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Abstract: Transforming growth factor-beta (TGF-B) and bone
morphogenic protein (BMP) signaling pathways are involved in
the vast majority of cellular processes and are fundamentally
important during the entire life of all metazoans. TGF-fs and
BMPs transduce their signals via canonical Smad-dependent
pathways which involve TGF-g/BMP ligands, receptors and
Smad molecules. Also, non-canonical Smad-independent
signalling pathways are involved in TGF-g/BMP signal
transduction. Here we investigated signalling cross-talk between
the pathways downstream of TGF-g and BMP signalling in
endometrial and endometriotic cells. Treatment of endometrial
and endometriotic stromal and epithelial cells with TGF-g1 or
TGF-p2 increased secretion of plasminogen activator inhibitor
1 (PAI-1) dramatically in all cell lines. Of note, higher PAI-1
secretion was observed in endometriotic cells compared to
endometrial cells. Both a transforming growth factor-beta
receptor-1 (TBRI) and a Bone morphogenic protein receptor-
1(BMPR1) inhibitors completely blocked the TGF-g-induced
PAI-1 secretion in all cell lines while a specific inhibitor of
Smad3 (SiS3) had a partial effect on PAI-1 secretion in all cell
lines. Additionally, we showed that Activin Receptor-Like kinase
(ALK-2) is the main BMP receptor that is responsible for
complete blockage of TGF-g-induced PAI-1 secretion whereas,
ALK-3 and ALK-6 exhibited partial effects on PAI-1 secretion.
In summary, the complete inhibition of TGF-g-induced PAI-1
secretion by a general BMPR1 and ALK-2 inhibitors suggest a
possible cross-talk between TGF-# and BMP pathways. Since
only ALK-2 had a complete decrease of TGF-g-induced PAI-1
secretion compared to ALK-3 and ALK-6 in all cells, then our
results demonstrate the importance of ALK-2 as a point of
cross-talk of TGF-f and BMP pathways. Furthermore, we
showed TGF-g-induced phosphorylation of Smadl in all cells
upon TGF-beta treatment. Our result further confirms that the
Smads are the most important intracellular transducers of TGF-
pand BMP signals

Keywords:  Endometriosis, Transforming growth factor-
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Introduction

The transforming growth factor-beta (TGF-B) family of
cytokines, including TGF-pB, bone morphogenic proteins (BMPs),
and activin/inhibin, plays crucial roles in embryonic development,
adult tissue homeostasis and the pathogenesis of a variety of

diseases (Chang et al., 2002; Peng, 2003). TGF-Bs comprise three
isoforms namely TGF-p1, TGF-p2 and TGF-p3. Biologically,
TGF-ps regulate cell motility, proliferation, apoptosis, gene
expression and differentiation. In addition, TGF-fs tightly
regulate production of the extracellular matrix (ECM) and are
involved in wound healing and immunosupression (Roberts and
Sporn, 1993; Roberts, 1998; Kaminska et al., 2005; Taylor,
2009). They are also involved in tumorigenesis and inflammation
(Padua and Massague, 2009; Santibafiez et al., 2011).

The TGF-p family receptors are divided into three groups, namely
type |, type Il and type Ill receptors. The three receptor types
have distinct properties (Heldin et al., 1997; Chang et al., 2002).
TGF-B receptor type | (TBRI) and type 1l (TPRII) are
transmembrane serine/threonine kinases. The type Il receptors,
betaglycan (TBRIII) and endoglin are accessory receptors and
have high affinity to all three TGF-f isoforms (Wrana et al.,
1994; Gordon et al., 2008).

The general mechanism of TGF-B signaling starts by TGF-p
binding either to TPRIII, which presents it to TBRII, or binding to
TBRRII directly, which then binds to and transphosphorylates
TBRI. Then the activated TPRI phosphorylates Smad2 or Smad3,
which bind to Smad4 in the cytoplasm or the nucleus forming a
Smad complex. The Smad complex interacts with transcription
factors in the nucleus to regulate TGF-§3 responsive genes (Chen
et al., 2003; Guglielmo et al., 2003; Biondi et al., 2007; Wrighton
et al., 2009).

The BMPs are multifunctional proteins that regulate functions
such as proliferation, apoptosis and differentiation of a large
variety of cell types (Reddi, 1997). BMPs mediate their cellular
functions through binding to a combination of type | and type Il
receptor serine/threonine kinases (Kawabata et al., 1998). The
BMP ligands can bind to any of the three type Il receptors
(BMPRII, ActRlla and ActRIIb) which then bind to one of the
three type 1 receptors (ALK-2, ALK-3 and ALK-6). Upon
binding, the constitutively active type Il receptor phosphorylates
type 1 receptor then phosphorylates the BMP-responsive Smad
proteins namely Smad1, Smad5 and Smad 8. The activated Smads
bind Smad4 either in the cytoplasm or in the nucleus for signaling
(Yu et al., 2008). In addition, BMP signals have been found to
activate other intracellular effectors like mitogen-activated protein
kinase (MAPK) p38 via the Smad pathway (Nohe et al., 2004).
Although TGF-Bs transduce their signals through activation of
Smad2 and Smad3 (Chen et al., 2003), recent studies have
indicated that they can also strongly but only transiently induce
phosphorylation and activation of Smadl, Smad5 and Smad8
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(BMP-responsive Smads) in endothelial cells, epithelial cells,
fibroblasts and epithelium derived cancer cells (Bharathy et al.,
2008; Daly et al., 2008; Liu et al., 2009). These observations have
raised several questions of how the activation of Smads1/5/8 by
TGF-Bs affect BMP responses (Gronroos et al., 2012).

Several hypothesis have been put forward to explain the possible
crosstalk of TGF-Bs/BMP pathways, for example Grénroos et al.,
2012 suggested the involvement of ALK-5 and formation of
pSmad3-pSmad1/5 complexes. Recently, knockdown of Smad3
phosphorylation in mice abolished the ability of TGF- to inhibit
BMP-induced transcription (Gronroos et al., 2012), further
supporting a possible crosstalk between TGF-B and BMP
pathways.

Perturbations of both BMP and TGF-f signalling have been
reported to cause distinct bone diseases (Jansens et al., 2000). In
endothelial cells, ALK-1 together with ALK-5 can activate TGF-
B-responsive Smads (Smad2/3) and also phosphorylate BMP-
responsive Smads (Smadl/ 5/ 8; Miyazono and Kusanagi, 2001).
Furthermore, Smad5-deficient mice exhibit defects in vascular
tissues (Chang et al., 1999), which are similar to those observed
in ALK-1 deficient mice. These observations suggest that Smad5
is a downstream target of ALK-1 (Miyazono and Kusanagi,
2001). In addition, molecules that repress both TGF-ps and BMPs
have been found to be involved in the pathogenesis of vascular
diseases (Miyazono and Kusanagi, 2001), hence indicating a
possible crosstalk of both pathways. What remains to be
investigated is the exact location of cross-talk of the TGF-p and
BMP pathways (e.g. at the extracellular membrane, in the
cytoplasm or in the nucleus) and which molecules are involved
(e.g. the individual BMP/TGF-f receptors or Plasminogen
Activator Inhibitor 1 (PAI-1) secretion among other proteins.
These will be helpful in determining the cross-talk of TGF-p and
BMP pathways and understand their possible role in the
pathophysiology of endometriosis.
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Materials and Methods

Cell lines
We utilized four cell lines which represent the stromal and
epithelial compartment of human eutopic and ectopic

endometrium. The HES and T-HESC cells which represents the
epithelial and the stromal cells have been isolated from normal
endometrium and they show typical endometrial characteristics
(Desai et al., 1994; Krikun et al., 2004; Lee et al., 2010). The 12Z
and 22B cells which represents epithelial and stromal cells have
been obtained from active peritoneal lesions and they show
typical features of active phase of endometriosis (Zeitvogel et al.,
2001). Thus, both endometrial and endometriotic cells lines above
are suitable for studying the pathogenesis of endometriosis (Lee
et al., 2010).

PAI-1 secretion and Smad1l phosphorylation

4x10° cells were seeded into 6-well plates (TPP, Switzerland) in
DMEM high glucose or DMEM/F12 media (+ 10% FCS). After
culturing overnight (37°C, 5% CQO,), cells were starved in fresh
medium (+ 1% FCS) for 6 hours. After removal of the old
medium, fresh medium containing 5uM a BMP inhibitor, LDN
193189 (Stegment, USA; Yu et al., 2008), 5uM LY364947
(Sigma-Aldrich, USA; Sawyer et al., 2003), 2uM SiS3
(Calbiochem, USA; Masatoshi et al., 2005), 10 pg/ml ALK-2
inhibitor (R&D Systems, USA; Wu and Hill, 2009), 4 pg/ml
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ALK-3 inhibitor (R&D Systems, USA; Wu and Hill, 2009), 6
pug/ml ALK-6 inhibitor(R&D Systems, USA; Kawabata et al.,
1998) and 2 pg/ml 1gG1l inhibitor (R&D Systems, USA;
Kawabata et al., 1998), respectively, were prepared inhibitors,
respectively, was added into the corresponding wells,
respectively. After cells were incubated for 2 hours (37°C, 5%
CO,), they were stimulated with 10 ng/ml TGF-B1 or TGF-B2.
For Smadl phosphorylation experiments, After 2 hours
incubation with inhibitors as described above, the cells were
stimulated with or without TGF-B1 or TGF-2 (10ng/ml) for 30
minutes (37°C, 5% CO,) and then the media was removed and the
cells washed with ice-cold PBS. Cells were lysed and then used
for phospho-Smadl ELISA (eBioscience, USA) according to the
manufacturer’s instructions and quantitated with the Benchmark
Reader infinite M2000 (Tecan).

For PAI-1 secretion experiments, after 2 hours incubation with
inhibitors as described above, the cells were stimulated with or
without TGF-B1 or TGF-B2 (10ng/ml), respectively. In the
untreated controls only 1x PBS was added to the medium. Cells
were cultured for up to three days (37°C, 5% CO,).

Supernatants were collected and mixed with a Protease Inhibitor
cocktail (Sigma-Aldrich, USA). After centrifugation (5000 xg, 10
min, 4°C) supernatants were aliquoted and stored at -20°C until
use. Quantitation of PAI-1 protein secretion was performed by
TECHNOZYM® PAI-1  Antigen ELISA Reagent Kit
(Technoclone, Germany). Each ELISA was performed according
to the manufacturer's instructions and quantitated with the
Benchmark Reader infinite M2000 (Tecan). Cell numbers were
used for standardization and determined as described below.

Quantification of Cell Numbers

After the supernatants were removed, the cells were detached at
37°C by use of accutase. The accutase reaction was stopped by
addition of equal amounts of fresh media and then 10 ul of the
cell suspension was transferred to a CASY tube containing 10 mli
CASY ton solution and mixed thoroughly. Quantification of cells
was done with a CASY -counter (Schaerfe System, Germany).

Statistical Analysis

Each experiment was repeated at least three times in duplicate.
Values are expressed as means+SEM. The significance in the data
was analysed by use of non-parametric Kruskal-Wallis test (Instat
GraphPad®).

Results

In order to study the signaling cross-talk between the TGF-$ and
BMP pathways and their role in the pathogenesis of
endometriosis in vitro, we have used four cell lines which
represent the stromal and epithelial compartment of human
eutopic and ectopic endometrium. PAI-1 acts as one of the gold
standards to study the effects of TGF- signalling. Thus, in order
to elucidate the signaling pathways involved PAI-1 secretion, we
investigated Smad-dependent pathways (TGF-B and BMP) with
pharmacological inhibitors. Our results showed that both TGF-p1
and TGF-B2 both strongly increased secretion of PAI-1 in all cell
lines studied (Fig. 1). We utilized the inhibitors LY364947 and
SiS3 which blocks the phosphorylation TBR1 and Smad 3
respectively (Peng et al., 2005). Upon addition of LY364947 to
the cells together with TGF-B1 or TGF-B2 strongly decreased
PAI-1 secretion completely while a SiS3 inhibitor blocked PAI-1
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secretion partially in endometrial cells (Fig. 2), thus
demonstrating the involvement of the Smad pathway in TGF-f3-
induced PAI-1 secretion in endometrial cells. Similar results were
observed in the other cell lines (data not shown).

In order to investigate the signaling cross-talk between TGF-$
and BMP pathways, we further investigated the effects of BMP
inhibitor (LDN 193189) on secretion of PAI-1. LDN 193189
inhibits the phosphorylation of Smadl, Smad5 and Smad8 by
blocking the kinase activity of BMPR1 (Yu et al., 2008). Addition
of LDN 193189 to the cells together with TGF-B1 or TGF-p2
strongly decreased PAI-1 secretion to levels comparable to the
untreated controls (Fig. 3), thus demonstrating that BMP pathway
is involved in TGF-B-induced PAI-1 secretion in endometrial
cells.

To further analyse the individual BMP receptors involved in
TGF-B-induced PAI-1 secretion in endometrial cells, we utilized
three ALK inhibitors (ALK-2, ALK-3 and ALK-6) separately.
Our results showed that the TGF-B1-induced or TGF-p2-induced
PAI-1 secretion was reduced completely by ALK-2 inhibitor in
127 cell line (Fig. 4). ALK-3 and ALK-6 reduced TGF-B1-
induced or TGF-p2-induced PAI-1 secretion by 25-40% in 127
cell line (Fig. 5). ALK-2, ALK-3 and ALK-6 inhibitors had
similar effects in all the other cell lines HES, T-HESC and 22B
(data not shown). Furthermore, our results showed that
stimulation with TGF-B1 or TGF-B2 strongly enhanced
phosphorylation of Smad1 in all cell lines (data not shown).
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Discussion

The BMPs can bind to any of the three type Il receptors
(BMPRII, ActRIla and ActRIIb) and the three type 1 receptors
(ALK-2, ALK-3 and ALK-6). Upon binding, the constitutively
active type Il receptor phosphorylates type 1 receptor. The
activated type 1 receptor phosphorylates the BMP-responsive
Smad proteins namely Smadl, Smad5 and Smad8. The activated
Smads bind Smad4 either in the cytoplasm or in the nucleus to
facilitate signaling (Yu et al., 2008).

On the other hand, TGF-Bs can bind either to TPRIII, which
presents it to TPRII, or binds to TPRII directly, which then binds
to and transphosphorylates TPRI. Then the activated TBRI
phosphorylates Smad2 or Smad3, which bind to Smad4 in the
cytoplasm or the nucleus forming a Smad complex. The Smad
complex interacts with transcription factors in the nucleus to
regulate TGF-p responsive genes (Chen et al., 2003; Guglielmo et
al., 2003; Biondi et al., 2007; Wrighton et al., 2009).

TGF-Bs have been shown to play an important role in the process
of menstruation and endometriosis (Pizzo et al., 2002; Gaide
Chevronnay et al., 2008). Thus, TGF-Bs and their receptors
(TBRs) are suspected to be involved in establishment and
maintenance of endometriosis (Omwandho et al., 2010). Many
genes have been found to be targeted by TGF-Bs but plasminogen
activator inhibitor-1 (PAI-1) is most commonly analyzed and it
acts as one of the gold standards to study the effects of TGF-
signalling.

Perturbations of both BMP and TGF-B signaling have been
reported to cause distinct and also overlapping phenotypic bone
diseases (Jansens et al., 2000). Furthermore, alterations of both
TGF-B and BMP pathways have been associated with vascular
diseases like pulmonary hypertension (Boeck and Dijke, 2011).
These two observations clearly indicate that the two pathways
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might be cross-talking at some point. Thus, it might be crucial to
determine whether or not a cross-talk exists between the two
pathways in endometrial and endometriotic cells. This will
enhance further understanding of the roles of the two pathways in
the pathogenesis of endometriosis.

In our experiments, we used a general BMP inhibitor LDN-
193189 selectively inhibiting the BMP type 1 receptors ALK-2,
ALK-3 and ALK-6 and thus blocking BMP-mediated
phosphorylation of Smad1/5/8. In addition, we used distinct
inhibitors for ALK-2, ALK-3 and ALK-6 separately to determine
the possible cross-talk of the TGF-p and BMP pathways upon
TGF-B1 or TGF-B2 stimulation.

Our results showed that LDN-193189 as well as the ALK-2
inhibitor completely inhibited the TGF-B-induced secretion of
PAI-1 in endometrial and endometriotic cells. Interestingly, both
ALK-3- and ALK-6-inhibitors reduced the TGF-p-induced
secretion of PAI-1 only partially. Our results suggest a cross-talk
between the TGF-p and BMP pathways and also that the Smads
are the most important intracellular transducers of TGF-p and
BMP signals from the receptors to the nucleus.

Furthermore, we also showed for the first time that an ALK-2
inhibitor completely blocked the TGF-B-induced secretion of
PAI-1 in endometrial and endometriotic cells. Our results are in
agreement with those of Chen et al. (2003) and Bharathy et al.
(2008) who showed that TGF-Bs can also strongly but only
transiently phosphorylate Smadl, Smad5 and Smad8 in
endothelial, epithelial, fibroblasts and cancer-derived cells. Our
results are further supported by Barnet et al. (2002) who showed
that TGF-Bs signals via ALK-2 and ALK-5 in chick atrial cells
and Olivey et al. (2006) who implicated ALK-2 in the TGF-ps
stimulated epithelial-mesenchymal transformation in mammary
glands of the mouse.

Despite many studies on Smad proteins (Miyazono al., 2000; Wu
etal., 2001; Itoh et al., 2001; Chen et al., 2003), there is so far no
direct evidence showing the Smadl as an intermediate protein in
TGF-B signaling pathway in endometrial and endometriotic cells.
Our results demonstrated that TGF-Bs stimulated phosphorylation
of Smadl in endometrial and endometriotic cell lines. Thus, our
results provide strong evidence that Smadl is involved in TGF--
dependent responses and we suppose that a possible cross-talk
exists between TGF-$ and BMP pathways in endometrial and
endometriotic cells.

In conclusion, we were able to demonstrate ALK-2 as a possible
point of cross-talk between the BMP and TGF-f pathways
besides ALK-3 and ALK-6. However, further studies are required
to clarify this connection between the two pathways.
Nevertheless, our findings might provide new insights in
understanding the potential role of TGF- and BMP pathways in
the pathophysiology of endometriosis and possible therapeutic
interventions.
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Figure 4 Treatment of cells with TGF-BI or TGF-B2 (10ng/ml),
respectively, induced PAI-1 secretion in endometriotic epithelial cells
12Z. The ALK-2 inhibitor blocked TGF-g-induced PAI-1 secretion
completely to control levels, whereas IgG1 which acted as a positive
control had no effect on TGF-g-induced PAI-1 secretion (**=P<0.01,
n=9). Similar effects were observed in the other cell lines (data not
shown).

Figure 2 Treatment of cells with TGF-B1 or TGF-B2 (10ng/ml), respectively,
induced PAI-1 secretion in endometrial epithelial cells, HES and endometrial
stromal cells T-HESC. The TBR1 inhibitor (LY364947) blocked TGF- f-
induced PAI-1 secretion of all cells completely to control levels whereas a
Smad3 (SiS3) partially inhibited the PAI-1 secretion in all cell lines
(*=P<0.05, **=P<(0.01, ***=P<0.001, n=9).
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Figure 5 Treatment of cells with TGF-BI or TGF-B2 (10ng/ml),
respectively, induced PAI-1 secretion in endometriotic epithelial cells
127. The ALK-3 and ALK-6 inhibitors partially blocked TGF-g-induced
PAI-1 secretion, whereas 1gG1, a positive control had no effect on TGF-
p-induced PAI-1 secretion (*=P<0.05, **=P<0.01, n=9). Similar
effects were observed in the other cell lines (data not shown).
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