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Bone morphogenetic protein 2 promotes
human trophoblast cell invasion by
upregulating N-cadherin via non-canonical
SMAD2/3 signaling
Hong-Jin Zhao1,2, Christian Klausen2, Yan Li2, Hua Zhu2, Yan-Ling Wang3 and Peter C. K. Leung2

Abstract
BMP2 expression is spatiotemporally correlated with embryo implantation and is crucial for endometrial
decidualization and fertility in mice. BMP2 has been reported to increase the mesenchymal adhesion molecule N-
cadherin and enhance cell invasion in cancer cells; moreover, studies suggest that N-cadherin promotes placental
trophoblast invasion. However, whether BMP2 can promote trophoblast cell invasion during placentation remains
unknown. The objective of our study was to investigate the effects of BMP2 on human trophoblast cell invasion and
the involvement of N-cadherin and SMAD signaling. Primary and immortalized (HTR8/SVneo) cultures of human
extravillous trophoblast (EVT) cells were used as study models. Treatment with recombinant human BMP2 increased
HTR8/SVneo cell transwell Matrigel invasion as well as N-cadherin mRNA and protein levels, but had no significant
effect on cell proliferation. Likewise, BMP2 treatment enhanced primary human EVT cell invasion and N-cadherin
production. Basal and BMP2-induced invasion were attenuated by small interfering RNA-mediated downregulation of
N-cadherin in both HTR8/SVneo and primary EVT cells. Intriguingly, BMP2 induced the phosphorylation/activation of
both canonical SMAD1/5/8 and non-canonical SMAD2/3 signaling in HTR8/SVneo and primary EVT cells. Knockdown
of SMAD2/3 or common SMAD4 totally abolished the effects of BMP2 on N-cadherin upregulation in HTR8/SVneo
cells. Upregulation of SMAD2/3 phosphorylation and N-cadherin were totally abolished by type I receptor activin
receptor-like kinases 2/3 (ALK2/3) inhibitor DMH1; moreover, knockdown of ALK2 or ALK3 inhibited N-cadherin
upregulation. Interestingly, activation of SMAD2/3 and upregulation of N-cadherin were partially attenuated by ALK4/
5/7 inhibitor SB431542 or knockdown of ALK4, but not ALK5. Our results show that BMP2 promotes trophoblast cell
invasion by upregulating N-cadherin via non-canonical ALK2/3/4-SMAD2/3-SMAD4 signaling.

Introduction
Extravillous cytotrophoblasts (EVTs) derived from vil-

lous cell columns invade into the maternal uterine wall for
proper placentation and successful establishment of

human pregnancy1. Insufficient trophoblast invasion is
thought to contribute to several pregnancy complications,
such as preeclampsia that affects 2–8% of pregnancies
worldwide and is a leading cause of maternal mortality2,3.
Therefore, it is essential to better understand the regula-
tion of trophoblast invasion and identify key signaling
molecules underlying this process in order to improve the
diagnosis and treatment of these conditions.
Transforming growth factor-β (TGF-β) superfamily

members exert a variety of regulatory effects on tropho-
blast invasion during embryo implantation. TGF-β1
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suppresses EVT invasiveness by downregulating matrix
metalloproteinase 9 and vascular endothelial cadherin4,5,
whereas activin A promotes invasion by upregulating
N-cadherin and matrix metalloproteinase 26,7. However,
there have been no reports about the effects of bone
morphogenetic proteins (BMPs) on trophoblast cell
invasion. BMPs are the biggest subfamily of the TGF-β
superfamily and consist of over 20 isoforms. Their roles
in organogenesis are conserved from insects to humans,
and they may also play key roles in placentation8,9. Clas-
sically, BMPs function by activating heterotetrameric
complexes of type I ALK (activin receptor-like kinases)
and type II transmembrane serine–threonine kinase
receptors, which subsequently phosphorylate and
activate receptor-regulated SMAD1/5/8. Phosphorylated
SMAD1/5/8 then binds to common SMAD4 and trans-
locate into the nucleus to mediate BMP-regulated gene
expression10–12.

In situ hybridization studies in mice have demonstrated
that, unlike Bmp4, 5, 6, 7, 8a, and 8b, uterine expression of
Bmp2 was spatiotemporally correlated with embryo
implantation, suggesting important functions for Bmp2
during implantation and early placentation13. Conditional
knockout and in vitro studies revealed that Bmp2 was
crucial for endometrial decidualization and fertility in
mice and humans14,15. Although the decidua produces
BMP2, it is not known whether BMP2 regulates tropho-
blast cell invasiveness. However, pro-invasive effects of
BMP2 have been reported in breast, colon, gastric, and
pancreatic cancer cell lines, and likely involve aspects of
EMT including upregulation of N-cadherin16–21.
Cadherins are transmembrane proteins mediating

calcium-dependent cell–cell adhesion with the cyto-
plasmic domain interacting with catenin and elements of
the actin cytoskeleton22. N-cadherin is a mesenchymal
adhesion molecule and its upregulation has been shown

Fig. 1 BMP2 increases HTR8/SVneo and primary human EVT cell invasion. a, b HTR8/SVneo cells were treated with vehicle (Ctrl) or BMP2 (25 or 50 ng/
mL) and cell invasiveness was examined by Matrigel-coated transwell assay. Representative images of the invasion assay ((a); scale bar 100 μm) and
summarized quantitative results (b) are shown separately (n = 3). c HTR8/SVneo cells were seeded in 24-well plates and treated every 24 h with
vehicle or BMP2 (25 or 50 ng/mL) for a total of 72 h. Cell viability was determined by MTT assay at 24, 48, and 72 h after BMP2 treatment (n = 3). d, e
Primary human EVT cells were treated with or without 25 ng/mL BMP2 and cell invasiveness was examined by Matrigel-coated transwell assay.
Representative images of the invasion assay ((d); scale bar 100 μm) and combined quantitative results (e) are shown separately (n = 5). Results are
displayed as the mean ± SEM of at least three independent experiments and values without common letters are significantly different (P < 0.05)
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to correlate with invasive properties of cancer cells23.
Studies suggest that trophoblast invasion shares several
features with tumor cell invasion, although the latter lacks
strict physiological control. Interestingly, switching
expression from E-cadherin (epithelial marker) to N-
cadherin (mesenchymal marker) is involved in tropho-
blast differentiation along the invasive pathway and failure
to switch is associated with insufficient invasion and
abnormal placentation24,25. However, it is not known
whether BMP2 can promote human trophoblast cell
invasion or whether such an effect involves the upregu-
lation of N-cadherin.
In the present study, we have examined the effects of

BMP2 on human trophoblast cell invasion and the reg-
ulation and involvement of N-cadherin in these effects.
Our results show that BMP2 treatment enhances tro-
phoblast cell invasion and N-cadherin expression. Fur-
thermore, the pro-invasive effects of BMP2 on trophoblast

invasion are mediated by upregulating N-cadherin via
non-canonical SMAD2/3-SMAD4-dependent signaling.

Results
BMP2 enhances human trophoblast cell invasion
To determine the effects of BMP2 on trophoblast cell

invasion, Matrigel-coated transwell invasion assays were
carried out following treatment of HTR8/SVneo cells with
25 or 50 ng/mL recombinant human BMP2. The results
showed that BMP2 significantly increased HTR8/SVneo
cell invasion in a concentration-dependent manner
(Figs. 1a,b). To examine whether the enhanced tropho-
blast invasion induced by BMP2 might be influenced by
any effect of BMP2 on cell viability, MTT assays were
performed and the results confirmed that treatment with
25 or 50 ng/mL BMP2 for as long as 72 h had no sig-
nificant effect on HTR8/SVneo cell viability (Fig. 1c).
Similar to HTR8/SVneo cells, treatment with 25 ng/mL

Fig. 2 BMP2 increases N-cadherin mRNA and protein levels in HTR8/SVneo and primary human EVT cells. a HTR8/SVneo cells (left panel) or primary
EVT cells (right panel) were treated with vehicle (Ctrl) or 25 ng/mL BMP2 for different lengths of time (3, 6, 12, or 24 h), and N-cadherin mRNA levels
were examined by RT-qPCR with GAPDH as the reference gene. b HTR8/SVneo cells (left panel) or primary EVT cells (right panel) were treated with or
without 25 ng/mL BMP2 every 24 h for 48 h, and N-cadherin protein levels were analyzed by western blot and normalized to α-tubulin. Results are
displayed as the mean ± SEM of at least three independent experiments and values without common letters are significantly different (P < 0.05)

Zhao et al. Cell Death and Disease  (2018) 9:174 Page 3 of 12

Official journal of the Cell Death Differentiation Association



BMP2 significantly enhanced cell invasion in primary
human EVT cells (Figs. 1d,e). Since 25 ng/mL BMP2
could promote human trophoblast cell invasion sig-
nificantly, this concentration of BMP2 was used to treat
HTR8/SVneo cell line as well as primary trophoblast cells
in the following experiments.

BMP2 upregulates trophoblast N-cadherin levels
To examine the effects of BMP2 on N-cadherin

expression, HTR8/SVneo and primary EVT cells were
treated with 25 ng/mL BMP2 for 3, 6, 12, 24, or 48 h. RT-
qPCR results showed that BMP2 treatment increased N-
cadherin mRNA levels in both HTR8/SVneo and primary
EVT cells between 6 and 24 h (Fig. 2a). Similarly, western
blot analysis revealed upregulation of N-cadherin protein
levels following treatment of HTR8/SVneo and primary
EVT cells with BMP2 for 24 and 48 h (Fig. 2b).

N-cadherin upregulation contributes to BMP2-induced
trophoblast cell invasion
To determine whether N-cadherin upregulation is

involved in BMP2-induced trophoblast cell invasion, we
performed siRNA-mediated knockdown of N-cadherin.
Pretreatment of HTR8/SVneo cells with siRNA targeting
N-cadherin for 48 h suppressed both basal and BMP2-
induced N-cadherin protein levels (Fig. 3a). Matrigel-
coated transwell invasion assays revealed that depletion of
N-cadherin attenuated both basal and BMP2-induced
HTR8/SVneo cell invasion (Fig. 3b). Importantly, the
contribution of N-cadherin to basal and BMP2-induced
cell invasion was also confirmed in first-trimester primary
human EVT cells (Figs. 3c,d).

Non-canonical SMAD2/3 signaling is required for BMP2-
induced N-cadherin upregulation
BMPs exert their biological effects primarily via

canonical SMAD1/5/8-SMAD4 signaling; however, sev-
eral reports have demonstrated the involvement of non-
canonical SMAD2/3-SMAD4 and/or SMAD-independent
signaling12,18,26–28. Thus, we used western blot to
measure changes in the phosphorylation/activation of
SMAD1/5/8 or SMAD2/3 following treatment of
HTR8/SVneo or primary EVT cells with BMP2. BMP2
treatment increased not only the phosphorylation of
canonical SMAD1/5/8 as expected, but also induced the
phosphorylation of non-canonical SMAD2/3 in HTR8/
SVneo cells (Fig. 4a). Confirmatory experiments per-
formed with primary EVT cells likewise showed that
BMP2 treatment increased the phosphorylation of
both SMAD1/5/8 and SMAD2/3 (Fig. 4b). To investigate
the involvement of SMAD signaling in BMP2-induced
N-cadherin production, we first performed knockdown
of common SMAD4. As shown in Fig. 3c, the
stimulatory effect of BMP2 on N-cadherin protein level

was abolished by knockdown of common SMAD4 in
HTR8/SVneo cells. Next, we performed combined
knockdown of SMAD2/3 since we have previously shown
that SMAD2/3 mediates N-cadherin upregulation in
response to activin A in human trophoblast cells6. Inter-
estingly, depletion of SMAD2/3 completely abolished the
upregulation of N-cadherin by BMP2 in HTR8/SVneo
cells (Fig. 3c), suggesting that non-canonical SMAD2/
3 signaling is essential for BMP2-induced N-cadherin
production.

BMP2 increases N-cadherin production via both BMP
(ALK2/3) and activin (ALK4) type I receptors
BMPs generally activate SMAD1/5/8 signaling via BMP

type I receptors ALK2, ALK3, and/or ALK6, whereas
activins/TGF-βs induce the activation of SMAD2/3 via
ALK4, ALK5, or ALK7. To determine which ALKs are
involved in the activation of non-canonical SMAD2/3 and
upregulation of N-cadherin by BMP2, we first used a
pharmacological approach with selective inhibitors of
BMP or activin/TGF-β type I receptors. Western blot was
used to measure BMP2-induced SMAD phosphorylation
in HTR8/SVneo cells following pretreatment with the
ALK2/3 inhibitor DMH129 or the ALK4/5/7 inhibitor
SB43154230. HTR8/SVneo cells were also treated with
activin A as a positive control since it has previously been
shown to upregulate N-cadherin and induce SMAD2/
3 signaling, both of which can be totally blocked by pre-
treatment with SB4315426. As expected, BMP2-induced
phosphorylation of SMAD1/5/8 was abolished by pre-
treatment with DMH1 but was not influenced by
SB431542 pretreatment (Fig. 5a). Interestingly, DMH1
also abolished BMP2-induced phosphorylation of SMAD2
and SMAD3, whereas pretreatment with SB431542 was
partially inhibitory (Fig. 5a). In contrast, activin A-induced
SMAD2/3 phosphorylation was totally blocked by pre-
treatment with SB431542 (Fig. 5a) as previously reported6.
In both HTR8/SVneo and primary EVT cells, the upre-
gulation of N-cadherin mRNA (Fig. 5b) and protein
(Fig. 5c) levels by BMP2 was completely inhibited by
treatment with DMH1 and partially inhibited by treat-
ment with SB431542.
Next, we used siRNA-mediated knockdown approach to

determine which ALKs are involved in the upregulation of
N-cadherin by BMP2. HTR8/SVneo cells were pretreated
for 48 h with siRNA targeting ALK2, ALK3, ALK4, or
ALK5 prior to treatment with BMP2 for 12 h. BMP2-
induced increases in N-cadherin mRNA levels were
abolished by knockdown of ALK3 and partially inhibited
by depletion of ALK2 or ALK4 (Fig. 6a). In contrast,
downregulation of ALK5 did not affect the upregulation
of N-cadherin by BMP2 (Fig. 6a). Together, these results
suggest that BMP2 increases N-cadherin production via
ALK2, ALK3, and ALK4 in human trophoblast cells.
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Discussion
We propose that, besides its role in endometrial

decidualization14,15, BMP2 may contribute to embryo
implantation and early placental development by pro-
moting trophoblast invasion. In particular, we have shown
that BMP2 promotes primary and immortalized human
EVT cell invasion by upregulating N-cadherin. Moreover,
we demonstrate that, whereas BMP2 activates both
canonical SMAD1/5/8 and non-canonical SMAD2/3 sig-
naling, only SMAD2/3 signaling seems to be required for
its upregulation of N-cadherin. In vivo studies of the

putative functions of BMP2 in endometrial decidulization
have been performed in mice using a conditional knock-
out approach because total knockout of Bmp2 or Bmp
receptors in mice leads to embryonic lethality or severe
defects in cardiac development31,32. Progesterone recep-
tor locus-guided conditional knockout of BMP type II
receptor (Bmpr2 cKO) in the uterus revealed impairments
in both endometrial decidulization and trophoblast inva-
sion32. At the time it was suggested that the defects in
trophoblast invasion were simply due to impaired decid-
ulization. However, it should be noted that mouse

Fig. 3 Knockdown of N-cadherin attenuates basal and BMP2-induced trophoblast cell invasion. a–d HTR8/SVneo or primary human EVT cells were
transfected for 48 h with 25 nM non-targeting control siRNA (si-Ctrl) or 25 nM siRNA targeting N-cadherin (si-N-cad) prior to treatment with vehicle
(Ctrl) or 25 ng/mL BMP2. Western blot was used to measure N-cadherin protein levels in HTR8/SVneo (a) and primary EVT (c) cells 24 h after treatment
with BMP2. b, d Matrigel-coated transwell assays were used to examine the effects of N-cadherin knockdown on BMP2-induced invasion in HTR8/
SVneo (b; n = 3) and primary EVT (d) cells (n = 5). Summarized quantitative results are expressed as the mean ± SEM of at least three independent
experiments and values without common letters are significantly different (P < 0.05)
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trophoblast cells also express progesterone receptor33 and
that some of this impairment could reflect direct effects in
trophoblast cells due to Bmpr2 haploinsufficiency in a
majority of the embryos produced by Bmpr2 cKO mice.
BMPR2 binds BMPs as well as some growth differentia-
tion factors so it remains to be determined exactly what
the in vivo functions of BMP2 are in early placental
development. However, we have detected high levels of
BMP2 mRNA in primary human EVT cells (data not
shown), which suggests that the effects of BMP2 on tro-
phoblast invasion could be mediated in an autocrine as
well as paracrine manner.
During differentiation to invasive EVTs, trophoblasts of

epithelial lineage must undergo epithelial–mesenchymal

transition (EMT) to acquire the motility and invasive
potential necessary for remodeling of the decidua and
spiral arteries24,25. Defects in this process are associated
with preeclampsia, a common pregnancy complication
characterized, in part, by shallow trophoblast invasion3.
EMT is a fundamental process that is important for
embryonic development as well as cancer progression;
however, its involvement in invasive trophoblast differ-
entiation is yet to be fully delineated. BMP2 has been
implicated in EMT-like processes in both physiological
and pathological contexts. For example, BMP2 was shown
to be critical for cardiac cushion formation by inducing
endocardial EMT34. In cancer cells, BMP2 increases cell
invasion via PI3K/AKT signaling and induces EMT-like

Fig. 4 Non-canonical SMAD2/3 signaling mediates the upregulation of N-cadherin by BMP2. a, b HTR8/SVneo (a) and primary EVT (b) cells were
treated with vehicle (Ctrl) or 25 ng/mL BMP2 for different lengths of time (10, 30, 60, or 120 min). Levels of phosphorylated SMAD1/5/8 (P-SMAD1/5/
8), SMAD2 (P-SMAD2), and SMAD3 (P-SMAD3) were examined by western blot with corresponding phospho-specific antibodies. Membranes were
stripped and reprobed with antibodies for total SMAD1/5/8 (T-SMAD1/5/8), SMAD2 (T-SMAD2), and SMAD3 (T-SMAD3). c HTR8/SVneo cells were
transfected for 48 h with 25 nM non-targeting control siRNA (si-Ctrl), 25 nM siRNA targeting SMAD2 + SMAD3 (si-S2 + 3), or 25 nM siRNA targeting
SMAD4 (si-S4) prior to treatment with vehicle (Ctrl) or 25 ng/mL BMP2 for 24 h. Protein levels of N-cadherin, T-SMAD2, T-SMAD3, and T-SMAD4 were
examined by western blot (n = 4). Summarized quantitative results are displayed as the mean ± SEM of at least three independent experiments and
values without common letters are significantly different (P < 0.05)
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changes in gene expression, such as downregulation of E-
cadherin and upregulation of SNAIL or SLUG20,21. In
addition to increasing N-cadherin and cell invasion,
treatment of trophoblastic HTR8/SVneo cells with BMP2
increased the expression of several EMT-associated genes,
including matrix metalloproteinase 2, SNAIL, and SLUG
(Supplementary Figure 1). Induction of these EMT-

associated genes could act in parallel with N-cadherin to
increase HTR8/SVneo cell invasion, and might account
for inability of N-cadherin knockdown to completely
inhibit BMP2-induced HTR8/SVneo cell invasion. How-
ever, BMP2 has also been reported to suppress colorectal
cancer cell growth by inhibiting proliferation and indu-
cing apoptosis35. Besides, BMP2 has been shown to inhibit

Fig. 5 BMP and activin/TGF-β type I receptors contribute to BMP2-induced phosphorylation of SMAD2/3 and upregulation of N-cadherin. a HTR8/
SVneo cells were pretreated for 1 h with vehicle control (DMSO), 1 μM DMH1 (ALK2/3 inhibitor), or 10 μM SB431542 (ALK4/5/7 inhibitor) prior to
treatment for 30 min with vehicle (Ctrl), 25 ng/mL BMP2, or 50 ng/mL activin A. Protein levels of phosphorylated SMAD1/5/8 (P-SMAD1/5/8), SMAD2
(P-SMAD2), and SMAD3 (P-SMAD3) were examined by western blot with corresponding phospho-specific antibodies. Membranes were stripped and
reprobed with antibodies for total SMAD1/5/8 (T-SMAD1/5/8), SMAD2 (T-SMAD2), and SMAD3 (T-SMAD3). b HTR8/SVneo and primary EVT cells were
pretreated for 1 h with DMH1 (1 μM) or SB431542 (10 μM) prior to treatment for 12 h with or without 25 ng/mL BMP2, and N-cadherin mRNA levels
were measured by RT-qPCR. c HTR8/SVneo and primary EVT cells were pretreated for 1 h with DMH1 (1 μM) or SB431542 (10 μM) prior to treatment
for 24 h with BMP2 (25 ng/mL) or activin A (50 ng/mL), and N-cadherin protein levels were analyzed by western blot. Results are expressed as the
mean ± SEM of at least three independent experiments and values without common letters are significantly different (P < 0.05)
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liver cancer cell migration and growth by downregulating
PI3K/AKT signaling36. Thus, BMP2 can exert varying,
and even opposing, effects on cancer cells depending on
type and context. In EVT cells the effects of BMP2 appear
to be largely restricted to the promotion of invasiveness
since we did not observe any significant changes in cell
viability. Nevertheless, future studies are required to
investigate the effects of BMP2 on other trophoblast cell
functions, especially in cytotrophoblast or syncytio-
trophoblast cell populations.
BMP2-induced activation or inactivation of SMAD-

independent signaling, especially PI3K/AKT and MAPK
pathways, has been implicated in the promotion or sup-
pression of cancer progression36,37. However, our study
revealed that short-term treatment with BMP2 (<2 h) had
no effects on AKT or ERK1/2 phosphorylation/activation
(data not shown). Rather, BMP2 treatment induced the
activation of both canonical SMAD1/5/8 and non-
canonical SMAD2/3 signaling, although only the latter
mediated N-cadherin upregulation in human trophoblast

cells. In a study of 46 normal and cancer cell lines, BMP2
was shown to induce SMAD2/3 signaling preferentially in
embryonic and transformed cells18. Our findings of
BMP2-induced SMAD2/3 phosphorylation in human
EVT cells are in agreement since trophoblast cells are
derived from the blastocyst trophectoderm. Interestingly,
Holtzhausen et al. also noted greater co-expression of
genes responsive to SMAD1/5/8 and SMAD2/3 in breast
and liver cancer samples compared to normal tissues,
suggesting cooperation between these two SMAD sig-
naling pathways in cancer18. Our findings do not exclude
a role for SMAD1/5/8 signaling in BMP2-induced tro-
phoblast invasion. Indeed, BMP2-induced upregulation of
furin, which is a pro-protein convertase that can directly
activate membrane type 1 MMP (MT1-MMP)38, is
blocked by SMAD4 knockdown but not by combined
knockdown of SMAD2/3, suggesting regulation by
SMAD1/5/8-SMAD4 signaling (Supplementary Figure 2).
Trophoblast cells are often thought of as pseudomalig-
nant because they share a number of features with cancer

Fig. 6 BMP (ALK2/3) and activin (ALK4) type I receptors mediate the upregulation of N-cadherin by BMP2. a, b HTR8/SVneo cells were transfected for
48 h with 25 nM non-targeting control siRNA (si-Ctrl) or 25 nM siRNA targeting ALK2 (si-ALK2), ALK3 (si-ALK3), ALK4 (si-ALK4) or ALK5 (si-ALK5). Cells
were treated for a further 12 h with vehicle (Ctrl) or 25 ng/mL BMP2 and RT-qPCR were used to measure the mRNA levels of N-cadherin (a) and ALKs
(b). Summarized quantitative results are displayed as the mean ± SEM of three independent experiments and values without common letters are
significantly different (P < 0.05). c Proposed model of the signaling pathway mediating BMP2-induced N-cadherin upregulation and increased human
trophoblast cell invasion. BMP2 binds to a complex of type I and II receptors leading to the activation of both canonical SMAD1/5/8 and non-
canonical SMAD2/3 signaling. Activation of receptor complexes containing ALK2, ALK3, and ALK4 leads to the phosphorylation of SMAD2/3, which
complexes with common SMAD4 and translocates into the nucleus to increase the transcription of N-cadherin, which promotes human trophoblast
cell invasion. BMP2 activates canonical SMAD1/5/8 signaling via ALK2/3; however, the functional consequences of this signaling require further
investigation

Zhao et al. Cell Death and Disease  (2018) 9:174 Page 8 of 12

Official journal of the Cell Death Differentiation Association



cells. Future studies investigating functional cooperation
between canonical SMAD1/5/8 and non-canonical
SMAD2/3 signaling in human trophoblast cells will be
of great interest.
TGF-β superfamily members signal in a SMAD-

dependent manner to regulate trophoblast invasion dur-
ing embryo implantation. However, in contrast to the
classical notion of BMP signaling, we have shown that
BMP2 enhances EVT cell invasion by upregulating
N-cadherin via non-canonical SMAD2/3 signaling. Gen-
erally, BMPs are thought to bind ALK2/3/6 type I
receptors and activate SMAD1/5/8, whereas TGF-βs/
activins usually bind ALK4/5/7 to induce SMAD2/3.
However, recent studies in cancer, pituitary, and ovarian
cells have demonstrated BMP-induced activation of
SMAD2/3 signaling via several mechanisms. Holtzhausen
et al. used a variety of techniques to show that BMP2
could induce heterodimeric type I receptor complexes
composed of ALK5/7 and ALK3/6, which were capable of
phosphorylating SMAD2/3 in a variety of cancer cell
lines18. Direct activation of SMAD2 and SMAD3 by ALK3
has been demonstrated in BMP2-treated melanoma and
pituitary gonadotrope cells, respectively27,28. In human
ovarian granulosa cells, BMP4 was shown to activate
SMAD2 via ALK3 and ALK4/5, whereas it activated
SMAD3 via ALK3 and ALK426. Together, our inhibitor
and knockdown results suggest that BMP2-induced
increases in SMAD2/3 phosphorylation and N-cadherin
production are mediated by both ALK2 and ALK3. In
contrast to previous studies in cancer and pituitary
gonadotrope cells18,28,39, our study in trophoblast cells is
the first to implicate ALK2 in BMP2-induced non-cano-
nical SMAD2/3 signaling. Our inhibitor and knockdown
results also show that ALK4, but not ALK5, is partially
involved in the SMAD2/3-dependent upregulation of
N-cadherin by BMP2. These results are unique compared
to previous studies in cancer cells implicating only ALK5
or both ALK4/5 in BMP2-induced SMAD2/3 signal-
ing18,28. In agreement with the classical notion of BMP
signaling, our SB431542 results show that only ALK2/3
are involved in the activation of canonical SMAD1/5/
8 signaling. Future studies are required to investigate in
greater detail the precise roles of SMAD2/3 vs. SMAD1/5/
8 signaling in the effects of BMP2 on human trophoblast
invasion as well as other biological responses.
Overall, our study demonstrates for the first time that

BMP2 promotes human trophoblast invasion in addition
to its well-established roles in endometrial decidulization.
The pro-invasive effects of BMP2 are mediated, in part, by
upregulation of N-cadherin via non-canonical SMAD2/3-
SMAD4 signaling. BMP2 induces SMAD2/3 signaling via
ALK2, ALK3, and ALK4, whereas it activates canonical
SMAD1/5/8 signaling via ALK2/3 (Fig. 6c). These find-
ings deepen our understanding of the roles of BMP2 in

placentation and provide insight into the molecular
mechanisms of human trophoblast invasion.

Materials and Methods
Culture of HTR8/SVneo human EVT cell line
The HTR8/SVneo simian virus 40 large T-antigen-

immortalized first-trimester human EVT cell line was
kindly provided by Dr. P.K. Lala (Western University,
Canada)40. Cells were cultured in DMEM (Life
Technologies) supplemented with 10% (vol/vol) fetal
bovine serum (FBS), 100 U/mL penicillin, and 100 μg/mL
streptomycin (Life Technologies). Cultures were main-
tained at 37 °C in a humidified atmosphere with 5% CO2

in air.

Primary human EVT isolation and culture
This study was approved by the Research Ethics Board

of the University of British Columbia and all women
provided informed written consent. Seventeen first-
trimester human placentas (6–10 weeks' gestation) were
collected from women undergoing elective termination of
pregnancy. Primary human EVT cells were isolated from
chorionic villous explants as previously described and
cultured at 37 °C in a humidified 5% CO2/air atmo-
sphere6,41. Briefly, the placenta villi tips were finely
minced and cultured for 3–4 days in flasks with DMEM
(Life Technology) supplemented with 10% (vol/vol)
FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin.
Non-attached pieces were removed and attached villous
tissue fragments were cultured for another 10–14 days to
allow for EVT outgrowth. EVT cells were subsequently
separated from villous explants by trypsinization. The
purity of EVT cell cultures was verified by immunocyto-
chemical staining for cytokeratin-7 and human leukocyte
antigen G (HLA-G). Only cultures showing more than
99% positive staining for cytokeratin-7 and HLA-G were
used in this study. Each experiment performed with pri-
mary EVT cells was replicated with cells from five dif-
ferent placentas.

Reagents and antibodies
Recombinant human BMP2 and DMH1 were obtained

from R&D Systems. SB431542 (catalog no. S4317) was
purchased from Sigma-Aldrich. Mouse monoclonal anti-
cytokeratin-7 (OV-TL 12/30) and anti-HLA-G (4H84)
were purchased from Millipore and Exbio, respectively.
Mouse monoclonal anti-N-cadherin antibody (catalog no.
610920) was obtained from BD Biosciences. Rabbit
monoclonal anti-phospho-SMAD2 (Ser465/467; 138D4),
mouse monoclonal anti-SMAD2 (L16D3), rabbit mono-
clonal anti-phospho-SMAD3 (Ser423/425; C25A9), rabbit
monoclonal SMAD3 (C67H9), rabbit polyclonal anti-
SMAD4 (catalog no. 9515), and anti-phospho-SMAD1
(Ser463/465)/SMAD5 (Ser463/465)/SMAD8 (Ser426/428;
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catalog no. 9511) were purchased from Cell Signaling
Technology. Rabbit polyclonal anti-SMAD1/5/8 (N-18;
catalog no. sc-6031-R) and mouse monoclonal anti-α-
Tubulin (B-5-1-2; catalog no. sc-23948) were obtained
from Santa Cruz Biotechnology. Horseradish peroxidase-
conjugated goat anti-mouse IgG and goat anti-rabbit IgG
were obtained from Bio-Rad Laboratories.

Matrigel-coated transwell invasion assay
Trophoblast cell invasiveness was examined using

Corning Biocoat Growth Factor Reduced Matrigel Inva-
sion Chamber (pore size, 8 μm; catalog no. 354483) as per
the guidelines for use. Briefly, cells were pretreated with
vehicle or BMP2 (25 or 50 ng/mL) for 20min. Then, each
insert was seeded with 5× 104 cells suspended in 250 μL
vehicle/BMP2-containing DMEM medium supplemented
with 0.1% (vol/vol) FBS and 750 μL DMEM medium with
10% (vol/vol) FBS was added to the lower chamber. After
24 h incubation, cells in each insert were retreated with
vehicle or BMP2 (25 or 50 ng/mL) and incubated for a
further 12 h (36 h in total). At the end of the experiment,
non-invading cells were removed from the upper side of
the membrane and cells on the lower side were fixed with
cold methanol (−20 °C) and air-dried. Cell nuclei were
stained with Hoechst 33258 (Sigma-Aldrich) and imaged
with a fluorescent microscope followed by analysis with
Image-J software. Duplicate inserts were used for each
individual experiment, and five random microscopic fields
were counted per insert.

Reverse transcription quantitative real-time PCR
Total RNA was extracted with TRIzol Reagent (Life

Technologies) as per the manufacturer’s instructions.
Reverse transcription was carried out with 2 μg RNA,
random primers, and Moloney murine leukemia virus
reverse transcriptase (Promega) in a final volume of 20 μL.
SYBR Green or TaqMan reverse transcription quantita-
tive real-time PCR (RT-qPCR) was performed on an
Applied Biosystems 7300 Real-Time PCR System equip-
ped with 96-well optical reaction plates. Each 20 μL SYBR
Green RT-qPCR reaction contained 1× SYBR Green PCR
Master Mix (Applied Biosystems), 20 ng cDNA, and 250
nM of each specific primer. The primers used were: N-
cadherin (CDH2), 5′-GGACAGTTCCTGAGGGATCA-3′
(forward) and 5′-GGATTGCCTTCCATGTCTGT-3′
(reverse); glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), 5′-GAGTCAACGGATTTGGTCGT-3′ (for-
ward) and 5′- GACAAGCTTCCCGTTCTCAG-3′
(reverse). The specificity of each assay was validated
by dissociation curve analysis and agarose gel electro-
phoresis of PCR products. TaqMan gene expression
assays for BMP2 (catalog no. Hs00154192_m1), ALK2
(catalog no. Hs00153836_m1), ALK3 (catalog no.
Hs01034913_g1), ALK4 (catalog no. Hs00244715_m1),

ALK5 (catalog no. Hs00610320_m1), and GAPDH (cata-
log no. Hs02758991_g1) were purchased from Applied
Biosystems. Each 20 μL TaqMan RT-qPCR reaction con-
tained 1×TaqMan Gene Expression Master Mix
(Applied Biosystems), 20 ng cDNA, and 1× specific
TaqMan assay containing primers and probe. Each sam-
ple was assayed in triplicate and a mean value from at
least three independent experiments was used for relative
quantification of mRNA levels by the comparative Cq
method with GAPDH as the reference gene and using the
formula 2−ΔΔCq.

Western blot analysis
Cells were lysed in ice-cold lysis buffer (Cell Signaling

Technology) with added protease inhibitor cocktail
(Sigma-Aldrich). Extracts were centrifuged at 13,000 r.p.
m. for 15min at 4 °C and supernatant protein con-
centrations were determined using the DC Protein Assay
(Bio-Rad Laboratories) with Bovine Serum Albumin
(BSA) as the standard. Equal amounts of protein were
separated by standard Tris-glycine SDS-PAGE and elec-
trotransferred to Polyvinylidene fluoride (PVDF) mem-
branes. Membranes were blocked with Tris-buffered
saline containing 5% (wt/vol) non-fat dry milk for 1 h and
then immunoblotted overnight at 4°C with specific pri-
mary antibodies diluted in Tris-buffered saline with 5%
(wt/vol) non-fat dried milk and 0.1% (vol/vol) Tween-20.
After incubation with appropriate horseradish
peroxidase-conjugated secondary antibody for 1 h at room
temperature, signals were detected with enhanced che-
miluminescent or SuperSignal West Femto chemilumi-
nescent substrates (Thermo Fisher) and CL-XPosure film
(Thermo Fisher). Membranes were stripped with strip-
ping buffer (62.5 mM Tris-HCl (pH 6.8), 100mM β-
mercaptoethanol, and 2% (wt/vol) SDS) at 50 °C for 30
min and reprobed as described above with antibodies
against α-tubulin, SMAD2, SMAD3, or SMAD1/5/8.
Densitometric quantification was performed using Image-
Pro Plus software with α-tubulin, SMAD2, SMAD3 or
SMAD1/5/8 for normalization.

Small interfering RNA transfection
Cells at ~50% confluency were transfected for 48 h with

25 nM ON-TARGETplus NON-TARGETINGpool small
interfering RNA (siRNA) or ON-TARGETplus SMART-
pool siRNA targeting human N-cadherin (L-011605-00-
0005), SMAD2 (L-003561-00-0005), SMAD3 (L-020067-
00-0005), SMAD4 (L-003902-00-0005), ALK2 (L-004924-
00-0005), ALK3 (L-004933-00-0005), ALK4 (L-004925-
00-0005), or ALK5 (L-003929-00-0005; Dharmacon)
using Lipofectamine RNAiMAX (Life Technologies)
according to the manufacturer’s instructions. Knockdown
efficiency was assessed by RT-qPCR or western blot
analysis.
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MTT assay
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide; Sigma) assay was used to assess cell
viability. HTR8/SVneo cells were plated in 24-well plates
(1.2× 104 cells/well in 1 mL 10% FBS medium) and
incubated for 12 h before starvation with 0.1% FBS med-
ium for another 24 h. Cells were then treated every 24 h
with or without BMP2 in medium containing 0.1% FBS
for total 72 h. Cells were incubated with 0.5 mg/mL MTT
for 4 h after which the medium was replaced with 1 mL
dimethylsulfoxide and absorbances were measured at 490
nm using a microplate reader.

Statistical analysis
Results are presented as the mean± SEM of at least

three independent experiments. Multiple group compar-
isons were analyzed by one-way ANOVA followed by
Newman–Keuls test using PRISM software (GraphPad
Software Inc). Means were considered significantly dif-
ferent if P< 0.05 and are indicated by different letters.
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