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Abstract

MicroRNA-200c (miR-200c) through repression of specific target genes has been associated with
cellular transition, tumorigenesis, and tissue fibrosis. We explored the expression and functional
aspects of miR-200c in genesis of leiomyomas (LYO), benign uterine tumors with fibrotic
characteristic. Using LYO and matched myometrium (MYO; n=76) from untreated and from
patients exposed to hormonal therapies (GNRH agonist (GNRHa), Depo-Provera, and oral
contraceptives), we found that miR-200c was expressed at significantly lower levels (P<0.05) in
LYO as compared with MYO. These levels were lower in LYO from African Americans as
compared with Caucasians, patients experiencing abnormal uterine bleeding and those exposed
to GNRHa therapy. Gain-of-function of miR-200c in isolated leiomyoma smooth muscle cells
(LSMCs), myometrial smooth muscle cells (MSMCs), and leiomyosarcoma cell line (SKLM-S1)
repressed ZEB1/ZEB2 mRNAs and proteins, with concurrent increase in E-cadherin (CDHT) and
reduction in vimentin expression, phenotypic alteration, and inhibition of MSMC and LSMC
proliferations. We further validated TIMP2, FBLN5, and VEGFA as direct targets of miR-200c
through interaction with their respective 3’ UTRs, and other genes as determined by microarray
analysis. At tissue levels, LYO expressed lower levels of TIMP2and FBLN5 mRNAs but increased
protein expressions, which to some extent altered due to hormonal exposure. Given the regulatory
functions of ZEBs, VEGFA, FBLN5, and TIMP2 on cellular activities that promote cellular
transition, angiogenesis, and matrix remodeling, we concluded that altered expression of
miR-200c may have a significant impact on the outcome of LYO growth, maintenance of their
mesenchymal and fibrotic characteristics, and possibly their associated symptoms.
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Introduction

Leiomyomas (LYO) are the most common benign
uterine tumors that develop during reproductive age
with a higher prevalence among African Americans
(Parker 2007, Peddada et al. 2008). Although their
etiology is unknown, LYO are considered to develop
from myometrial cellular transition into a fibrotic tissue
with myofibroblastic characteristic, which is a hallmark of
tissues undergoing fibrosis (Hinz et al. 2007, Ono et al.
2007, Parker 2007, Chang et al. 2010, Chegini 2010).
Ischemia, hypoxia, inflammation, and cellular injury,
resulting in altered expression of local angiogenic,
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proinflammatory, and profibrotic mediators, are among
the direct causes of development and progression of tissue
fibrosis (Wallez et al. 2006, Hinz 2007, Wynn 2008,
Chegini 2010, Fragiadaki & Mason 2011). Although
some of the above conditions and mediators have been
considered to account for genesis of LYO (Walker &
Stewart 2005, Leppert et al. 2006, Spoelstra et al. 2006,
Tanwar et al. 2009, Chegini 2010), the identity and
mechanism of actions of the molecule(s) that initiates
myometrial cellular transition into LYO remain elusive.

Accumulated evidence has provided strong support
for the expression and regulatory function of
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microRNAs (miRNAs) on protein-coding gene
expression through interacting with their 3’ UTR
resulting in their posttranscriptional repression
(Djuranovic et al. 2011). Through this mechanism,
miRNAs regulate various aspects of normal biological
processes and their aberrant expression has been
closely associated with many disorders, including
cellular transition, tumorigenesis, and tissue fibrosis
(Thiery et al. 2009, Dykxhoorn 2010, Fabian et al.
2010, Jiang et al. 2010, Djuranovic et al. 2011, Small
& Olson 2011). The miR-200 family, including
miR-200c, through repression of specific number of
genes such as transcription factors, ZEBs have been
recognized to play central roles in epithelial to
mesenchymal transition (EMT) and mesenchymal to
epithelial transition (Korpal & Kang 2008, Davalos &
Esteller 2009, Bendoraite et al. 2010, Dykxhoorn 2010,
Oba et al. 2010, Chan et al. 2011, Roybal et al. 2011).
Differential expression of ZEBs resulting in altered
expression of their downstream target genes, including
transcriptional repression of E-cadherin (CDHI), has
been well documented as a mechanism of cellular
transition that results in tumorigenesis and tissue
fibrosis (Kalluri & Weinberg 2009, Katoh & Katoh
2009, Thiery et al. 2009, Chai et al. 2010, Fragiadaki
& Mason 2011, Gregory et al. 2011). In the uterus,
expression profiling and next generation sequencing
have identified many miRNAs, including several
members of miR-200 family whose expression altered
in LYO, ectopic endometrium, endometrial cancer, and
myometrium (MYO) during parturition (Luo &
Chegini 2008, Renthal et al. 2010, Hawkins et al.
2011a,b, Lee et al. 2011).

In LYO, miRNA profiling has indicated a menstrual
cycle-, tumor size-, and ethnic-dependence of their
expression, including a lower miR-200a as compared
with MYO (Wang et al. 2007), however, only the
expression of a few miRNAs and their regulatory
function on specific target genes have been confirmed
and/or validated (Luo & Chegini 2008, Peng et al.
2008). Progesterone treatments have also been shown
to alter the expression of miR-200b/429 and ZEBs
in mice uterus during gestation and in isolated
myometrial smooth muscle cells (MSMCs) where
miR-200b/429 overexpression repressed ZEBs, oxyto-
cin receptor, and connexin-43 (Renthal et al. 2010).
In human MYO and LYO, immunohistochemical
localization indicated a similar staining of ZEB1 with
elevated intensity in leiomyosarcomas and MYO of
ovariectomized mice treated with progesterone or
estrogen (Spoelstra et al. 2006). As such, altered
expression of miR-200 in LYO and their specific target
genes, including ZEBs, may serve to maintain their
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mesenchymal and promote their fibrotic characteristics.
However, evidence suggests that miRNA expression
and regulatory functions occur in cell- and tissue-
dependent manners (Dahiya et al. 2008, Inomata et al.
2009). As such, in the present study we explored the
expression and regulatory function of miR-200c on
specific target genes, including ZEBs, in LYO and
matched MYO from follicular and luteal phases of the
menstrual cycle and women experiencing abnormal
uterine bleeding (AUB), and those who were exposed to
GNRH agonist (GNRHa), Depo-Provera (Depo), or
oral contraceptives (OCPs). In addition, using isolated
MSMC, leiomyoma smooth muscle cell (LSMC), and
SKLM-S1, a leiomyosarcoma cell line as in vitro
models, we assessed the regulatory function of
miR-200c on specific target gene expression, their
cellular phenotypes and growth.

Our results indicated that miR-200c expression is
downregulated in LYO as compared with MYO in an
ethnic-dependent manner, which to some extent is
influenced by hormonal exposure. We confirmed
ZEB1/2, validated VEGFA, FBLNS, and TIMP2 as
direct targets of miR-200c in MSMC, LSMC, and
SKLM-S1, and showed that overexpression of
miR-200c caused phenotypic modification of MSMC
and LSMC, but not SKLM-S1, and inhibited their
proliferation. The results suggest that low expression
of miR-200c and CDHI may serve to maintain
myometrial and LYO mesenchymal characteristic,
and miR-200c through direct and/or indirect
mechanism regulate the expression of specific target
genes which promotes LYO fibrotic characteristic and
possibly their associated symptoms.

Materials and methods
Tissue collection

Portions of LYO and matched MYO were collected
from patients (n=76) who were scheduled to undergo
hysterectomy. The patients’ age ranged from 20 to
59 years (median=42+7.968) and 32 were African
Americans, 38 were Caucasians, and six were
unknown. Of these patients, 43 were not taking any
hormonal medications 3 months before surgery
(17 were African Americans, 23 were Caucasians,
and three were unknown); and based on their last
menstrual periods they were from follicular (Follicular,
n=12) and luteal (Luteal, n=19) phases of the
menstrual cycle, or experiencing AUB (n=12). The
remaining patients were exposed to either GNRHa
(n=9), Depo (n=17), or OCP (n=7) for medical
management of their symptomatic LYO. All LYO used
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in this study were 3-5cm in diameter and were
collected at the University of Florida affiliated Shands
Hospital with prior approval from the Institutional
Review Board. Tissues were snap-frozen and stored in
liquid nitrogen for further analysis, or used for the
isolation of LSMC and MSMC.

Isolation of MSMC and LSMC

Small portions of LYO and matched MYO from
untreated patients (n=15) were used for isolation of
MSMC and LSMC, as previously described in detail
(Chegini et al. 2002). The isolated MSMC and
LSMC as well as a human leiomyosarcoma cell
line, SKLM-S1 (ATCC, Manassas, VA, USA), were
cultured in DMEM supplemented with 10% FBS until
reaching the confluence (Chegini et al. 2002). All
supplies for isolation and culturing of these cells were
purchased from Sigma-Aldrich, Invitrogen, and Fisher
Scientific (Atlanta, GA, USA).

RNA isolation and analysis

Total RNA was extracted from paired tissues and cell
cultures using TRIzol (Invitrogen). The quantity and
quality of the isolated RNAs were determined
(ND-1000 Spectrophotometer, NanoDrop Technologies,
Wilmington, DE, USA), and 10 ng (for miRNA) or 2 pg
were reverse transcribed using specific stem-loop
primer for miR-200c or random primers for ZEBs,
VEGFA, TIMP2, FBLNS, KLF9, and FLTI according to
the manufacturer’s guidelines (Applied Biosystems,
Foster city, CA, USA). Quantitative RT-PCR
(qRT-PCR) was carried out using TagMan or SYBR
gene expression master mix, TagMan miRNA or
TagMan gene expression assays (Applied Biosystems).
Reactions were incubated for 10 min at 95 °C followed
by 40 cycles for 15 s at 95 °C and for 1 min at 60 °C, and
the level of mRNA and miRNA expression was
determined using Applied Biosystems 7300 Detection
System with 18S and RNU6B used for normalization
respectively. All reactions were run in triplicate, and
relative expression was analyzed with the comparative
cycle threshold method (2722 according to the
manufacturer (Applied Biosystems). The primer
sequences used in SYBR system for amplification of
VEGFA and 18S were sense, 5-GATCCGCA-
GACGTGTAAATGTTC-3'; antisense, 5'-GCTGCCT-
CGCCTTGCA-3' and sense, 5-GACGGACCAGA-
GCGAAAGC-3’; antisense, 5'-CCTCCGACTTTC-
GTTCTTGATT-3' respectively.
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Gain- or lose-of-function of miR-200c

MSMC, LSMC, and SKLM-S1 were seeded at a cell
density of 3.5X 10%well in six-well plates and at sub-
confluence transfected with 50 nM of pre-miR-200c,
anti-miR-200c, pre-miR negative control (preNC), or
anti-miR negative control (Applied Biosystems) for
96 h using PureFection Transfection Reagent (System
Biosciences, Inc., Mountain View, CA, USA) accor-
ding to the manufacturer’s protocol.

Western blot analysis

Total protein isolated from tissues and/or cells was
subjected to immunoblotting as previously described
(Chuang et al. 2012). Briefly, 30-50 ng total protein
were subjected to SDS-PAGE, transferred onto
polyvinylidene difluoride membranes, blocked, and
incubated with antibody against ZEB2 (1:1000),
VEGFA (1:1000), KLF9 (1:1000) (Santa Cruz Bio-
technology, Santa Cruz, CA, USA), E-cadherin
(1:1000), TIMP2 (1:1000) (Cell Signaling Technology,
Inc., Danvers, MA, USA), ZEB1 (1:1000) (Abcam,
Inc., Cambridge, MA, USA), FBLNS5 (1:500), and
FLT1 (1:1000) (R&D Systems, Minneapolis, MN,
USA). The membranes were also stripped and probed
with antibody generated against B-actin (Sigma) or
a-tubulin (Abcam, Inc.) serving as loading control. The
membranes were exposed to HRP-labeled secondary
antiserum, and immunoreactive proteins were detected
by chemiluminescence (ECL, Amersham). The band
densities were determined using Image J program
(http://imagej.nih.gov/ij/) and normalized to o-tubulin
accordingly, and their ratios were calculated using the
values in control groups as 1.

Luciferase reporter assay

MCMC, LSMC, and SKLM-S1 were seeded at a
cell density of 3.5X10%well in six-well plates and
cultured until reaching a sub-confluence. The cells
were then transiently cotransfected with pre-miR-200c
or preNC at the concentration mentioned earlier and
with luciferase reporter plasmid (1 pg/well) contain-
ing 3’ UTR sequences for ZEBI, ZEB2, VEGFA,
TIMP2, or FBLNS, respectively (GeneCopoeia, Inc.,
Rockville, MD, USA), using PureFection trans-
fection reagent. Firefly and Renilla luciferase activities
were measured after 48 h of transfection using the
Dual-Luciferase Reporter Assay System (Promega,
Madison, WI, USA) according to the manufacturer’s
instruction. Firefly luciferase activity was normalized
to Renilla luciferase activity, and the level of
induction was reported as the mean=+s.E.m. of three
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experiments performed in duplicates and compared
with a ratio of cells transfected with preNC indepen-
dently set at 1.

ELISA

Culture-conditioned media collected from the above
experiments were centrifuged, supernatants were
collected, and their total protein content was
determined by standard method. The TIMP2 and
VEGF contents of the supernatants were determined
using Quantikine human TIMP2 and VEGF ELISA kit
(R&D Systems) with limited detection of 11 pg/ml and
sensitivity of 5 pg/ml. The levels of VEGF and TIMP2
were calculated as picogram per milligram of protein
and reported as fold change compared with control
experiments.

Phenotypic cellular assessment and cell
proliferation assay

MSMC and LSMC were plated at a cell density of
3.5 X 10%well in six-well plates for 48 h and subjected
to gain-of-function of miR-200c (transfected with
pre-miR-200c or preNC) as described earlier. The
cell shapes were monitored after 96 h of transfection
and images were captured using an Olympus IX70
microscope equipped with digital camera (Olympus,
Inc., Melville, NY, USA). Cell survival and prolifer-
ation were assessed using 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) and
crystal violet assays. Briefly, cells were cultured in
96-well plates at a density of 10° cells/well for 48 h and
transfected with miR-200c or preNC. For MTT assay
after 96 h of incubation, MTT (Sigma) was added to
the culture medium at a final concentration of 1 mg/ml
for 2h at 37°C and the media were removed.
The formazan product was solubilized in dimethyl
sulfoxide and the absorbance at 490 nm was
determined by subtracting from absorbance at
630 nm (background) for each well using multi-plate
reader (Molecular Device, Inc., Sunnyvale, CA, USA).
For crystal violet assay, the medium was removed and
cells were washed twice with PBS, fixed with 100 pl of
acetone: methanol (1:1) at 4 °C, and stained with 1%
crystal violet (Sigma) in 20% methanol for 10 min. The
cells were washed and crystal violet was solubilized
in 200 ul of 1% SDS solution, and the absorbance
was measured using a multiplate reader at 595 nm. The
result was expressed as fold change relative to negative
control (preNC) and the assay was performed in six
replicates per condition and repeated four times using
two independent cell preparations.
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Microarray and bioinformatic analysis

Total RNA isolated from MSMC and LSMC following
gain-of-function of miR-200c was subjected to gene
expression profiling using Human HT-12 v4
Expression BeadChip (Illumina, Inc., San Diego, CA,
USA) and was carried out at gene array core facility at
the University of Florida Interdisciplinary Center for
Biotechnology Research, according to manufacturer’s
protocol. The expression values were background-
subtracted, globally normalized (BeadStudio version
1.5.1.3, Illumina), and subjected to statistical
analysis as previously described (Luo et al. 2005).
The differentially expressed genes were selected based
on P <0.05 (two-way ANOVA and Tukey’s test) and a
1.5-fold change cutoff and subjected to cluster and
tree-view and functional analyses using Ingenuity
Pathways Software (Ingenuity Systems, Redwood
City, CA, USA).

For bioinformatic analysis, the list of miR-200c
predicted target genes was selected from TargetScan
(http://www.targetscan.org) and their expression
values were retrieved from the list of genes expressed
in MSMC and LSMC with miR-200c gain-of-function
using Microsoft Access. The gene list was sorted based
on a 1.5-fold change cutoff (Supplementary Table 2,
see section on supplementary data given at the end of
this article) and analyzed by cluster and tree-view
analyses and subjected to functional analysis using
Ingenuity Pathways Software.

Statistical analysis

Whenever appropriate, the results were reported as
mean +s.E.M. All in vitro experiments were performed
using paired MSMC and LSMC preparations from at
least three different patients. Comparisons between
two or among groups were made using unpaired
nonparametric Student’s 7-test and ANOVA followed
by a Tukey’s HSD post hoc multiple comparison
respectively. A P<0.05 was considered statistically
significant.

Results
miR-200c is aberrantly expressed in LYO

Using qRT-PCR, we found that all LYO and paired
MYO from follicular and secretory phases of the
menstrual cycle, women experiencing AUB, and those
who were exposed to GNRHa, Depo, and OCPs,
expressed low but variable levels of miR-200c. The
relative mean expression of miR-200c was lower in
LYO as compared with matched MYO from untreated
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group (Fig. 1A, P<0.05). The relative expression of
miR-200c declined in LYO from patients experiencing
AUB (P<0.01) with a slight increase in tissues from
luteal phase as compared with MYO (Fig. 1B). Further
analysis of miR-200c expression in paired tissues from
untreated group indicated that both LYO and MYO
from African Americans expressed lower levels as
compared with Caucasians (P <0.05, Fig. 1C). InLYO
from cohorts exposed to hormonal therapies, the mean
expression of miR-200c was declined in patients who
received GNRHa therapy (P <0.01) as compared with
Depo and OCPs (Fig. 1B).

The expression of ZEBs and their downstream
target gene, CDHI, in the above tissues also
indicated considerable variations in the level of their
expression. Overall, the mean expression of ZEB2,
but not ZEBI, was lower in LYO as compared with
MYO from untreated group (Fig. 1A, P<0.01) with
lower ZEBI expression in LYO from luteal phase
(P<0.05, Supplementary Figure 1A, see section on
supplementary data given at the end of this article)
and lower ZEB2 expression from follicular and
luteal phases and AUB (Fig. 1D, P<0.01). Analysis of
ZEBs expression in paired tissues from untreated group
also indicated a lower ZEB2, but not ZEB1, expression in
LYO from African Americans and Caucasians as
compared with their corresponding paired MYO
(P<0.01, Fig. 1E and Supplementary Figure 1B).

8 Mye  *pop.05, " P<0.04
3 Lys

Relative axpression

Relstive exprassion {miR-200cRNUES)  (T)

pression (ZEBZMES)

Relative ox

Ralative sxprassion (miR-200:RNUSE] ()

Endocrine-Related Cancer (2012) 19 541-556

Although LYO and paired MYO from patients exposed
to GNRHa and OCPs expressed lower levels of ZEBI,
the mean expression of ZEBs did not significantly alter
as a result of hormonal exposure (Supplementary
Figure 1A and B). The level of CDHI was very low in
all the tissues examined (data not shown).

Gain-of-function of miR-200c alters the
expression of ZEBs, CDH1, and cell morphology

As miR-200c was expressed at lower levels in LYO,
we next examined the influence of gain-of-function of
miR-200c on ZEB expression, which are well-
established targets of miR-200 family, including
miR-200c. We confirmed that miR-200c repressed
ZEBI and ZEB2 in MSMC, LSMC, and SKLM-S1 at
mRNA and protein levels (Fig. 2A, B, C, D, E and F),
through direct interaction with their respective
3’ UTRs as indicated by luciferase reporter assay
(Fig. 2D and E). ZEB repression (pre-miR-200c
transfected cells) was accompanied by a significant
increase in CDHI in MSMC and LSMC, while a
slight decrease in vimentin was observed in LSMC
(Fig. 2C and F) in contrast to anti-miR-200c
transfected cells. As compared with SKLM-S1, the
basal expression of CDH1 was very low in MSMC
and LSMC. We also found that gain-of-function
of miR-200c in MSMC and LSMC resulted in an
alteration of their elongated smooth muscle cell

untreated = myo

exprossion (ZEB2MES)

H

Aslative

Figure 1 (A) The relative mean expression of miR-200c, ZEB1, and ZEBZ2in leiomyoma (LYQO) and myometrium (MY O) from untreated
group including follicular (n=12) and luteal (n=19) phases of the menstrual cycle and women experiencing AUB (n=12). Relative
(mean +s.e.m.) expression of miR-200c (B) and ZEB2 (D) in LYO and matched MYO from untreated group corresponding to follicular
(Follicular) and luteal (Luteal) phases of the menstrual cycle and AUB, and patients who received GNRHa, Depo, and those taking OCP.
(C) miR-200c and (E) ZEB2 expression of untreated group based on ethnicity in Caucasians (W, n=23) and African Americans (AA,
n=17). The relative expression was determined by setting the expression value of each gene in a myometrium from follicular phase as 1.
The data were analyzed using nonparametric Student’s t-test with P values indicated by corresponding lines for each group.
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characteristics into round shapes (Fig. 3A) with limited ~ TIMP2, FBLN5, and VEGFA are direct targets
effect on SKLM-S1. Using crystal violet staining of miR-200c

(Fig. 3B) and MTT assay (Fig. 3C), we demonstrated VEGFA, FLTI, FBLNS, TIMP2, and KLF9 are among
that overexpression of miR-200c reduced the rate of  several hundred genes predicted as targets of miR-200.
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Figure 2 The influence of overexpression of miR-200c (pre-miR-200c transfected) on the expression of ZEB1 (A), ZEB2 (B), and
CDH1 (C) in MSMC, LSMC, and SKLM-S1 as determined by gRT-PCR (A, B and C) as compared with pre-miR control (preNC).
Firefly luciferase assay with pZEX-MT01 constructs carrying 3’ UTR fragments of ZEB1 (D) and ZEB2 (E) respectively. The cells
were cotransfected with firefly luciferase reporters, pre-miR-200c, or preNC and the ratio of firefly: Renilla was determined after 48 h
and reported as relative luciferase activity as compared with preNC which was independently set at 1 for each cell. The results
presented from three sets of independent experiments performed in duplicates. Sequence alignment of miR-200c seed regions and
ZEBT1 and ZEB2 mRNA target sits at their 3’ UTRs with the coordinated positions are shown at the top of each graph. The results are
presented as mean+s.e.m. and analyzed using nonparametric Student’s t-test with P values indicated by corresponding lines.

(F) Western blot analysis shows the effects of pre-miR-200c or anti-miR-200c on ZEB1, ZEB2, CDH1, and vimentin expression.
The assays were performed using three to five sets of independent cell preparations.
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Figure 3 (A) Photomicrographs showing the morphological appearance of MSMC (a and b), LSMC (c and d), and SKLM-S1 (e and f)
following gain-of-function of miR-200c (b, d and f) as compared with control (preNC) (a, c and e) for 96 h. The influence of miR-200c
and corresponding control (preNC) on cell proliferation (B) and cellular viability (C) were determined by crystal violet and MTT assay
after 4 days of incubation with culture media changed every 2 days. The assays were performed using three to five sets of

independent cell preparation and the results were presented as mean +s.e.Mm. and analyzed by nonparametric Student’s t-test with
P values shown as corresponding lines. A full colour version of this figure is available via http://dx.doi.org/10.1530/ERC-12-0007.

have been documented in uterine tissue and cells,
we next examined possible regulatory function of
miR-200c on their expression. We found that gain-
of-function of miR-200c in MSMC, LSMC, and
SKLM-S1 in a cell-specific manner repressed TIMP2,
FBLNS5, and VEGFA at mRNA (VEGFA only in
SKLM-S1) and protein levels (Fig. 4A, B, C and D),
and at the levels of VEGFA and TIMP?2 secreted into
their culture-conditioned media (Fig. 4E and F).
However, gain-of-function of miR-200c had a limited
effect on FLTI and KLF9 expression (data not shown).
The regulatory function of miR-200c on TIMP2,
FBLNS, and VEGFA expression occurred through direct
interactions with their respective 3’ UTRs as demon-
strated by luciferase reporter assay (Fig. 5SA, B and C).

Expression of TIMP2, FBLN5, and VEGFA is
altered in LYO

We next examined the expression of TIMP2, FBLNS,
and VEGFA in the same tissues used for the analysis of
miR-200c expression. The mean expression of TIMP2
and FBLNS, but not VEGFA, was lower in LYO as
compared with MYO from untreated group (P <0.01
and P <0.05, Fig. 6A). Further analysis also indicated
a lower TIMP2 expression in LYO from follicular and
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luteal phases of the menstrual cycle (P <0.05), with a
trend toward lower levels in GNRHa-treated group
(P=0.062; Supplementary Figure 2A, see section on
supplementary data given at the end of this article).
The expression of FBLN5 was also lower in LYO
from luteal phase (P<0.05), and GNRHa treated
(P=0.063), and those taking OCP (P<0.05;
Supplementary Figure 2B). VEGFA displayed a trend
toward an increased expression in LYO from follicular
(P=0.078) and lower expression in luteal phase
(P<0.05), without significant difference among other
groups (Supplementary Figure 2C). In addition, the
levels of TIMP2 and FBLNS5 expression were lower in
LYO from African Americans, but not Caucasians, as
compared with MYO (P<0.01 and P<0.05, Fig. 6B
and C), with significantly higher FBLN5 expression in
MYO from African Americans as compared with
Caucasians (P <0.05, Fig. 6C). The summary of the
ratio of miR-200c, ZEBs, TIMP2, FBLN5, and VEGFA
expression at 1.3-fold change cutoff in LYO over its
own paired MYO is shown in Table 1. On western
blotting using paired LYO and MYO from 11 untreated
patients, TIMP2, VEGFA, and FBLN5 were detected at
variable levels with increased TIMP2 and FBLN5 and
lower VEGFA productions, at least in seven out of 11
LYO as compared with paired MYO (Fig. 6D).
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The data are presented as mean+s.e.m. and analyzed using nonparametric Student’s t-test with P values presented as indicated

by corresponding lines.

Gain-of-function of miR-200c targets the
expression of many genes

Using microarray, we further assessed the influence
of miR-200c gain-of-function on overall gene exp-
ression in MSMC and LSMC. Our microarray GEO
accession number is GSE38817. The analysis
(P<0.05) indicated that the expression of 350 genes
either directly and/or indirectly altered following gain-
of-function of miR-200c as compared with control
(preNC; tree-view analysis; Fig. 7A and Supple-
mentary Table 1, see section on supplementary data
given at the end of this article). Although the
expression of a low number of genes was altered
(1.5-fold change cutoff) following gain-of-function of
miR-200c in MSMC and LSMC, miRNAs repress their
target gene expression mainly at translational levels
with some target genes repressed without detectable
changes in their mRNA levels (Baek et al. 2008, Guo
et al. 2010). In addition, bioinformatic analysis of 798
genes predicted as miR-200c targets (TargetScan),
including ZEBs, VEGRA, TIMP2, and FBLNS,
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indicated that 553 of these genes were expressed
in MSMC and LSMC (tree-view analysis; Fig. 7B
and Supplementary Table 2) of which 18 genes were
downregulated and 26 were upregulated in LSMC
(1.3-fold change cutoff) following gain-of-function
of miR-200c as compared with control (preNC).
Ingenuity pathway analysis functionally mapped
these genes into several networks corresponding to
transcriptional, translational, and signal transduction
mediators, cell cycle, extracellular matrix (ECM)
turnover, and metabolic activities etc. (Fig. 8 and
Supplementary Table 3, see section on supplementary
data given at the end of this article).

Discussion

In the present study, we demonstrated the expression
of miR-200c and specific target genes, ZEBI, ZEB2,
VEGFA, TIMP2, and FBLNS5, in LYO and paired MYO
from untreated and from women exposed to different
hormonal therapies and assessed miR-200c regulatory
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functions on the expression of these genes in their
isolated smooth muscle cells and a leiomyosarcoma
cell line. The level of expression of miR-200c and
target genes varied considerably among LYO and
paired MYO from the above cohorts, a common
phenomenon often observed in studies involving
human tissues; however, the mean expression of
miR-200c was significantly lower in LYO, specifically
in tumors from African Americans and women
experiencing AUB. Although differences among
individual paired tissues were observed (Table 1)
regarding the influence of hormonal milieu on
miR-200c expression, its mean expression did not
correlate with the phases of the menstrual cycle;
however, it was reduced in both tissues from women
exposed to GNRHa, Depo, and OCPs. Assessing the
overall hormonal influence on miR-200c expression at
tissue level is rather complex, specifically in LYO that
display variable growth patterns during the menstrual
cycle and responses to hormonal therapies such as
GNRHa, which often causes hypo-estrogenic condition
and regresses LYO growth. However, lower miR-200c
expression in tissues from patients experiencing AUB
and those exposed to GNRHa suggests possible
hormonal regulation of miR-200c. Our finding with
miR-200c expression to some extent is supported by a
previous microarray study which reported a menstrual
cycle-, tumor size-, and ethnic-dependent expression of
miRNAs, including a lower miR-200a expression in
LYO (Wang et al. 2007) and correlate with aberrant
expression of miR-200 family in other disorders
(Kalluri & Weinberg 2009, Katoh & Katoh 2009,
Thiery et al. 2009, Chai et al. 2010, Fragiadaki &
Mason 2011, Gregory et al. 2011).

miR-200 family, miR-200b/200a/429 and miR-200c/
141 are expressed as a single polycistronic transcript
from chromosomes 1 and 12 respectively; however,
they share the same common targets genes. However,
based on their seed regions, they are divided into
miR-200bc/429 and miR-200a/141, differing only in
their fourth nucleotide, which is considered critical
in specificity of their target genes regulation (Lewis
et al. 2005). Among several hundred genes predicted as
targets of miR-200 family, ZEBI and ZEB2 are
validated as their direct targets whose aberrant
expression and repression of CDHI expression have
been closely associated with tumorigenesis and fibrotic
disorders (Kalluri & Weinberg 2009, Katoh & Katoh
2009, Thiery et al. 2009, Chai et al. 2010, Fragiadaki &
Mason 2011, Gregory et al. 2011). Using the same set
of LYO and paired MYO utilized for miR-200c
analysis, we found that LYO expressed a low to
undetectable levels of CDHI, with higher ZEBs and
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nonparametric t-test with P values indicated by corresponding lines for each group.

vimentin expression, a molecular environment reflect-
ing the mesenchymal cellular characteristic of these
tissues. Our results with ZEBI expression corroborate
an immunohistochemical study which reported an
equal expression of ZEBI in MYO and LYO, with
increased staining in leiomyosarcomas and in MYO of
ovariectomized mice treated with progesterone and
estrogen (Spoelstra et al. 2006). In contrast, MYO from
follicular and luteal phases of the menstrual cycle, and
patients experiencing AUB expressed a higher level of
ZEB2 which decreased in tissues on exposure to
GNRHa, Depo, and OCPs, implying hormonal
regulation of ZEB2. In mice, the uterine expression
of ZEBs has been reported to increase throughout
pregnancy, and daily injections with P, during late
gestation increased ZEBI but not ZEB2 expression
with modest inhibition of miR-200b/429, which was
inhibited in P4-injected ovariectomized animals
(Renthal et al. 2010). Overexpression of ZEBI in
primary cultures of mouse myometrial cells through
miR-200b/429 suppression has also been reported to
increase ZEB2, and P4-induced ZEB2 expression was
considered to be due to this mechanism (Renthal et al.
2010). Although regulatory function of ovarian
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steroids on gene expression in uterus and other
steroid-sensitive tissues and cells is well established,
their influence and molecular mechanism(s) of actions
on miRNA expression are beginning to emerge (Luo &
Chegini 2008, Bhat-Nakshatri et al. 2009, Maillot et al.
2009, Nothnick & Healy 2010, Renthal et al. 2010,
Yoshimoto et al. 2011).

As miR-200c expressed at relatively low levels in
LYO and MYO, we overexpressed miR-200c in
MSMC, LSMC, and SKLM-S1, a leiomyosarcoma
cell line, and as expected found ZEBI and ZEB? as its
direct targets at both transcriptional and translational
levels. However, as indicated by luciferase reporter
assay, miR-200c interacted with ZEB1 3’ UTR less
efficiently in MSMC and LSMC and was limited in
SKLM-S1 as compared with its interaction with ZEB2
3’ UTR. The reasons for less efficient interaction of
miR-200c with ZEB1 3’ UTR in MSMC, LSMC, and
SKLM-S1 is unclear, although miR-200b/miR-429 has
been reported to interact with both ZEB1 and ZEB2
3’ UTRs in an immortalized human myometrial cell
line (Renthal ef al. 2010). Overexpression of miR-200c
in MSMC and LSMC, but not in SKLM-S1, was also
accompanied by increased CDHI and reduced

www.endocrinology-journals.org
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Table 1 The ratio of the expression of miR-200c, ZEB1, ZEB2, TIMP2, FBLN5, and VEGFA in each leiomyoma (L) over its own
paired myometrium (M) from untreated group (n=43) representing to follicular (Follicular; n=12) and luteal (Luteal; n=19) phases
of the menstrual cycle and women experiencing AUB (n=12) and those who received GNRHa (n=9), Depo (n=17), and those
taking OCPs (n=7). The ratio represents the number of leiomyoma over its own paired myometrium expressing elevated (up) or
lower (down) levels of miR-200c and its target genes at 1.3-fold change cutoff with percentage shown in parentheses for each group

and total number of paired tissues analyzed (n value)

L/M Follicular Luteal AUB GNRH Depo OoCP
miR-200c

Up 3/12 (0.25) 6/19 (0.316) 1/12 (0.083) 0 6/17 (0.353) 3/7 (0.429)

Down 8/12 (0.667) 11/19 (0.579) 10/12 (0.833) 7/9 (0.778) 8/17 (0.471) 2/7 (0.286)

nvalue 12 19 12 9 17 7
ZEB1

Up 2/11 (0.182) 3/19 (0.158) 5/12 (0.417) 1/9 (0.111) 3/14 (0.214) 0

Down 4/11 (0.364) 6/19 (0.316) 3/12 (0.25) 7/9 (0.778) 4/14 (0.286) 4/5 (0.8)

nvalue 11 19 12 9 14 5
ZEB2

Up 1/9 (0.111) 3/19 (0.158) 1/12 (0.083) 2/9 (0.222) 2/14 (0.143) 0

Down 7/9 (0.778) 9/19 (0.474) 10/12 (0.833) 5/9 (0.556) 8/14 (0.571) 4/4 (1)

nvalue 9 19 12 9 14 4
TIMP2

Up 1/9 (0.111) 1/16 (0.063) 3/12 (0.25) 0 3/11 (0.273) 0

Down 5/9 (0.556) 8/16 (0.5) 4/12 (0.333) 4/6 (0.667) 2/11 (0.182) 3/3 (1)

nvalue 9 16 12 6 11 3
FBLN5

Up 1/7 (0.143) 1/16 (0.063) 3/12 (0.25) 0 3/11 (0.273) 0

Down 2/7 (0.286) 7/16 (0.438) 8/12 (0.667) 5/6 (0.833) 6/11 (0.545) 3/3 (1)

nvalue 7 16 12 6 11 3
VEGFA

Up 5/9 (0.556) 3/16 (0.188) 8/12 (0.667) 1/6 (0.167) 0 2/3 (0.667)

Down 2/9 (0.222) 6/16 (0.375) 3/12 (0.25) 4/6 (0.667) 5/11 (0.455) 1/3 (0.333)

nvalue 9 16 12 6 11 3

vimentin expression, which expressed at low/undetect-
able and very high levels, respectively, in MSMC
and LSMC and altered phenotypic characteristic of
MSMC and LSMC, with only a limited influence on
SKLM-S1. Although altered expression of miR-200
family and ZEBs by regulating CDH1 expression has
been considered to regulate EMT in tissues undergoing
fibrosis (Oba et al. 2010, Chen et al. 2012, Yang et al.
2012), it is unlikely that such mechanism is involved
in cellular transition of MYO into LYO. MYO consists
of terminally differentiated smooth muscle cells and
LYO, which are considered to derive from myometrial
cellular transition, have myofibroblastic characteristic
that is a common feature of tissues undergoing fibrosis.
As such, we consider low miR-200c expression to
serve in maintaining myometrial and LYO mesench-
ymal cellular characteristic and LYO fibrotic features
with low CDH1 and high vimentin expression, rather
than promoting EMT. However, unlike MSMC and
LSMC, SKLM-S1 expressed a higher basal level
of CDHI which was not altered following over-
expression of miR-200c though it repressed both
ZEBs which regulate CDH1 expression. The molecular
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mechanism(s) that limits CDHI induction and pheno-
typic alteration of SKLM-S1 by miR-200c could be
due to possible epigenetic regulation of CDHI as well
as involvement of other gene products which requires
detailed investigation.

miR-200 has also been predicted to target the
expression of FLTI, VEGFA, TIMP2, FBLN5, and
KLF9; of which FLTI has been validated as a direct
target of miR-200c in lung adenocarcinomas (Roybal
et al. 2011). Using the same cohorts of LYO and paired
MYO, we detected higher VEGFA, FBLN5, and
TIMP2 mRNA in both tissues that exhibited an inverse
relationship with miR-200c; however, considering
that miR-200c was expressed at lower levels in LYO,
we expected a higher expression of these genes in LYO
as compared with MYO. However, differences in the
levels of expression of TIMP2 and FBLN5 mRNAs
among individual paired tissues reflected such regula-
tory interactions, although their mean expression
was lower in LYO as compared with their protein
expression. As for a lower VEGFA protein expression,
VEGFA may not be a major target of miR-200c, or
possibly regulated by other miRNAs in LYO, although
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Figure 7 Tree-view analysis of differentially expressed genes
in MSMC and LSMC following pre-miR-200c transfection
(gain-of-function of miR-200c) and pre-miR-control (A)

and genes predicted as target of miR-200c (B). A full colour
version of this figure is available via http://dx.doi.org/10.1530/
ERC-12-0007.

miR-200c directly interacted with VEGFA 3’ UTR in
MSMC, LSMC, and SKLM-S1 and reduced its
expression at translational level. Our results with
VEGFA mRNA expression in MSMC and LSMC
further suggest that miR-200c regulatory function on
VEGFA expression occurs in a cell-specific manner
and through protein degradation rather than mRNA
decay, a mechanism well documented for other
miRNAs regulation of their target genes (Djuranovic
et al. 2011). In addition, correlation of a miRNA
expression with target genes expression at tissue level
is rather complex as multiple miRNAs can target the
expression of one gene, while many genes could be the
target of one miRNA, and their functional regulation of
the target genes could occur in a cell- and tissue-
specific manner (Dahiya et al. 2008, Inomata et al.
2009). As such correlation between miR-200c
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expression and that of ZEBs, VEGFA, TIMP2, and
FBLNS5 expression in LYO and MYO, not only reflects
the influence of the above parameters but also differs in
LYO with respect to their genetics, response to
hormonal therapies, tumor size, and ethnicity (Wang
et al. 2007, Peddada et al. 2008, Baird et al. 2011).
We provided evidence that TIMP2 and FBLNS, but not
KLF9 and FLTI, are direct targets of miR-200c in
MSMC, LSMC, and SKLM-S1 which to our knowl-
edge is the first of such report. In addition, the reason
for the lack of regulatory action of miR-200c on KLF9
and FLTI expression in MSMC and LSMC could be
cell specific as we have recently reported KLF9 and
FLTI as direct targets of miR-200c in Ishikawa cells
(Panda et al. 2012).

The expressions of VEGFA, FLTI, and TIMP2
have previously been reported in LYO and MYO
(Nakayama et al. 2006, Xu et al. 2006, 2008,
Bogusiewicz et al. 2007, Chegini 2010, Ciarmela
et al. 2011, Sanci et al. 2011). Our observation with
VEGFA expression is consistent with a previous study
on LYO and MYO from untreated and GNRHa-treated
patients (Harrison-Woolrych et al. 1995), which is
in contrast to another study indicating a higher VEGF
immunostaining in LYO from luteal phase with
elevated levels in tissues from menopausal period
(Lewicka et al. 2010). As LYO have been reported
to be less vascular compared with MYO (Pollard
et al. 2005), lower VEGF expression may not serve as
vasculogenic and angiogenic mediators, although
VEGFA, as well as TIMP2 and FBLN5 expression
declined in LYO of patients exposed to GNRHa or
OCPs treatments which are often used to regress
LYO growth and associated symptoms, respectively.
Interestingly, similar to GNRHa, selective progesterone
receptor modulator (SPRM) therapies also regress
LYO growth; however, treatment of MSMC and
LSMC with SPRM has been reported to increase
the expression of VEGFA, while inhibiting TIMP2
expression (Xu et al. 2006, 2008). Although miR-200c
directly targets the expression of VEGFA, TIMP2,
and FBLNS, their biological significance such as
mediators of angiogenesis, extracellular matrix turn-
over, and elastic fiber assembly (Harper & Bates
2008, Yanagisawa et al. 2009, Chegini 2010, Ciarmela
et al. 2011, Devitt et al. 2011, Guadall et al. 2011)
in LYO requires detailed investigation. Additionally,
TIMP2 and FBLNS5 through interaction with MMP9
have been associated with pelvic organ prolapsed
(Budatha et al. 2011) and hypoxia-induced FBLN5
through HIFI« signaling which has been shown to
regulate tumor growth, angiogenesis, and EMT (Lee
et al. 2008, Yanagisawa et al. 2009, Yue et al. 2009,
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Figure 8 Ingenuity pathway analysis of selected number of genes differentially expressed in MSMC and LSMC with gain-of-function
of miR-200c¢ showing (arrows) the expression of ZEB1, ZEB2, VEGFA, TIMP2, and FBLN5 as direct targets of miR-200c.
A full colour version of this figure is available via http://dx.doi.org/10.1530/ERC-12-0007.

Guadall et al. 2011). As such, TIMP2 and FBLN5
through such activities may play key roles in the
pathogenesis of LYO. As FLTI and KLF9 are validated
as targets of miR-200c in lung adenocarcinomas and
Ishikawa, endometrial epithelial cancer cell line
(Roybal et al. 2011, Panda et al. 2012), lack of their
regulation by miR-200c in MSMC and LSMC further
supports the cell specificity of miRNAs regulatory
functions as previously reported (Dahiya ef al. 2008,
Inomata et al. 2009).

In summary, we demonstrated that miR-200c is
aberrantly expressed in LYO with lower levels in
tumors from African Americans as compared with
Caucasians, which to some extent is influenced by
hormonal milieu. We confirmed ZEB1/2 and VEGFA,
validated FBLN5 and TIMP2 as direct targets of
miR-200c in MSMC, LSMC, and SKLM-S1, and
demonstrated that overexpression of miR-200c results
in phenotypic alteration of MSMC and LSMC, but not
SKLM-S1, possibly through increased CDHI
expression. As the above gene products regulate
various cellular activities ranging from cellular
transition, cell growth, angiogenesis, and tissue turn-
over that are central to LYO development, growth, and
fibrotic characteristic, our results support a key role of
miR-200c in the genesis of LYO. While this study
enhanced our understanding of the regulatory function
of miR-200c in the pathogenesis of LYO, further
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investigation is required to address other aspects of
miR-200c and other members of this family in LYO.
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