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microRNA-181a has a critical role in ovarian
cancer progression through the regulation of
the epithelial–mesenchymal transition
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Ovarian cancer is a leading cause of cancer deaths among women. Effective targets to treat

advanced epithelial ovarian cancer (EOC) and biomarkers to predict treatment response are

still lacking because of the complexity of pathways involved in ovarian cancer progression.

Here we show that miR-181a promotes TGF-b-mediated epithelial-to-mesenchymal transition

via repression of its functional target, Smad7. miR-181a and phosphorylated Smad2 are

enriched in recurrent compared with matched-primary ovarian tumours and their expression

is associated with shorter time to recurrence and poor outcome in patients with EOC.

Furthermore, ectopic expression of miR-181a results in increased cellular survival, migration,

invasion, drug resistance and in vivo tumour burden and dissemination. In contrast, miR-181a

inhibition via decoy vector suppression and Smad7 re-expression results in significant

reversion of these phenotypes. Combined, our findings highlight an unappreciated role for

miR-181a, Smad7, and the TGF-b signalling pathway in high-grade serous ovarian cancer.
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I
n the United States, B22,300 women are diagnosed with
ovarian cancer and B15,500 die from the disease every
year1. Epithelial ovarian cancer (EOC), which accounts for

B90% of all ovarian cancers, has the highest mortality rate
among all gynaecological malignancies. This is primarily due to
advanced stage at diagnosis and the recurrence of chemotherapy-
resistant tumours, resulting in poor overall survival (OS) in the
majority of patients1,2. An incomplete understanding of the
molecular pathways that regulate disease development poses a
major challenge to improving clinical outcome. Hence,
elucidating functionally relevant molecular drivers of ovarian
cancer progression is crucial for the development of targeted
therapy that can help improve survival outcomes in affected
patients.

Recent data from large-scale analysis of numerous high-grade
serous ovarian cancer samples suggests that acquisition of
invasiveness in ovarian cancer cells is accompanied by the
emergence of a mesenchymal subtype of tumours with a
transforming growth factor-b (TGF-b) gene signature that is
associated with poor patient outcome3. The driving molecular
events behind the mesenchymal subtype in ovarian cancer,
however, remain poorly understood. TGF-b is a multifunctional
protein that can function either as a tumour suppressor or as a
promoter, depending on cellular context. Typically, in cancer
cells, TGF-b has been shown to induce epithelial-to-
mesenchymal transition (EMT), which plays a critical role in
metastasis and is associated with chemotherapy resistance in
numerous cancers. EMT is characterized by loss of epithelial
morphology and cytoskeletal reorganization rendering epithelial
cells more motile and invasive. Although several studies have
uncovered an association between EOC outcome and
TGF-b-mediated EMT, the mechanism by which TGF-b
signalling is modulated in the disease and the functional
relevance of this pathway remain unknown.

MicroRNAs (miRNAs) are small, non-coding RNA molecules
that negatively regulate gene expression at the post-transcrip-
tional level in a sequence-specific manner, primarily via base
pairing to the 30-untranslated region (30UTR) of the target
messenger RNA transcripts. Mounting evidence implicates
miRNAs as regulators of the tumour phenotype through
their ability to modulate the expression of critical genes and
signalling networks involved in tumorigenesis and downstream
malignant processes3,4. Numerous miRNA profiling studies in
EOC have identified miRNAs associated with chemotherapy
resistance and disease progression5–10. In a study analysing 443
advanced EOC specimens from The Cancer Genome Atlas, it was
found that high expression of miR-181a was associated with
shorter recurrence time (23 versus 59 months, P¼ 0.013),
possibly implicating a significant role for this miRNA in
ovarian cancer pathogenesis11. In addition, miR-181a
expression is shown to be regulated by numerous signalling
networks, including TGF-b, MYC, oestrogen, STAT3 and
Wnt/b-catenin, indicating a potential role in regulating
cancer-relevant signalling pathways12–16. Lastly, miR-181a-1
resides in the 1q ‘hotspot’ region of gain (1q31.3–1q32.1)17,
which is overexpressed in ovarian carcinomas compared with
normal tubal and ovarian surface epithelia18. However, the
functional relevance of this miRNA in ovarian cancer progression
has been unknown.

In this study, we identify miR-181a as an inducer of TGF-b-
mediated EMT, via suppression of Smad7, in ovarian cancer and
define a unique mechanism by which the TGF-b signalling
pathway is activated in EOC tumours. Our data highlight a
functional role for miR-181a in ovarian cancer biology and
uncover a potential prognostic biomarker and molecular target
for the treatment of EOC.

Results
Elevated expression of miR-181a in advanced-stage EOC. To
assess the clinical relevance of miR-181a in EOC, we analysed its
expression in a clinically annotated patient cohort of high-grade
stage-III primary papillary serous ovarian cancer (Supplementary
Table S1) by Taqman-based real-time quantitative reverse
transcription–PCR (qRT–PCR). Using the median expression
value of miR-181a as a cutoff point, the cohort was dichotomized
into miR-181a-high- or miR-181a-low-expressing tumours. The
median progression-free survival (PFS) was 59.9 months for
patients with low miR-181a expression, whereas in patients with
high levels of miR-181a the median PFS was 7.1 months (Fig. 1a,
P¼ 0.002, odds ratio (OR): 7.8, 95% confidence interval (95% CI):
7.2–8.4, log-rank Mantel–Cox test). Furthermore, patients with
low miR-181a levels exhibited a median OS of 66.6 months in
contrast to a median OS of 24.9 months in patients with high
expression levels of miR-181a (Fig. 1a and Supplementary
Table S2, P¼ 0.002, OR: 2.7, 95% CI: 2.1–3.3, log-rank Mantel–
Cox test). In addition, tumours of patients with PFSo6 months
(clinically described as platinum resistant) had higher expression
of miR-181a (P¼ 0.01, two-tailed Student’s t-test) when com-
pared with patients with PFS46 months (platinum sensitive;
Fig. 1b). Furthermore, there were no significant differences in the
clinicopathological features of these two groups (Supplementary
Table S1). Given that miR-181a belongs to a miRNA family that
consists of miR-181a, -b, -c and -d, we also analysed the
expression of all four miR-181 family members in our clinically
annotated patient cohort. Only miR-181a and -b were readily
detectable in all patient samples. Consistent with the fact that
these two miRNAs are transcribed as a single polycistronic
transcript from the same chromosomal locations, similar to miR-
181a, miR-181b also showed a correlation with patient outcome
(Supplementary Fig. S1). Interestingly, other miRNAs previously
reported to be overexpressed in EOC, specifically miR-183 and
miR-203, did not have similar correlations with clinical outcomes
in our patient cohort19 (Supplementary Fig. S2). Taken together,
these data support the association between high miR-181a
expression and poor patient outcome. Given that miRNA gene
families that are coexpressed from the same cluster and share the
same seed region tend to have redundant biological functions and
regulate the same sets of target genes, we focused on elucidating
the biological effect of miR-181a.

miR-181a promotes EMT transition. Given the clinical evidence
of its association with both poor PFS and OS, we assessed the
functional role of miR-181a in ovarian cancer biology. We stably
expressed miR-181a (p181a), an empty vector (pBABE) and a
vector expressing a mutant form of miR-181a (p181a mut) in the
A2780 cell line (derived from chemotherapy-naive primary epi-
thelial ovarian tumour), which expresses the lowest relative levels
of miR-181a compared with a panel of ovarian cancer cell lines
and primary patient samples. The miR-181a expression in the
two independently derived polyclonal pools of miR-181a-
transduced cells (p181a 1 and p181a 2) was comparable to the
basal expression in the other ovarian cancer cell lines, as well as
patient samples (Fig. 1c and Supplementary Fig. S3). Functional
assessment of the exogenous miR-181a was achieved using len-
tiviral-based miRNA sensor vectors carrying the mCherry
reporter gene with either four miR-181a-binding sites in the
30UTR or no binding site, serving as a transduction control. Only
p181a 1 and p181a 2 cells exhibited strong downregulation of
reporter expression when infected with the mCherry-based
miR-181a sensor, confirming enhanced expression of functionally
active miR-181a (Supplementary Fig. S4). Ectopic expression of
miR-181a resulted in a fibroblast-like mesenchymal appearance
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of cells with loss of epithelial features consistent with EMT
(Fig. 1d). These morphological features were consistent with
defined molecular alterations that occur during the induction of
EMT as demonstrated by decreased expression of epithelial
markers, E-cadherin and keratin 8, and a concomitant increase in
the expression of mesenchymal markers, N-cadherin, fibronectin

and Col3A1 (Fig. 1e,f). In addition, immunofluorescence staining
for pan-cytokeratin and vimentin further supports miR-181a’s
ability to induce EMT; the miR-181a-expressing cells have signi-
ficantly higher vimentin expression and lower pan-cytokeratin
staining compared with both the pBABE and p181a mut cells
(Fig. 1g). The miR-181a-induced EMT-like features were also
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Figure 1 | miR-181a levels are associated with poor outcome and shorter time to recurrence in advanced epithelial ovarian cancer. (a) Kaplan–Meier

curves for PFS (left) and OS (right) in a cohort of patients (n¼ 53) with stage-III primary ovarian serous adenocarcinoma according to relative expression

levels of miR-181a (dichotomized at the median). P-values determined by log-rank statistical test. (b) Relative miR-181a levels in patient tumour

specimens with PFSo6 months versus PFS46 months (P¼0.01, log-rank statistical test). (c) qRT–PCR analysis showing relative miR-181a expression

levels in a panel of ovarian cancer cell lines and in A2780 p181a 1 and 2 cells. (n¼ 3) Error bars, s.d. (d) Phase-contrast microscopic images of miR-181a-

overexpressing cells versus control pBABE cells (original magnification, � 200, scale bars, 20mM (white)). (e) Changes in the expression of epithelial

and mesenchymal markers in miR-181a-overexpressing cells as measured by qRT–PCR. Student’s t-test, ***Pr0.001 (n¼ 3). Error bars, s.d. and (f) western

blotting. (g) Effects of miR-181a on pan-cytokeratin and vimentin (both in red (Texas Red) and blue (DAPI, 40,6-diamidino-2-phenylindole)) expression

as evaluated by immunoflourescence (original magnification, � 1,000, scale bars, 5 mM (white)).
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observed in an additional ovarian serous adenocarcinoma cell
line, HEY (Supplementary Fig. S5).

EMT plays an important role in cell motility, cellular survival,
drug response and tumour dissemination in vivo; therefore, we
next assessed whether miR-181a-induced EMT affected these
biological processes. Colony-formation assay revealed that
enhanced miR-181a expression increased cellular survival and
conferred platinum resistance without affecting cell proliferation
(Fig. 2a,b and Supplementary Fig. S6). In addition, wound-
healing, transwell migration and invasion assays showed that
miR-181a overexpression significantly increased cellular motility
and invasion (Fig. 2c–e).

Lastly, we examined the effects of miR-181a on cancer cell
dissemination in vivo, using two preclinical orthotopic mouse
models of ovarian cancer. First, to assess the ability of miR-181a
to promote survival and implantation of ovarian tumours within
the peritoneal cavity during late-stage disease, miR-181a-over-
expressing or pBABE cells were injected intraperitoneally (i.p.)
into nude mice. After 3 weeks, tumour cell dissemination and
overall tumour burden was measured on necropsy. Interestingly,
although the cell lines were injected i.p., all mice formed tumours
within the ovary but, remarkably, only the miR-181a-over-
expressing cells formed disseminated nodules within the
peritoneal cavity (P¼ 0.01, OR: 47.67, 95% CI: 1.6–1424, Fisher’s
exact test), which correlated with increased overall tumour
burden (P¼ 0.03, Fisher’s exact test; Fig. 3a). On average, each
mouse injected with p181a 1-expressing cells had 410
intraperitoneal nodules disseminated throughout the omentum
and peritoneum, and some had metastasized to the diaphragm.
We confirmed that transcriptional changes in EMT markers were
maintained in the miR-181a-expressing cells in vivo through
qRT–PCR of epithelial and mesenchymal markers (Fig. 3b,c).

Next, to assess the effect of miR-181a on the early events of
metastasis, we utilized an orthotopic ovarian xenograft model
wherein the pBABE or the p181a-expressing cells were directly
injected under the ovarian bursa. Similar to the intraperitoneal
model, mice injected with miR-181a-expressing cells had a greater
degree of metastatic dissemination compared with the pBABE
control (Fig. 3d,e and Supplementary Table S3). Specifically, miR-
181a-expressing cells had increased invasion through the ovarian
bursa followed by peritoneal spread with colonization to organs
within the peritoneal cavity. Significantly larger peritoneal
nodules and a higher percentage of nodules that disseminated
to the surface of the peritoneum, bowel mesentery, omentum,
spleen, and diaphragm were observed in the mice injected with
miR-181a-expressing cells (Fig. 3d–f). Interestingly, there were no
observed differences in the primary ovarian tumour burden
between pBABE- and p181a-injected mice, highlighting that miR-
181a affects the invasive capacity of the cells rather than the
proliferative state. In addition, immunohistochemical (IHC)
analysis of the intraperitoneal nodules revealed that the miR-
181a tumours had spindle-like, mesenchymal features, whereas
the pBABE tumours had a more uniform cuboidal, epithelial
growth pattern (Fig. 3f). To definitively quantify these differences
in morphology, the per cent of pan-cytokeratin and N-cadherin
staining was determined for all tumours, and consistent with the
morphological differences the miR-181a-expressing tumours had
significantly less pan-cytokeratin (P¼ 0.04, two-tailed Student’s
t-test) and more N-cadherin staining (P¼ 0.05, two-tailed
Student’s t-test; Fig. 3f).

miR-181a inhibition suppresses migration and cell survival. A
tough decoy (TuD) vector specific to miR-181a was utilized to
determine the effect of miR-181a inhibition on EMT-driven
phenotypes20,21. The SKOV3 ovarian cancer line, which has

relatively high expression levels of miR-181a, was stably
transduced with either the TuD–miR-181a (miR-181a decoy) or
TuD–miR-331.3p (control decoy) vector. Cells transduced with
TuD–miR-181a exhibited decreased expression levels of miR-
181a when compared with cells transduced with TuD–miR-
331.3p (Fig. 4a). In addition, the mCherry miR-181a sensor
reporter vector confirmed a 480% inhibition of miR-181a
function (Fig. 4b).

Stable inhibition of miR-181a led to differences in morphology
and gene expression consistent with mesenchymal-to-epithelial
transition, wherein the cells reverted from a more spindle-like
morphology to an epithelial-like phenotype (Fig. 4c). Western
blot analysis confirmed a significant increase in the epithelial
marker (E-cadherin) and a decrease in mesenchymal markers
(N-cadherin and Col3A1; Fig. 4c). In addition, immunofluore-
scence staining for E-cadherin and F-actin corroborated that
targeted inhibition of miR-181a resulted in cells losing their
mesenchymal characteristics and becoming more epithelial as
indicated by localization of E-cadherin and F-actin at cell–cell
junctions (Fig. 4d). Functionally, miR-181a inhibition led to a
decrease in cellular survival (Fig. 4e) and rendered the cells less
migratory (Fig. 4f).

miR-181a is a novel modulator of the TGF-b signalling path-
way. To identify the cellular pathways modulated by miR-181a
and define specific targets driving the observed EMT phenotype,
we performed high-throughput RNA sequencing (Illumina) on
A2780 pBABE and p181a cell lines with a combination of com-
putational target prediction, global transcriptome- and pathway-
based analysis. Using a threshold of a minimum fold change 45
or fold change o5 (Po0.05, Fisher exact test,) we identified a
total of 739 differentially expressed genes: 705 downregulated and
34 upregulated (Supplementary Data 1 and 2). The high-
throughput mRNA sequencing data revealed alterations in the
epithelial and mesenchymal markers consistent with global acti-
vation of an EMT-like genetic programme (Supplementary Table
S4). Interestingly, nearly 7% of the significantly downregulated
genes had putative miR-181a-binding site(s) as predicted by
TargetScan (Supplementary Table S5). We next utilized the
Ingenuity Pathway Analysis software (Ingenuity, Inc.) to further
define potential targets and the major pathways/networks driving
the miR-181a-mediated EMT phenotypes. The TGF-b signalling
pathway was the most significantly dysregulated pathway among
those with significant number of genes altered by 45-fold
(P¼ 1.1� 10� 4, Fisher’s exact test) (Fig. 5a).

TGF-b is among several growth factors that can act as inducers
of EMT and has been found to play an important role in cancer
invasion and metastasis22–24. Thus, we sought to explore the role
of miR-181a in the regulation of TGF-b signalling in ovarian
cancer. Given that the receptor-regulated SMADs (R-Smads),
Smad2 and Smad3, are key intracellular mediators of cellular
responses to TGF-b signalling, we assessed the effects of miR-
181a expression on the phosphorylation of Smad2 (P-Smad2) and
Smad3 (P-Smad3). In both stable cell lines expressing miR-181a,
P-Smad2 and P-Smad3 expressions were increased with a
concomitant decrease in the inhibitory Smad, Smad7 (Fig. 5b).
Consistent with the activation of the TGF-b signalling pathway,
the activin receptor (ACVR2A) and the type-I TGF-b receptor
were also increased in miR-181a-expressing cells (Fig. 5b). Next,
we utilized both a TGF-b/activin-responsive p3TP reporter and
the SBE4-luc reporter to assess TGF-b transcriptional response25.
We found that miR-181a overexpression induced both p3TP and
SBE4-luc reporter activities and, conversely, stable inhibition of
miR-181a led to a decrease in SBE4-luc reporter expression by
420% and reduction of the phosphorylation of Smad2
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(Fig. 5c,d). Furthermore, the addition of a type-I TGF-b receptor
kinase inhibitor, SB431542, blocked miR-181a-induced
phosphorylation of Smad2 and restored Smad7 expression in
the miR-181a-expressing cells (Fig. 5e).

TGF-b activation correlates with poor patient outcome. Given
that our data support a role for miR-181a in regulating TGF-b
signalling in ovarian cancer and recent studies have shown that a
TGF-b gene signature correlates with poor patient outcome26–28,
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Figure 2 | Enhanced expression of miR-181a increases migration and invasion. (a) Clonogenic assay to assess the effects of miR-181a on cellular survival
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we next sought to assess whether TGF-b activation and miR-181a
expression correlate with EOC disease progression and
recurrence in patient samples. Unlike previous studies, which
relied on gene expression analysis to assess TGF-b activation, we
utilized a protein-based functional target, P-Smad2, which is
phosphorylated on activation of the TGF-b pathway. The
distribution of P-Smad2-positive cells, as well as the intensity of
staining, varied depending on progression-free interval (PFI) and
were mainly localized to the nuclei of tumour cells (Fig. 6a).

Overall immune scores in our patient cohort, which were
calculated using the Allred scoring system27, ranged from 0 to
7 with an overall median score of 2. There was a significant
enrichment of P-Smad2 in tumours from patients with shorter
time to recurrence (PFIo6 months; P¼ 0.016, Fisher’s exact test,
Supplementary Table S6). Furthermore, higher levels of P-Smad2
significantly correlated with shorter median PFI and survival
(Fig. 6b and Supplementary Table S7; PFI: P-Smad2 low versus
P-Smad2 high: 55.9 versus 6.3, P¼ 0.01, OR: 8.9, 95% CI: 8.3–9.4;
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Figure 3 | miR-181a regulates EMT and increases tumour burden and incidence of metastasis in vivo. (a) Total tumour burden (g) in pBABE (n¼ 5)

versus p181a-injected mice (n¼ 7) at 3 weeks post i.p. injection (2� 106 cells; top). Fisher’s exact test correlating the incidence of intraperitoneal nodules

with miR-181a expression (bottom); **P¼0.01, OR: 46.76, 95% CI: 1.6–1424. (b) Confirmation of miR-181a expression in pBABE (n¼ 5) versus p181a

(n¼ 7) cells isolated from harvested tissues as determined by qRT–PCR. Student’s t-test, **Pr0.01. Error bars, s.d. (c) Fold change of epithelial and

mesenchymal marker expression as determined by qRT–PCR in miR-181a- (n¼ 7) versus pBABE-injected (n¼ 5) tumour cells. Student’s t-test, *Pr0.05

and **Pr0.01. Error bars, s.d. (d) Quantification of primary ovarian and intraperitoneal tumour burden in mice 3 weeks after intrabursal injection of both

pBABE (n¼ 5) versus p181a (n¼ 5) tumour cells (1� 106 cells). Student’s t-test, ***Pr0.001. Error bars, s.d (e) Gross images of metastatic nodules (top;

white arrows). Ovarian tumours have been removed from the p181a 1 mouse to observe the extensive dissemination of tumour nodules throughout the

abdomen. Haematoxylin and eosin and IHC staining(s) for pan-cytokeratin and N-cadherin in representative pBABE and p181a 1 tumours. Original

magnification, � 200, scale bars, 20mM (black). (f) Quantification by immunoscoring as shown by percentage of positive staining for pan-cytokeratin and

N-cadherin in pBABE (n¼ 5) and p181a 1 (n¼ 5) intraperitoneal tumours. Student’s t-test, *Pr0.05. Error bars, s.d.
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Figure 4 | Stable inhibition of miR-181a results in reduced cellular motility and survival. (a) Fold change of miR-181a expression levels in SKOV3 cell line

stably transduced with miR-181a TuD vector and a control decoy vector as assessed by qRT–PCR. Student’s t-test, ***Pr0.001 (n¼ 3). Error bars, s.d.

(b) Monitoring functional activity of miR-181a in SKOV3 miR-181a decoy transduced cells utilizing sensor vectors as measured via mean fluorescent

intensity measurements using flow cytometry. (c) Morphological changes (top panels; original magnification, � 700, scale bars, 10mM (black)) upon

functional inhibition of miR-181a. Western blotting (bottom) for epithelial (E-cadherin) and mesenchymal markers (Col3A1 and N-cadherin) to confirm

mesenchymal-to-epithelial transition. (d) Effects of miR-181a decoy on E-cadherin and F-actin organization (both shown in green (FITC, fluorescein

isothiocyanate); blue (DAPI (40,6-diamidino-2-phenylindole)) for nuclear staining). Original magnification, � 1,000, scale bars, 5 mM (white). (e)

Clonogenic assay (top) to assess cellular survival in miR-181a decoy cells shown as fold change in number of colonies in control versus miR-181a decoy cells

(bottom). Colonies are shown in purple post staining with crystal violet. Student’s t-test, ***Pr0.001 are shown (n¼ 3). Error bars, s.d. (f) Wound-healing

assay (left) to evaluate cell motility in miR-181a decoy cells as quantified by per cent wound closure over time points shown (right). Original magnification,

� 100, scale bars, 20mM (black). Student’s t-test, **Pr0.01 (n¼ 3). Error bars, s.d. (all results are shown for SKOV3 cells).
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survival: P-Smad2 low versus P-Smad2 high: 79.0 versus 12.6,
P¼ 0.007, OR: 6.3, 95% CI: 5.7–6.8, log-rank Mantel–Cox test).

In addition, Kaplan–Meier analysis revealed that a concomitant
decrease in both miR-181a and P-Smad2 expression resulted in a
significantly prolonged PFI (P¼ 0.0007, log-rank Mantel–Cox
test; Supplementary Table S7) and OS (P¼ 0.0006, log-rank
Mantel–Cox test) compared with the expression of each

biomarker alone (Fig. 6b and Supplementary Table S7).
Specifically, patient tumours that either had low miR-181a or
low P-Smad2 expression had median PFI’s of 56 and 53 months,
respectively, whereas in patient tumours with both low miR-181a
and P-Smad2 expressions the median PFI doubled to 123 months
(P¼ 0.0007, OR: 18.7, 95% CI: 9.2–37.8, log-rank Mantel–Cox
test; Fig. 6c and Supplementary Table S7); differences for OS were
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similar. Patient tumours expressing either low miR-181a or low
P-Smad2 had median survival of 66.6 and 72.8 months,
respectively, compared with patient tumours that had both low
miR-181a and P-Smad2 expressions, in which the median
survival doubled to 132.2 months (***P¼ 0.0006, OR: 5.8, 95%
CI: 2.6–12.8, log-rank Mantel–Cox test; Fig. 6c and
Supplementary Table S7).

A major contributor to the overall poor survival of patients
with high-grade serous ovarian cancer is tumour recurrence,
wherein 70–80% of patients will recur even after complete

response to first-line chemotherapy. Given the clinical and
functional relevance of miR-181a we have uncovered in our initial
patient cohort, we next wanted to assess whether miR-181a was
differentially expressed in recurrent tumours compared with
matched-primary tumours. The expression of miR-181a was
assessed in patient matched-tumour biopsies that were taken at
primary surgery (PS-O, chemotherapy-naive ovarian tumour)
and at secondary surgery (SCR, after tumour has recurred after at
least two lines of chemotherapy). In the SCR tumours, miR-181a
expression was upregulated 2.51-fold compared with that in
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(d) Box-plot diagrams showing the expression analysis of miR-181a in a clinical cohort of patient matched-tumour specimens from PS-O, primary surgery,

ovary (naive to chemotherapy) and SCR, secondary surgery (after tumour has recurred and after two lines of chemotherapy). Left panel shows miR-181a
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EMT-enriched gene signature (P¼0.0006, Wilcoxon signed-rank test), and the right panel includes group B, which do not have an EMT gene

signature. Within each box, the horizontal line indicates the median. The top edge of the boxes represents the 75th percentile and the bottom edge

represents the 25th percentile (note the log scale on the ordinate). The range is shown as a vertical line ending above and below the 75th and 25th

percentile values, respectively. Individual dots represent the outliers. **Po0.01 and ***Po0.001. Wilcoxon signed-rank test.
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PS-O (P¼ 0.0006, Wilcoxon signed-rank test; Fig. 6d and
Supplementary Table S8). In addition, hierarchical bootstrap
clustering on the differentially expressed genes and analysis of
altered biological networks in this cohort previously revealed that
a subset of SCR tumours (group A) had a molecular signature
indicative of an EMT phenotype driven by TGF-b pathway
activation28; thus, this was an ideal cohort to assess whether miR-
181a expression was enriched in recurrent tumours specifically
with a TGF-b-induced EMT signature. In accordance with all
previous data, we observed that the SCR tumours with distinct
molecular features of TGF-b-activated EMT (group A) had
elevated miR-181a expression (P¼ 0.0006, Wilcoxon signed-rank
test; Fig. 6d and Supplementary Table S8). In recurrent tumours
lacking a distinct EMT signature (group B), miR-181a was also
upregulated but not as significantly as those with the EMT
signature (Fig. 6d and Supplementary Table S8). In addition, in
the tumours with an EMT signature, there was a significant
correlation between the expression of miR-181a and several EMT
markers. Notably, the mesenchymal markers, Col5A1 and
Col3A1, drew a positive correlation (Col5A1: R¼ 0.42, Po0.047
and Col3A1: R¼ 0.45, Po0.033, Pearson’s correlation; Supple-
mentary Fig. S7) and the epithelial marker, E-cadherin, had a
significant inverse correlation with miR-181a expression
(E-cadherin: R¼ � 0.44, Po0.03, Pearson’s correlation;
Supplementary Fig. S7).

Smad7 is a direct functional target of miR-181a. We next
sought to identify the functional target(s) driving miR-181a-
mediated TGF-b pathway activation. The expression of Smad7, a
key negative regulator of TGF-b signalling, was decreased B30-
fold in miR-181a-expressing cells (Table 1). In addition, corre-
lation analysis using miRConnect revealed that Smad7 expression
was significantly negatively correlated with miR-181a levels
(summed Pearson’s correlation coefficient¼ � 6.2, Table 1).

To verify that Smad7, whose miR-181a seed target region is
highly conserved among species, is a direct target of miR-181a, a
luciferase-based reporter assay containing the Smad7 30UTR was
performed (Fig. 7a,b). Enhanced expression of miR-181a
significantly decreased luciferase reporter activity, whereas no
change in luciferase expression was evident in the p181a mut cells
as compared with the pBABE control cells (Fig. 7b). In addition, a
mutated Smad7 30UTR, in which four nucleotides of the miR-
181a binding site is abolished, no longer responds to miR-181a
modulation (Fig. 7b). Conversely, sequestration of miR-181a by
the aforementioned decoy vectors abrogated the inhibitory effect
of the miRNA on the Smad7 30UTR reporter constructs and led
to an increase in both Smad7 mRNA and protein expression
(Fig. 7c,d). Consistent with Smad7 30UTR reporter results,
endogenous levels of Smad7 were also significantly down-
regulated at both the RNA and protein levels in cells stably
expressing miR-181a compared with pBABE or p181a mut cells

(Figs 5b and 7e); this downregulation was also observed in our
in vivo intraperitoneal tumour tissue (Fig. 7f).

To determine the in vivo relevance of the miR-181a–Smad7–
TGF-b axis, we next assessed the expression of Smad7 in primary
ovarian tumours. First, we found that Smad7 was significantly
downregulated in recurrent ovarian tumours compared with
matched-primary tumours (Po0.00001, Wilcoxon signed-rank
test; Fig. 7g). Second, analysis of the matched-primary and
recurrent ovarian tumours revealed a significant negative
correlation between miR-181a and Smad7 expression, consistent
with the notion that miR-181a regulates Smad7 expression
(r¼ � 0.96, Po0.0001, Pearson’s correlation; Fig. 7h). In
addition, given that our data supports the direct regulation of
Smad7 by miR-181a and miR-181a correlates with poor patient
outcome, it is important to assess whether there were a
correlation between Smad7 expression and patient outcome.
Smad7 qRT–PCR was performed on all ovarian tumours and a
significant correlation between low Smad7 expression and poor
patient outcome was observed (Supplementary Fig. S8). Specifi-
cally, the median PFI for patients with tumours that had low
Smad7 expression was 8.7 months compared with 29.6 months
for patients that were expressing higher levels of Smad7 (P¼ 0.05,
OR: 3.4, 95% CI: 2.9–3.9, log-rank Mantel–Cox test;
Supplementary Fig. S8). In addition, OS also significantly varied
between the two groups, wherein patients with low expression of
Smad7 in their tumours had a median survival of 36.8 months
compared with 76.2 months for those who had high expression
(P¼ 0.05, OR: 2.1, 95% CI: 1.5–2.6, log-rank Mantel–Cox test).
Together, this data highlight a hitherto unappreciated role of
Smad7 in ovarian cancer and define a unique mechanism by
which the TGF-b pathway is activated in ovarian cancer tumours
and contributes to poor patient outcome.

Next, to determine whether Smad7 inhibition can phenocopy
the effects of miR-181a overexpression on ovarian cancer cells, we
generated two independent cell lines expressing short hairpin
RNA targeting different sites of the Smad7 gene (shSmad7-54 and
shSmad7-55). Our data reveals that targeted knockdown of
Smad7 results in EMT-like features in which there is a decrease of
epithelial markers E-cadherin and keratin 8, and an increase in
the mesenchymal marker N-cadherin (Fig. 8a). Although we see
these changes in EMT marker expression, there are no marked
phenotypic changes as observed with miR-181a overexpression,
thus suggesting that possibly there are other pathways and genes
contributing to the miR-181a-induced EMT phenotype. In
addition, we observe that Smad7 inhibition can activate TGF-b
signalling as indicated by the induction of phosphorylated Smad2
and a concomitant increase in p3TP and SBE4-luc reporter
activities (Fig. 8a,b). Consistent with the induction of EMT-like
features and activation of the TGF-b signalling pathway, Smad7
inhibition leads to a marked increase in the invasive potential of
ovarian cancer cells (Fig. 8c).

Lastly, to further assess whether Smad7 is a functional target of
miR-181a that is mediating the EMT phenotypes, experiments
were performed wherein Smad7 lacking the 30UTR was
re-expressed in the pBABE and p181a 1 cells. Smad7 re-
expression, which was confirmed to be localized to the cytoplasm
(Supplementary Fig. S9), was able to attenuate miR-181a-induced
EMT as demonstrated by morphological changes and the relative
expression of epithelial and mesenchymal cellular markers
E-cadherin, keratin 8, N-cadherin and Col3A1 on both the
mRNA and protein levels (Fig. 9a–c). Re-expression of Smad7
also abrogated the ability of miR-181a to activate TGF-b
signalling as shown by SBE4-luc activity assay, as well as
phosphorylation of Smad2 (Fig. 9d). In addition, the functional
effects of miR-181a overexpression on cellular survival were also
abolished by the re-expression of Smad7 (Fig. 9e).

Table 1 | Predicted miR-181a target genes in the TGF-b
pathway.

Gene ID Symbol Fold change sPCC*

NM_005904 SMAD7 � 30.9 � 6.2
NM_001106 ACVR2B �8.9 14.8
NM_001616 ACVR2A � 7.1 �4.9
NM_001204 BMPR2 � 2.6 � 7.9
NM_001130916 TGFBR1 þ 2.1 � 2.5

sPCC, summed Pearson’s correlation coefficient.
*sPCC determined by miRConnect analysis (miRConnect.org).
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Discussion
The issues of tumour recurrence, drug resistance, enhanced
invasion and metastasis remain a challenge in the treatment and
the clinical management of EOC. Despite a better understanding
of EOC genetic alterations in the recent years, our ability to
translate these findings into more effective treatments have been
limited by the difficulty in identifying functionally relevant
drivers of the disease. Because of the inherent heterogeneity and
complex nature of EOC, known common and highly mutated
genes, such as in TP53 or BRCA1/2, have not been successfully
exploited in the clinical setting. Hence, identifying molecular

drivers of EOC will be crucial to a better understanding of its
biology and, ultimately, for the development of a therapeutic
target in advanced-stage disease.

Herein, we have identified a single miRNA, miR-181a, that can
modulate TGF-b signalling to induce and maintain EMT, and
affect further downstream events of tumour cell survival, altered
response to chemotherapy, migration, invasion and dissemination
in vivo. Several studies have demonstrated that TGF-b signalling
and EMT contribute to ovarian cancer cell plasticity through the
regulation of cellular adhesion to the extracellular matrix, thereby
increasing cell motility and invasion, and contribute to poor
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patient outcome26–33. In addition, ovarian tumours and paired
ascites fluid secrete significant amounts of TGF-b32,33, thus
making it imperative to understand the effects of TGF-b on
ovarian tumour biology and the factors that regulate this
signalling pathway. In addition, the importance of further
understanding the molecular underpinnings involved in TGF-b-
induced EMT in EOC was recently highlighted in a
comprehensive analysis, which demonstrates that tumours,
which display a TGF-b-induced mesenchymal signature,
correlate with poor OS. In this study, they also uncovered that
a miRNA regulatory network, which consisted of a set of 19
miRNAs that were downregulated and inhibited EMT, governed
the ovarian cancer mesenchymal phenotype. However, this study
does not explore miRNAs that are upregulated in the more
aggressive mesenchymal subtype4. Our present study provides an
understanding of how enhanced expression of miR-181a can
confer malignant and invasive traits through the modulation of a
canonical signalling pathway and a consequent maintenance of a
mesenchymal state. Furthermore, inhibition of miR-181a led to a
reversion of EMT and subsequent events through decreased TGF-
b signalling. Our data confirmed Smad7 as a functional target
through which TGF-b-mediated EMT occurs; re-expression of
Smad7 lacking its 30UTR was able to rescue miR-181a-mediated
phenotypes, deeming Smad7 as a critical mediator of miR-181a-
induced EMT. Other recent studies support the crucial role(s)
that miRNAs play in mediating EMT and consequent aggressive
disease traits. For example, the miR-106b-25 cluster has also been
shown to target Smad7 and mediate TGF-b-induced EMT

downstream to Six1 in breast cancer34. miR-9 directly targets
E-cadherin and inhibition of miR-9 led to an inhibition of
metastasis35. Conversely, the miR-200 and -205 family was
shown to target transcriptional repressors of E-cadherin,
ZEB1 and SIP1, and re-expression of these miRNAs led to
a mesenchymal-to-epithelial transition and prevented TGF-b-
induced EMT36.

The clinical relevance of EMT in ovarian cancer development
and progression is not fully understood, in part, owing to
conflicting results with EMT marker gene expression patterns and
clinical outcomes. For example, the loss of E-cadherin may
correlate with poor survival37,38, but in an additional large-scale
study the opposite correlation in high-grade EOC was observed39.
Our study suggests that the use of biomarkers that regulate the
EMT process, such as miR-181a, P-Smad2 and Smad7, may
provide a more functionally relevant prognostic marker(s). In
fact, miRNA expression may be a more accurate classifier of
tumour origin and stage than mRNA profiling and standard
histological procedures40. Consequently, we show that the
expressions of miR-181a, Smad7, and P-Smad2, significantly
correlate with PFS and OS in a well-annotated advanced-stage
EOC patient cohort. Stratifying patients by miR-181a, Smad7,
or P-Smad2 expression in their primary tumour before
chemotherapy treatment predicted clinical response and
survival. Through the use of both an intraperitoneal and
intrabursal mouse models of ovarian cancer, we confirmed the
functional relevance of miR-181a in ovarian cancer dissemination
and progression; we consistently observed that mice implanted
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with cells expressing miR-181a had increased overall tumour
burden with a significantly higher incidence of metastatic nodules
in the peritoneum. Importantly, mRNA and IHC analyses of
these tumours showed the maintenance of EMT in vivo, as well as
decreased levels of Smad7. Furthermore, the analysis of a second
clinical cohort of patient matched-primary and recurrent EOC

tumours revealed a significant enrichment of miR-181a
expression in recurrent tumours compared with primary
chemotherapy-naive tumours. This cohort also confirmed the
significant association between miR-181a, Smad7, and TGF-b-
induced EMT in recurrent tumours with a striking inverse
correlation between miR-181a and Smad7 expression. These
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Figure 9 | Functional validation of Smad7 effects on miR-181a-mediated EMT phenotypes. (a) Phase-contrast microscopy images of A2780 cells

overexpressing miR-181a or pBABE (control) in the presence and absence of Smad7 (lacking the 30UTR) reconstitution. Original magnification, � 200,

scale bars, 20mM (white). (b) qRT–PCR analysis showing the relative expression epithelial (top) and mesenchymal marker expression (middle) and Smad7

(bottom) mRNA expression. Student’s t-test, *Pr0.05, **Pr0.01 and ***Pr0.001 (n¼ 3). Error bars, s.d. (c) Epithelial and mesenchymal marker

expression in the Smad7 rescue stable cell lines as measured by western blotting. (d) TGF-b signalling pathway activity as measured by SBE4 luciferase

activity. Student’s t-test, *Pr0.05 (n¼ 3). Error bars, s.d. (e) Colony-formation assays (top) to assess attenuation of miR-181a-mediated prosurvival

phenotype in A2780 cells overexpressing Smad7 and pBABE’ control. Quantification (bottom) is shown as fold change in the number of colonies calculated

to pBABE–pBABE or pBABE–pSmad7 controls. Student’s t-test, *Pr0.05 (n¼ 3). Error bars, s.d.
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observations strongly suggest that the pathways that activate miR-
181a and in turn leading to Smad7 inhibition are involved in
disease progression. Given that enhanced miR-181a expression
resulted in the activation of other Smad-dependent protein such
as TGF-b R1 and potentially non-canonical TGF-b-related
pathways, further studies are warranted to explore the
functional and clinical relevance of other miR-181a-regulated
pathways in EOC.

Together, this present study highlights a hitherto unappre-
ciated role of miR-181a, Smad7 and the TGF-b signalling
pathway in high-grade serous ovarian cancer, and defines a
unique mechanism by which the TGF-b pathway is activated in
ovarian cancer tumours and contributes to poor patient outcome.

Methods
Analysis of primary human ovarian cancer samples. A de-identified and blin-
ded cohort of 52 primary optimally debulked stage-III papillary serous ovarian
cancers with long-term clinical follow-up was provided by Dr Jamal Rahaman
(Mount Sinai School of Medicine) from an Ovarian Cancer database established
with an institutional human ethics review board approval (02-0783 and 02-0668).
Informed consent was obtained from all patients who participated in the study.
Total RNA was isolated from duplicate unstained paraffin-embedded sections,
provided by Dr Tamara Kalir (Mount Sinai School of Medicine) using the Reco-
verAll Total Nucleic Acid Isolation Kit for FFPE (Life Technologies). Real-time
PCR analyses for mRNA and miRNA were performed as described in the RNA
extraction and real-time PCR section below. The second patient cohort of EOC was
selected from a tumour tissue collection of snap-frozen biopsies recruited at the San
Gerardo Hospital in Monza (Italy) and routinely stored at � 80 �C at the Mario
Negri Institute in Milan (Italy). The cohort comprises of 23 stage III–IV patients;
tumour (chemotherapy-naive) biopsies were taken at PS-O and at SCR for relapse
after several lines of chemotherapy. All clinical and pathological features are
described in Supplementary Table S9.

Cell culture. We obtained A2780 cells from Dr Paul Modrich (Duke University),
the HEY cells from Dr Gloria Huang (Albert Einstein College of Medicine) and
SKOV3 cell lines from the American Type Culture Collection, and cultivated them
in DMEM media supplemented with 10% fetal bovine serum and 1% penicillin–
streptomycin (recommended media). Cells were cultured in a humidified atmo-
sphere (5% CO2) at 37 �C. Trypsin (0.25%)/EDTA solution was used to detach the
cells from the culture flask for passaging.

RNA extraction and real-time PCR. Total RNA was extracted using the miR-
Neasy kit (Qiagen) according to manufacturer’s instructions. For mRNA analysis,
complementary DNA was randomly primed from 1 mg of total RNA using the
Fermentas cDNA Synthesis kit. Real-time PCR was subsequently performed in
triplicate with 1:15 dilution of cDNA using SYBR green PCR system on the
7900HT Fast real-time PCR machine (Applied Biosciences). Data were collected
and analysed using SDS 2.3 software (Applied Biosciences). Relative expression
levels were determined using the comparative quantification feature of the SDS 2.3
software. All mRNA quantification data were normalized to Actin and 18S. For
miRNA analysis, real-time PCR was performed as above using TaqMan microRNA
Assay (Applied Biosystems) according to the manufacturer’s instructions, using
TaqMan probes for hsa-miR-181a, miR-16 and RNU6B (Applied Biosystems).
All miRNA data are normalized to a RNU6B and/or miR-16, which display stable
expression profile throughout all experiments and patient samples.

18S F: 50-GGAAAGCAGACATTGACCTCAC-30

18S R: 50-CCATCCTTTACATCCTTCTGTCTGT-30

Actin F: 50-GCTTCTCCTTAATGTCACGC-30

Actin R: 50-CCCACACTGTGCCCATCTAC-30

E-cadherin F: 50-GACCGGTGCAATCTTCAAA-30

E-cadherin R: 50 GTCGAGGGAAAAATAGGCTG-30

NCAD F: 50–GACGGTTCGCCATCCAGAC-30

NCAD R: 50-TCGATTGGTTTGACCACGG-30

COL3A1 F: 50-ATATTTGGCATGGTTCTGGC-30

COL3A1 R: 50-TGGCTACTTCTCGCTCTGCT-30

SMAD7 F: 50-GACACAGTAGAGCCTCCCCA-30

SMAD7 R: 50-GAACGAATTATCTGGCCCCT-30

KRT8 F: 50-ATGTTGTCCATGTTGCTTCG-30

KRT8 R: 50-CCAGGAGAAGGAGCAGATCA-30

RNU6B: 50-CGCAAGGATGACACGCAAATTCGTGAAGCGTTCCATATT
TTT-30

miR-16: 50-UAGCAGCACGUAAAUAUUGGCG-30

miR-181a: 50-AACAUUCAACGCUGUCGGUGAGU-30 .

Generation of A2780 stable cell lines. A retroviral construct MDH1-miR-181a-
1-PGK-GFP (donated by Dr Chen Z. Cheng, Stanford University) was utilized to

generate miR-181a-overexpressing cell lines. Mutations in the miR-181a seed
sequence were generated using Change-IT Multiple Mutation Site-directed
Mutagenesis kit (USB). Retrovirus was generated by co-transfection of the above
constructs with packaging plasmids into Phx cells. Transduced A2780 and HEY
were FACS-sorted for green fluorescent protein (GFP) positivity. The FACS data
were acquired using the BD LSR II machine and analysed using FlowJo 8.8.7
software.

The pCDNA3.1-Smad7 construct (donated by Dr Carl-Hendrik Heldin, Ludwig
Institute for Cancer Research, Sweden), containing Smad7 cDNA lacking the
30UTR, was excised out of the pCDNA3.1 vector backbone using BamH1 and Xho1
(NEB) and amplified by PCR; the purified cDNA was then ligated into the pBABE-
puro vector backbone post digestion with BamH1 and Sal1 (NEB). The newly
generated pBABE-puro-Smad7 plasmid was then transfected into Phx cells as
described above, and selection of transduced cells was accomplished using
2.5 mg ml� 1 puromycin (Invitrogen). For the generation of the shSmad7 stable cell
lines, the A2780 cell line was stably transduced with shScrambled and shSmad7
retroviral-based constructs (OriGene) for stable knockdown of Smad7. Retrovirus
was generated using the Phx cells and serial infections over 72 h was achieved with
polybrene (2mg ml� 1). Positively transduced cells were selected with puromycin
(2.5 mg ml� 1) and analysed post selection.

miRNA sensor and decoy vectors. A bidirectional lentiviral sensor vector, which
expresses GFP and mCherry as two distinct transcripts, was modified to contain
four tandem copies of an imperfectly complementary target site for miR-181a to
generate a miR-181a sensor vector41. A2780 and SKOV3 cells were virally
transduced with the miR-181a sensor and an empty control, and sorted and
analysed, as described above. The miRNA decoy vector utilized the TuD
configuration18.

Clonogenicity assay. Cell survival was assessed through seeding 250 cells per well
in a 6-well plate and were fixed in a 10% acetic acid/10% methanol (in diH2O)
solution, and stained with 1% crystal violet (in methanol) after 7 days of growth.
Colonies were counted using ImageJ.

Cell migration and invasion assay. For the wound-healing assay, 4� 105 cells
were seeded into 6-well plates and were serum-starved for 24 h at full confluency. A
sterile 200ml pipette tip was used to scratch the cells to form a wound. The cells
were washed with PBS and cultured in serum-free medium (and full media for
SKOV3 cells). Wound closure was visualized with an inverted Nikon Eclipse TS100
phase-contrast microscope and measured using Nikon NIS-Element Basic Research
v3.2 software. For the transwell migration assay (Cell BioLabs), 3� 105 cells (in
serum-free media) were plated into the upper chamber. The cells were incubated in
37 �C for 24 h and migratory cells were subsequently harvested for quantification
via a colorimetric absorbance reading at 560 nm.

For the invasion assay, 2.5� 104 cells were suspended in serum-free medium
and seeded into the inserts of a 24-well BD BioCoat Matrigel Invasion Chamber
(catalogue number 354480) in triplicate. Inserts were co-cultured in a well of fetal
bovine serum-containing media as an attractant. Chambers along with inserts
were incubated at 37 �C and 5% CO2 atmosphere for 48 h. Inserts were then
removed and the upper surface of the membrane was scrubbed to remove non-
migrating cells. Inserts were then fixed with 100% methanol and stained with
Millipore Cell Satin (catalogue number 90144). Multiple � 10 images per well were
acquired and average counts were calculated.

Gene expression analysis using RNA-sequencing data. Total RNA was
extracted from two polyclonal pools of A2780 cells expressing exogenous
miR-181a (p181a 1 and p181a 2) and pBABE control cells. The Illumina RNASeq
kit was used to prepare sequencing libraries. The method is as follows: 1 mg of
high-quality total RNA was incubated with oligo(dT) magnetic beads (SeraMag)
to enrich for mRNA with poly-A tails. Eluted RNA was randomly cleaved by
incubation at 94 �C with a magnesium buffer. The RNA is ethanol precipitated
and then reverse transcribed (Invitrogen SuperScript II). DNA polymerase is
added to generate a second strand. Double-stranded DNA after second-strand
synthesis contains ends with 50- and 30-overhangs, and these are filled in using T4
polymerase and T4 polynucleotide kinase, resulting in a blunt-ended DNA
molecule. Then a deoxyadenosine 50-tail is added to DNA strands using the
Klenow fragment (exo-). Double-stranded DNA adapters with 30-thymidine
overhangs are ligated to the deoxyadenosine-tailed library using T4 ligase. The
library was then size selected on a 2% agarose gel and amplified with 15 cycles of
PCR (NEB Phusion polymerase). This procedure adds the sequences needed for
binding to the Illumina flow cell and sequencing primer-binding sites. RNA-Seq
libraries were sequenced using the Illumina HiSeq 2000 for a 100-nt read length.
Transcriptome raw reads were mapped to the human reference genome (hg19).
The coverage over the length of the gene is variable due to various biases inherent
to the sequencing and sample preparation process. To avoid problems arising
from this, we generated a density profile using windows of 50 bp sliding over the
length of each gene, and the median of this density profile was picked as the
representative coverage for the gene using an in-house mRNA-seq expression
profile pipeline. The coverage is corrected using log-transformation and quantile
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normalization. Putative miRNA targets were predicted using TargetScan
(http://www.targetscan.org) and miRConnect (http://mirconnect.org). RNA-
sequencing data has been deposited in Gene Expression Omnibus accession code
GSE52077.

Smad7 30UTR reporter assay. Smad7 30UTR reporter plasmid (500 ng) and
pGL3-control (100 ng, for normalization) (Promega) were co-transfected with
Lipofectamine2000 (Invitrogen) into cells seeded in 12-well plates (1� 105 cells per
well). Cells were harvested and luciferase activities were analysed after 24 h using
the Dual-Luciferase Reporter Assay System (Promega). Site-directed mutagenesis
was performed using the USB Change-IT Mutagenesis Kit. To mutate four
nucleotides within the miR-181a-binding site within the Smad7 30UTR, we used
the following mutagenesis primer sequence: (Phos) 50-GTGTTATCACCTAGCT
CTTAGTTTTTCTAAAGGAGTT-30 .

p3TP- and SBE4-luciferase reporter assays. Cells were seeded at 50,000 per well
and were serum-starved 6 h pre-transfection. The p3TP reporter construct
(900 ng; AddGene) and tkrl-control construct (150 ng) were co-transfected with
Lipofectamine2000 (Invitrogen); in addition, SBE4-luc (500 ng) and tkrl (100 ng)
were utilized in separate experiments. Recombinant TGF-b ligand (eBiosciences)
was added 6 h before harvest and luciferase activity was assessed as described
above.

Immunoblotting. Whole-cell protein extracts were obtained with radio-immu-
noprecipitation assay buffer following standard protocols. The protein extracts
were denatured and 40–50 mg of each sample were separated on 12% SDS–PAGE
gels and transferred to nitrocellulose membranes. After blocking with 5%
non-fat milk (LabScientific, Inc.) in TBS-Tween buffer, the membranes were
probed with antibodies against E-cadherin (1:250, Santa Cruz), N-cadherin (1:250,
Santa Cruz), Smad7 (1:200, Santa Cruz), ACTR-IIA (1:500, Santa Cruz), ACTR-IIB
(1:500, Santa Cruz), actin (1:1,000, Santa Cruz), keratin 8 (1:250, Epitomics),
Col3A1 (1:200, Abcam), Smad2 (1:500, Cell Signaling), P-Smad2 (1:250, Cell
Signaling), Smad3 (1:200, Cell Signaling), P-Smad3 (1:100, Cell Signaling) and
fibronectin (1:1,000, BD Transduction Lab). Membranes were exposed using
enhanced chemiluminescence (Roche) method following manufacturer’s instruc-
tions. Full scans of all western blots are included in Supplementary Fig. S10.

IHC staining. Paraffin-embedded ovarian tumour tissue samples were depar-
affinized in Histoclear and rehydrated in successive ethanol washes. Endogenous
peroxidase was quenched using 10–30% hydrogen peroxide in methanol for
15 min. Antigen retrieval was achieved at 124 �C for 5 min and the tissues were
subsequently incubated in normal goat serum (in PBS) for 1 h at room tempera-
ture. The tissue was incubated in primary anti-P-Smad2 antibody (1:250, Cell
Signaling) and Smad7 (1:100, R&D Systems) overnight at 4 �C. Incubation in
secondary antibody (goat-derived anti-rabbit IgG) was followed by addition of
horseradish peroxidase (Invitrogen). 3,30-Diaminobenzidine (Vectashield) was
added for 5 min; counterstaining was achieved in haematoxylin. Subsequently, the
tissue were dehydrated in successive ethanol washes and deparaffinized in Histo-
clear before mounting with Permount. The diluent used for this protocol was 5%
BSA in TBS-Tween. Overall immune scores were calculated using the Allred
scoring system25. After dichotomizing, the group at that median Kaplan–Meier
analysis was performed and log-rank test was utilized to assess the statistical
significance. The IHC analyses of mouse samples were as aforementioned using
pan-cytokeratin (Invitrogen) and N-cadherin (Abcam).

In vivo studies. All in vivo experiments were performed according to approved
protocols from the Animal Research Committee at the Mount Sinai School of
Medicine and Case Western Reserve University. For the intraperitoneal model,
A2780 pBABE and p181a 1 cells (2� 106) were injected i.p., whereas (1� 106) of
A2780 pBABE and p181a 1 cells were injected under the ovarian bursa in 6- to
8-week-old female nude mice. All mice were killed after 3 weeks and ovarian and
intraperitoneal nodules were extracted and weighed to compare relative tumour
burden. RNA from tumour tissue was extracted as described above. All tumours
were subsequently analysed by haematoxylin and eosin staining and by immu-
nohistological staining for epithelial (pan-cytokeratin) and mesenchymal markers
(N-cadherin).

Statistical analysis. Unless otherwise noted, data are presented as mean±s.d.
from three independent experiments, and Student’s t-test (two-tailed) was used to
compare two groups (Po0.05 was considered significant) for independent samples.
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