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Abstract

The Bone Morphogenetic Protein (BMP) pathway is involved in numerous developmental processes, including cell growth, apoptosis, and
differentiation. In mouse embryogenesis, BMP signaling is a well-known morphogen for both mesoderm induction and germ cell development.
Recent evidence points to a potential role in development of the extraembryonic compartment, including trophectoderm-derived tissues. In this
study, we investigated the effect of BMP signaling in both mouse and human trophoblast stem cells (TSC) in vitro, evaluating the expression and
activation of the BMP signaling response machinery, and the effect of BMP signaling manipulation during TSC maintenance and differentiation.
Both mouse trophoblast stem cells (mTSC) and human trophoblast stem cells (hTSC) expressed various BMP ligands and the receptors BMPR1A
and BMPR2, necessary for BMP response, and displayed maximal active BMP signaling when undifferentiated. We also observed a conserved
modulatory role of BMP signaling during trophoblast differentiation, whereby maintenance of active BMP signaling blunted differentiation of
TSC in both species. Conversely, the effect of BMP signaling on the undifferentiated state of TSC appeared to be species-specific, with SMAD-
independent signaling important in maintenance of mTSC, and a more subtle role for both SMAD-dependent and -independent BMP signaling
in hTSC. Altogether, these data establish an autocrine role for the BMP pathway in the trophoblast compartment. As specification and correct
differentiation of the extraembryonic compartment are fundamental for implantation and early placental development, insights on the role of the
BMP signaling in early development might prove useful in the setting of in vitro fertilization as well as targeting trophoblast-associated placental
dysfunction.

Summary sentence
Autocrine Bone Morphogenetic Protein (BMP) signaling regulates the development of the extraembryonic compartment by modulating
trophoblast stem cell maintenance and blunting differentiation.

Keywords: BMP signaling, trophoblast stem cells, extraembryonic ectoderm, extravillous trophoblast, syncytiotrophoblast, spongiotrophoblast, labyrinthine
trophoblast, trophoblast giant cells

Introduction

The placenta is an organ of fetal origin that connects the fetus
to the mother, provides nutrients and gas exchange, produces
hormones for fetal growth, and negotiates with the maternal
immune system to maintain the pregnancy through term.
Abnormal placental development and function can result
in multiple complications, affecting both the baby, such as
preterm birth and intrauterine growth restriction, and the
mother, like preeclampsia and placenta accreta [1, 2]. Normal
and abnormal development of the placenta involve poorly
understood processes, but progress has been made through
establishment of in vitro models, including trophoblast stem
cells (TSC), that recapitulate in vivo trophoblast during pla-
cental development [3, 4].

Mouse trophoblast stem cells (mTSC) can be derived from
preimplantation blastocyst and peri-implantation embryos up
to E8.0 [3, 5]. They are thought to represent a trophoblast
population in the polar trophectoderm (TE) of the embryo and

extraembryonic ectoderm (ExE)/chorion of the early postim-
plantation mouse placenta, and have been largely used to
study mechanisms of trophoblast differentiation and function
[6]. Human trophoblast stem cells (hTSC) have only recently
been derived from both blastocyst-stage embryos and first
trimester placental tissues [4]. Although the exact in vivo
population represented by hTSC remains unknown, these
cells have been derived from the ITGA6+ cytotrophoblast
(CTB) layer of the placenta, and have been shown to be
bipotential, with the ability to differentiate into both mult-
inucleated human chorionic gonadotropin (hCG)-secreting
syncytiotrophoblast (STB) and invasive HLA-G+ extravillous
trophoblast (EVT). Both mTSC and hTSC are powerful tools
to dissect the role of different signaling pathways in early
trophoblast differentiation in vitro, either through genetic or
environmental manipulation.

The Bone Morphogenetic Protein (BMP) pathway is a
branch of the Transforming Growth Factor Beta (TGF-β)
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signaling pathway, comprised of at least 15 classic BMPs, and
is involved in numerous developmental processes, including
cell growth, apoptosis, and differentiation [7]. The BMP
signal is transduced by a tetramer complex, formed by
combination of two type I receptor subunits (either IA or
IB) and two type II receptor subunits, each of which contain a
cytoplasmic serine–threonine kinase domain. In the canonical
SMAD-dependent pathway, ligand binding to the receptor
complex initiates the recruitment and phosphorylation of
SMAD1/5/9 proteins, which subsequently bind SMAD4
and translocate into the nucleus, where they control the
expression of downstream targets. Noncanonical (SMAD-
independent) pathways involve activation of MAPK, TAK-
p38, PI3-kinase, CDC42, and LIMK [8]. This means that
activation of BMP signaling has a complex downstream
effect, including cross talk with multiple other pathways.
Small molecule inhibitors have been used to specifically
target both the canonical and noncanonical BMP signaling
pathways in order to identify the role of different branches
in various cell types and organ systems, both in vivo and in
vitro [9].

In mouse, BMP signaling is a well-known morphogen
for both mesoderm induction and germ cell development
in postimplantation embryos [10, 11]. However, increasing
evidence suggests a role during earlier stages of develop-
ment. In preimplantation mouse blastocysts, BMP signaling
components are expressed asymmetrically in the cells that
will become the TE and the inner cell mass, with active
BMP signaling observed in the former [12]. Treatment
of mouse preimplantation embryos with BMP inhibitors
or a dominant negative form of Bmpr2 caused defects
in extraembryonic lineages [12], whereas BMP4-treated
mouse embryos showed a delay in blastocyst formation [13].
Similarly, in human, single-cell transcriptomic analysis of
blastocyst-stage embryos showed differential expression of
the branches of the TGFβ pathways between cells of the
inner cell mass and the TE, with BMP signaling components
expressed preferentially in the TE compartment [14]. In
early postimplantation mouse embryos, BMP4 is known
predominantly as a growth factor secreted by trophoblast
cells of the ExE/chorion, with a fundamental paracrine effect
on the embryo, necessary for initiation of gastrulation [15,
16]. However, phosphorylated SMAD1/5/9 has also been
localized to the ExE, and knockout of the Bmpr1a gene
leads to peri-implantation lethality, associated with absence
of both mesoderm and ExE development, as noted by lack of
Eomes expression [17]. Much less is known about the role
of BMP signaling in human postimplantation development in
vivo for both technical and ethical reasons. In vitro, BMP4
is known to drive differentiation of human embryonic stem
cells into different lineages depending on culture conditions,
with mesoderm and trophoblast differentiation initiated in
WNT-dependent and independent manner, respectively [18,
19]. These findings, as well as the presence of an active BMP
machinery in the trophoblast progenitor cells residing in
the ExE/chorion, suggest a potential autocrine role for BMP
signaling on trophoblast cells.

In this study, we set out to investigate the effect of BMP sig-
naling in both mouse and human TSC in vitro, evaluating first
the expression and activation of BMP signaling machinery,
and subsequently the effect of BMP signaling manipulation
and exogenous BMP4 treatement during TSC maintenance
and differentiation, respectively.

Material and methods

The data underlying this article are available in the article and
in its online supplementary material.

Bmp4-HA cloning

For the generation of the Bmp4-overexpressing plasmid, the
Bmp4 mRNA was cloned by PCR from the pRIAS-mBMP4
plasmid (gift from Cliff Tabin, plasmid #14001; Addgene
#578) with the addition of an HA-tag and the restriction
enzyme sites for BamHI and XhoI for sense insertion. The
amplified construct was inserted into the pcDNA 3.1+ plas-
mid for constitutive expression. Correct in-frame insertion
was verified by sequencing. mTSCs were transfected with
Lipofectamine-2000 (Invitrogen) according to manufacturer’s
instructions. In brief, mTSC were grown to 60% confluence in
6-well plates and then incubated with the Lipofectamine/DNA
complexes overnight including a cotransfection with GFP. The
next day cells were washed with phosphate-buffered saline
(PBS) and new medium was added. After 24 h, selection of
transfected cells was started with puromycin up to a final con-
centration of 5ug/ml. Two independent clones were expanded
and characterized.

Mouse TSC culture and differentiation

Mouse work was conducted under IACUC-approved protocol
S09063. mTSC were derived from E3.5 blastocysts of Sv129
mice as previously described [20]. mTSC were cultured at
37◦C and 5% CO2 in RPMI 1640 culture medium (Corning)
supplemented with 20% fetal bovine serum (FBS, Omega
Scientific), 1 mM sodium pyruvate (Invitrogen), 55 nM β-
mercaptoethanol (Invitrogen), 25 ng/ml fibroblast growth
factor 4 (FGF4; Sigma), and 1 μg/ml heparin (Sigma), with
70% of medium being conditioned for 72 h on inactivated
mouse embryonic fibroblasts (MEFs). For differentiation,
mTSC were grown in basic mTSC medium without FGF4,
heparin, and MEF-conditioned medium for 7 days. For
differentiation in the presence of exogenous BMP4, 100 ng/ml
BMP4 was added to the normal differentiation conditions
for 5 days. For differentiation in low-serum conditions, cells
were serum-starved for 5 h and differentiation was conducted
in media supplemented with 2.5% FBS (low serum) and
100 ng/ml BMP4 (R&D Systems) for 5 days.

Human placental explants, isolation of primary
CTB, and human TSC derivation

All placental tissues were collected under a protocol approved
by the Human Research Protections Program Committee of
the University of California San Diego Institutional Review
Board; all patients gave informed consent for collection and
use of these tissues. Villous explants were dissected from first
trimester placental tissues and cultured in RPMI media sup-
plemented with 10% FBS and pen/strep/gentamicin for 24 h
with or without 100 ng/ml of exogenous BMP4. Primary CTB,
isolated from first trimester placentae (n = 3), were purified
using sequential trypsin digestion and Percoll gradient purifi-
cation as previously described [21]. Before RNA extraction for
qPCR analysis, CTB purity was verified by flow cytometry
for EGFR expression [19]. For hTSC derivation, following
Percoll gradient purification, the trophoblast fraction was
MACS-purified with a PE-conjugated anti-ITGA6 antibody
(Biolegend #313612; cell line 1049) or an APC-conjugated
anti-EGFR antibody (Biolegend #352906; cell line 1048).
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Cells were then plated on 6-well plates that were coated with
5 μg/ml of collagen IV for at least 1 h and cultured in the orig-
inal Okae media [4]. Once cells lines were established, they
were switched to a modified complete media, with addition
of 100 ng/ml FGF2, 20 ng/ml Noggin, and 50 ng/ml HGF
for maintenance [22]. Cells were passaged using TrypLE as
previously described [4]. The two hTSC lines used in this study
(1048 and 1049) were previously characterized [23].

EVT and STB differentiation of hTSC

EVT differentiation was performed following a modified
Okae protocol by plating 75 000 cells/well onto 6-well
plate precoated with 20 μg/ml fibronectin in the Okae
EVT differentiation media [4, 23]. On day 3, EVT medium
was changed to remove NRG1 and to increase Matrigel
concentration to 0.5% until day 5. For STB differentiation,
the Okae protocol was slightly modified [4]. Briefly, 100 000
cells/well were plated onto a 6-well plate coated with
2.5 μg/ml of collagen IV into TSC complete media. The
next day, media was changed into STB differentiation media
containing forskolin. Media was changed at day 3 and
experiment was collected at day 6. Exogenous BMP4 was
added during differentiation at 100 ng/ml.

BMP signaling inhibitor treatment

For the experiments with small molecule inhibitors, both
mTSC and hTSC cells were plated and cultured for 4 days
in the respective growth media. The small molecule inhibitors
(or same volume:volume ratio of DMSO) were added at
the following final concentrations: LDN-193189 at 1-5uM
(LDN, STEMCELL Technologies), DMH1 at 4 μM and 8 μM
DMH1 (Sigma–Aldrich), and 5Z-7-Oxozeaenol at 100 nM
and 250 nM (OXO, Sigma).

Flow cytometry

Cells were stained with a PE-conjugated HLA-G antibody
(ExBio MEMG/9), an APC-conjugated EGFR antibody (Biole-
gend #352906), or relative isotype control antibodies for 1 h
in FACS buffer (10% FBS and 0.03% Sodium Azide in PBS)
as previously described [19]. Positive cells were quantified at a
Canto flow cytometer (BD Biosciences) at the UCSD Human
Embryonic Stem Cell Core. Experiments were performed at
least in triplicate. Data presented are from one representative
experiment.

Cell proliferation assay

Cell proliferation was measured using the Click-iT™ Edu
Alexa flour™ 488 flow cytometer assay kit (ThermoFisher
Scientific, #C10425,) following manufacturer’s instructions.
Briefly, mTSCs overexpressing Bmp4 and hTSC were differ-
entiated as described above scaled-down to a 12-well plate.
At the end of the differentiation protocol, cells were incubated
for 2 h with 5-ethynyl-2′-deoxyuridine (EdU). DAPI was then
added as a nuclear stain and cells were analyzed by flow
cytometry. Data were expressed as percentage of cells in S-
phase. Experiments were measured in triplicates and data
were shown as mean ± SD.

Immunoflurescence

First trimester villous explants and 1048 hTSC were fixed
in 4% PFA/PBS after 24 h of treatement with 100 ng/ml of
BMP4. They were stained with rabbit anti-P-SMAD1/5/9 anti-
body (Cell Signaling Technology #13820) overnight, followed

by secondary antirabbit 488-conjugated (Thermo Fisher Sci-
entific #A11008) or 594-conjugated (Thermo Fisher Scientific
#A11005) Alexa Fluor IgG antibody incubation for 1 h.
Nuclei were stained by DAPI during washes and pictures were
taken on a Leica microscope.

PCR and RT-qPCR

RNA was collected and purified using the Nucleospin kit
according to manufacture protocol. Five hundred nanograms
of RNA was reverse-transcribed into cDNA and either used
undiluted for PCR (Go Taq™ Master Mix, Promega) or
diluted 1:10 for qPCR with SYBR Green. Regular PCR prod-
ucts were run on a 2% agarose gel. qPCR data were analyzed
according to the ��Ct method using 18S as house-keeping
gene and normalization performed compared to d0 (differen-
tiation experiments) or DMSO vector control (inhibitor treat-
ment experiments). Graphs show relative FC (2∧−��Ct) with
SEM as error bars. Statistical analysis was performed using
GraphPad (Prism). See Supplementary Table 1 for primer
sequences.

Western blot

Cells were lysed in modified RIPA buffer containing 50 mM
Tris/HCl, 150 mM NaCl, 01% (v/v) Nonidet P-40, and
0.1% (w/v) SDS supplemented with fresh protease and
phosphatase inhibitors (Roche Applied Science) according
to the manufacturer’s protocol. The protein content was
determined by BCA protein assay (Thermo Scientific). A total
of 30 μg of total protein was loaded onto a 12% denaturing
polyacrylamide gel for separation and then transferred to
PVDF membranes by electrophoresis. Membranes were
blocked with 5% nonfat dried milk in Tris-buffered saline
containing 0.1% (v/v) Tween 20 (Sigma) for 1 h and then
incubated overnight with primary antibodies (Supplementary
Table 2). After incubation for 1 h with secondary HRP-
conjugated IgG antibodies (Supplementary Table 2), signal
was captured on film. Densitometry quantification was
performed using ImageJ and data were normalized to β-actin.

Statistical analysis

All experiments were performed at least in triplicate. Data
were analyzed by using an unpaired t-test with Welch correc-
tion or one-way ANOVA, as required, using GraphPad Prism
and statistical significance was set at P < 0.05.

Results

Active BMP machinery in mTSC

We started by investigating the presence of the BMP response
machinery in mTSC. mTSC expressed the BMP receptor
subunits Bmpr1a and Bmpr2, but not Bmpr1b, both in
the undifferentiated state (D0) and after differentiation for
7 days upon removal of growth factors and conditioned
media (Figure 1A and B). mTSC also expressed various BMP
ligands (Supplementary Figure S1A), including Bmp2 and
Bmp4, and the BMP transducing proteins, Smad1 and Smad5
(Supplementary Figure S1B). Active canonical BMP signaling
was present in undifferentiated mTSC, as demonstrated
by phosphorylation of SMAD1/5/9 (Figure 1C). Following
differentiation, both total SMAD1 and phosphorylated
SMAD1/5/9 were decreased (Figure 1C). These data point
to the presence of active BMP signaling in undifferentiated

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab213#supplementary-data
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Figure 1. BMP signaling is active in undifferentiated mTSC. (A) RT-PCR of BMP receptor subunits during mTSC differentiation, (18S = loading control). (B)
Western blot of BMP receptors in undifferentiated (D0) and differentiated (D7) mTSC. (C) Phosphorylated SMAD1/5/9 and total SMAD1 protein
expression in undifferentiated (D0) and differentiated (D7) mTSC by western blot (ACTB = β-actin = loading control). Densitometry data normalized to
β-actin and expressed as ratio of D0.

mTSC, and suggest active autocrine signaling in the stem cell
state, which rapidly decreases following differentiation.

Role of BMP signaling in undifferentiated mTSC

To study the role of BMP signaling in mTSC in the undifferen-
tiated state, we treated mTSCs with different small molecule
inhibitors, targeting both SMAD-dependent and independent
branches of the signaling pathway. We initially treated mTSC
with the small molecule LDN-193189, a commonly used
canonical BMP-specific inhibitor that blocks the kinase activ-
ity of both BMPR1 subunits at concentrations between 2μM
and 10 μM [9, 24, 25]. Dose–response experiments in mTSC
showed cellular toxicity with complete cell death at concentra-
tions of 4 μM and above (Supplementary Figure S2A), but no
effects on mTSC morphology or marker expression at lower
concentrations (Supplementary Figure S2B and C). We next
tried the small molecule DMH1 [26, 27], a dorsomorphin ana-
log highly selective for the BMP pathway, which inhibits phos-
phorylation of SMAD1/5/9, and 5Z-7-Oxozeaenol (OXO),
a SMAD-independent BMP inhibitor, which targets various
kinases, including TAK1 [12, 28, 29]. Based on previous pub-
lications [12, 26–28] and following a dose–response assay to
evaluate cell toxicity, we identified the optimal concentrations
for use (8 μM for DMH1 and 250 nM for OXO) (data
not shown). Treatment with DMH1 for 96 h showed little-
to-no morphological changes (Figure 2A) and only a slight
down-regulation of one of the markers of the undifferentiated
TSC state (Epcam) (Figure 2B), without any associated up-
regulation of markers of differentiation (Figure 2C). Treat-
ment with OXO, on the other hand, caused rapid morpholog-
ical changes, with flattening of TSC colonies (Figure 2A), and
was associated with down-regulation of all TSC-associated
markers tested (Cdx2, Epcam, and Esrrb) (Figure 2B), as well
as up-regulation of early markers of both labyrinthine tro-
phoblast (the SynT-I marker, Syna) and junctional zone/spon-
giotrophoblast (Tpbpa and Blimp-1) (Figure 2C). Since OXO
is known to be a potent inhibitor of TAK1, we next tested
a specific TAK1 inhibitor (TAKinhib) on undifferentiated
mTSC, but found no effects on either morphology or markers
of differentiation (data not shown). These data suggest a
possible role for SMAD-independent autocrine BMP signaling
in mTSC maintenance.

Role of BMP signaling during mTSC differentiation

To investigate the role of BMP signaling in mTSC differen-
tiation, we added exogenous BMP4 during differentiation,
induced by withdrawal of FGF4 and conditioned media.
Although defined serum-free culture conditions have been
established for mTSC [30], differentiation in serum-free con-
ditions causes high levels of cell death [30]. Our mTSC
differentiation medium includes 20% serum, which is known
to contain BMP signaling bioactive factors. To observe the
effect of exogenous BMP4 during differentiation, undiffer-
entiated mTSC were serum-starved for 5 h, then differen-
tiated in low serum (2.5% FBS) in the presence of exoge-
nous BMP4 (100 ng/ml). Maintenance of active BMP sig-
naling during BMP4 supplementation in low-serum differ-
entiation was confirmed by maintenance of phosphorylated
SMAD1/5/9 (Figure 3A). Exogenous BMP4 treatment did not
prevent down-regulation of the stem cell marker, Cdx2, during
differentiation in low serum (Figure 3B). Although culture
in low serum decreased expression of some differentiation
markers, like Prl3d1 (encoding placental lactogen 1) and
Prl3b1 (encoding placental lactogen 2), addition of exogenous
BMP4 further decreased expression of Tpbpa (a marker of
spongiotrophoblast) and Prl3d1 (a marker of trophoblast
giant cells/TGC) (Figure 3B). We observed similar decreases
in expression of Tpbpa, Prl3d1, and Prl3b1 when we per-
formed mTSC differentiation with exogenous BMP4 in nor-
mal (20%) serum conditions (Supplementary Figure S3), sug-
gesting reduced BMP signaling is required for proper mTSC
differentiation.

To validate the results with exogenous BMP4, we over-
expressed BMP4 in mTSC using a constitutively-expressed
HA-tagged Bmp4 plasmid construct (Figure 3C). mTSC
clones overexpressing HA-tagged BMP4 showed mainte-
nance of phospho-SMAD1/5/9 and total SMAD1 during
differentiation (Figure 3D). Compared to wild-type (WT)
mTSC, two independent mTSC clones expressing HA-tagged
BMP4 (O.E1.1 and O.E2.2) showed blunted differentiation,
with low expression of multiple differentiation markers,
including Tpbpa, Prl3d1, Syna, Blimp1 (Figure 3E), and
Prl3b1 (not shown). However, again, down-regulation of
the stem cell marker Cdx2 was not affected (Figure 3E).
Cells overexpressing BMP4 also showed higher proliferation
than WT cells after 5 days of differentiation, consistent
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Figure 2. BMP inhibition causes differentiation in a Smad-independent manner. (A) Bright field pictures of mTSC cultured in growth media and treated
for 4 days with DMSO (control), DMH1, and 5Z-7-Oxozeaenol (OXO). Treatment with OXO showed large areas of flattening differentiating cells. Scale bar
100 μm. (B) qPCR for mTSC markers Cdx2, Epcam, and Esrrb in mTSC cultured in growth media and treated for 4 days with DMSO or BMP inhibitors.
(C) qPCR for mTSC differentiation markers Syna, Blimp1, and Tpbpa in cells cultured in growth media and treated for 4 days with DMSO or BMP
inhibitors. ∗P ≤ 0.05, ∗∗∗P ≤ 0.001, ∗∗∗∗P ≤ 0.0001 compared to DMSO.

with delayed differentiation (Figure 3F). These data show
that continuous BMP signaling blunts or delays mTSC
differentiation, suggesting that a decrease in BMP signaling
(following FGF4/conditioned media withdrawal) is necessary
for proper mTSC differentiation.

Active BMP machinery in primary CTB and hTSC

We next turned our attention to human trophoblast, and
started by evaluating the expression of the BMP signaling
machinery in first trimester CTB, where the trophoblast
progenitor population is thought to reside. First trimester
CTB showed expression of the ligand BMP4, as well as the
receptor subunits BMPR1A and BMPR2, but not BMPR1B
(Figure 4A). To assess the pathway activation state, we stained
first trimester placental explants for P-SMAD1/5/9. Explants
showed low basal level of active BMP signaling in regular
media (Supplementary Figure S4). Addition of exogenous
BMP4 caused increased P-SMAD1/5/9 staining, specifically
in CTB and the proximal cell column compartment, with
low or no response in distal cell column and STB layers
(Supplementary Figure S4). These data suggest a potential
role for BMP signaling in the progenitor compartment
of first trimester placenta, where hTSC are thought to
reside. Therefore, we continued by investigating the BMP
signaling machinery, using the recently-established in vitro
hTSC model.

We recently derived and characterized two hTSC lines
from first trimester placental tissues: #1049 (derived from
a male placenta; Figure 4B), and #1048 (derived from a
female placenta; data presented in supplementary figures)
[23]. We differentiated both hTSC lines into EVT and STB

(Supplementary Figures S5A and D, S6A and G), and con-
firmed down-regulation of the trophoblast progenitor marker
TP63 and up-regulation of the respective differentiation
markers (Supplementary Figures S5B and E, and S6B and H),
by qPCR. STB differentiation was further confirmed by
secretion of the hormone hCG in the media with an
ELISA-based assay (Supplementary Figures S5C and S6C),
while cell surface expression of HLA-G protein by flow
cytometry further confirmed EVT differentiation (Supple-
mentary Figures S5F and S6I).

We evaluated BMP signaling machinery in both hTSC
cell lines, and found that, similar to first trimester CTB,
undifferentiated hTSC (day 0/D0) expressed the BMP receptor
subunits BMPR1A and BMPR2, with little-to-no BMPR1B
(Figure 4C,D,F and Supplementary Figure S6D,E,J,K). These
cells also expressed a panel of BMP ligands, including BMP2
and BMP4, and the BMP transducing protein SMAD1 and
SMAD5 (Figure S7A and B). They responded to exogenous
BMP4 treatment with correct nuclear localization of P-
SMAD1/5/9 (Supplementary Figure S7C). Upon differenti-
ation into STB, protein levels of BMP receptors decreased
in both cell lines as shown by western blot (Figure 4D
and Supplementary Figure S6E), although this decrease was
not always reflected at the mRNA level (Figure 4C and
Supplementary Figure S3D). During EVT differentiation,
BMP receptor levels remained stable at both the mRNA and
protein levels (Figure 4C,F and Supplementary Figure S6J–K).
Undifferentiated cells showed basal levels of P-SMAD1/5/9,
which decreased during both STB and EVT differentiation,
while levels of total SMAD1 decreased or remained stable
(Figure 4E,G and Supplementary Figure S6F,L). These data
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Figure 3. BMP4 delays mouse TSC differentiation. (A) Phosphorylated SMAD1/5/9 and total SMAD1 protein expression during mTSC differentiation in
normal serum (20%) and low serum (2.5%) with addition of exogenous BMP4 by western blot. Densitometry normalized to total SMAD1 and expressed
as ratio of T0. (B) qPCR for undifferentiated mTSC marker, Cdx2, and differentiation markers at d5 of differentiation in normal serum (NS), and low serum
(LS) with and without addition of exogenous BMP4. Relative fold change calculated compared to D0. Asterisk directly above column indicates statistical
analysis compared to NS. Asterisk above bracket indicates statistical significance between LS-BMP4 and LS + BMP4. (C) Western blot of HA-tagged
BMP4 in Bmp4 OE cell line at D0 and D7 of differentiation. (ACTB = β-actin = loading control). (D) Western blot of phosphorylated SMAD1/5/9, and total
SMAD1 in wild-type (WT) mTSC compared to a clone constitutively overexpressing BMP4 (OE) at D0 and D5 of differentiation. Densitometry data
normalized to β-actin and expressed as ratio of WT D0. (E) qPCR for differentiation markers expressed in wild-type (WT) and two independent mTSC
clones constitutively overexpressing BMP4 during differentiation (OE1.1 and OE2.2) after 5 days of differentiation. Relative fold change calculated
compared to D0. (F) Cell proliferation assay of WT and BMP4 OE mTSC at d5 of differentiation. Statistical analysis compared to WT D5.
∗P ≤ 0.05,∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001, ∗∗∗∗P ≤ 0.0001. Arrows indicate specific bands on western blots.

Figure 4. BMP signaling is active in human progenitor cells. (A) RT-PCR of BMP receptor subunits and BMP4 in first trimester primary CTB preps (n = 3),
(18S = loading control). (B) Bright field picture of novel hTSCs derived from first trimester placental tissues. Scale bar 250 μm. (C) RT-PCR of BMP
receptor subunits during hTSC differentiation into STB and EVT. (D) Western blot of BMP receptors in undifferentiated (D0) and STB differentiated hTSC
(D6). (E) Phosphorylated SMAD1/5/9 and total SMAD1 protein expression during differentiation of hTSC into STB by western blot. (F) Western blot of
BMP receptors in undifferentiated (D0) and EVT differentiated hTSC (D5). (G) Phosphorylated SMAD1/5/9 and total SMAD1 protein expression during
differentiation of hTSC into EVT by western blot. (ACTB = β-actin = loading control). Arrows indicate specific bands on western blots. Densitometry data
normalized to β-actin and expressed as ratio of D0.
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Figure 5. BMP inhibition causes differentiation of hTSC. (A) Bright field pictures of hTSC cultured in growth media and treated for 4 days with DMSO
(control), DMH1, and 5Z-7-Oxozeaenol (OXO). Scale bar 100 μm. (B) qPCR for hTSC marker TP63 in cells cultured in growth media and treated for 4 days
with DMSO or BMP inhibitors. (C) qPCR for hTSC differentiation markers ASCL2 and HTRA4 at day 4 of treatment with of DMSO/BMP inhibitors. (D)
qPCR for CGA and CGB genes at day 4 of treatment with DMSO/BMP inhibitor treatment. (E) qPCR for GCM1 at day 2 and day 4 of DMSO/BMP
inhibitor treatment. ∗P ≤ 0.05,∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001 compared to DMSO.

suggest that, similar to mTSC, BMP signaling in hTSC
is active in the undifferentiated state and decreases with
differentiation, pointing to a potential role for this pathway
in regulation of the hTSC stem cell state.

Role of BMP signaling in undifferentiated hTSC

To investigate the role of the BMP signaling pathway in
hTSC, we treated the cells with the small molecule inhibitors
DMH1 and 5Z-7-Oxozeaenol (OXO) while cultured in regu-
lar growth media. Based on previous publications [12, 26–28]
and following a dose–response assay, we identified optimal
concentrations to be 4 μM for DMH1 and 100 nM for OXO
(data not shown). Although 4 days of treatment with the small
molecule inhibitors did not significantly affect hTSC morphol-
ogy (Figure 5A), we observed a slight, but significant, down-
regulation of undifferentiated hTSC marker TP63 (Figure 5B).
We also observed an up-regulation of EVT markers ASCL2
(OXO only) and HTRA4 (both OXO and DMH1) by qPCR
(Figure 5C). STB markers were also up-regulated: CGA (OXO
only) and CGB (both OXO ad DMH1) (Figure 5D). GCM1,
a marker of both STB and EVT differentiation, was up-
regulated at day 2 with both inhibitors and remained high at
day 4 with OXO (Figure 5E). Although the effects were more

subtle than observed with OXO-treated mTSC, the results
with DMH1 and OXO treatment of hTSC suggest a possible
contribution from both SMAD-dependent and -independent
pathways in maintenance of the undifferentiated hTSC state.

Role of BMP signaling during hTSC differentiation

To investigate the role of BMP signaling during hTSC
differentiation, we first applied exogenous BMP4 during
STB differentiation [4] (Supplementary Figure S8A). We
observed dramatic cell detachment and death around D4
(Supplementary Figure S8B), with no consistent changes in
expression of STB-associated markers in either hTSC line
(Supplementary Figure S8C and D). Although this suggests a
role for dampened BMP signaling in STB viability, the onset
of cell death early in this differentiation precluded a more
thorough evaluation of the effect of BMP signaling during
STB differentiation.

Subsequently, we assessed the effect of exogenous BMP4
in EVT differentiation of hTSC. Similar to the observations
in mTSC, addition of exogenous BMP4 (Figure 6A and B
and Supplementary Figure S9A) significantly inhibited EVT
differentiation. Although the TSC marker, TP63, was correctly
downregulated (Figure 6C and Supplementary Figure S9B),
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Figure 6. Addition of BMP4 delays human TSC differentiation into EVT. (A) Bright field pictures of hTSC differentiated for 5 days following EVT protocol in
the presence of exogenous BMP4. Scale bar 100 μm. (B) Phosphorylated SMAD1/5/9 and total SMAD1 protein expression during hTSC differentiation
into EVT in the presence of exogenous BMP4. Densitometry data normalized to β-actin and expressed as ratio of D0. (C) qPCR for hTSC marker TP63
and EVT markers ASCL2, HLA-G, and MMP2 of hTSC differentiated into EVT with exogenous BMP4. (D) Flow cytometry analysis of cell surface HLA-G
in hTSC differentiated into EVT with (red) and without (blue) exogenous BMP4. Isotype control in gray, HLA-G staining in blue or red. (E) qPCR for STB
markers CGA, CGB, ERVW-1 (encoding for Syncytin-1), and KLF4 of hTSC differentiated into EVT with exogenous BMP4. (F) Percentage of cells in
S-phase after 5 days of EVT differentiation with and without exogenous BMP4. ∗P ≤ 0.05,∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001.

we observed significantly lower expression of EVT markers,
ASCL2, HLA-G, and MMP2, by qPCR (Figure 6C and
Supplementary Figure S9C), as well as a decrease in cell
surface expression of HLA-G by flow cytometry (27%
with BMP4, compared to 68% without) (Figure 6E and
Supplementary Figure S9D). The blunted EVT differentiation
was not accompanied by a significant increase in STB
differentiation, although we observed small but significant
increase in some STB markers in a cell line-specific manner:
ERVW-1 (also known as syncytin 1) and KLF4 at day 3 in
1049 hTSC (Figure 6E), and CGA but not CGB at day 5
in 1048 hTSC (Supplementary Figure S9E). In addition, cell
proliferation was higher in differentiating cells treated with
BMP4, consistent with delayed differentiation (Figure 6F).
These data suggest a potential role for dampened BMP
signaling in EVT differentiation.

Discussion

In vivo, the role of BMP4, originating in the trophoblast com-
partment, in the initiation of gastrulation is well-characterized
[10, 11]. However, little is known about BMP signaling
within the extraembryonic compartment itself. In this study,
we used the in vitro TSC model systems to dissect the role
of BMP signaling in the maintenance and differentiation
of this compartment in both mouse and human. Both
mTSC and hTSC expressed all the necessary components
of the BMP machinery, including multiple BMP ligands, and
displayed maximal active BMP signaling in the undifferenti-
ated state, which decreased with differentiation (Figure 7A).
We also observed a conserved modulatory role of BMP
signaling during trophoblast differentiation, whereby addition

of BMP4 blunted differentiation of TSC in both species. In
the mouse, Di-Gregorio et al. have shown the presence of
phospho-SMAD1/5/9 in the proximal ExE/chorion portion
of the embryo, adjacent to the epiblast, but not in the
distal extraembryonic region (ectoplacental cone) closer
to the uterine implantation site, indicating that BMP
signaling decreases as trophoblast differentiate within this
compartment (Figure 7B) [17]. This suggests that a gradual
decrease in BMP signaling may be necessary for differentiation
within this compartment in vivo, which matches our in vitro
data with mouse TSC.

Two previous studies have investigated the role of BMP
signaling in the peri-implantation mouse embryo [12, 31].
Specifically, they have shown that treatment of mouse
embryos with small molecule inhibitors, targeting both canon-
ical and noncanonical BMP signaling, impaired development
of the extraembryonic compartment. Furthermore, data from
3D Matrigel-embedded mTSC models suggest a role for the
canonical BMP pathway in cell proliferation [31]. In our
study, the effect of BMP signaling on the undifferentiated
state of TSC appeared to be more complex and species-specific
compared to the role observed during differentiation. In the
mouse, although we observed higher phospho-SMAD1/5/9
levels in the undifferentiated cells, the stronger effect elicited
by the Smad-independent inhibitor 5Z-7-Oxozeaenol (OXO)
suggests a tight connection with other MAPKKK pathways.
Previous studies have shown that at the concentrations used
in this study, OXO is a potent and selective inhibitor of TAK1
[28, 32, 33] but, at higher concentrations, it can affect other
kinases [28, 29]. Since treatment with an alternative TAK1
inhibitor did not reproduce the results observed with OXO,
further studies are required to identify the exact mechanism
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Figure 7. Autocrine role of BMP signaling pathway in vitro and in vivo.
Autocrine BMP signaling modulates TSC maintenance in vitro in a
species-specific manner, whereby in mouse the highest effects were
observed upon noncanonical SMAD-independent signaling inhibition
(OXO), whereas in human both the canonical (DMH1) and noncanonical
(OXO) branches were involved. Decrease BMP signaling is necessary for
TSC differentiation in vitro as addition of exogenous BMP4 blunted
trophoblast differentiation in both mouse and human TSC. These data
suggest that autocrine BMP signaling contributes to the maintenance of
a trophoblast progenitor population in the postimplantation
extraembryonic ectoderm (ExE) in vivo. Decrease BMP signaling is
necessary for correct differentiation toward the ectoplacental cone (EPC)
while paracrine BMP signaling into the embryo initiates gastrulation and
differentiation into progenitor germ cells of the epiblast (Epi).

through which this small molecule affects undifferentiated
TSC, including whether this effect is indeed downstream of
BMP receptors.

In undifferentiated hTSC, the effect of the BMP inhibitors
seemed to be more subtle, though perhaps mediated by
both SMAD-dependent and independent branches of the
BMP pathway. The differences between the effects of these
inhibitors on undifferentiated TSC in these two species are
perhaps not surprising, given the known differences between
the culture conditions required for TSC derivation and
maintenance. These differences, in turn, may be correlated
to the species-specific characteristics of the trophoblast
layer, labyrinthine in the mouse and stratified epithelial
in human. Although we observed a conserved role for
BMP signaling in blunting TSC differentiation in this study,
studies in equine models suggest a role for BMP4 signaling
in promoting binucleate trophoblast differentiation in the
chorionic girdle [34]. Similar to mouse and human, bovine
peri-implantation concepti express BMP2 and −4 as well
as BMP receptors in the trophoblast cells, but addition of
exogenous BMP4 showed conflicting results, with decreased
trophoblast proliferation and reduced expression of mRNA
for IFN-tau [35]. Further studies into the various roles of BMP
signaling in maintenance and differentiation of trophoblast in
different placental mammals could reveal further details about
the mechanism(s) of divergent evolution of this transient
organ.

One limitation of the mTSC model is the mixed (nonlineage-
directed) differentiation upon FGF4/conditioned media
withdrawal, resulting in a mixture of labyrinthine and
junctional zone trophoblast cell types in vitro, precluding
the evaluation of the effects of continuous BMP signaling
on lineage-specific differentiation. The hTSC system, on
the other hand, provided a platform for this distinction,

showing that BMP signaling mainly interfered with EVT
differentiation, while during STB differentiation it might
affect cell survival. The STB differentiation protocol is driven
by the syncytialization capacity of forskolin, a cAMP pathway
activator that induces expression of fusogenic genes as well
as hCG. Forskolin is known to induce a rapid and potent
ERK1/2 and p38MAPK phosphorylation in BEWO cells
[36]. BMP4 is also known to activate the same pathways in
a Smad-independent manner in other cell types, including
smooth muscle cells [37, 38]. Although the focus of this
study was on the conserved role of decreasing BMP signaling
needed for proper differentiation of mTSC, as well as EVT
differentiation of hTSC, questions remain regarding the role
of BMP signaling in cell proliferation and survival in the
context of STB differentiation. Given the role of EVT in
uterine wall invasion and vascular remodeling, processes
which are key to early placental development [39, 40], the
study of BMP signaling in this context may provide insight
into placenta-based pregnancy complications, including
preeclampsia, fetal growth restriction, and placenta accreta
spectrum. Of course, the in vitro nature of these models is
also a limitation, necessitating confirmatory studies using
animal models and human tissues. Studies using trophoblast-
specific knockout of BMP receptors will be important in mice;
however, investigating the role of this signaling pathway in
the peri-implantation human embryo will be more difficult.
One possibility would be the use of a new 3D stem cell-
based embryo (“STEMbryo”) model, which can recapitulate
certain steps in early embryonic development, using a mix
of embryonic and TSC [41, 42]. Use of such a model system
could not only avoid the ethical issues surrounding use of
human embryos, but, given that these cells can be more
easily and separately manipulated, this model would provide
a robust platform to investigate the role and directionality
of different signaling pathways within and between the
embryonic and extraembryonic compartments in the peri-
implantation period.

In summary, this study has revealed a potential role for
autocrine BMP signaling in TSC of both mouse and human.
Further studies are required to evaluate the role of specific
ligands and receptors in this key pathway in differentiation
of trophoblast and development of the placenta in vivo.
Since abnormalities of trophoblast differentiation are asso-
ciated with poor implantation or placental dysfunction later
in pregnancy, our results have implications for understanding
possible causes of miscarriage and/or preeclampsia.

Supplementary material

Supplementary material is available at BIOLRE online.

Acknowledgment

We thank Dr Parast for the support and mentorship on this project and
the valuable comments and feedback on this manuscript.

Conflict of interest

The authors have no conflict of interest.

Data availability

The data underlying this article are available in the article and in its
online supplementary material.

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioab213#supplementary-data


Au et al., 2022, Vol. 106, No. 3 549

References

1. Romero R, Kusanovic JP, Chaiworapongsa T, Hassan SS. Placental
bed disorders in preterm labor, preterm PROM, spontaneous
abortion and abruptio placentae. Best Pract Res Clin Obstet
Gynaecol 2011; 25:313–327.

2. Genbacev O, Joslin R, Damsky CH, Polliotti BM, Fisher SJ.
Hypoxia alters early gestation human cytotrophoblast differenti-
ation/invasion in vitro and models the placental defects that occur
in preeclampsia. J Clin Invest 1996; 97:540–550.

3. Tanaka S, Kunath T, Hadjantonakis AK, Nagy A, Rossant J.
Promotion to trophoblast stem cell proliferation by FGF4. Science
(80-) 1998; 282:2072–2075.

4. Okae H, Toh H, Sato T, Hiura H, Takahashi S, Shirane K,
Kabayama Y, Suyama M, Sasaki H, Arima T. Derivation of human
trophoblast stem cells. Cell Stem Cell 2018; 22:50–63.e6.

5. Uy GD, Downs KM, Gardner RL. Inhibition of trophoblast stem
cell potential in chorionic ectoderm coincides with occlusion of
the ectoplacental cavity in the mouse. Development 2002; 129:
3913–3924.

6. Parast MM, Yu H, Ciric A, Salata MW, Davis V, Milstone
DS. PPARγ regulates trophoblast proliferation and promotes
labyrinthine Trilineage differentiation. PLoS One 2009; 4:e8055.

7. Wang RN, Green J, Wang Z, Deng Y, Qiao M, Peabody M, Zhang
Q, Ye J, Yan Z, Denduluri S, Idowu O, Li M et al. Bone mor-
phogenetic protein (BMP) signaling in development and human
diseases. Genes Dis 2014; 1:87–105.

8. Gámez B, Rodriguez-Carballo E, Ventura F. BMP signaling in
telencephalic neural cell specification and maturation. Front Cell
Neurosci 2013; 7:1–13.

9. Cuny GD, Yu PB, Laha JK, Xing X, Liu JF, Lai CS, Deng DY,
Sachidanandan C, Bloch KD, Peterson RT. Structure-activity rela-
tionship study of bone morphogenetic protein (BMP) signaling
inhibitors. Bioorg Med Chem Lett 2008; 18:4388–4392.

10. Mishina Y, Suzuki A, Ueno N, Behringer RR. Bmpr encodes a
type I bone morphogenetic protein receptor that is essential for
gastrulation during mouse embryogenesis. Genes Dev 1995; 9:
3027–3037.

11. Ohinata Y, Ohta H, Shigeta M, Yamanaka K, Wakayama T, Saitou
M. A signaling principle for the specification of the germ cell
lineage in mice. Cell 2009; 137:571–584.

12. Graham SJL, Wicher KB, Jedrusik A, Guo G, Herath W, Robson P,
Zernicka-Goetz M. BMP signalling regulates the pre-implantation
development of extra-embryonic cell lineages in the mouse embryo.
Nat Commun 2014; 5:1–11.

13. Home P, Saha B, Ray S, Dutta D, Gunewardena S, Yoo B, Pal A,
Vivian JL, Larson M, Petroff M, Gallagher PG, Schulz VP et al.
Altered subcellular localization of transcription factor TEAD4
regulates first mammalian cell lineage commitment. Proc Natl
Acad Sci U S A 2012; 109:7362–7367.

14. Blakeley P, Fogarty NME, Valle I, Wamaitha SE, Hu TX, Elder
K, Snell P, Christie L, Robson P, Niakan KK, Blakeley P, Fogarty
NME et al. Defining the three cell lineages of the human blastocyst
by single-cell RNA-seq (development, (2015) 142, 3151-3165).
Development 2015; 142:3613.

15. Winnier G, Blessing M, Labosky PA, Hogan BLM. Bone mor-
phogenetic protein-4 is required for mesoderm formation and
patterning in the mouse. Genes Dev 1995; 9:2105–2116.

16. Fujiwara T, Dehart DB, Sulik KK, Hogan BLM. Distinct require-
ments for extra-embryonic and embryonic bone morphogenetic
protein 4 in the formation of the node and primitive streak and
coordination of left-right asymmetry in the mouse. Development
2002; 129:4685–4696.

17. Di-Gregorio A, Sancho M, Stuckey DW, Crompton LA, Godwin
J, Mishina Y, Rodriguez TA. BMP signalling inhibits premature
neural differentiation in the mouse embryo. Development 2007;
134:3359–3369.

18. Kurek D, Neagu A, Tastemel M, Tüysüz N, Lehmann J, Van De
Werken HJG, Philipsen S, Van Der Linden R, Maas A, Van Ijcken

WFJ, Drukker M, Ten Berge D. Endogenous WNT signals mediate
BMP-induced and spontaneous differentiation of epiblast stem
cells and human embryonic stem cells. Stem Cell Reports 2015;
4:114–128.

19. Horii M, Bui T, Touma O, Cho HY, Parast MM. An improved two-
step protocol for trophoblast differentiation of human pluripotent
stem cells. Curr Protoc Stem Cell Biol 2019; 50:1–21.

20. Tanaka S. Derivation and culture of mouse trophoblast stem cells
in vitro. Methods Mol Biol 2006; 329:35–44.

21. Li Y, Moretto-Zita M, Leon-Garcia S, Parast MM. P63 inhibits
extravillous trophoblast migration and maintains cells in a cytotro-
phoblast stem cell-like state. Am J Pathol 2014; 184:3332–3343.

22. Bai T, Peng CY, Aneas I, Sakabe N, Requena DF, Billstrand
C, Nobrega M, Ober C, Parast M, Kessler JA. Establishment
of human induced trophoblast stem-like cells from term villous
cytotrophoblasts. Stem Cell Res 2021; 56:102507.

23. Morey R, Farah O, Kallol S, Requena DF, Meads M, Moretto-Zita
M, Soncin F, Laurent LC, Parast MM. Transcriptomic drivers of
differentiation, maturation, and polyploidy in human Extravillous
trophoblast. Front cell Dev Biol 2021; 9:702046.

24. Yu PB, Deng DY, Lai CS, Hong CC, Cuny GD, Bouxsein ML, Hong
DW, McManus PM, Katagiri T, Sachidanandan C, Kamiya N,
Fukuda T et al. BMP type I receptor inhibition reduces heterotopic
ossification. Nat Med 20081412 2008; 14:1363–1369.

25. Ali JL, Lagasse BJ, Minuk AJ, Love AJ, Moraya AI, Lam L,
Arthur G, Gibson SB, Morrison LC, Werbowetski-Ogilvie TE,
Fu Y, Nachtigal MW. Differential cellular responses induced by
dorsomorphin and LDN-193189 in chemotherapy-sensitive and
chemotherapy-resistant human epithelial ovarian cancer cells. Int
J Cancer 2015; 136:E455–E469.

26. Hao J, Ho JN, Lewis JA, Karim KA, Daniels RN, Gentry PR,
Hopkins CR, Lindsley CW, Hong CC. In vivo structure - activity
relationship study of dorsomorphin analogues identifies selective
VEGF and BMP inhibitors. ACS Chem Biol 2010; 5:245–253.

27. Hao J, Lee R, Chang A, Fan J, Labib C, Parsa C, Orlando R,
Andresen B, Huang Y. DMH1, a small molecule inhibitor of BMP
type I receptors, suppresses growth and invasion of lung cancer.
PLoS One 2014; 9:e90748.

28. Ninomiya-Tsuji J, Kajino T, Ono K, Ohtomo T, Matsumoto M,
Shiina M, Mihara M, Tsuchiya M, Matsumoto K. A resorcylic acid
lactone, 5Z-7-oxozeaenol, prevents inflammation by inhibiting the
catalytic activity of TAK1 MAPK kinase kinase. J Biol Chem 2003;
278:18485–18490.

29. Wu J, Powell F, Larsen NA, Lai Z, Byth KF, Read J, Gu R-F,
Roth M, Toader D, Saeh JC, Chen H. Mechanism and in vitro
pharmacology of TAK1 inhibition by (5Z)-7-Oxozeaenol. ACS
Chem Biol 2013; 8:643–650.

30. Kubaczka C, Senner C, Araúzo-Bravo MJ, Sharma N, Kuckenberg
P, Becker A, Zimmer A, Brüstle O, Peitz M, Hemberger M, Schorle
H. Derivation and maintenance of murine trophoblast stem cells
under defined conditions. Stem Cell Reports 2014; 2:232–242.

31. Sozen B, Demir N, Zernicka-Goetz M. BMP signalling is required
for extra-embryonic ectoderm development during pre-to-post-
implantation transition of the mouse embryo. Dev Biol 2021; 470:
84–94.

32. Guo F, Hutchenreuther J, Carter DE, Leask A. TAK1 is required for
dermal wound healing and homeostasis. J Invest Dermatol 2013;
133:1646–1654.

33. Kuk H, Hutchenreuther J, Murphy-Marshman H, Carter D, Leask
A. 5Z-7-Oxozeanol inhibits the effects of TGFβ1 on human gingi-
val fibroblasts. PLoS One 2015; 10:e0123689.

34. Cabrera-Sharp V, Read JE, Richardson S, Kowalski AA, Antczak
DF, Cartwright JE, Mukherjee A, De Mestre AM. SMAD1/5
signaling in the early equine placenta regulates trophoblast dif-
ferentiation and chorionic gonadotropin secretion. Endocrinology
2014; 155:3054–3064.

35. Pennington KA, Ealy AD. The expression and potential function
of bone morphogenetic proteins 2 and 4 in bovine trophectoderm.
Reprod Biol Endocrinol 2012; 10:12.



550 Role of autocrine BMP signaling in TSC, 2022, Vol. 106, No. 3

36. Delidaki M, Gu M, Hein A, Vatish M, Grammatopoulos DK.
Interplay of cAMP and MAPK pathways in hCG secretion and
fusogenic gene expression in a trophoblast cell line. Mol Cell
Endocrinol 2011; 332:213–220.

37. Li X, Lu W, Fu X, Zhang Y, Yang K, Zhong N, Ran P, Wang
J. BMP4 increases canonical transient receptor potential pro-
tein expression by activating p38 MAPK and ERK1/2 Signaling
pathways in pulmonary arterial smooth muscle cells. 2013; 49:
212–220. https://doi.org/101165/Rcmb2012-0051OC.

38. Zhang Y, Wang Y, Yang K, Tian L, Fu X, Wang Y, Sun Y, Jiang Q,
Lu W, Wang J. BMP4 increases the expression of TRPC and basal
[Ca2+]i via the p38MAPK and ERK1/2 pathways independent of
BMPRII in PASMCs. PLoS One 2014; 9:e112695.

39. Lim KH, Zhou Y, Janatpour M, McMaster M, Bass K,
Chun SH, Fisher SJ. Human cytotrophoblast differentiation/

invasion is abnormal in pre- eclampsia. Am J Pathol 1997; 151:
1809–1818.

40. Farah O, Nguyen C, Tekkatte C, Parast MM. Trophoblast
lineage-specific differentiation and associated alterations in
preeclampsia and fetal growth restriction. Placenta 2020; 102:
4–9.

41. Harrison SE, Sozen B, Christodoulou N, Kyprianou C, Zernicka-
Goetz M. Assembly of embryonic and extraembryonic stem cells
to mimic embryogenesis in vitro. Science (80- ) 2017; 356:
eaal1810.

42. Sozen B, Amadei G, Cox A, Wang R, Na E, Czukiewska S, Chappell
L, Voet T, Michel G, Jing N, Glover DM, Zernicka-Goetz M. Self-
assembly of embryonic and two extra-embryonic stem cell types
into gastrulating embryo-like structures. Nat Cell Biol 2018; 20:
979–989.

https://doi.org/https://doi.org/101165/Rcmb2012-0051OC

	 Role of autocrine bone morphogenetic protein signaling   in trophoblast stem cells 
	Introduction
	Material and methods
	Results
	Discussion
	Supplementary material
	 Acknowledgment
	Conflict of interest
	Data availability




