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Abstract

Background: Ovarian cancer is the leading cause of death among gynecologic diseases in Western countries. We
have previously identified a miR-200-E-cadherin axis that plays an important role in ovarian inclusion cyst formation
and tumor invasion. The purpose of this study was to determine if the miR-200 pathway is involved in the early
stages of ovarian cancer pathogenesis by studying the expression levels of the pathway components in a panel
of clinical ovarian tissues, and fallopian tube tissues harboring serous tubal intraepithelial carcinomas (STICs), a
suggested precursor lesion for high-grade serous tumors.

Methods: RNA prepared from ovarian and fallopian tube epithelial and stromal fibroblasts was subjected to
quantitative real-time reverse-transcription polymerase chain reaction (qRT-PCR) to determine the expression of
miR-200 families, target and effector genes and analyzed for clinical association. The effects of exogenous miR-200
on marker expression in normal cells were determined by qRT-PCR and fluorescence imaging after transfection of
miR-200 precursors.

Results: Ovarian epithelial tumor cells showed concurrent up-regulation of miR-200, down-regulation of the four
target genes (ZEB1, ZEB2, TGFβ1 and TGFβ2), and up-regulation of effector genes that were negatively regulated by
the target genes. STIC tumor cells showed a similar trend of expression patterns, although the effects did not reach
significance because of small sample sizes. Transfection of synthetic miR-200 precursors into normal ovarian surface
epithelial (OSE) and fallopian tube epithelial (FTE) cells confirmed reduced expression of the target genes and elevated
levels of the effector genes CDH1, CRB3 and EpCAM in both normal OSE and FTE cells. However, only FTE cells had a
specific induction of CA125 after miR-200 precursor transfection.

Conclusions: The activation of the miR-200 pathway may be an early event that renders the OSE and FTE cells more
susceptible to oncogenic mutations and histologic differentiation. As high-grade serous ovarian carcinomas (HGSOC)
usually express high levels of CA125, the induction of CA125 expression in FTE cells by miR-200 precursor transfection
is consistent with the notion that HGSOC has an origin in the distal fallopian tube.
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Background
Ovarian cancer is the leading cause of death among
gynecologic diseases in Western countries. Ovarian tu-
mors of epithelial origin can be classified as benign, low
malignant potential (borderline), or malignant according
to the World Health Organization criteria [1]. Because
of the lack of sensitive tests for the detection of early
stage of the disease, which often lacks obvious clinical
symptoms, patients with malignant epithelial ovarian
tumors have a 5-year survival rate of about 30% [2]. In
contrast, the survival rate will exceed 90% for five years
if the disease is diagnosed in Stage I [3].
Ovarian cancer can be divided into four major histologic

subtypes based on morphologic criteria corresponding to
the different types of epithelia in the Müllerian ducts, the
embryological structures that eventually form vagina, cer-
vix, uterus and fallopian tubes [4–6]. The most common
serous tumors comprise about 50% of primary epithelial
ovarian tumors and consist of epithelial cells resembling
those of the fallopian tube with high metastatic potential.
The other three subtypes are mucinous, endometrioid,
and clear cell ovarian carcinomas. The origin of ovarian
cancer has been greatly debated. The incessant ovulation
hypothesis, based on epidemiologic observations that
women with a low number of pregnancies or infertility
and, hence, a greater number of ovulatory cycles have an
increased risk of developing ovarian cancer, has suggested
that ovarian cancer develops from the surface epithelium
and the associated cortical inclusion cysts [7, 8]. Recently,
epidemiologic and molecular pathologic studies on Brca1
and Brca2 carriers have suggested that a disproportionate
number of high-grade serous ovarian carcinomas
(HGSOC) originate in the distal fallopian tube, initiating
as serous tubal intraepithelial carcinoma (STIC) [9–11].
p53 mutations and expression of γ-H2AX, which are evi-
dence of DNA damage frequently observed in high-grade
pelvic serous carcinomas, also appeared in STIC and foci
of benign tubal mucosa in continuity with STIC [10]. A
study on serous ovarian carcinomas without Brca
mutations have shown that approximately one-half of
these tumors co-existed with a STIC, and p53 mutation
analysis in the STIC and metastatic tumors disclosed the
same mutations, suggesting that they were genetically
linked [12]. These emerging data offer evidence that a sig-
nificant percentage of familial and sporadic HGSOC could
be explained by an origin in the distal fallopian tube.
MicroRNAs (miRNAs) are a family of small (~22 nucle-

otides) noncoding RNA molecules that are evolutionarily
conserved and are expressed in a tissue-specific and deve-
lopmental stage-specific manner [13]. There is growing
evidence to support the notion that many miRNAs can
potentially target different mRNAs [14] and are master
regulators in development [15, 16] and other pathologic
processes including cancers. 50% of miRNA genes are

frequently located at fragile chromosomal sites and
genomic regions involved in cancers [17, 18]. The expres-
sion profiles of miRNAs can classify tumor types [19] and
are associated with tumor diagnosis and prognosis [20].
MiRNAs can function as oncogenes or tumor suppressors
[21, 22] and a recent study has shown that changes of
miRNA expression are causal, rather than consequential,
of cellular transformation [23]. Hence, miRNAs have great
potential to be developed as a novel class of disease
diagnostics and therapeutic targets [24, 25].
In an in vitro three-dimensional (3D) culture study to

explore the molecular changes involved in inclusion cyst
formation and tumor invasion, we have identified con-
current elevated expression of miR-200 family members
(miR-200a, miR-200b, miR-200c, miR-141, and miR-429)
and the effector protein E-cadherin (CDH1) in the can-
cer 3D cultures compared to the 3D cultures derived
from normal human ovarian surface epithelial (OSE)
cells [26]. Suppression of CDH1 expression in ovarian
cancer cells disrupted inclusion cyst formation and
collective movement demonstrated in the cancer 3D
cultures [26]. MiR-200 family and miR-205 are the major
regulators of epithelial-mesenchymal transition (EMT)
and cell differentiation by suppressing the transcriptional
repressors ZEB1 and ZEB2 [27] and transforming
growth factor β (TGFβ) [28]. In this report, we describe
an extensive expression and clinical association analysis
of the miR-200 pathway in a panel of clinical ovarian
and fallopian tube samples. Functional studies suggest
the involvement of miR-200 in CA125 production
specifically in fallopian tube epithelial (FTE) cells.

Methods
Cell lines, tissues, and primary cultures
Ovarian cancer cell lines DOV13, CAOV3, OVCA420,
OVCA429, OVCA432, OVCA680, and OVCA810 were
established in our laboratory from ovarian carcinomas
obtained from different patients. SKOV3 was obtained
from American Tissue Culture Collection (ATCC).
RMG-1 was purchased from Japanese Collection of
Research Bioresources (JCRB Cell Bank). All ovarian
cancer cell lines except RMG-1 and OCA810 were
grown in medium 199 (Sigma-Aldrich, St. Louis, MO)
and MCDB 105 (Sigma-Aldrich, St. Louis, MO) (1:1)
supplemented with 10% fetal calf serum (FCS). RMG-1
and OVCA810 were cultured with DMEM-F12 HAM
medium (Life Technologies, Grand Island, NY) plus 10%
FCS. Ovarian surface epithelial (OSE) and fallopian tube
epithelial (FTE) primary cultures were derived from
ovarian and distal fallopian tube scrapes from patients
who underwent prophylactic salpingo-oophorectomies.
Ovarian and fallopian tube specimens were collected
with an IRB approved protocol at Brigham and Women’s
Hospital in Boston.
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Laser-capture microdissection, RNA extraction, and
quantitative real-time reverse-transcription PCR (qRT-PCR)
A Leica CM3050S cryostat was used to cut 7 μm-
thick sections from frozen tissues embedded in OCT
compound. The sections were placed on a polyethyl-
ene terephthalate (PET) UV-absorbing membrane-
slide (Leica Microsystems), fixed using absolute
methanol, and then stained with Hematoxylin to
reveal tissue morphologies. A Leica AS LMD laser
microdissection system (Leica Microsystems) was used
to procure pure cell populations from the tissue
sections and the RNA was extracted using an RNA-
queous kit (Life Technologies, Carlsbad, CA). TRIzol
reagent (Life Technologies, Carlsbad, CA) was used to
extract RNA from primary cultures. TaqMan Micro-
RNA Reverse Transcription Kit and TaqMan Micro-
RNA assay kits (Applied Biosystems, Foster City, CA)
were used for qRT-PCR determination of miRNA
levels, performed on a 7300 Real-Time PCR System
(Applied Biosystems, Foster City, CA). RNU6B RNA
was used as the internal control to normalize sample
input. For target gene and effector gene determi-
nation, High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA) was used
for cDNA synthesis. The synthesized cDNAs were
adjusted in 1× TaqMan PreAmp Master Mix (Applied
Biosystems, Foster City, CA), mixed with a pool of
TaqMan Gene Expression Assays for target and
effector genes, and a 14-cycle multiplexed pre-
amplification PCR reaction was performed. The pre-
amplified cDNAs and individual TaqMan Gene
Expression Assays were loaded to individual wells of
a BioMark 48.48 Dynamic Array (Fluidigm Corpo-
ration, South San Francisco, CA), which allowed
simultaneous run of 48 qPCRs for 48 samples on a
BioMark System (Fluidigm Corporation, South San
Francisco, CA). Data collection and analysis was per-
formed automatically by the Fluidigm instrument.
Gene expression levels were determined using 2 -ΔΔCT

method [29]. The data were exported to TIGR MEV
(MultiExperiment Viewer) V4.0 (http://www.tm4.org)
for heat map construction.

Precursor transfection assay
Normal OSE and FTE cells were seeded at 2 × 105/well
in a 6-well culture plate (BD Biosciences, San Jose, CA).
Ambion Pre-miR miRNA precursors for miR-200 family
members and miR-205, as well as the nontarget negative
control precursor, were purchased from Life Technolo-
gies (Carlsbad, CA). Transfection of the precursors
into the cells was performed using the siPORT NeoFX
transfection agent (Life Technologies, Carlsbad, CA)
according to the manufacturer manual. The cells were

harvested after 2 days and RNA was extracted for
qRT-PCR.

Immunofluorescence microscopy and Western blot
analysis
FTE cells were seeded at 1 × 104/well in an 8-well cham-
berslide (BD Biosciences, San Jose, CA). Cells were
transfected with the miRNA precursors on the second
day, using siPORT NeoFX transfection agent as
described above. After 4 days of incubation, cells were
fixed in 4% paraformaldehyde (Sigma-Aldrich, St. Louis,
MO) and permeabilized with PBS containing 0.5%
Triton X-100 (Sigma-Aldrich, St. Louis, MO). After
blocking with 10% FBS, mouse monoclonal antibodies
for CA125 (Thermo Fisher Scientific, Waltham, MA)
and EpCAM (Dako North America, Inc. Carpinteria,
CA) were added and incubated at room temperature for
2 h, then with Alexa Fluor 647 conjugated secondary
antibodies (Invitrogen, Carlsbad, CA). A mounting
medium with DAPI (Vector Laboratories, Burlingame,
CA) was used for counterstaining. Microscopic images
were captured by a Leica DM IRE2 fluorescence micro-
scope (Leica Microsystems, Bannockburn, IL) and ana-
lyzed by the OpenLab Cell Imaging System software
(Leica Microsystems, Bannockburn, IL). Lysates of two
OSE and two FTE primary cultures and OVCA420 cell
line were analyzed using standard Western blotting with
CA125 antibody (Abcam, Cambridge, MA) and chemilu-
minescent signals were revealed using WesternBright
ECL kit (Advansta, Menlo Park, CA).

Statistic analysis of real-time PCR data
Non-parametric Kruskal Wallis test was performed to
test differential expression between normal ovarian cells
and various types of ovarian tumors for microRNA, tar-
get genes, and effector genes. The same test was adopted
to test differential expression between normal FTE cells,
STIC tumors, and fallopian tube stromal cells. If Kruskal
Wallis test was found significant at the 0.05 levels,
further multiple comparisons using Mann-Whitney U
test were performed to test differential expression
between various types of tumors against normal cells.
The P-values of the Mann-Whitney test were corrected
for multiple comparisons using the Bonferroni method.
The correlation between microRNA, target genes, and
effector genes was evaluated using Pearson correlation.
In addition, two-way analysis of variance (ANOVA) was
performed to assess the effects of various microRNA
precursors on target and effector gene expression after
transfection. Overall effects of each of the miRNA
relative to control were compared using Dunnett’s test
for multiple comparisons. Statistical analyses were
performed using IBM SPSS-22 (IBM, Chicago, IL).
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Results and discussion
Characterization of miR-200 pathway expression in
ovarian and fallopian tube cells
Our previous gene expression profiling study of ovarian
3D cellular structures growing sequentially in Matrigel
and then collagen I matrices which mimic inclusion
cysts and invading tumors has identified concurrent
elevated expression of miR-200 family members and ef-
fector protein CDH1, and decreased expression of trans-
forming growth factor β (TGFβ) pathway genes in the
cancer 3D cultures compared to the 3D cultures derived
from normal OSE cells [26]. Suppression of CDH1 ex-
pression in ovarian cancer cells disrupted inclusion cyst
formation and collective movement demonstrated in the
cancer 3D cultures [26]. Identification of miR-200
targets is the key to understand the function of these
miRNAs in ovarian cancer. E-cadherin transcriptional
repressors ZEB1 and ZEB2 are two of the targets of
miR-200 family and miR-205 [27]. Burk et al. have also
identified TGFβ as another potential target of the miR-
200 family [28]. Aigner et al. have shown that the tran-
scription factor ZEB1 regulates besides E-cadherin other
effector genes that are key determinants of epithelial cell
phenotype [30]. TGFβ, the other miR-200 target,
suppresses epithelial cell polarity by activating TGFβ re-
ceptors to phosphorylate the polarity complex protein
Par6, which results in ubiquitination and degradation of
Rho GTPase family member RhoA and the loss of tight
junctions [31]. The members of the Par polarity complex
interact with Lethal giant larvae (Lgl), a member of the
basolateral Scribble complex and control apicobasal
polarity, cell proliferation, migration and epithelial struc-
ture during tumor development [32]. Hence, the net re-
sults of miR-200 overexpression will be down-regulation
of the target genes ZEB1, ZEB2, and TGFβ, with the
corresponding up-regulation of multiple epithelial
markers and more differentiated phenotype (MET) of
the cells.
To evaluate expression of the miR-200 family and the

associated pathway in ovarian cancer, we performed a
large-scale quantitative real-time reverse transcription-
polymerase chain reaction (qRT-PCRs) study with RNA
from a panel of enriched ovarian cells from either pri-
mary cultures or laser-capture microdissection. These
included 15 normal OSE preparations derived from five
primary scrapes and microdissection from 10 archived
frozen normal ovarian tissues, and epithelial tumor cells
microdissected from three benign tumors, six borderline
tumors, 14 nonserous malignant tumors (six mucinous,
one clear cell, and seven endometrioid), 26 serous
malignant tumors, 11 ovarian cancer cell lines, and six
stromal preparations microdissected from ovarian tumor
tissues. In this study, we also explored the potential in-
volvement of miR-200 pathway in the hypothesized

fallopian tube precursor lesions of high-grade serous
tumors and hence have also collected four primary
cultures of normal fallopian tube epithelial (FTE) cells
derived from distal fallopian tube scrapes, epithelial
tumor cells and stromal cells microdissected from three
cases of frozen STIC tissues. qRT-PCRs were performed
to determine the expression levels of the five members
of the miR-200 family and miR-205, another miRNA in-
volved in MET [27]; the target genes ZEB1, ZEB2,
TGFβ1, and TGFβ2; and a panel of potential effector
genes downstream of the ZEB1 transcriptional repressor
selected from the article by Aigner et al. [30]. These in-
cluded cadherins, claudins, LLGL2 and tumor epithelial
marker EpCAM. We have also included in the effector
gene list two well-known ovarian tumor markers, Muc16
(CA125) and HE4.
The heat maps in Fig. 1 serve as a visual presentation

of the qRT-PCR results for miRNA and target genes.
Unlike miR-205, the miR-200 family members showed in
general upregulated expression in ovarian tumors and
cancer cell lines when compared with normal OSE cells
(Fig. 1a). Non-parametric Kruskal Wallis analyses of the
qRT-PCR data showed that there were significant differ-
ences among groups in the miRNA expression (Table 1).
Multiple comparisons using Mann-Whitney U test
showed that miR-200 family members were all signifi-
cantly overexpressed in the borderline (BOT), serous
(SMT) and non-serous malignant tumors (NSMT), and
cancer cell lines (CCL) compared with normal OSE cells.
MiR-141 was the only RNA that was also significantly
overexpressed in benign tumors (BNT) (P = 0.030). In
our analysis, miR-205 was overexpressed only in SMT
and CCL when compared with normal OSE cells. Albeit
not significant in multiple comparisons, miR-200 expres-
sion appeared to be more downregulated in the ovarian
stroma (OV_ST) than in OSE cells, in consistence with
the notion that miR-200 are for epithelial differentiation.
For the fallopian tube cells, there was an apparent
increased expression of miR-200 in the STIC tumor cells
than normal FTE cells (Fig. 1b), although multiple
comparisons did not show significance because of the
small sample size (Table 1).
For the target genes, ZEB1 was significantly underex-

pressed only in CCL (P = 0.048) and overexpressed in
Ov_ST (P = 0.048) when compared with normal OSE
cells (Fig. 1 and Table 2). On the other hand, ZEB2 was
broadly underexpressed in BOT (P = 0.048), NSMT
(P = 0.002) and CCL (P = 0.001), but was overexpressed
in Ov_ST (P = 0.012) when compared with normal OSE
cells. TGFβ1 was significantly underexpressed in BOT
(P = 0.036), NSMT (P = 0.001) and SMT (P = 0.006);
TGFβ2 was underexpressed in NSMT (P = 0.006) and
SMT (P = 0.012) when compared with normal OSE cells.
Similar to the miRNA results, the target genes were not
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significantly different between normal FTE cells and
STIC and FT stroma (FT_ST) on multiple comparisons,
even though overall P-values were significant for ZEB1,
ZEB2 and TGFβ1.
We also performed correlation analyses to deter-

mine the expression relationship within the miRNA
group and between miRNA and target genes in all
samples (Additional file 1: Table S1). MiR-200 family
members showed very high expression correlation
with each other (Pearson correlation coefficients r
range between 0.666 and 0.889). MiR-205 showed
modest correlations with miR-200b (r = 0.52) and
miR-200c (r = 0.491). MiR-200b, miR-200c and miR-
205 showed significant negative correlation with the
expression of target genes ZEB1 and ZEB2, but not
with that of TGFβ1 and TGFβ2, suggesting that the
miRNA regulated MET primarily through ZEB1 and
ZEB2. However, the expression of ZEB1 showed
strong correlations with ZEB2, TGFβ1 and TGFβ2.
There was also significant correlation between TGFβ1
and TGFβ2 expression (Additional file 1: Table S1).
For the 21 effector genes that we measured (Fig. 2 and

Table 3), all five categories (BNT, BOT, NSMT, SMT,
and CCL) of ovarian tumor cells showed significantly el-
evated levels of CDH1, PPL, EVA1, TSPAN1, SH3YL1,
and TMEM30B expression than normal OSE cells. In
addition, CRB3, LLGL2, CLDN7, SFN, EpCAM, PATJ,
SCEL, PKP3, MAL2 and MUC1 were elevated in BOT,
NSMT, SMT, and CCL. In contrast, the expression of
CDH11 was negatively associated with these four tumor
cell categories, consistent with the finding that this
cadherin was associated with TGFβ production and
EMT [33]. It was noted that the stromal cells extracted
from tumor samples also expressed significant levels of
CDH3, LLGL2, EVA1, EpCAM, TSPAN1, SCEL, and
SH3YL1, suggesting that the tumor stroma also exhibited
changes during the tumorigenesis process. Correlation
analyses (Additional file 1: Table S2) showed that the ex-
pression of all miR-200 family was closely correlated.
The expression of CRB3, CLDN7, EpCAM, and PKP3
was strongly associated with the expression of all miR-
200 family members, whereas the expression of OCLN
and MAL2 was highly correlated with miR-200a and
miR-200b only. A core of epithelial effector genes in-
cluding CDH1, CRB3, LLGL2, CLDN7, PPL, EVA1,
EpCAM, TSPAN1, and MUC1 had very high correlation
coefficients (r ≥ 0.6) with each other and apparently
were co-regulated in the samples.
It is also of interest that the two clinical ovarian cancer

markers, MUC16 and HE4, were not highly expressed in
all tumor cell categories. HE4 was significantly elevated
only in NSMT and SMT, and MUC16 was significantly
elevated only in BOT, SMT, and CCL, but not in NSMT
(Table 3). More significantly, mucinous malignant

Fig. 1 Heat maps showing the expression of miR-200 family and
miR-205 and target genes in a ovarian and b fallopian tube cells
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tumors (marked by a box in Fig. 2) showed a markedly
reduced level of MUC16 expression, which was signifi-
cantly different from the expression in endometrioid
(P = 0.024) and high-grade serous (P = 0.012) malignant
tumors (Additional file 1: Table S3). Tumor type-

dependent expression differences of HE4 [34] and
CA125 [35] have been described previously. There was a
high correlation (r = 0.646) in the expression between
these two biomarkers. HE4 also had additional expres-
sion correlations with CLDN7 (r = 0.619) and MUC1
(r = 0.605, Additional file 1: Table S2).
For the fallopian tube cells, there were no significant

differences in effector gene expression despite significant
overall P-values (Table 3). Based on the fact that the heat
maps for the expression of miRNAs, target genes and ef-
fector genes in fallopian tube cells were similar to the
heat maps for the ovarian cells (Figs. 1 and 2), it is very
likely that the lack of significant differences between
STIC tumor cells and normal FTE cells was due to small
sample sizes.

Stimulation of epithelial marker expression in normal OSE
and FTE cells and specific induction of CA125 expression
in FTE cells by miR-200 family
To explore further the relationships between micro-
RNA, target genes, and effector genes, individuals and
combinations of synthetic miR-200 precursors were
transfected into normal OSE and FTE cells and the
expression of target genes and effector genes was
analyzed from the transfected cells using qRT-PCR.
The heat maps in Fig. 3 and two-way ANOVA ana-
lysis in Additional file 1: Tables S4 and S5 show the
responses of target genes and effector genes upon
introduction of miR-200 and miR-205 precursor mo-
lecules. First, miR-205 was found not very effective in
inducing changes in the expression of target genes
(P = 0.935 and 0.986) and effector genes (P = 0.941 and
0.763) in OSE and FTE cells, respectively, suggesting that
miR-205 does not play any important role in the miR-200
pathway in OSE and FTE cells. The miR-200 family pre-
cursor molecules, however, were effective in suppressing
expression of all target genes in OSE cells and ZEB1 and
ZEB2 in FTE (Additional file 1: Table S4), and induce the
expression of effector genes in OSE and FTE cells
(Additional file 1: Table S5). This is consistent with
the correlation analysis results (Additional file 1:
Table S1), which showed that the expression of miR-
200 was more correlated with ZEB1 and ZEB2
expression than with TGFβ1 and TGFβ2 expression.
The miR-200 family members did not contribute
equally to affect the expression of target genes and
effector genes. While the introduction of miR-200
precursors into both normal OSE and FTE cells stim-
ulated the expression of cadherins CDH1 and CDH3,
and effector genes like CRB3, EpCAM, TSPAN1, and
PKP3 that had high correlation coefficients with miR-
200 expression, there were striking differences of re-
sponses in some effector gene expression from these
two normal cell types (Additional file 1: Table S5).

Fig. 2 Heat maps showing the expression of effector genes in a
ovarian and b fallopian tube cells. A box was drawn in the MUC16
lane to show the expression levels of mucinous ovarian tumors
within the Non-serous malignant tumor samples
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CLDN7, the expression of which was highly correlated
with miR-200 in correlation analyses (Additional file 1:
Table S2), was only induced in FTE cells (Additional file 1:
Table S5). Another interesting finding was the expression
of MUC16, which in correlation analysis was not related
to any miR-200 or any other epithelial marker expression
except HE4, was found to be induced only in FTE cells
(Fig. 3 and Additional file 1: Table S5). In contrast, HE4
expression was not induced at all by miR-200 introduction
in both normal cell types.

We repeated the miRNA precursor transfections with
different preparations of normal OSE and FTE cells and
the results (Fig. 4a) confirmed the specific MUC16
mRNA expression mediated by miR-200 precursor mol-
ecules in FTE cells and not in OSE cells. Furthermore,
immunostaining of the normal FTE cells confirmed the
increased expression of EpCAM and CA125 proteins in
the FTE cells after transfection with miR-200 precursors
(Fig. 4b). A Western blot analysis performed with lysates
derived from two OSE and two FTE primary cultures

Fig. 3 Heat maps showing the expression of target and effector genes after transfection of control and different combinations of miR-200 and
miR-205 precursors into a normal OSE and b normal FTE cells

Fig. 4 Induction of effector gene expression in FTE cells after miR-200 transfection. a Box plot to show the differential expression of Muc16 mRNA
in FTE cells and OSE cells after the transfection. b Immunostaining of CA125 and EpCAM proteins after the transfection of either nontarget control
RNA or miR-200 precursor RNA into FTE cells. Positive protein targets were pseudo-colored in red, and nuclear staining was in blue
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(Additional file 1: Fig. S1) showed that there was
negligible basal expression of CA125 in both OSE and
FTE cells.

Conclusions
Our study demonstrated activation of the miR-200
pathway in ovarian tumors, ovarian cancer cell lines, and
likely in the fallopian tube STIC cells as well. Activation
of miR-200 pathway in ovarian and fallopian tube cancer
cells confirms the previous findings of suppression of
TGFβ pathway [36] and epithelial characteristics of ovar-
ian cancer cells when compared with OSE and likely
FTE [8, 37–39]. Manipulations of epithelial marker E-
cadherin expression in OSE and ovarian cancer cells
have been shown to affect tumor formation [40, 41] and
tumor invasion via collective cell movement [26]. A
recent characterization of a mouse model of high-grade
serous ovarian cancer originating in the fallopian tube
stroma showed epithelialization of the stromal cancer
cells to support tumorigenesis [42]. The miR-200 path-
way may play an important role in regulating MET and
promoting epithelial-like oncogenesis in OSE and/or
FTE cells. Our second finding that normal FTE cells
have greater propensity than OSE cells to express
CA125 in response to miR-200 expression is intriguing.
Since high-grade serous ovarian tumors express higher
levels of CA125 than the nonserous mucinous ovarian
tumors [43, 44], our finding is consistent with the no-
tions that at least some of the high-grade serous ovarian
tumors originate in the fallopian tube and nonserous
mucinous tumors might develop from the ovarian
surface epithelium or cortical inclusion cysts. Since our
expression analysis did not reveal any significant corre-
lation between miR-200 expression and MUC16 expres-
sion, it will be of great interest to determine the
underlying mechanism that regulates MUC16 expression
by miR-200 in FTE cells. This warrants further inves-
tigation and, hopefully, will provide important informa-
tion about the etiologies of histologic subtypes of
ovarian cancer.

Additional file

Additional file 1: Fig. S1. Western blot analysis to show negligible
expression of CA125 (MUC16) in OSE and FTE primary cultures. Table S1.
Correlation analyses for the relationship between expression levels of
miR-200 family and miR-205 and target genes. Table S2. Correlation
analyses for the expression relationship between miR-200 family and
miR-205 and effector genes. Table S3. Differential expression of effector
gene MUC16 in different subtypes of ovarian tumors. Table S4. Effects of
microRNA on target gene expression in OSE and FTE cells. Table S5. Effects
of microRNA on effector gene expression in OSE and FTE (PDF 445 kb)

Acknowledgments
We thank Dr. Nelly Auersperg for the inspiration during the conception of
the project and Dr. Christopher Crum for the supply of STIC samples, Drs.

Chris Simollardes and Grace Johnston for the help with Biomark qPCR. We
acknowledge the support of the Robert and Deborah First Fund, the
Sperling Family Fund Foundation, Ruth N. White Gynecologic Oncology
Research Fund, Women’s Cancer Program and Gillette Center for
Women’s Cancer from Dana-Farber Cancer Institute, Ovarian Cancer
Research Foundation, Adler Foundation, Inc., and Friends of Dana Farber
Cancer Institute to The Laboratory of Gynecologic Oncology at Brigham
and Women’s Hospital.

Authors’ contributions
JY, YZ, K-CH and XN carried out microdissection and qRT-PCR. KH collected
samples, managed the database and with JY, prepared primary cultures and
performed transfection experiment. P-WC helped in immunostaining. S-KN
performed statistical analysis and helped in the drafts of manuscript. WRW,
MGM and RSB contributed the samples and reagents and critically revised
the manuscript. S-WN conceived, led and coordinated the study and wrote
the manuscript. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Obstetrics/Gynecology and Reproductive Biology, Brigham
and Women’s Hospital, Boston, MA 02115, USA. 2School of Medicine and
Menzies Health Institute Queensland, Griffith University, QLD, Nathan 4111,
Australia. 3Department of Pathology, Brigham and Women’s Hospital, Boston,
MA 02115, USA. 4Laboratory of Gynecologic Oncology, Brigham and
Women’s Hospital, 221 Longwood Avenue, Boston, MA 02115, USA.

Received: 18 October 2016 Accepted: 9 June 2017

References
1. Serov SF, Scullt RE. Histological typing of ovarian tumors, vol. 9. Geneva:

World Health Organization; 1993.
2. Howlader N, Noone AM, Krapcho M, Garshell J, Miller D, Altekruse SF, Kosary CL,

Yu M, Ruhl J, Tatalovich Z et al.: SEER Cancer Statistics Review, 1975–2012. In.,
April, 2015 edn: National Cancer Institute, Bethesda, MD; 2015.

3. Bast RC Jr, Urban N, Shridhar V, Smith D, Zhang Z, Skates S, et al. Early
detection of ovarian cancer: promise and reality. Cancer Treat Res.
2002;107:61–97.

4. Thor AD, Young RH, Clement PB. Pathology of the fallopian tube, broad
ligament, peritoneum, and pelvic soft tissues. Hum Pathol. 1991;22(9):856–67.

5. Rodriguez M, Dubeau L. Ovarian tumor development: insights from ovarian
embryogenesis. Eur J Gynaecol Oncol. 2001;22(3):175–83.

6. Dubeau L. The cell of origin of ovarian epithelial tumours. Lancet Oncol.
2008;9(12):1191–7.

7. Feeley KM, Wells M. Precursor lesions of ovarian epithelial malignancy.
Histopathology. 2001;38(2):87–95.

8. Auersperg N, Maines-Bandiera SL, Dyck HG. Ovarian carcinogenesis and the
biology of ovarian surface epithelium. J Cell Physiol. 1997;173(2):261–5.

9. Crum CP. Intercepting pelvic cancer in the distal fallopian tube: theories
and realities. Mol Oncol. 2009;3(2):165–70.

10. Lee Y, Miron A, Drapkin R, Nucci MR, Medeiros F, Saleemuddin A, et al. A
candidate precursor to serous carcinoma that originates in the distal
fallopian tube. J Pathol. 2007;211(1):26–35.

11. Callahan MJ, Crum CP, Medeiros F, Kindelberger DW, Elvin JA, Garber JE, et
al. Primary fallopian tube malignancies in BRCA-positive women undergoing
surgery for ovarian cancer risk reduction. J Clin Oncol.
2007;25(25):3985–90.

12. Kindelberger DW, Lee Y, Miron A, Hirsch MS, Feltmate C, Medeiros F, et al.
Intraepithelial carcinoma of the fimbria and pelvic serous carcinoma:
evidence for a causal relationship. Am J Surg Pathol. 2007;31(2):161–9.

13. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell.
2004;116(2):281–97.

14. Brennecke J, Stark A, Russell RB, Cohen SM. Principles of microRNA-target
recognition. PLoS Biol. 2005;3(3):e85.

Yang et al. BMC Cancer  (2017) 17:422 Page 11 of 12

dx.doi.org/10.1186/s12885-017-3417-z


15. Chen CZ, Li L, Lodish HF, Bartel DP. MicroRNAs modulate hematopoietic
lineage differentiation. Science. 2004;303(5654):83–6.

16. Mansfield JH, Harfe BD, Nissen R, Obenauer J, Srineel J, Chaudhuri A, et al.
MicroRNA-responsive 'sensor' transgenes uncover Hox-like and other
developmentally regulated patterns of vertebrate microRNA expression. Nat
Genet. 2004;36(10):1079–83.

17. Calin GA, Sevignani C, Dumitru CD, Hyslop T, Noch E, Yendamuri S, et al.
Human microRNA genes are frequently located at fragile sites and genomic
regions involved in cancers. Proc Natl Acad Sci U S A. 2004;101(9):2999–
3004.

18. Zhang L, Huang J, Yang N, Greshock J, Megraw MS, Giannakakis A, et al.
microRNAs exhibit high frequency genomic alterations in human cancer.
Proc Natl Acad Sci U S A. 2006;103(24):9136–41.

19. Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck D, et al. MicroRNA
expression profiles classify human cancers. Nature. 2005;435(7043):834–8.

20. Yanaihara N, Caplen N, Bowman E, Seike M, Kumamoto K, Yi M, et al.
Unique microRNA molecular profiles in lung cancer diagnosis and
prognosis. Cancer Cell. 2006;9(3):189–98.

21. He L, Thomson JM, Hemann MT, Hernando-Monge E, Mu D, Goodson S, et
al. A microRNA polycistron as a potential human oncogene. Nature.
2005;435(7043):828–33.

22. Johnson SM, Grosshans H, Shingara J, Byrom M, Jarvis R, Cheng A, et al. RAS
is regulated by the let-7 microRNA family. Cell. 2005;120(5):635–47.

23. Kumar MS, Lu J, Mercer KL, Golub TR, Jacks T. Impaired microRNA
processing enhances cellular transformation and tumorigenesis. Nat Genet.
2007;39(5):673–7.

24. Soifer HS, Rossi JJ, Saetrom P. MicroRNAs in disease and potential
therapeutic applications. Mol Ther. 2007;15(12):2070–9.

25. Esau CC, Monia BP. Therapeutic potential for microRNAs. Adv Drug Deliv
Rev. 2007;59(2–3):101–14.

26. Choi PW, Yang J, Ng SK, Feltmate C, Muto MG, Hasselblatt K, et al. Loss of
E-cadherin disrupts ovarian epithelial inclusion cyst formation and collective
cell movement in ovarian cancer cells. Oncotarget. 2016;7(4):4110–21.

27. Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A, Farshid G, et al. The
miR-200 family and miR-205 regulate epithelial to mesenchymal transition
by targeting ZEB1 and SIP1. Nat Cell Biol. 2008;10(5):593–601.

28. Burk U, Schubert J, Wellner U, Schmalhofer O, Vincan E, Spaderna S, et al. A
reciprocal repression between ZEB1 and members of the miR-200 family
promotes EMT and invasion in cancer cells. EMBO Rep. 2008;9(6):582–9.

29. Huang KC, Rao PH, Lau CC, Heard E, Ng SK, Brown C, et al. Relationship of
XIST expression and responses of ovarian cancer to chemotherapy. Mol
Cancer Ther. 2002;1(10):769–76.

30. Aigner K, Dampier B, Descovich L, Mikula M, Sultan A, Schreiber M, et al.
The transcription factor ZEB1 (deltaEF1) promotes tumour cell
dedifferentiation by repressing master regulators of epithelial polarity.
Oncogene. 2007;26(49):6979–88.

31. Ozdamar B, Bose R, Barrios-Rodiles M, Wang HR, Zhang Y, Wrana JL.
Regulation of the polarity protein Par6 by TGFbeta receptors controls
epithelial cell plasticity. Science. 2005;307(5715):1603–9.

32. Grifoni D, Garoia F, Bellosta P, Parisi F, De Biase D, Collina G, et al. aPKCzeta
cortical loading is associated with Lgl cytoplasmic release and tumor
growth in drosophila and human epithelia. Oncogene. 2007;26(40):5960–5.

33. Schneider DJ, Wu M, Le TT, Cho SH, Brenner MB, Blackburn MR, et al.
Cadherin-11 contributes to pulmonary fibrosis: potential role in TGF-beta
production and epithelial to mesenchymal transition. FASEB J.
2012;26(2):503–12.

34. Drapkin R, von Horsten HH, Lin Y, Mok SC, Crum CP, Welch WR, et al.
Human epididymis protein 4 (HE4) is a secreted glycoprotein that is
overexpressed by serous and endometrioid ovarian carcinomas. Cancer Res.
2005;65(6):2162–9.

35. Tang A, Kondalsamy-Chennakesavan S, Ngan H, Zusterzeel P, Quinn M,
Carter J, et al. Prognostic value of elevated preoperative serum CA125 in
ovarian tumors of low malignant potential: a multinational collaborative
study (ANZGOG0801). Gynecol Oncol. 2012;126(1):36–40.

36. Matsumura N, Huang Z, Mori S, Baba T, Fujii S, Konishi I, et al. Epigenetic
suppression of the TGF-beta pathway revealed by transcriptome profiling in
ovarian cancer. Genome Res. 2011;21(1):74–82.

37. Drapkin R, Crum CP, Hecht JL. Expression of candidate tumor markers in
ovarian carcinoma and benign ovary: evidence for a link between epithelial
phenotype and neoplasia. Hum Pathol. 2004;35(8):1014–21.

38. Pietzner K, Woopen H, Richter R, Joens T, Braicu EI, Dimitrova D, et al.
Expression of epithelial cell adhesion molecule in paired tumor samples of
patients with primary and recurrent serous ovarian cancer. Int J Gynecol
Cancer. 2013;23(5):797–802.

39. Zhang Y, Kwok JS, Choi PW, Liu M, Yang J, Singh M, et al. Pinin interacts
with C-terminal binding proteins for RNA alternative splicing and
epithelial cell identity of human ovarian cancer cells. Oncotarget.
2016;7(10):11397–411.

40. Auersperg N, Pan J, Grove BD, Peterson T, Fisher J, Maines-Bandiera S, et al.
E-cadherin induces mesenchymal-to-epithelial transition in human ovarian
surface epithelium. Proc Natl Acad Sci U S A. 1999;96(11):6249–54.

41. Ong A, Maines-Bandiera SL, Roskelley CD, Auersperg N. An ovarian
adenocarcinoma line derived from SV40/E-cadherin-transfected normal
human ovarian surface epithelium. Int J Cancer. 2000;85(3):430–7.

42. Hua Y, Choi PW, Trachtenberg AJ, Ng AC, Kuo WP, Ng SK, Dinulescu DM,
Matzuk MM, Berkowitz RS, Ng SW: Epithelialization of mouse ovarian tumor
cells originating in the fallopian tube stroma. Oncotarget 2016.

43. Bouanene H, Harrabi I, Ferchichi S, Ben Limem H, Miled A. Factors predictive
of elevated serum CA125 levels in patients with epithelial ovarian cancer.
Bull Cancer. 2007;94(7):E18–22.

44. Hogdall EV, Christensen L, Kjaer SK, Blaakaer J, Kjaerbye-Thygesen A, Gayther
S, et al. CA125 expression pattern, prognosis and correlation with serum
CA125 in ovarian tumor patients. From the Danish "MALOVA" ovarian
cancer study. Gynecol Oncol. 2007;104(3):508–15.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Yang et al. BMC Cancer  (2017) 17:422 Page 12 of 12


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell lines, tissues, and primary cultures
	Laser-capture microdissection, RNA extraction, and quantitative real-time reverse-transcription PCR (qRT-PCR)
	Precursor transfection assay
	Immunofluorescence microscopy and Western blot analysis
	Statistic analysis of real-time PCR data

	Results and discussion
	Characterization of miR-200 pathway expression in �ovarian and fallopian tube cells
	Stimulation of epithelial marker expression in normal OSE and FTE cells and specific induction of CA125 expression in FTE cells by miR-200 family

	Conclusions
	Additional file
	Acknowledgments
	Authors’ contributions
	Competing interests
	Publisher’s Note
	Author details
	References

