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Endometriosis is characterized by growth of endometrial tissue at ectopic locations. Down-regulation of microRNA miR200b is observed in endometriosis and malignant disease, driving tumour cells towards an invasive state by enhancing epithelial-tomesenchymal transition (EMT). miR-200b up-regulation may inhibit EMT and invasive growth in endometriosis. To study its functional
impact on the immortalized endometriotic cell line 12Z, the stromal cell line ST-T1b, and primary endometriotic stroma cells, a transient transfection approach with microRNA precursors was employed. Expression of bioinformatically predicted targets of miR-200b
was analysed by qPCR. The cellular phenotype was monitored by Matrigel invasion assays, digital-holographic video microscopy and
ﬂow cytometry. qPCR revealed signiﬁcant down-regulation of ZEB1 (P < 0.05) and ZEB2 (P < 0.01) and an increase in E-cadherin
(P < 0.01). miR-200b overexpression decreased invasiveness (P < 0.0001) and cell motility (P < 0.05). In contrast, cell proliferation
(P < 0.0001) and the stemness-associated side population phenotype (P < 0.01) were enhanced following miR-200b transfection. These
properties were possibly due to up-regulation of the pluripotency-associated transcription factor KLF4 (P < 0.05) and require attention when considering therapeutic strategies. In conclusion, up-regulation of miR-200b reverts EMT, emerging as a potential therapeutic approach to inhibit endometriotic cell motility and invasiveness.
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Introduction
Endometriosis is a common disease of women at reproductive age that has nowadays reached socioeconomic dimensions. The disease affects 6–10% of women of reproductive
age, and has a prevalence as high as 35–50% in women suffering from endometriosis-associated infertility and/or pain
(Burney and Giudice, 2012). According to recent studies,
endometriosis-related symptoms have a severe impact on both
work satisfaction and work ability (De Graaff et al., 2013;
Hansen et al., 2013). The indirect costs arising from the
number of sick days in addition to direct costs concerning
health care services are comparable to the socioeconomic
burden caused by other chronic diseases such as diabetes,
being estimated as €9579 per year per woman (Simoens et al.,
2012). About 50% of affected women often have to undergo
recurring surgeries for the removal of active lesions or even
hysterectomies (Cheong et al., 2008). Importantly, endometriosis has been linked to female subfertility and infertility
(Giudice and Kao, 2004).
The most common hypothesis concerning the pathogenesis of endometriosis was already established in 1927 by John
A. Sampson, who elaborated the theory of retrograde menstruation. Endometrial cells would therefore be washed
through the Fallopian tubes into the pelvic cavity during menstruation, where they attached themselves to the peritoneal surface (Sampson, 1927). Besides immunological factors
(Steele et al., 1984) a possible metaplasia of undifferentiated cells into endometriotic tissue is discussed (Levander and
Normann, 1955). Moreover, it has also been suggested that
stem cell factors could be involved in the pathogenesis of endometriosis, due to their contribution to unlimited cell proliferation and to a high developmental plasticity (Gargett,
2007; Gargett et al., 2014; Götte et al., 2008, 2011). In the
context of a potential stem-cell-dependent pathogenesis of
endometriosis, the generation of induced pluripotent stem
cells from somatic cells via transduction with the so-called
“Yamanaka factors” krupple-like-factor 4 (KLF4), octamerbinding-transcription factor 4 (OCT4), sex-determiningregion-Y (SRY)-box 2 (SOX2) and c-Myc has gained considerable
attention (Takahashi and Yamanaka, 2006; Yamanaka, 2013).
Indeed, it has previously been demonstrated that SOX2 expression is dysregulated in endometriosis (Götte et al., 2011),
and that microRNA (miRNA)-mediated down-regulation of
SOX2, KLF4 and OCT4 in 12Z cells is associated with a reduction of the side population phenotype, a surrogate marker of
stemness (Adammek et al., 2013; Greve et al., 2012a). Ectopic
tissue is oestrogen-dependent and the tissue shows cyclic
hormone-induced changes in animal models (Flores et al.,
2007) demonstrating bleeding necrosis, wound healing and
ﬁbriosis which is likely to induce symptoms of dysmenorrhoea, chronic pain and dyspareunia. In this context, the
concept of epithelial-to-mesenchymal transition (EMT), a wellestablished mechanism driving tumour progression towards
metastasis, has recently gained attention in the context of
endometriosis, as it may be linked to migration and local invasion of endometriotic cells at ectopic sites (Bartley et al.,

2014; Proestling et al., 2015). In a pathophysiogical context,
EMT recapitulates developmental processes affecting the cell
morphology and polarization as well as migration and invasive capacity that cause a reduced intercellular cohesion and
therefore disturb the integrity of an epithelial tissue (Voulgari
and Pintzas, 2009). Since cells in endometriotic lesions are
capable of invading tissue and therefore of developing deep
inﬁltrating forms of endometriosis, it is a reasonable assumption that endometriosis, although a benign disease, could share
some tumour characteristics (Starzinski-Powitz et al., 1999).
In recent years, miRNAs, i.e. small non-coding RNA molecules of approximately 21 nucleotides, have grown in signiﬁcance for endometriosis research (Neubauer et al., 2012;
Ohlsson Teague et al., 2009). Via sequence-speciﬁc interactions with target mRNAs, miRNAs can have a profound posttranscriptional impact on gene expression, inducing either RNA
degradation, or hampering mRNA translation (Ibrahim et al.,
2014). Numerous studies have identiﬁed diverging microRNA patterns in ectopic as opposed to eutopic endometrial
tissue (Neubauer et al., 2012; Ohlsson Teague et al., 2009).
For example, miR-20a is increased in patients with ovarian
endometriosis and suppresses netrin-4, with effects on cell
cycle progression (Zhao et al., 2014), whereas miR-145 modulates the stem cell phenotype of endometriotic cells by targeting several pluripotency-associated transcription factors,
which may promote unlimited proliferation of the lesion at
ectopic sites (Adammek et al., 2013). Moreover, a targeting
of the proteoglycan Syndecan-1 by miR-10b has been linked
to altered invasiveness of endometriotic cells (Schneider et al.,
2013), as has the targeting of cytoskeletal elements by miR145 (Adammek et al., 2013). Most recently, miR-142–3p was
identiﬁed as a regulator of endometrial stroma cell motility, which was linked to a targeting of the IL-6 signalling
pathway (Kästingschäfer et al., 2015).
Another miRNA potentially relevant to invasive growth is
miR-200b. miR-200b is down-regulated in the ectopic endometrium compared with the eutopic endometrium of endometriosis patients (Filigheddu et al., 2010; Ohlsson Teague
et al., 2009), and in endometrioma compared with healthy
endometrium (Hawkins et al., 2011). Indeed, alterations of
miR-200b have already been described in the context of the
progression of epithelial cancers such as gastric or breast
cancer, where they play an important role in the development of invasive carcinomas out of low grade tumours (Korpal
et al., 2008; Tryndyak et al., 2010), suggesting that altered
miR-200b expression may be linked to the acquisition of a migratory, mesenchymal phenotype. At the molecular level, miR200b contributes to these changes by targeting the
transcription factors ZEB1 and ZEB2, two master regulators
of EMT that also control the expression of the antimetastatic
adhesion molecule E-cadherin (Christoffersen et al., 2007;
Dhayat et al., 2014; Gregory et al., 2008; Korpal et al., 2008;
Park et al., 2008). Based on these observations, we postulate that down-regulation of miR-200b may impact on the
outcome measure of EMT and therefore on the establishment and cyclical changes in ectopic lesion development in
endometriosis. To address this question, the effects of an upregulated miR-200b expression on endometriotic cell behaviour
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in an in vitro system were investigated, determining changes
in invasion, motility, cell viability and the stem cell phenotype. Altered expression of predicted target genes possibly
associated with these changes was studied by quantitative realtime polymerase chain reaction (qPCR) and western blotting in order to draw conclusions on possible molecular
mechanisms by which dysregulation of this miRNA may contribute to the pathogenesis of endometriosis. As miR-200b is
also predicted to target KLF4 and SOX2 according to the
microRNA.org database (Betel et al., 2008), the expression
of these pluripotency-associated factors was analysed. Moreover, the side population phenotype as a surrogate marker
of stemness based on the high expression of ABC transporter protein family members in stem cells was determined with ﬂow cytometric methods.

Materials and methods
Cell culture
The human epithelial-like endometriotic cell line 12Z
(Zeitvogel et al., 2001) was cultured in Dulbecco’s modiﬁed
Eagle’s medium (DMEM) containing 10% fetal calf serum (FCS)
(PAA by GE Healthcare Life Sciences, Chalfont St Giles, UK),
1% glutamine and 1% penicillin–streptomycin. The immortalized endometrial stroma cell line ST-T1b (Samalecos et al.,
2009) was kindly provided by Birgit Gellersen, Hamburg. STT1b cells were cultured in medium containing 70% DMEM
(PAA), 18% MCDB 105, 10% fetal calf serum, 1% glutamine, 1%
penicillin-streptomycin and 5 μg/ml insulin. Primary cells were
obtained from three endometriosis patients undergoing surgery
at Münster University Hospital, and isolated by enzymatic tissue
dissociation and immunodepletion of epithelial and immune
cells as previously described (Schüring et al., 2011). Endometriosis was assessed according to the modiﬁed American
Society for Reproductive Medicine (rASRM) classiﬁcation (ASRM,
1997). Ectopic tissue samples were collected and processed
following the WERF Ephect recommendations (Fassbender
et al., 2014). Donors included a 36-year-old patient with endometriosis of the right ovary, a 38-year-old patient with endometriosis of the right ovary and a 25-year-old patient with
endometriosis of the round ligament of the uterus. The study
was approved by the local ethics committee “Ethikkommission
der Ärztekammer Westfalen-Lippe und der Medizinischen
Fakultät der Westfälischen Wilhelms-Universität” (Ethical approval number 1 IX Greb, dated 6 December 2012), and the
subjects gave written informed consent. Primary endometrial stroma cells of ectopic endometriotic lesions of three
endometriosis patients were cultured in DMEM containing 10%
fetal calf serum (PAA), 1% glutamine and 1% penicillin–
streptomycin. All cells were kept in a humidiﬁed atmosphere of 7.5% CO2 at 37°C.

miRNA transfection
For miRNA studies, cells were plated in six-well plates 1 day
before transfection to reach 70% conﬂuency. Cells were then
transfected with miRNA precursor miR-200b or pre-miR precursor negative control #1 (Thermo Fisher Scientiﬁc, Waltham,
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USA), respectively, via lipotransfection with Dharmafect®
reagent (Thermo Fisher Scientiﬁc) in OPTI-MEM media (Life
Technologies, Grand Island, USA) as previously described
(Adammek et al., 2013). Twenty-four hours later the medium
was replaced by DMEM culture medium. Functional and expression analyses were performed 48–72 h after transfection
to allow for depletion of the existing target mRNA and protein
pool (Adammek et al., 2013; Ibrahim et al., 2012).

RNA isolation and reverse transcription
Seventy-two hours after transfection both miRNA and mRNA
were isolated from the cultured cells via the innuPREP RNA
Mini Kit (Analytik Jena AG, Jena, Germany) following the
manufacturer’s instructions. mRNA was converted into complementary DNA (cDNA) using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Darmstadt, Germany).
MiRNA was converted into cDNA using the TaqMan MicroRNA
Reverse Transcription Kit (Applied Biosystems).

Quantitative TaqMan real-time PCR analysis
For the quantitative analysis of predicted target genes, cDNA
corresponding to 25 ng total mRNA was mixed with ABI
mastermix and the following pre-designed TaqMan gene expression systems as listed in Table 1. The real-time PCR analysis was performed using TaqMan 2 × PCR Mastermix (Applied
Biosystems) with one cycle of 2 min at 50°C, and 40 cycles
of 15 s at 95°C and 1 min at 60°C on a ABI PRISM 7300 Real
Time PCR System (Applied Biosystems). Analysis of ZEB1 and
ZEB2 expression was performed with 10 ng template per reaction using SYBR Select Master Mix (Applied Biosystems) with
the primers listed in Table 1. miRNA expression was determined using RNU6B as internal control employing the

Table 1 SYBR green qPCR primers and TaqMan assays used in
this study.
TaqMan assays
Gene name
CDH1
KLF4
OCT4
SOX-2
18S rRNA
miR-200b
RNU6B
SYBR green PCR primers
Gene name
ZEB1 (forward primer)
ZEB1 (reverse primer)
ZEB2 (forward primer)
ZEB2 (reverse primer)
GAPDH (forward primer)
GAPDH (reverse primer)

Assay number (Applied
Biosystems)
hs00170423m1
hs00358836m1
hs00742896s1
hs00153133m1
hs00358836m1
hsa-miR-200b
RNU6B
Primer sequence
CAGCCCTGCAGTCCAAGAAC
TTGTCTTTCATCCTGATTTCCATTT
GAGCAGGTAATCGCAAGTTCAA
CACTCGTAAGGTTTTTCACCACTGT
GCACCGTCAAGGCTGAGAAC
AGGGATCTCGCTCCTGGAA
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respective TaqMan miRNA assay (Applied Biosystems) following the manufacturer’s instructions. Data of target gene expression were normalized to the 18S rRNA-housekeeping gene.
Analysis of targets ZEB1 and ZEB2 was executed using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) for normalization. The fold change was determined using the
2–ΔΔCt-method (Livak and Schmittgen, 2001).

Western blotting
For western blotting protein lysates were extracted from
cultured cells 72 h after transfection using RIPA buffer. Protein
was determined quantitatively via the bicinchoninic acid
assay and analysed as described before (Sonntag et al., 2005):
30 to 50 μg of protein were separated on 7.5% SDSpolyacrylamide-gels via electrophoresis and subsequently
electrotransferred to Protran Premium Nitrocellulose Blotting Membranes (Amersham by GE Healthcare Life Sciences).
After 1 h of blocking with 2.5% non-fat dry milk, the membranes were incubated with the following primary antibodies:
mouse-anti human E-cadherin (Cdh1) (1:2000, Becton Dickinson, Heidelberg, Germany) and mouse-anti human
tubulin (1:4000, Sigma) at 4°C for 16 h. Following 5 × washing
with Tris-buffered saline, the membranes were incubated
with horseradish peroxidase-labelled goat-anti mouse IgG
(1:10,000, both Calbiochem, Darmstadt, Germany) as a secondary antibody. Subsequently, the membranes were
incubated with an ECL reaction mix (SuperSignal® West Pico
Chemiluminescent Substrate by Thermo Scientiﬁc, Rockford, IL, USA), and signals were exposed to X-ray ﬁlm. Signals
were quantiﬁed via NIH ImageJ software (NIH, Bethesda,
USA), normalizing the densitometric values of E-cadherin to
tubulin. For tubulin detection, the membranes were stripped
with 0.2 mmol glycine buffer (pH 2.5), washed, and
reincubated with primary antibody followed by the procedure described above.

Matrigel invasion assay
For evaluation of cell invasiveness 12Z cells (5 × 104 cells/ml)
were plated as triplicates into BD Matrigel™ Invasion Chambers (BD Biosciences, Bedford, USA) 24 h after transfection.
Another 24 h later the regular media in the upper chamber
was replaced by FCS-free media, while the lower wells were
ﬁlled with DMEM + 10% FCS. After 15–20 h the ﬁlters were
stained using Diff-Quick (Medion Diagnostics AG, Düdingen,
Switzerland) and photographed utilizing a Zeiss Axiovert microscope equipped with Axiovision software (Zeiss, Jena,
Germany) at ×50 magniﬁcation. The cells in two central visual
ﬁelds of every membrane were counted.
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transferred to Petri dishes (ibidi μ-Dish, ibidi GmbH, Munich,
Germany) and the medium was exchanged to DMEM + 10% FCS
+ 20 mM HEPES (Biochrom). Cells then were observed for 48 h
by quantitative phase contrast imaging at 37°C utilizing an
inverted microscope (iMIC, Till Photonics, Gräfelﬁng, Germany)
with an attached DHVM module (Kemper et al., 2006) and were
subsequently analysed by custom-built software for automated cell tracking as reported previously (Kemper et al.,
2010). In order to quantify cell motility from the resulting migration trajectories the mean squared displacement was calculated as described in Sridharan et al. (2011).

Cell proliferation assay
Bromodesoxyuridine (BrdU)-analysis was carried out 24 h after
transfection. The cells were incubated for 4 h in the presence of 37.5 μm BrdU-solution consisting of 0.023 g BrdU
reagent (0.015 M) and 0.2 g dCytidine, ﬁlled up with distilled water to a ﬁnal volume of 5 ml. Afterwards the cells
remained ﬁxed in 70% (v/v) ethanol at 4°C for 24 h. To stain
incorporated BrdU, cells were treated with pepsin/HCl for
30 min at 20°C in the dark (van Erp et al., 1988). After this,
1:20 diluted FITC-conjugated anti-BrdU antibody (Roche Diagnostics GmbH, Mannheim, Germany) was given to the cells
and incubated for further 30 min at room temperature in the
dark. Finally, cells were stained with propidium iodide and
analysed by ﬂow cytometry (CyFlow Space, Sysmex Partec,
Münster, Germany).

Side population analysis
Side population (SP) analysis was performed as previously described (Greve et al., 2012a). Seventy-two hours after transfection, four samples of 1 × 106 cells (Biochrom AG seromed,
Berlin, Deutschland) were stained with 5 μg/ml Hoechst 33342
in DMEM containing 2% FCS (Sigma-Aldrich). Two of the samples
were incubated with 50 μM Verapamil (Sigma-Aldrich) as controls. Dead cells were identiﬁed by addition of 2 μg/ml
propidium iodide to the sample. After staining, the cells were
analysed on a ﬂow cytometer (CyFlow Space, Sysmex Partec,
Münster, Germany), using a 16 mW 375 nm UV laser and
FloMax-software for data acquisition (Quantum Analysis,
Münster, Germany). Fluorescence emission was detected in
linear mode at 455 nm (FL4 Hoechst blue) and 665 nm (FL5
Hoechst red) and shown as a dot-plot histogram where SPcells reside in gate R2.

Statistics
Digital-holographic video microscopy
ST-T1b cell migration and motility were analysed via digitalholographic video microscopy (DHVM) (Greve et al., 2012b;
Kemper and von Bally, 2008). 50,000 ST-T1b cells per well were
cultured in six-well-plates for 24 h prior to miRNA transfection. After further 24 h, transfected ST-T1b cells were

All experiments were repeated independently at least three
times in triplicates. For statistical analysis SPSS Statistics 22
(IBM, Armonk, USA) was used. Data were expressed as mean
values ± SEM and tested for signiﬁcance employing Student’s unpaired t-test and Wilcoxon test. Results were considered statistically signiﬁcant when reaching P < 0.05.
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Results
miR-200b overexpression induces a
down-regulation of the EMT-associated
transcription factors ZEB1 and ZEB2, and an
up-regulation of E-cadherin
As miR-200b is down-regulated in endometriotic tissue compared with eutopic and healthy endometrium (Filigheddu
et al., 2010; Hawkins et al., 2011; Ohlsson Teague et al., 2009),
a search of the PubMed and microRNA.org databases (Betel
et al., 2008) was undertaken to identify predicted targets of
miR-200b, which may be capable of modulating cellular processes, potentially affecting the pathogenesis of the disease.
ZEB1 and ZEB2 emerged as particularly promising candidates (Figure 1A), as they have been previously identiﬁed as
direct regulatory targets for this microRNA in malignant disease
(Dhayat et al., 2014; Gregory et al., 2008; Korpal et al., 2008).
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To study the potential impact of miR-200b on endometriotic
cell behaviour and gene expression, the cell line 12Z and
primary endometriotic stroma cells from three patients were
transfected with miR-200b precursors or a control miRNA. qPCR
analysis conﬁrmed successful transfection and a strong upregulation of miR-200b (Figure 1B). Notably, miR-200b upregulation resulted in a signiﬁcant down-regulation of ZEB1
and ZEB2 by over 70% in 12Z cells (ZEB1: P < 0.026, ZEB2:
P < 0.009), and by over 60% in primary endometriotic stroma
cells (ZEB1: P < 0.0001, ZEB2: P < 0.0001) (Figure 1C). Next
it was investigated whether the miR-200b-associated downregulation of ZEB1 and ZEB2 was linked to an altered expression of E-cadherin. Indeed, overexpression of miR-200b led
to a highly signiﬁcantly increased gene expression of E-cadherin
determined by real-time PCR, both in 12Z cells (30-fold upregulation, P < 0.002) and in primary cells (>10-fold upregulation, P < 0.001) (Figure 2A). Increased E-cadherin
expression was conﬁrmed at the protein level by western blot
analysis (Figure 2B). Densitometric analysis of three independent experiments revealed a signiﬁcant 2.7-fold (±0.4) increase of E-cadherin expression in miR-200b-transfected cells
compared with controls (P < 0.001, n = 3).

miR-200b regulates motility and invasiveness of
endometriotic cells

Figure 1 Up-regulation of miR-200b in 12Z and primary patient
cells represses the expression of the EMT-associated transcription factors ZEB1 and ZEB2. (A) Bioinformatic analysis by the
miRanda algorithm (John et al., 2004) identiﬁes ZEB1 and ZEB2
as predicted targets of human miR-200b (hsa-miR-200b). Shown
is an alignment of one of the 5/6 (ZEB1/ZEB2) predicted binding
sites of the miR-200b seed sequence to the respective target
mRNAs. Alignment data are taken from the microRNA.org database (Betel et al., 2008). (B) qPCR analysis of 12Z cells transfected with miR-200b precursors or a scrambled control microRNA
reveals a signiﬁcant miR-200b up-regulation relative to controls. * = P < 0.01, error bars = SEM, n = 6. (C) 12Z and primary
patient cells were transfected with either miR-200b precursors
or a scrambled microRNA as a control. qPCR analysis reveals that
ZEB1 and ZEB2 expression decrease signiﬁcantly following premiR-200b overexpression in 12Z cells (ZEB1: * = P < 0.026, ZEB2:
** = P < 0.009) and in primary cells (ZEB1: *** = P < 0.0001, ZEB2:
*** = P < 0.0001). Statistical analysis was performed separately
for 12Z and primary cells, whereas only one graphical representation for control concentration is shown (fold change = 1). Error
bars = SEM, n = 3.

Loss of E-cadherin has been linked to loss of epithelial integrity, increased cell motility and invasive cell behaviour (Ibrahim
et al., 2012; Starzinski-Powitz et al., 1998). To analyse the
potential impact of miR-200b-induced dysregulation of ZEB1,
ZEB2 and E-cadherin, miRNA-transfected 12Z cells were used
in a matrigel invasion chamber assay (Adammek et al., 2013;
Banu et al., 2008). A signiﬁcantly reduced number of cells
(P < 0.0001) penetrated the matrigel-ﬁlters in the miR-200b
treated group compared with the control group (Figure 3).
To evaluate the miR-200b effect on cell motility as a marker
for the cells’ capacity to leave their cell layer, endometrial
ST-T1b cells were transfected and single cells were tracked
via digital-holographic video microscopy. We exptected to see
stronger effects using non-epithelial cells if our hypothesis
prevailed and if miR-200b strengthened the epithelial characteristics of the transfected cells. Moreover, 12Z cells appeared less suitable in this assay, as they showed considerably
less motility compared with stromal cells (on average 3000 μm2
versus 14000 μm2 in ST-T1b; B. Kemper, unpublished). Tracking of ST-T1b cells revealed signiﬁcantly decreased cell motility after miR-200b transfection (Figure 4A–C) (P < 0.016).

Up-regulation of KLF4 expression upon miR-200b
overexpression is associated with increased cell
proliferation and an enhanced side population
phenotype
As the stemness-associated transcription factor KLF4 is a predicted target of miR-200b (Figure 5A), its expression was
analysed in miR-200b- and control miRNA-transfected 12Z cells
and in primary endometriotic stroma cells using qPCR
(Figure 5A). The expression of KLF4 was increased after
pre-miR-200b transfection in 12Z as well as in primary cells
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Figure 2 miR-200b induces an up-regulation of E-cadherin in
endometriotic cells. Expression of E-cadherin was determined
by quantitative real-time-PCR (A) or western blotting (B,C)
after transfection of miR-200b precursors, using a scrambled
microRNA as a control. (A) Compared with the controls, E-cadherin
expression increases in both the endometrial cell line 12Z and
in primary patient cells due to pre-miR-200b overexpression (**
= P < 0.002 in 12Z, *** = P < 0.001 in primary cells, error bars =
SD, n = 3 (12Z) / n = 9 (primary cells)]. Statistical analysis was
performed separately for 12Z and primary cells, whereas only
one graphical representation for control concentrations is shown
(fold change = 1). (B,C) Western blot analysis revealed an increased expression of E-cadherin also at the protein level in
12Z cells. (B) Representative image of two independent biological replicates of control- and miR-200b transfected 12Z cells.
(C) Data of three independent experiments were normalized to
tubulin expression and quantiﬁed by densitometry (error bars =
SEM, n = 3; ** = P < 0.001).

(P < 0.0001 in 12Z cells, P < 0.015 in primary patient cells).
In contrast, OCT4 and SOX2 expression were not affected by
miR-200b up-regulation (Figure 5A). To evaluate a potential
miR-200b effect on functional stem cell characteristics, ﬂow
cytometric methods were used. The side population phenotype is a surrogate marker of stemness that is based on the
high expression of ABC transporter protein family members
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Figure 3 Up-regulation of miR-200b decreases endometriotic cell
invasiveness. 12Z cells were transfected with either miR-200b precursors or scrambled micro-RNA as a control. Cell invasiveness
was measured, comparing the numbers of cells penetrating
matrigel-invasion chamber ﬁlters towards a gradient of fetal
calf serum. Fewer cells of the miR-200b treated group invaded
the lower chamber (*** = P < 0.0001, n = 12, error bars = SEM),
indicating a decreased invasiveness. (A) Quantitative analysis.
(B) Representative images of matrigel invasion ﬁlter. Scale
bar = 250 μm.

in stem cells (see Greve et al., 2012a, for review). Inhibition of these transporters by verapamil results in reduced exclusion of the ﬂuorescent dye Hoechst and is technically used
to identify the side population. In accordance with the upregulation of KLF4, pre-miR-200b treatment signiﬁcantly
increased the side population in 12Z cells (P < 0.01)
(Figure 5C,D). As KLF4 has been identiﬁed as a modulator of
cell proliferation (Rowland et al., 2005), the impact of miR200b on 12Z cell proliferation was analysed by measuring the
capacity to incorporate BrdU into newly synthesized DNA. Flow
cytometric measurements revealed a moderate, yet highly signiﬁcant, miRNA-dependent effect on proliferation in the premiR-200b treated cells (P < 0.0001) (Figure 5D).

Discussion
The ﬁndings of this study demonstrate that the miRNA miR200b, which is down-regulated in endometriosis (Filigheddu
et al., 2010; Hawkins et al., 2011; Ohlsson Teague et al., 2009),
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Figure 4 Investigation of the impact of miR-200b on endometrial stroma cell motility by digital-holographic video microscopy. For
evaluation of motility, ST-T1b cells were tracked using automated cell tracking in sequences of quantitative digital-holographic phase
contrast images. Up-regulation of miR-200b results in decreased cell motility. (A) Representative migration tracks of control miRNAtransfected (left panel, n = 30) and miR-200b-transfected (right panel, n = 30) ST-T1b cells. (B) Mean squared displacement of control
miRNA- (green) and miR-200b-transfected (red) ST-T1b cells. One line represents the mean of 8–12 individual cells of one experiment. Three independent experiments are shown. (C) Quantitative analysis of the maximal migration distance from the starting point
reveals a reduced migration distance in miR-200b transfected cells compared with controls (* = P < 0.016, n = 30, error bars = SEM).

acts as a functional modulator of an EMT-like process in
endometriotic cells. The combined regulation of ZEB1, ZEB2
and KLF4 caused by miR-200b has a post-translational impact
on gene expression, inﬂuencing invasive growth (Figure 6):
in our in-vitro study, upregulation of miR-200b resulted in decreased cell invasiveness and motility, which is in accordance
with the down-regulation of ZEB1 and ZEB2, and an upregulation of E-cadherin. In contrast, the stemness-associated
side population phenotype and cell proliferation were increased, in accordance with increased expression of the transcription factor KLF4. While our data on patient-derived
primary cells are consistent with the results obtained in the
12Z and ST-T1b cell lines, a potential caveat is associated with
the fact that these cells were derived from a limited number
of patients, and from lesions of different ectopic origin.
The in-vitro data conﬁrm our initial hypothesis of a repressive function of EMT by miR-200b in endometriotic cells.
Similar to our ﬁndings, the miRNA-200b up-regulation has been
shown to inhibit the process of transferring gastric cancer cells
from a ﬁbroblast-like status into a more epithelial-like status
(Kurashige et al., 2012). In our study, a key aspect of the induction of reduced cell motility and invasiveness upon miR200b up-regulation is a down-regulation of ZEB1 and ZEB2.
These targets physiologically hinder E-cadherin expression
by functioning as a transcriptional repressor complex
(Christoffersen et al., 2007; Mirantes et al., 2013; Park et al.,
2008). As a consequence, lower amounts of this adhesion

molecule are produced, resulting in decreased cell–cell contact
and increased cell motility. The effect of the miR-200 family
on ZEB1 and ZEB2 has been previously described in the context
of hepatocellular carcinoma (Dhayat et al., 2014) and breast
cancer (Korpal et al., 2008). It was shown that miR-200b binds
to several putative sites at their 3‘ untranslated regions (UTR)
(see Figure 1A), thus inducing subsequent translational repression (Gregory et al., 2008). A down-regulation of miR200b therefore unleashes the inhibitory effect of ZEB1 and
ZEB2 on E-cadherin and initiates an EMT-like process followed by enhanced migration. During EMT, E-cadherin is replaced by proteins that promote a mesenchymal phenotype,
such as N-cadherin. The subsequent clearing of cell–cell contacts and increased activity of matrix-metalloproteinases
(MMP) enable tumour cells to invade neighbouring tissue
(Thiery et al., 2009). Indeed, endometriotic lesions have a
tendency to not only attach on the surface of the pelvic cavity,
but also to develop deep inﬁltrating forms of endometriosis
(Starzinski-Powitz et al., 1999). In our experiments, the decreased invasiveness of cells after transfection in matrigel experiments showed that miR-200b could be a protection factor
against the development of such lesions. The E-cadherinmediated contribution to mesenchymal-to-epithelial transition (MET) as the EMT counterpart could also be observed in
video microscopy of miR-200b treated ST-T1b cells. These mesenchymal cells showed signiﬁcantly reduced motility compared with a control group, thus displaying a rather
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Figure 5 Up-regulation of miR-200b increases the expression of the pluripotency-associated transcription factor KLF4, enhances
the side population phenotype, and promotes cell proliferation. (A) Expression of KLF4, OCT4 and SOX2 were determined by qPCR
after transfection of 12Z and primary endometriotic stroma cells (prim) with miR-200b precursors. A scrambled micro-RNA was used
as a control. Compared with the controls, KLF4 expression increased in both the endometrial cell line 12Z and in primary patient
cells following pre-miR-200b overexpression (*** = P < 0.0001 in 12Z, * = P < 0.015 in primary cells). There was no signiﬁcant effect
on OCT4 and SOX2 expression. The insert shows the predicted miR-200b binding site within the KLF4 mRNA (see Figure 1A for details).
(B) Flow cytometry reveals an increased side population (SP), a surrogate stem cell marker, after miR-200b transfection of 12Z cells.
SP cells become visible in gate R2. In the representative example shown, cells were treated with verapamil to inhibit ABCtransporters, resulting in an SP proportion of 0.29% (left panel). Control pre-miR-treated cells show 1.0% of cells in the SP (central
panel), which increased to 2.35% in the pre-miR-200b sample (right panel). (C) Quantitative analysis of the miR-200b-induced
changes in the SP phenotype in 12Z cells (** = P < 0.01, n = 3, error bars = SEM). (D) Up-regulation of miR-200b enhances cell proliferation. 12Z cells were transfected with either miR-200b or scrambled micro-RNA as a control. Cell proliferation was measured by
ﬂow cytometry applying a BrdU staining protocol. After transfection, cells incorporated more BrdU, reﬂecting an increased DNA synthesis (*** = P < 0.0001, n = 7, Error bars = SEM).

epithelial-like behaviour. Interestingly, a recent highthroughput miRNOme sequencing approach revealed an upregulation of miR-200b expression in peritoneal ectopic lesions
relative to adjacent healthy tissues (Saare et al., 2014).

Consistent with our functional data, the authors found
dysregulation of ZEB1 and ZEB2, and an up-regulation of
E-cadherin. This suggests that the tissue at the peritoneal
ectopic site may undergo MET once it has reached its terminal
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Figure 6 miR-200b as a regulator of invasive growth, cell motility and proliferation in endometriosis. Model of miR-200b function
based on the data of this study and literature data. miR-200b is down-regulated in endometriotic tissue compared with eutopic and
healthy endometrium (Filigheddu et al., 2010; Hawkins et al., 2011; Ohlsson Teague et al., 2009). This down-regulation results in
increased expression of its target mRNAs ZEB1 and ZEB2, resulting in a transcriptional down-regulation of E-cadherin expression, which
is repressed by ZEB1/2. A low expression of E-cadherin corresponds to increased invasive behaviour of endometriotic cells. In addition, the down-regulation of miR-200b in endometriosis is associated with a reduction on KLF4 expression. In some tumour entities,
this reduction corresponds to increased invasive growth (Choi et al., 2006; Wei et al., 2005), whereas KLF4 affects proliferation and
stemness when acting in concert with additional transcription factors (SOX2, OCT4, c-MYC) (Adammek et al., 2013; Yamanaka, 2013).
See text for additional details.

destination, in accordance with similar oncological concepts (Bullock et al., 2012; Guo et al., 2014).
An unexpected ﬁnding of this study is the observation that
up-regulation of miR-200b in endometriotic cells resulted in
an increased side population and increased cell proliferation. Side population cells derived from endometriotic tissue
are indeed able to reconstitute endometrial tissue in vivo,
demonstrating their relevance for the disease (Cervelló et al.,
2011). The increased side population in miR-200b transfected cells would be consistent with the up-regulation of
KLF4: along with SOX2, OCT4 and c-Myc, it forms the group
of the so-called Yamanaka factors, transcription factors that
are able to transform mature cells into pluripotent ones
(Takahashi and Yamanaka, 2006). Characteristics of tumour
cells such as both the capacity of self-renewal and chemoresistance have been related to a higher expression of these
stem cell factors (Richard et al., 2013). Recent investigations have tried to link the observations made in tumour cells
expressing stem cell factor with Sampson’s theory of retrograde menstruation in endometriosis (Pittatore et al., 2014).
An inappropriate shedding of undifferentiated stem cells,
which physiologically are enriched in the endometrial basalis
(Gargett, 2007; Götte et al., 2008), would therefore make
them part of the menstrual debris. Once these cells reach the
pelvic cavity or other ectopic sites, their stem cell features
enable them to form endometriotic lesions that are characterized by their high self-renewal capacities, resistance against
hormonal therapy and recurrence. This theory might also help

to explain why although 90% of women of reproductive age
have retrograde menstruation, only a few of them develop
endometriosis (Gargett, 2007; Pittatore et al., 2014). While
the invasion-inhibiting and growth-promoting effects of miR200b appear counterintuitive, the regulation of KLF4 data may
represent a mechanism whereby endometriosis maintains a
benign status, adopting some of the features of tumorigenesis, but not malignant transformation (see Teague et al.,
2010, for discussion).
Considering the differential effects of miR-200b on invasion and proliferation, the complex interplay of miR-200b
targets has to be considered. The KLF4 effects might be highly
dependent on the simultaneous expression of other stem cell
factors such as OCT4 and SOX2, which did not change according to our qPCR. On top of this, miR-200b could cause
context-dependent effects on other targets that could predominate the KLF4 inﬂuences. For example, KLF4 expression has been linked to altered ZEB1 expression, and is
apparently subject to a complex regulatory circuit involving
ZEB1-dependent miRNAs (Wellner et al., 2009). In addition,
ZEB1/ZEB2, miR-200b and KLF4 expression are linked through
other factors, such as p21 (Li et al., 2014). In fact, such an
indirect regulation of KLF4 is not unlikely, as KLF4 is up- rather
than down-regulated upon miR-200b overexpression in spite
of the presence of a predicted miR-200b binding site in its
3’ UTR. Apparently, the role of KLF4 is context-dependent,
as it is discussed as a protective factor against invasiveness
and tumour growth in gastric cancer (Wei et al., 2005) and
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colorectal cancer (Choi et al., 2006). The responsible mechanism might be the promotion of MET by directly targeting and
therefore up-regulating E-cadherin (Tiwari et al., 2013). In
conclusion, different pathways activated at the same
time, i.e. both CDH1 and KLF4 pathways, could prevent
endometriotic cells from forming deep inﬁltrating lesions.
Apart from its role as a potential promoter of stemness, KLF4
is therefore able to act as a context-dependent oncogene or
tumour suppressor (Rowland et al., 2005), and its contribution to the stem cell theory of endometriosis remains unclear.
The same kind of conﬂict appears regarding the alternating
effects of KLF4 on proliferation. KLF4 seems to execute various
inﬂuences via p53 repression but also induction of cyclin
dependent-kinase inhibitor p21CIP1 (Rowland et al., 2005). In
the context of endometriosis an increased cell proliferation
after miR-200b transfection, as shown in our BrdU experiments, partially conﬂicts with our hypothesis of miR-200b
acting as a protection factor. Indeed, the impact of miR200b on the proliferation of different cell types has been discussed controversially, promoting proliferation in colorectal
cancer (Fu et al., 2014), but decreasing proliferation and enhancing apoptosis in gastric cancer (Tang et al., 2013). Accordingly, miR-200b appears to cause both suppressing and
promoting effects on cell proliferation depending on the tissue
and the expression of other factors of the microenvironment, which may not be fully recapitulated by our cell line
system. Therefore, future studies on the role of miR-200b in
more complex multicellular in-vitro systems, or in xenograft models, may be able to provide a clearer answer on its
potential differential roles in proliferation, persistence and
invasive growth of endometriotic lesions.
In summary, this ﬁrst functional study on miR-200b in
endometriosis has revealed a role of this miRNA in the regulation of invasiveness and cell motility, which may be linked
to the induction of a ZEB-dependent EMT-like process
in endometriotic cells. Therefore, down-regulation of miR200b in the eutopic endometrium may promote release of
the cells from the surrounding tissue and may facilitate
invasive growth at ectopic sites. An up-regulation of miR200b, e.g. via nanoparticles (Santos-Carballal et al., 2015),
may therefore be a promising therapeutic strategy. However,
a potential caveat is associated with such an approach, as
inhibition of invasive growth may at the same time promote
proliferation and persistence of the lesion by enhancing
a stem cell phenotype. In a clinical setting, miR-200b may
currently be of higher value as a diagnostic biomarker (Ohlsson
Teague et al., 2009; Rekker et al., 2015) rather than a
therapeutic target. Moreover, new combinatorial therapeutic approaches could explore the possibility of taking advantage
of the anti-invasive properties of miR-200b while blocking
stemness-associated features with a second drug. Future
studies on the role of KLF4 and the associated stem cell
phenotype in the context of the endometriotic microenvironment are needed to fully evaluate the therapeutic potential
of this microRNA.
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