a novel role for ERRo. as a
positive regulator of EMT. These studies not only provide insights
into the roles and mechanisms for ERRa. in ovarian cancer pro-
gression but also suggest that disruption of ERRa signaling could
serve as a new strategy for reversing EMT and tumor metastasis,
both major adverse events in ovarian cancer that cause mortality.

MATERIALS AND METHODS

Cell culture and transfection. Human OSEs were collected with informed
consent, and approval of the appropriate institution ethical committee
was obtained before the study. OSE-527 and OSE-535 were obtained from
ovaries during laparoscopy on women undergoing surgery for nonmalig-
nant gynecologic diseases. These cells were transfected with SV40 large T

www.moleculartherapy.org vol. 22 no. 4 apr. 2014
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Figure 7 ERRo knockdown inhibits peritoneal dissemination of
ovarian cancer cells in vivo. (@) NOD/SCID mice were orthotopically
injected with SKOV-3 cells transduced by nonspecific (NS) shRNA or
ERRa. shRNA (three mice per group). At the time of sacrifice, biolumi-
nescence imaging was again performed, and the peritoneal cavity was
assessed for evidence of metastases. (b) Ascites fluid was collected and
the volume was measured. (c) The metastatic lesions were excised and
their total number was counted. Results are presented as the mean + SD
and were analyzed using Mann-Whitney U-test. ERRa, estrogen-related
receptor alpha; NOD/SCID, nonobese diabetic/severe combined immu-
nodeficient; shRNA, short hairpin RNA.

antigen to increase the proliferative life span of the cells but remain non-
transformed.” The human ovarian cancer cells CaOV-3, OVCAR-3, and
SKOV-3 (a gift from Dr. N. Auersperg, University of British Columbia,
Vancouver, BC, Canada) were maintained in Media 199/MCDB105 (1:1),
and the OV-90 (American Type Culture Collection, Rockville, MD) and
HEYAS (a gift from Dr. J. Liu, M. D. Anderson Cancer Center, Houston,
TX) were maintained in RPMI 1640; both media contained 10% fetal
bovine serum, 100 units/ml penicillin, and 100 pg/ml streptomycin, and
cells were cultured in a humidified incubator with 5% CO, at 37 °C. All
cell lines were regularly examined to monitor cellular morphology and
tested to ensure the absence of mycoplasma contamination. Cell lines were
authenticated with an AmpFLSTR Identifier Plus PCR Amplification Kit

Molecular Therapy vol. 22 no. 4 apr. 2014
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(Life Technologies, Carlsbad, CA) according to the manufacturer’s instruc-
tions. The data were analyzed by GeneMapper 4.1 Software (Foster City,
CA). Cells were tested in November 2013. To express ERRo, cells were
transiently transfected with 1 ug plasmid DNA per well in six-well plates,
which was accomplished using Lipofectamine 2000 reagent (Invitrogen,
Carlsbad, CA), and incubated for 24 hours according to the manufac-
turer’s instructions. FLAG-tagged ERRo. was purchased from Addgene
(Cambridge, MA).

RNA interference-mediated gene silencing. ERRo. gene-specific siRNA
duplexes (5-GGCCUUCGCUGAGGACUUA-3") or nonspecific control
siRNA oligonucleotides (5'-GGCTACGTCCAGGAGCGCA-3’) were pur-
chased from Dharmacon (Lafayette, CO). Transfection was performed at a
final concentration of 20 nmol/l using siLentFect (Bio-Rad, Hercules, CA).
Stable transfection was performed first to produce viral particles consti-
tutively expressing ERRo short hairpin RNA or nonspecific short hairpin
RNA with packaging cell line 293T using Lipofectamine 2000 reagent
(Invitrogen). The medium containing lentivirus was collected 48 hours
later, SKOV-3 cells were infected with lentivirus, and the transfected cells
were selected in 1 ug/ml puromycin (Invitrogen).

Reverse transcription-polymerase chain reaction analysis. Total RNA
was isolated using Trizol reagent (Invitrogen). RNA was reverse tran-
scribed to ¢cDNA using the SuperScript III first-strand synthesis kit
according to the manufacturer’s instructions (Invitrogen). The primers
used in this study were the following: ERRol 5-TCCAGCTCCCACTC-
GCTGCC-3" (sense) and 5-ACACTCGTTGGAGGCCGGAC-3’ (anti-
sense)); Snail, 5-TTCCAGCAGCCCAACGACCAG-3" (sense) and
5"-CGGACTCTTGGTGCTTGTGGA-3’ (antisense); Slug, 5'-ACGCCTC-
CAAAAAGCCAAAC-3" (sense) and 5-GGTAATGTGTGGGTCC-
GAAT-3" (antisense); Nanog, 5-AAGACAAGGTCCCGGTCAAG-3’
(sense) and 5-CCTAGTGGTCTGCTGTATTAC-3" (antisense); Oct-4,
5"-ATCCTGGGGGTTCTATTTGG-3" (sense) and 5-TCTCCAGGTT-
GCCTCTCACT-3" (antisense); Bmi-1, 5-ATGTGTGTGCTTTGTG-
GAG-3’ (sense) and 5-AGTGGTCTGGTCTTGTGAAC-3’ (antisense);
and B-actin, 5-TCACCGAGGCCCCTCTGAACCCTAGA-3" (sense)
and 5-GGCAGTAATCTCCTTCTGCATCCT-3’ (antisense). The number
of amplification cycles, during which polymerase chain reaction prod-
uct formation was limited by template concentration, was determined in
pilot experiments. To measure the expression of mature miR-200s, total
RNA from cells was isolated using Trizol reagent (Invitrogen). Reverse
transcription—polymerase chain reaction reactions were carried out using
Tagman microRNA reverse transcription kit (Applied Biosystems, Fos-
ter City, CA) and the following specific stem-loop primers: miR-141,
5-GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAG
CCAACCCATCT-3"; miR-200a, 5-GTTGGCTCTGGTGCAGGGTCCG
AGGTATTCGCACCAGAGCCAACACATCG-3"; miR-200b, 5-GTTGG
CTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACTC
ATCA-3’; and miR-200c, 5-GTTGGCTCTGGTGCAGGGTCCGAGG-
TATTCGCACCAGAGCCAACTCCATC-3". U6 was used as an internal
control.

Western blotting. Whole-cell lysates were prepared using sodium dodecyl
sulfate lysis buffer (260 nmol/l Tris—-HCI, pH 6.8, 0.8% sodium dodecyl
sulfate, 40% glycerol), 1 pg/ml leupeptin, aprotinin, and 1 mmol/l phenyl-
methylsulfonyl fluoride (Roche Basel, Switzerland). Lysates (20 pg) were
separated by 7.5% sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis. Proteins were electrotransferred to nitrocellulose membranes
before being incubated with appropriate primary antibodies: anti-ERRo
(1:1,000; Upstate, Lake Placid, NY), anti-N-cadherin (1:1,000; Zymed, San
Francisco, CA), anti-E-cadherin (1:1,000; BD Transduction Laboratories,
San Diego, CA), anti-FLAG (1:1,000), and anti-f-actin (1:2,000; Sigma, St.
Louis, MO); the membranes were then processed for enhanced chemilu-
minescence detection (Amersham, Little Chalfont, UK) according to the
manufacturer’s protocol.
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Luciferase reporter assay. Cells were transiently transfected with 1.5 pg of
the 5" promoter region of Snail (a kind gift of Dr. A. Garcia de Herreros,
Universitat Pompeu Fabra, Barcelona, Spain) and cotransfected with 15ng
of B-galactosidase expression plasmid (pSV-B-gal; Promega, Madison,
WI), using Lipofectamine 2000 reagent (Invitrogen). At 24 hours after
transfection, luciferase activities were assayed using the Luciferase
Reporter Assay kit according to the manufacturer’s protocol (Promega).
B-Galactosidase activity was used to normalize the transfection. The pro-
moterless luciferase vector (pGL3-Basic) was used as an internal control.

miRNA target prediction and antagonism. Potential upstream regulators
of Snail were predicted by three publicly available algorithms: miRanda
(http://www.microrna.org/microrna/home.do), TargetScan (http://www.
targetscan.org/), and RNAhybrid (http://bibiserv.techfak.uni-bielefeld.
de/rnahybrid/). Human hsa-miR-200a and hsa-miR-200b antagomirs or
nonspecific control were allowed to form transfection complexes with
Lipofectamine 2000 (Invitrogen) at a final concentration of 20 nmol/l,
according to the manufacturer’s protocol.

Cell scatter assay. To evaluate EMT, morphologic changes were assessed
by optical microscopy. Briefly, 6,000 cells were plated in six-well plates,
allowed to form small colonies, and were then transfected with the indi-
cated plasmids and imaged. Scattered colonies were judged by a typical
change in morphology characterized by cell-cell dissociation and the
acquisition of a migratory fibroblast-like phenotype. Scattering activity
was measured in the total number of scattered colonies from 50 colonies
under light microscope.

Sphere-forming assay. Sphere-forming assays were conducted as previ-
ously described.” Briefly, 5,000 cells/ml were plated in ultra-low-attach-
ment 100-mm culturing dish in serum-free stem cell-selective medium.
After 72 hours, each well was examined using a light microscope, and the
number of spheres was counted.

Orthotopic metastatic ovarian cancer model. All animal care and experi-
mental procedures were carried out according to institution-approved
protocols in compliance with the Committee for the Use of Laboratory
Animals. Female nonobese diabetic/severe combined immunodeficient
mice (Charles River Laboratories, Wilmington, MA) were used. Luciferase-
labeled cells (1x10°) were inoculated under the ovarian bursa of 6- to
8-week-old female nonobese diabetic/severe combined immunodeficient
mice (n = 3 mice per group, and the experiment was conducted twice).
Mice were assessed weekly for metastasis via intraperitoneal injections with
200 pl of 30 mg/ml p-luciferin and in vivo bioluminescence was assessed
using a Xenogen IVIS 100 cooled charge-coupled device camera (Xenogen,
Alameda, CA). At the time of sacrifice, ascites volume was determined with
a pipette, and the number of all visible (>0.1cm diameter) tumor nodules
in the peritoneal cavity was assessed as evidence of metastases.

Statistical analysis. Experiments were done in duplicate or triplicate and
were repeated at least four or five times, with each experiment yielding
essentially identical results. Data were expressed as mean + SD. All statisti-
cal analyses were performed using IBM SPSS software (SPSS, Chicago, IL).
P < 0.05 was considered statistically significant.
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SUPPLEMENTARY MATERIAL
Figure S$1. Expression of ERRo is human ovarian surface epithelium
and ovarian cancer cells.
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