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Abstract

Endometriosis is a disease characterized by the localization of endometrial tissue outside the uterine cavity. The differences observed in migration
of human endometrial stromal cells (hESC) obtained from patients with endometriosis versus healthy controls were proposed to correlate with
the abnormal activation of Raf-1/ROCKII signalling pathway. To evaluate the mechanism by which Raf-1 regulates cytoskeleton reorganization
and motility, we used primary eutopic (Eu-, n = 16) and ectopic (Ec-, n = 8; isolated from ovarian cysts) hESC of patients with endometriosis
and endometriosis-free controls (Co-hESC, n = 14). Raf-1 siRNA knockdown in Co- and Eu-hESC resulted in contraction and decreased migra-
tion versus siRNA controls. This phenotype was reversed following the re-expression of Raf-1 in these cells. Lowest Raf-1 levels in Ec-hESC were
associated with hyperactivated ROCKII and ezrin/radixin/moesin (E/R/M), impaired migration and a contracted phenotype similar to Raf-1 knock-
down in Co- and Eu-hESC. We further show that the mechanism by which Raf-1 mediates migration in hESC includes direct myosin light chain
phosphatase (MYPT1) phosphorylation and regulation of the levels of E/R/M, paxillin, MYPT1 and myosin light chain (MLC) phosphorylation indi-
rectly via the hyperactivation of ROCKII kinase. Furthermore, we suggest that in contrast to Co-and Eu-hESC, where the cellular Raf-1 levels regu-
late the rate of migration, the low cellular Raf-1 content in Ec-hESC, might ensure their restricted migration by preserving the contracted cellular
phenotype. In conclusion, our findings suggest that cellular levels of Raf-1 adjust the threshold of hESC migration in endometriosis.

Keywords: endometriosis� endometrial stromal cells� Raf-1/ROCKII signalling pathway� actin cytoskeleton and cellular
migration� reproductive endocrinology� cell signalling and endometriosis

Introduction

Endometriosis is defined by the presence of endometrial glands and
stroma outside the uterine cavity. It is regarded as an oestrogen dri-
ven disease, as it affects women mainly during their reproductive age
[1, 2]. Different hypotheses on the pathogenesis of this disease exist
[3]. The most widely favoured hypothesis encompasses a phenome-
non called retrograde menstruation [3]. It is believed that viable endo-
metrial cells and tissue can reach the abdomen through the Fallopian
tubes at the time of menstruation. They adhere to the peritoneal wall,
invade the mesothelial cell layer and basement membrane through
enzymatic degradation and provoke angiogenesis. This process is
associated with deregulated remodelling, proliferation, migration and

adhesion of endometrial cells [4, 5]. Although retrograde menstrua-
tion is a common phenomenon occurring in more than 80% of women
[6], only 10–20% develop endometriosis, suggesting that further con-
ditions must be in place to support the endometriotic growth. Genetic,
endocrine, immune and environmental factors have been suggested in
the pathogenesis of endometriosis. In particular, the intrinsic molecu-
lar aberrations in pelvic endometriotic implants were proposed to con-
tribute significantly to the establishment of the disease. These include
aberrant expression of cytokines [7], matrix-metalloproteinases [8],
resistance to the protective action of progesterone [9] and aberrant
expression of aromatase [10]. Alterations in the expression pattern of
different adhesion regulatory proteins such as Focal Adhesion Kinase
(FAK) [11, 12], integrins [13] and cadherins [14, 15] have also been
observed in both eutopic and ectopic cells from women with endome-
triosis. These changes were associated with a more invasive pheno-
type of eutopic endometrial cells of patients with endometriosis [16].
One of the steps of invasion is cell migration.

Cell migration is a complex, multi-step process involving changes
in the cytoskeleton, cell-substrate adhesion and the extracellular
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matrix. Coordinated cell movement can theoretically be divided into
four mechanistically separate steps: lamellipodium extension, forma-
tion of new adhesion foci, cell body translocation and detachment of
the tail [17]. All of these processes are linked to cytoskeleton remod-
elling. The key regulators of cytoskeleton dynamics and therefore of
cell migration are the small Rho-GTPase family proteins Rho, Rac
and Cdc42. Rho induces assembly of stable focal adhesions, leading
to decreased motility. It promotes actomyosin contractility, necessary
for cell body translocation, whereas Rac and Cdc42 are both required
at the leading edge of migrating cells [18]. One of the downstream
targets of Rho is ROCKII (also known as Rho-kinase). ROCKII regu-
lates cell body contraction during migration by acting on actomyosin
contractility. In particular, ROCKII affects MLC phosphorylation, both
by inhibiting MLC phosphatase (MYPT1) and by phosphorylation of
MLC [19]. It also affects changes of actin cytoskeleton relevant to cell
migration through its downstream targets ezrin/radixin/moesin (E/R/
M) protein family [20]. Ezrin was proposed to be involved in endome-
trial pathologies such as uterine adenocarcinomas [21] and endome-
triosis [22].

During the last decade, growing experimental evidence showed
that ovarian steroids differentially affect the migration and invasion
properties of normal (Co-hESC), eutopic (Eu-hESC) and ectopic (Ec-
hESC) human endometrial stromal cells derived from women with
and without endometriosis [23, 24]. However, whether these cells
behave different compared with each other without any steroid stim-
ulation remains to be clarified. Little is known about whether a dif-
ference in basal, i.e. unstimulated migration behaviour of these three
types of cells exists. It is also still not well understood how the
molecular differences between Co-, Eu- and Ec-hESC are implicated
in the regulation of their basal migration. In an attempt to provide
answers to this question, we recently showed that the increased
migratory potential of Eu-hESC versus Co-hESC is due to the abnor-
mal activation of the Raf-1/RhoA/ROCKII signalling pathway [25]. In
particular, we demonstrated that Raf-1 operates as a negative regu-
lator of ROCKII activity and that the protein levels of Raf-1 are lower
in Eu-hESC, compared with Co-hESC, ensuring the abnormal activa-
tion of this pathway in Eu- versus Co-hESC. Moreover, it became
obvious that endometriosis shares some characteristics with malig-
nancy, i.e. development of local and distant foci, attachment to and
invasion of other tissues and subsequent damage to affected organs
[26]. However, it is still not obvious why ectopic lesions are unable
to further invade other tissues, thereby resulting in malignant dis-
ease [27]. We hypothesize that Ec-hESC have a restricted ability to
migrate compared with Co- and Eu-hESC due to a significant loss of
Raf-1 expression resulting in hyperactivation of the Raf-1/RhoA/
ROCKII signalling pathway. Despite the evidence that abnormal
expression of RhoA-GTPase, ROCKII-kinases and their downstream
cytoskeleton-regulatory effectors might be associated with the estab-
lishment of endometriosis [28], little is known at present about the
mechanisms by which Raf-1/ROCKII regulates hESC migration.
Thus, our present study characterizes the differences in basal cell
migration and the molecular mechanisms by which Raf-1/ROCKII
signalling pathway regulates cytoskeleton remodelling and motility in
Co-, Eu- and Ec-hESC in the absence of additional steroid hormone
stimuli.

Materials and methods

Patients and tissue collection

Endometrial samples (n = 38) were obtained from patients (age 18–42)
who underwent laparoscopy and additional curettage for diagnosis and/or
treatment of endometriosis. Patients clinically presented with ovarian

cysts, chronic pelvic pain, dysmenorrhoea and/or infertility. The presence

or absence of endometriosis was confirmed visually using laparoscopy

and additional histological analysis. In particular, eutopic and ectopic
(ovarian endometrioma) endometrium samples of patients with endome-

triosis (n = 16 and n = 8, respectively) and endometrium samples of age-

matched endometriosis-free controls (n = 14) in the proliferative phase of

the menstrual cycle were used for primary cell culture preparation as
described in [25] and Table S1. None of the donors were taking medica-

tions or had received hormonal therapy for at least 6 months prior to sur-

gery. All samples were obtained following Institutional Review Board
approval (IRB number 075/2005 General Hospital of Vienna, Vienna, Aus-

tria) as well as written informed consent permission from every participat-

ing woman. Immediately after surgery, the tissue was transferred in

D-MEM + Ham’s F12 medium on ice and processed for immunohisto-
chemistry and primary cell culture preparation. Of all prepared cultures,

different subsets of randomly chosen samples, indicated with numbers in

the respective figure legends, were used for the experiments.

Cell culture

Endometrial tissue was minced into small pieces and incubated with col-
lagenase (Sigma-Aldrich, St. Louis, MO, USA) at 37°C for 10 min., fol-

lowed by filtration, as previously described [29, 30]. This method

produces 95–99% pure stromal fibroblasts. The purity of the hESC at

passage two was evaluated by immunofluorescence analysis using anti-
bodies against vimentin (stromal cell marker), cytokeratin7 (epithelial cell

marker) and CD45 (leucocyte marker) (data not shown). All cultures were

98–99% pure stromal fibroblasts. All cells were then cultured as previ-

ously described [25]. Briefly, the cells were cultured on fibronectin-colla-
gen (Gibco, Grand Island, NY, USA) coated dishes in DMEM-F12 without

phenol red (Gibco) supplemented with 10% foetal bovine serum (FBS)

(Gibco), 2 mM L-glutamine (Gibco) and 1% antibiotics–antimycotics

(Gibco) up to passage 4–6. To exclude influences of the serum derived
steroid hormones, two passages before experiments, the cells were

grown in culture medium containing 10% charcoal stripped-foetal bovine

serum (CS-FBS; Gibco). When indicated, specific Raf-1 kinase inhibitors
(1 lM GW5074, 1 lM ZM336372; Tocris, Eching, Germany) or ROCKII

inhibitor (10 lM Y-27632; Sigma-Aldrich) were added to the growing

medium for 24 hrs.

siRNA knockdowns, Western blot analysis and
co-immunoprecipitation

Ten micromolar ROCKII siGENOME SMART pool (Thermo Scientific,
Dharmacon, Lafayette, CO, USA) and siCONTROL non-targeting (Thermo

Scientific) or 10 nM Raf-1 (Cat.No: VHS40462; Invitrogen, Carlsbad, CA,

USA) and low-density GCs negative universal control siRNA (Cat.No: 46-
2002; Invitrogen) were transfected with siLentFectTM (Bio-Rad Laborato-
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ries, Hercules, CA, USA) transfection reagent according to the manufac-
turer’s protocol. The cells were lysed and analysed 48 hrs after transfec-

tion using Western blot as described in [25]. Briefly, 20 lg of lysates

were used for Western blot and 500 lg for immunoprecipitation. The fol-

lowing antibodies were used for immunoblotting: ROCKII, Raf-1, MYPT1
(BD Transduction Laboratories, Danvers, MA, USA); pMLC (Thr18/Ser19);

pE/R/M (Thr567/Thr564/Thr558); pPaxillin (Tyr118), E/R/M and GAPDH (Cell

Signalling Technology Inc., Danvers, MA, USA), paxillin (Abcam, Cambri-
ge, UK), p MYPT1 (Thr696) (Millipore, Temecula, CA, USA) and a-tubulin
(Sigma-Aldrich) prior to incubation with peroxidase (PE)-conjugated sec-

ondary antibodies (Pierce Chemical Co., La Jolla, CA, USA). For all pri-

mary antibodies, 1:1000 dilutions (in 19 TBS-0.1% Tween 20 buffer,
Promega, San Luis Obispo, CA, USA) supplemented with 1% Bovine

Serum Albumin (BSA) and incubated over night at 4°C were used. The

secondary antibodies were diluted 1:25,000 in 19 TBS-0.1% Tween 20

buffer and incubated for 1 hr at room temperature. Bound antibodies were
detected and quantified as previously described [25].

Immunofluorescence

Cells plated on fibronectin (Roche, Mannheim, Germany) were fixed in 4%
Paraformaldehyde (PFA), permeabilized (0.02% Triton-X-100) and blocked

with 0.2% gelatine before incubation with the primary antibodies: vimentin

(rabbit; Santa Cruz Biotechnology, Santa Cruz, CA, USA), Raf-1 (mouse

monoclonal; BD Transduction Laboratories) and staining with appropriate
Alexa Fluor-conjugated secondary antibody. Alexa Fluor 596-conjugated

phalloidin (Invitrogen) was used to visualize F-actin filaments. Epifluores-

cence was performed with an Olympus BX50 microscope equipped with

soft imaging system-F-View camera and Cell^P imaging software (Olym-
pus Austria Ges.m.b.H, Vienna, Austria).

Cell migration

Cells were analysed for migration using a Boyden chamber assay with

polycarbonate membranes. An equal number of cells (5 9 104) was re-

suspended in complete cell media, plated on top of fibronectin-collagen
coated chambers (8 lm-pores; BD Biosciences, Bedford, MA, USA) and

allowed to migrate for 12 hrs. In case of siRNA knockdown, the cells

were used for migration analysis 48 hrs after their initial transfection.
The cells on the underside of the membrane were fixed, stained with 4′,
6-diamidino-2-phenylindol (DAPI) and counted (5 random fields/mem-

brane) by two independent investigators.

ROCKII activity assay

ROCKII kinase activity was analysed by an enzyme immunoassay, using

Cell Biolabs’96-well ROCKII activity assay kit (Cell Biolabs Inc., San
Diego, CA, USA). Experiments were performed according to the manu-

facturer’s protocol, using 10 ll of the protein lysates. Total starting pro-

tein concentration for every sample was 1 mg/ml.

Statistical analysis

Data were subjected either to statistical analysis using unpaired Stu-
dent’s t-tests or to ANOVA followed by Post-hoc statistical analysis.

Results

Effects of Raf-1 knockdown on hESC cell
morphology

Immunofluorescence analysis of actin cytoskeleton showed that in
Co- and Eu-hESC, Raf-1 knockdown leads to a change of cellular
phenotype to a more symmetric, contracted morphology (Figs 1A
and S1). In Raf-1 knockdown cells, the actin cytoskeleton was
organized in tight cortical bundles, and vimentin filaments were
forming perinuclear aggregates (Figs 1A and S1). In Co- and Eu-
hESC with Raf-1 knockdown, the number of contracted cells was
47% (P < 0.005) and 78% (P < 0.005) higher compared with
respective siRNA controls (Fig. 1B). In contrast to the Co- and
Eu-hESC, Raf-1 knockdown in Ec-hESC did not affect their mor-
phology (Fig. 1A, lower panel). However, Ec-hESC treated with
control siRNA had a more contracted cellular morphology similar
to that seen in the Raf-1 knockdown Co- and Eu-hESC (Fig. 1A).

The re-expression of Raf-1 protein in knockdown Eu- and Co-
hESC, following continuous cultivation of knockdown hESC for
6 days after Raf-1 siRNA transfection, rescued the defects seen in
cell morphology (Figs 2A and S2A, left panels). After this time span,
the number of contracted Eu-hESC was 17% (P < 0.005) and for
Co-hESC 34% (P < 0.005), respectively, compared with total cell
number (Figs 2A and S2A, right panels). These values were similar
to the number of contracted cells observed 48 hrs after control siR-
NA transfection (Figs 1B, 2A and S2A). The contracted phenotype of
Raf-1 knockdown Eu-hESC was associated with a 70% lower migra-
tion rate (P < 0.005) compared with the siRNA controls (Fig. 2B).
Similar results were obtained for Raf-1 knockdown Co-hESC, where
the contracted phenotype was accompanied by a reduction in
migration rate to 43% (P < 0.005), compared with the controls
(Fig. S2B). The re-expression of Raf-1 restored the migratory phe-
notype of both Eu- and Co-hESC (Figs 2B and S2B). In contrast to
Co- and Eu-hESC, Raf-1 knockdown in Ec-hESC did not significantly
change their phenotype (Fig. 1A, lower panel) or migration
(Fig. 2C).

Cellular Raf-1 levels determine hESC motility
and morphology

Western blot analysis of Raf-1 revealed that Raf-1 levels in Ec-hESC
were 65% (P < 0.005) lower compared with respective levels in Eu-
hESC (Fig. 3A). In Eu- and Ec-hESC, the gradual down-regulation of
Raf-1 levels compared with the Co-hESC was associated with an
increased E/R/M phosphorylation (Fig. 3B, left panel). However, the
levels of E/R/M in Eu- and Ec-hESC were not significantly different
when compared with Co-hESC (Fig. 3B, right panel). The difference in
E/R/M phosphorylation between Eu- and Ec-hESC was also associ-
ated with ROCKII hyperactivation in Ec-hESC versus Co- and Eu-hESC
(Fig. 3C). In Ec-hESC, ROCKII activity was 25% (P < 0.05) higher
and the migration rate was 75% (P < 0.005) lower versus Eu-hESC
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Fig. 1 Effects of Raf-1 knockdown on

hESC cell morphology. (A) Immunofluo-

rescence analysis of cytoskeleton by

vimentin (green), phalloidin (red) and
merge (green and red), 48 hrs after trans-

fection of Co-hESC, Eu-hESC and Ec-hESC

cells with siRNA are shown, scale bar line
= 100 lm. (B) Average number of cells

with contracted phenotype (estimated by

two independent investigators) out of

three biological replicates are given as%
of cells with contracted phenotype relative

to the total cell number (set to 100%),

**P < 0.005.
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(Fig. 3C and D). Thus, Raf-1 levels might determine the morphology
of hESC.

The downstream Raf-1/ROCKII effectors E/R/M,
paxillin, MYPT1 and MLC regulate shape and
migration of hESC

Immunoblot analysis of the downstream Raf-1/ROCKII effectors E/R/
M, paxillin and MYPT1 showed increased phosphorylation of these
proteins in Raf-1 knockdown Co- and Eu-hESC (Fig. 4A). Knock-
down of Raf-1 to 10% (P < 0.005) in Co- and to 20% (P < 0.005)
in Eu-hESC resulted in 1.53-fold in Co-hESC (P < 0.005) and 2.93-

fold in Eu-hESC (P < 0.005) increase of E/R/M phosphorylation ver-
sus respective controls. In Raf-1 knockdown Co- and Eu-hESC, the
phosphorylation levels of paxillin were 2-fold higher (P < 0.05 for
Co-hESC and P < 0.005 for Eu-hESC) compared with the controls.
MYPT1 is a direct Raf-1 target protein implicated in the regulation of
cell migration. In particular, it is known that Raf-1 mediated phos-
phorylation results in MYPT1 inactivation via a mechanism involving
direct Raf-1/MYPT1 interaction [31]. To evaluate the role of Raf-1 in
the regulation of MYPT1, we performed co-immunoprecipitation
analysis. We showed that Raf-1 directly interacts with MYPT1 in
Co-, Eu- and Ec-hESC (Fig. S3 and data not shown). However, in
Raf-1 knockdown Co- and Eu-hESC, the levels of phosphorylated
(inactivated) MYPT1 protein were 6.3-fold and 4.7-fold higher in Co-

Fig. 2 Raf-1 regulates hESC morphology and migration. (A) Immunofluorescence analysis of cytoskeleton by phalloidin (red), Raf-1 cellular levels

(green) and merge (green and red) 48 and 144 hrs after transfection of Eu-hESC cells with siRNA are shown on the left. Average number of cells
with contracted phenotype (estimated by two independent investigators) out of three biological triplicates are given on the right as % of cells with

contracted phenotype relative to the total cell number (set to 100%, ± S.D.). **P < 0.005; scale bar line = 100 lm. (B) Effects of Raf-1 knockdown

on cell migration in Eu-hESC 48 and 144 hrs after initial transfection with either control (transfection reagent only) or control siRNA or Raf-1 siRNA

are given. Average values of biological triplicates are shown as percentage of migrating cells relative to the controls (mean value set to 100%),
**P < 0.005. (C) Raf-1 knockdown does not change the migration rate of Ec-hESC. A migration assay, 48 hrs after Raf-1 knockdown in Ec-hESC,

was performed. Average values of biological triplicates are shown as percentage of migrating cells relative to the siRNA controls (mean value set to

100%).
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and Eu-hESC, respectively (P < 0.005), compared with the levels in
siRNA controls (Fig. 4A, left and lower right panels). These data
suggest that either Raf-1 is not a direct regulator of MYPT1 phos-
phorylation or that other mechanisms could compensate for the loss
of Raf-1 in these cells. In Ec-hESC, knockdown of Raf-1 to 32%
(P < 0.005) did not yield to a significant change in either E/R/M or
paxillin phosphorylation compared with siRNA controls, but caused
a reduction of MYPT1 phosphorylation (Fig. 4B). In these cells,
phosphorylated MYPT1 protein was 60% lower (P < 0.005) com-
pared with respective controls (Fig. 4B), and ROCKII activity was
1.3-fold (P < 0.05) higher compared with respective controls
(Fig. 4C).

The knockdown of Raf-1 in hESC caused an increase of MLC
phosphorylation levels, which were 2.8-fold (P < 0.05) and 1.9-
fold (P < 0.05) higher in Eu- and Ec-hESC, respectively, com-

pared with the levels in siRNA controls (Fig. 4D and data not
shown).

Kinase active Raf-1 is required for MYPT1
inactivation but not for ROCKII activation

To further analyse whether Raf-1 activity is required for MYPT1 inacti-
vation, Eu-hESC were treated with Raf-1 kinase inhibitors ZM336372
and GW5074 (1 lM) for 24 hrs. The inhibition of Raf-1 reduced
MYPT1 phosphorylation to approximately half (P < 0.05) of the levels
of untreated cells (Fig. 5, upper panel), showing that Raf-1 kinase
activity is required for the direct regulation of MYPT1 phosphoryla-
tion. Similar results were obtained for Co- and Ec-hESC under
GW5074 administration (Fig. 5, lower panel).

Fig. 3 Cellular Raf-1 levels determine hESC motility. (A) Western blot analysis of Raf-1 expression levels in individual hESC cultures (numbered at
the top of the immunoblot and corresponding to the sample ID number given in Table S1 (for Ec-hESC; n = 7) and in [25] for Eu-hESC; n = 7) is

shown on the left and the graphical representation of the analysis on the right. The level of the protein is shown as optical density (OD) of the Wes-

tern blot lanes normalized to the OD of a-tubulin. (B) Box plots of the data obtained using Western blot analysis pE/R/M (left panel; n = 8 per

group) and total E/R/M levels (right panel; n = 8 per group) in Co-, Eu- and Ec-hESC are given. The levels of the proteins are shown as OD of the
Western blot lanes normalized to the OD of b-actin. The corresponding P-values obtained after ANOVA and Post hoc analysis are additionally inserted

on the top of the box plots. (C) The ROCK II activity in Co-, Eu- and Ec-hESC is shown as average values of absorbance (OD 450 nm) determined

in six biological replicates (mean ± S.D.) and normalized to the absorbance in Co-hESC. The statistical analysis of the data was performed with ANO-

VA followed by Post-hoc test, *P < 0.05. (D) The analysis of cell migration in Co-, Eu- and Ec-hESC is given in per cent as average values of migrat-
ing cells from biological triplicates relative to that in Co-hESC (mean value set to 100%).
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The E/R/M proteins are known effectors for ROCKII and MYPT1
[20, 32]. The inhibition of Raf-1 kinase activity in Eu-hESC was not able
to affect the levels of E/R/M phosphorylation (Fig. 5), thereby exclud-
ing MYPT1 as a regulator of E/R/M phosphorylation. Collectively, these
data also suggest that in Co- and Eu-hESC, the kinase activity of Raf-1
is required for MYPT1 inactivation, but not for the activation of ROCKII

signalling. ROCKII regulates cell body contraction during migration by
acting on actomyosin contractility and directly affecting MLC phos-
phorylation, both by inhibiting MYPT1 and by phosphorylation of MLC
[19]. To evaluate whether ROCKII is able to regulate these cytoskeleton
proteins and to compensate the loss of Raf-1 in knockdown Co- and
Eu-hESC, we performed ROCKII siRNA knockdown.

Fig. 4 Raf-1 knockdown affects phosphory-

lation levels of downstream target proteins.

(A) Total cell lysates (TCL) from Co- and

Eu-hESC cells were analysed for Raf-1, pE/
R/M, phospho-paxillin (pPax), E/R/M,

pMYPT1, MYPT1 and a-tubulin, 48 hrs

after their transfection with either Raf-1 or
control siRNA. The Raf-1 and pPax levels

were normalized by total a-tubulin. The pE/

R/M and pMYPT1 levels were normalized

by E/R/M and MYPT1 respectively. Repre-
sentative blots from biological triplicates

(left panel) and graphical representation of

Raf-1, pE/R/M, pPax and pMYPT1 (right

panel) are shown as protein levels in%
(mean value ± S.D.) relative to their nor-

malized levels (mean value set to 100%) in

cells transfected with control siRNA,

**P < 0.0001. (B) TCLs from Ec-hESC
were analysed for Raf-1, pE/R/M, E/R/M,

pPax, pMYPT1, MYPT1 and a-tubulin
48 hrs after their transfection with Raf-1
siRNA or control siRNA. The levels of the

analysed proteins were normalized as

described in (A). Representative blots from

biological triplicates and graphical represen-
tation of Raf-1, pE/R/M, pMYPT1 and pPax

as described in (A) are shown.

**P < 0.0001. (C) ROCK II activity in Raf-1

knockdown Ec-hESC is shown as average
values of absorbance (OD 450 nm) deter-

mined in four biological replicates

(mean ± S.D.) and normalized to the absor-
bance in siRNA controls (mean value set to

1), *P < 0.05. (D) TCL from Eu- and Ec-

hESC were analysed for pMLC, 48 hrs after

their transfection with Raf-1 siRNA or con-
trol siRNA. The pMLC levels were normal-

ized by GAPDH. Representative blots from

biological triplicates and graphical represen-

tation of pMLC are shown as protein levels
in% (mean value ± S.D.) relative to their

normalized levels (mean value set to 100%)

in cells transfected with control siRNA,
*P < 0.05.
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ROCKII knockdown in hESC

In contrast to the Raf-1 inhibition, ROCKII siRNA knockdown caused
a significant reduction of E/R/M, MYPT1, MLC and paxillin phosphor-
ylation in Co- and Eu-hESC (Fig. 6A) versus controls, suggesting that
these cytoskeleton proteins are direct effectors for ROCKII. Similar to
Co- and Eu-hESC, in Ec-hESC ROCKII knockdown led to reduction of
MYPT1 and MLC phosphorylation, but did not affect the activity of E/
R/M (Fig. 6B, left panel). In addition, ROCKII knockdown in Ec-hESC
led to an increase in paxillin phosphorylation. In these cells, phos-
phorylated paxillin levels were 2-fold (P < 0.005) higher versus
respective controls (Fig. 6B, left and middle panels). Surprisingly, this
effect was associated with an increase (22%; P < 0.02) in the migra-
tion rate of the ROCKII knockdown Ec-hESC versus controls (Fig. 6B,
right panel) on the background of reduced ROCKII activity (Fig. 6C,
left panel). However, these cells did not show a significant change in
their phenotype. Similar to Raf-1 knockdown Ec-hESC, ROCKII siRNA
knockdown cells had preserved their contracted cell morphology
(Fig. 6C, right panel).

Effects of ROCKII inhibition on MYPT1
phosphorylation

To get an insight into the mechanism of MYPT1 regulation in hESC,
we determined the effects of ROCKII inhibition on MYPT1 phosphory-
lation under Raf-1 knockdown in Eu- and Ec-hESC. Western blot anal-
ysis showed that 48 hrs after Raf-1 knockdown, the administration of
10 lM Y-27632 for additional 24 hrs caused significant down-regula-

tion of MYPT1 phosphorylation in Raf-1 knockdown Eu-hESC, but not
in Ec-hESC (Fig. S4). The inhibition of ROCKII alone did not affect
MYPT1 phosphorylation levels in both cell types. In summary, these
data suggest that ROCKII is able to compensate for the loss of Raf-1
function on MYPT1 phosphorylation in knockdown Eu-hESC, but not
in Ec-hESC.

Discussion

In the present study, we aimed to elucidate the differences in basal
cell migration and the mechanism by which the Raf-1/ROCKII signal-
ling pathway regulates motility of human endometrial stromal cells
obtained from tissue samples of patients with and without endometri-
osis. In contrast to the previous observations [33], we show that Co-,
Eu- and Ec-hESC exhibit different basal migratory potentials in the
absence of additional steroid hormone stimulation, i.e. increased
migration in Eu- and decreased migration in Ec-hESC versus Co-
hESC. Together with our previous observations [25] that the levels of
Raf-1 protein gradually decrease from Co- to Eu-hESC, we demon-
strate that in Ec-hESC Raf-1 levels are even lower than in Eu-hESC.
This reduction in Raf-1 levels was associated with a more contracted
cellular morphology, impaired cell migration and hyperactive ROCKII
signalling. The mechanism by which Raf-1 levels determine the differ-
ences in Co- and Eu-hESC migration involves direct action on MYPT1
phosphorylation and indirect regulation of the levels of E/R/M, paxil-
lin, MYPT1 and MLC phosphorylation at the level of ROCKII. The inhi-
bition of Raf-1 did not cause a significant change in the levels of E/R/
M phosphorylation, showing that in Co- and Eu-hESC Raf-1 activity is
dispensable for the activation of ROCKII and its downstream effec-

Fig. 5 Western blot analysis of MYPT1 and

E/R/M phosphorylation analysed 24 hrs

after treatment of hESC with specific Raf-1
inhibitors (ZM336372 and GW5074 –
1 lM) is shown on the left. Representative

blots from three independent experiments
are given. Graphical representation of

pMYPT1 (right panels) is shown as protein

levels in% (mean value ± S.D.) relative to

their normalized levels (mean value set to
1) in the non-treated controls, *P < 0.05.
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Fig. 6 (A) Western blot analysis of ROCKII knockdown in Co- and Eu-hESC, showing down-regulation of E/R/M, MYPT1, paxillin and MLC phosphor-

ylation in knockdown cells versus respective siRNA controls. Representative blots of six independent experiments (left panel) and graphical repre-

sentation of the levels of phosphorylated proteins (right panel) normalized by a-tubulin are shown as protein level in % (mean ± SD) relative to

their normalized levels (set to 100%) in cells transfected with control siRNA, *P < 0.05 and **P < 0.0001. (B) Western blot analysis of ROCKII
knockdown in Ec-hESC showing up-regulation of pPax and down-regulation of both pMYPT1 and pMLC in the knockdown cells versus siRNA con-

trols. Representative blots of four independent experiments (left panel) and graphical representation of the level of pPax and pE/R/M (middle panel)

normalized either by a-tubulin or E/R/M are shown. The levels are presented in% (mean ± S.D.) relative to their normalized level (set to 100%) in
cells transfected with control siRNA, **P < 0.005. The analysis of cell migration in ROCKII knockdown Ec-hESC is given on the right. Average val-

ues of migrating cells from four biological replicates are shown in% relative to the values of siRNA controls (mean value set to 100), *P < 0.02.

(C) The activity of ROCKII in Co-, Eu- and Ec-hESC is shown as average values of absorbance (OD 450 nm) determined in biological triplicates

(mean ± S.D.) and normalized to the absorbance measured in control siRNA treated Co-hESC (mean value set to 1), **P < 0.005 (left panel).
Immunofluorescence analysis of the cytoskeleton in Ec-hESC, 48 hrs after their transfection with either ROCKII siRNA or control siRNA and visual-

ized by phalloidin (red), vimentin (green) and merge (red and green) is shown on the right. Scale bar line = 100 lm.
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tors. Such a mechanism of regulation was previously published in
other cell types [34, 35]. We were able to show that the hyperactiva-
tion of ROCKII in Ec-hESC is associated with differences in Raf-1
dependent regulation of cell migration, compared with Co- and Eu-
hESC. First, the knockdown of Raf-1 in Ec-hESC was neither able to
mediate changes in the phenotype nor in the levels of E/R/M and pax-
illin phosphorylation compared with Co- and Eu-hESC. These data
suggest that in contrast to Co-and Eu-hESC, where the cellular Raf-1
levels regulate the rate of migration, the low cellular Raf-1 content in
Ec-hESC might ensure their restricted migration by preserving the
contracted cellular phenotype. This is in line with the observation that
Ec-hESC exhibit an enhanced contractile profile compared with Co-
hESC [28]. Second, we further show that ROCKII directly regulates E/
R/M phosphorylation in Co- and Eu-hESC. However, in Ec-hESC,
ROCKII knockdown did not affect E/R/M activity, arguing for a ROCKII
independent mechanism of E/R/M activation. Such a mechanism was
previously shown in different cell types [36, 37].

E/R/M phosphorylation enables E/R/M to cross link actin filaments
to the plasma membrane [38]. ROCKII induces paxillin and FAK hy-
perphosphorylation [39] thereby promoting stable focal adhesion for-
mation and reduced cell motility. ROCKII is also able to phosphorylate
vimentin, which leads to collapse of the vimentin filaments into peri-
nuclear aggregates [40], a feature that we demonstrated here in Raf-1
knockdown Eu-hESC. This explains the contracted appearance and
the compact cortical actin localization in Co- and Eu-hESC lacking
Raf-1 protein and in untreated Ec-hESC.

It was recently shown that an in vitro-induced decidualization
of Eu- and Ec-hESC could inhibit cellular contractility via suppres-
sion of ROCK-mediated signalling [41]. Our observations suggest
that Eu-hESC could be more resistant to decidualization signals
compared with Co-hESC based upon an increased activation of
Raf-1/ROCKII signalling. Impaired decidualization during the men-
strual cycle was already seen in endometrium of patients with
endometriosis [42].

In hESC, Raf-1 directly phosphorylates and inactivates MYPT1,
and this process requires kinase active Raf-1 protein. We show that
in Raf-1 knockdown Co- and Eu-hESC MYPT1 is hyperphosphorylat-
ed. As MYPT1 dephosphorylates MLC, MYPT1 inactivation increases
cell contractility, a phenotype seen in Raf-1 knockdown cells. How-
ever, the inactivation of MYPT1 seems to be entirely inconsistent with
the levels of Raf-1 protein. We observed that in Co- and Eu-hESC, the
lack of Raf-1 in this context is compensated by the hyperactivation of
ROCKII, which itself is able to inhibit MYPT1 by phosphorylation [43]
and to phosphorylate myosin B light chain [44]. In Ec-hESC, however,
the lack of Raf-1 leads to a reduction of MYPT1 inactivation and an
increased MLC phosphorylation versus respective controls. In these
cells, reduced Raf-1 levels were not compensated by the activation of
ROCKII as seen in Co- and Eu-hESC. We speculate here that the dif-
ferences in the regulation of MYPT1 phosphorylation between Co-,
Eu- and Ec-hESC under Raf-1 knockdown are associated with the
preservation of Ec-hESC morphology.

Proteins that serve as membrane-cytoskeleton linkers, such as E/
R/M, have been identified as substrates of MYPT1 [20, 32]. The phos-
phorylation of these proteins needs to be sustained to extend filopodi-
a formation [45]. Thus, downstream of Raf-1, ROCKII and MYPT1 are

supposed to collectively control the activation of a subset of signalling
pathways to regulate cytoskeleton organization in vivo. In Co-hESC,
the balance in the functional pathway ensures normal cell motility.
We recently showed that Raf-1 levels in untreated Eu-hESC are
accompanied with an increased ROCKII activity and enhanced motility
versus Co-hESC [25]. Together with our observations that ROCKII
regulates E/R/M and paxillin phosphorylation and inactivates MYPT1,
we suggest that in untreated Eu-hESC, increased basal cell migration
is due to activation of ROCKII signalling leading to enhanced levels of
basal E/R/M, paxillin and MYPT1 phosphorylation. In the context of
MYPT1 regulation, this is in line with the previously shown function
of MYPT1 Tyr696 phosphorylation that allows de-adhesion necessary
for cell movement at the rear of the cells [46, 47]. In contrast, further
reduction of Raf-1 levels by siRNA knockdown in Co- and Eu-hESC
and natively in Ec-hESC contracts hESC and dramatically reduces
basal cell migration.

High levels of E/R/M phosphorylation are associated with a more
invasive Ec-hESC phenotype [22]. De novo synthesis of ezrin is
involved in the acquisition of metastatic potential in endometrial can-
cer cells [21]. However, in our in vitro cell system, the high E/R/M
phosphorylation in Ec-hESC was associated with increased cellular
contractility and reduced migratory potential. These data argue
against the proposed invasive Ec-hESC phenotype [22] and suggest
that increased levels of E/R/M phosphorylation are most probably
needed to restrict the ectopic lesions at the place of initial implanta-
tion, thereby preventing metastatic disease. We further show that
ROCKII knockdown in Ec-hESC leads to up-regulation of paxillin
phosphorylation and to activation of cellular motility compared with
respective controls. Ezrin is able to trigger FAK activation in signalling
events that are not elicited by cell–matrix adhesion [48]. FAK-medi-
ated phosphorylation of paxillin can initiate an autoregulatory loop,
which is independent from Raf-1/ROCKII-mediated FAK and paxillin
regulation, and involves MAPK family member-ERK-2 [49], [50].
Although there are other possible scenarios (see [51] for review), we
speculate that there might be a regulatory cycle in which FAK activa-
tion and signalling to ERK-2 can first function to promote FAK release
from existing focal contacts and then, through ERK-2 mediated phos-
phorylation of paxillin, to promote FAK re-binding and activation at
new focal contacts in migrating cells. In ROCKII knockdown Ec-hESC
increased paxillin phosphorylation might be associated with an
increased migration of these cells.

In conclusion, we provide insight into the mechanism of Raf-1/
ROCKII-mediated reorganization of the cytoskeleton and the regula-
tion of basal cell migration in hESC with emphasis on the differences
between Co-, Eu- and Ec-hESC. In particular, our findings suggest
that cellular levels of Raf-1 adjust the threshold of hESC migration in
the pathogenesis of endometriosis. This might have the potential to
influence the future therapeutic handling of the disease.
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Figure S1. Effects of Raf-1 knockdown on Eu-hESC cell morphology.
Immunofluorescence analysis of cytoskeleton by vimentin (green),
phalloidin (red), DAPI (blue) and merge (green, red and blue)
48 hrs after transfection of Eu-hESC cells with siRNA are shown.
The cells with both cortical F-actin (red) localization and col-
lapsed vimentin (green) filaments are indicated with arrows, scale
bar line = 50 µm.

Figure S2. Effects of Raf-1 knockdown on Co-hESC morphology. (A)
Immunofluorescence analysis of the cytoskeleton by Raf-1 cellular
levels (green), phalloidin (red) and merge (green and red) 48 and
144 hrs after their transfection with Raf-1 siRNA are shown on the
left, scale bar line = 100 µm. Average number of cells with contracted
phenotype (estimated by two independent investigators) out of three
biological replicates are given on the right as % of cells with con-
tracted phenotype relative to the total cell number (set to 100%, ± S.D.),
**P < 0.005. (B) Effects of Raf-1 knockdown on cell migration in
Co-hESC 48 and 144 hrs after initial transfection with either control
(transfection reagent only) or control siRNA or Raf-1 siRNA are given.
Averaged values of biological triplicates are shown as percentage of
migrating cells relative to the untreated controls (mean value set to
100%), **P < 0.005.

Figure S3. Total cell lysates from two Eu-hESC (numbered in brack-
ets on the top of the immunoblot) and one Ec-hESC were collected
and used for immunoprecipitation with Raf-1 antibody and co-immu-
noprecipitation with MYPT1 antibody. Raf-1/MYPT1 complex forma-
tion is visualized by immunoblotting. 500 µg of lysates were used
for immunoprecipitation with Raf-1. After blotting, the membrane
was cut into two separate pieces at the level of 95 kD marker (indi-
cated with black arrowed line on the blots) and the upper part was
incubated with MYPT1 (mouse; BD Transduction Laboratories, MA,
USA) to visualize the complex formation between Raf-1 and MYPT1.
The down part was incubated with Raf-1 (mouse; BD Transduction
Laboratories) to visualize the amount of bound Raf-1. The whole
membrane was than subjected to an incubation with peroxidase
(PE)-conjugated secondary anti-mouse antibody (Pierce Chemical
Co., CA, USA) and the bound antibodies were detected and quan-
tified as previously described [1]; *MYPT1/Raf-1 complex in
Ec-hESC.

Figure S4. Effects of ROCKII inhibition on MYPT1 phosphorylation
under Raf-1 knockdown in Eu- and Ec-hESC. Western blot analysis
of MYPT1 phosphorylation analysed 24 hrs after treatment of either
control or Raf-1 siRNA transfected Eu- and Ec-hESC is shown on
the left. Representative blots from four independent experiments
are given. Graphical representation of pMYPT1 (right panel) is
shown as protein levels in % (mean ± S.D.) relative to their nor-
malized levels (mean value set to 100%) in the non-treated con-
trols, **P < 0.005.

Table S1. Subject characteristics. Ectopic endometrium obtained
from ovarian endometrioma cysts, used for primary culture prepara-
tion and analysis.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors. Any
queries (other than missing material) should be directed to the corre-
sponding author for the article.
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