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ABSTRACT

Transforming growth factor (TGF)-B1 is involved invasion of human trophoblasts.
However, the underlying mechanisms remain unclear. In this study, we performed
Transwell assay and found that TGF-B1 promoted the invasion of trophoblast cell line
JEG-3. Treatment with TGF-B1 up-regulated the expression of receptor-regulated
Smad transcription factors Smad2 and Smad3, and two invasive-associated genes,
namely, matrix metallopeptidase (MMP)-9 and MMP-2, in JEG-3 cells. Over-expressing
activin receptor-like kinase (ALK) 5, the TGF-B type I receptor (TBRI) enhanced the
up-regulation of Smad2, Smad3, MMP-9, and MMP-2 induced by TGF-B1, whereas
application of TBRI inhibitor SB431542 diminished the stimulatory effects of TGF-1 on
these genes. Furthermore, transfection of Smad3 and ALK-5 seperately or in combination
into JEG-3 cells before TGF-B1 treatment significantly increased the expression of
MMP-9 and MMP-2. By contrast, silencing Smad3 and Smad2 by siRNAs significantly
decreased the expression of MMP-9 and MMP-2, with Smad3 silence having a more
potent inhibitory effect. Inhibiting TBRI with SB431542 or knockdown of Smad3, but
not Smad2, abolished the stimulatory effect of TGF-B1 on the invasion of JEG-3 cells.
Taken together, the results indicate that TGF-B1 activates the Smads signaling pathway
in JEG-3 trophoblast cells and Smad3 play a key role in TGF-B1-induced invasion of JEG-
3 and up-regulation of MMP-9 and MMP-2 expression.

INTRODUCTION

Establishment of a functional placenta is pivotal
for normal fetal development and maintenance of
pregnancy. Invasion of extravillous trophoblasts (EVTs)
into the maternal decidua and inner myometrium is
essential for successful human placental development and
pregnancy progression [1-3]. Various severe pregnancy
complications, such as preeclampsia or fetal growth
restriction, are associated with abnormal EVT function,
shallow invasion, and decreased blood flow to the placenta
[4—7]. Mechanisms underlying trophoblast invasion must
be elucidated to improve therapeutic interventions. The
invasion of trophoblasts is regulated by a complex network
of cell types, mediators, growth factors, cytokines, various
matrix metalloproteinases and their inhibitors, and
intracellular signaling pathways [8—11].

Transforming growth factor-fl1 (TGF-B1) is a
multifunctional cytokine that regulates various cellular

functions, including cell proliferation, differentiation,
apoptosis, migration, matrix synthesis, and immune
responses [12—17]. TGF-B1 has also been suggested to be
involved in the invasion of human trophoblasts [18-21].
Nevertheless, the molecular mechanisms through which
TGF-B1 affects the invasion of trophoblasts have not been
elucidated yet.

Previous studies indicated that TGF-B1 signals
through Smad-dependent (canonical) and Smad-
independent (non-canonical) pathways [22-26]. The Smad
pathway is a primary mediator of TGF-f signaling [27].
The cellular activities of TGF-f are mediated by specific
receptor complexes; these complexes are assembled upon
ligand binding and consist of TGF-b type II receptor
(TBRII) and TGF-B type I receptor (TBRI/ALKS). The
activated ligand-receptor complex typically activates the
Smad signaling pathway, also called the canonical Smad
pathway. This pathway is initiated by activating ALKS
through C-terminal phosphorylation of receptor-regulated
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Smad transcription factors (R-Smads), such as Smad2
and/or Smad3; the activated ALKS form complexes with
the Co-mediator Smad (Co-Smad, namely Smad4) and
accumulates in the nucleus, binds to DNA, and regulates
the transcription of target genes [27-29].

The role of the TGF-B/Smad pathway in regulating
trophoblast cell invasion remains unclear. Several recent
studies on other cell types reported the involvement of the
canonical Smad pathway in TGF-B-induced cell invasion
[30-32]. Therefore, we hypothesize that a similar pathway
might be involved in the action of TGF-B1 on the invasion
of trophoblast cells. In the present study, we examined
the effects of TGF-B1 on the invasion of trophoblast cells
and investigated the underlying signaling mechanisms by
using the EVT cell model JEG-3.

RESULTS

TGF-p1 promotes the invasion of trophoblast
cell line JEG-3

In this study, Transwell assay was conducted to
evaluate the effect of TGF-B1 on the invasion ability
of JEG-3 cells. The cells were treated with different
concentrations of TGF-B1 (0, 5, 10, and 20 ng/ml). The
number of invaded cells was significantly increased
following treatment with 10 or 20 ng/ml TGF-B1
(Figure 1A and 1B).

TGF-B1 up-regulates the expression of MMP-9
and MMP-2 in JEG-3 cells

The real-time PCR data showed that TGF-B1
treatment concentration-dependently increased the
mRNA levels of MMP-9 and MMP-2 (Figure 2A and 2B).
Treatment with TGF-B1 (10 ng/ml) for 48 h increased
the MMP-9 mRNA expression level by approximately
16-fold compared with that in the control (Figure 2A).
The Western Blot assay revealed that treatment with
TGF-B1 at or above 5 ng/ml significantly increased the
protein expression levels of MMP-9. Meanwhile, there is
an increase tendency of MMP-2 protein, but without any
statistic significance (Figure 2C).

Effect of TGF-B1 on Smads expression in JEG-3
cells

JEG-3 cells were treated with different concentrations
of TGF-B1 for 48 h. Real-time PCR data showed that
the mRNA levels of Smad2 in JEG-3 cells gradually
increased with increasing TGF-B1 concentration and
significantly increased upon treatment with 20 ng/ml
TGF-B1 (Figure 3A). The mRNA expression of Smad3
significantly increased in a concentration-dependent manner
after treatment with TGF-B1 (Figure 3B). The mRNA
level of Smad7 significantly decreased following TGF-f1

treatment (Figure 3C). The Smad4 mRNA levels was not
significantly different from that in the control (Figure 3D).
The protein expression levels of Smad2 or Smad3 were not
significant differed between cells treated with TGF-B1. The
expression level of the phosphorylated Smad2 (pSmad?2)
slightly increased when the cells were treated with 20 ng/ml
TGF-B1. Moreover, the expression of phosphorylated Smad3
(pSmad3) was significantly stimulated by treatment with
TGF-B1 at or above 5 ng/ml in a concentration-dependent
manner. By contrast, the protein levels of Smad7 decreased
significantly following TGF-B1 treatment in concentration-
dependent manner. No significant differences were observed
in the protein expression of Smad4 following TGF-B1
treatment (Figure 3E).

Involvement of TGF-B/Smads pathway in JEG-3
cell invasion

In this study, ALKS overexpression by plasmid
transfection increased the mRNA expression of Smad3.
However, the expression of Smad2 or Smad7 mRNA in
transfected cells was not significantly different from that
in control cells (Figure 4A). Over-expressing ALKS also
increased the mRNA expression of MMP-9 (Figure 4B).
Pretreatment with SB431542, a potent and selective inhibitor
of ALKS, diminished the stimulatory effect of TGF-$1 on
the expression of Smad2 and Smad3 in JEG-3 cells but did
not influence that of Smad7 (Figure 4C). Treatment with
SB431542 also abolished the stimulatory effect of TGF-B1
on the expression of MMP-9 and MMP-2 (Figure 4D).

Smad2 and Smad3 were silenced using RNAi
technology to examine the roles of endogenous Smad2
and Smad3 in the regulation of MMP-9 and MMP-2
expression in JEG-3 cells. Small-interfering RNAs
(siRNAs) targeting Smad2 and Smad3 genes were
designed and evaluated. JEG-3 cells were transfected with
siRNAs targeting Smad2 (siRNA Smad 2-1, -2, -3) and
Smad3 (siRNA Smad 3-1, -2, -3). Among them, siRNA
Smad 2-1 and siRNA Smad3-2 exhibited the most potent
interference efficacy on blocking Smad2 and Smad3
protein expression (Supplementary Figure 1). siRNA
Smad 2-1 and siRNA Smad 3-2 were transfected into JEG-
3 cells respectively. Data showed that silencing Smad2 or
Smad3 by siRNAs transfection inhibited the expression
of MMP-9 and MMP-2 in JEG-3 cells; transfection with
Smad3-2 siRNA exhibited the most potent inhibition
efficacy (Figure 5).

JEG-3 cells were transfected with siRNA negative
control, siRNA Smad 2-1, and siRNA Smad 3-2 or
pretreated with SB431542 before treatment with TGF-$1
to understand the roles of endogenous Smad2 and Smad3
in JEG-3 cell invasion. The cells were subjected to
Transwell assay. Results showed that TGF-fB1-induced
JEG-3 invasion was significantly reduced with SB431542
treatment. Knockdown of Smad3 by siRNA transfection
remarkably reduced cell invasion, comparable with the
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effect of SB431542. Silencing Smad2 did not significantly JEG-3 cells were transfected with pCMV5, ALKS

change the number of invaded cells compared with the and Smad3, or ALK-5 co-transfected with Smad3 before
control (Figure 6A and 6B). treatment with TGF-B1 to further demonstrate the effect of
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Figure 1: Effect of TGF-B1 on invasion of JEG-3 cells. Cells were treated with TGF-B1 at different concentration: 0 ng/ml
(a, the control), 5 ng/ml (b), 10 ng/ml (c) and 20 ng/ml (d). Transwell assay was performed to determine the effect of TGF-1 on JEG-3
cell invasion. (A) The invaded cells were visualized 24 h following treatment with TGF-B1 by staining with a 0.1% crystal violet solution.
(B) The invaded cells significantly increased with TGF-B1 treatment at the concentration of 10 and 20 ng/ml . Data were represented as
mean + SD. Three independent experiments were performed with each condition being tested in triplicate. **P < 0.01 vs the control;
**%P <0.001 vs the control.
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Figure 2: Effect of TGF-f1 on the expression of MMP-2 and MMP-9 in. JEG-3 cells. Cells were treated with TGF-B1
at different concentration: 0 ng/ml (the control), 5 ng/ml, 10 ng/ml and 20 ng/ml. (A) Real-time PCR analysis of MMP-9 mRNA 48 h
following treatment with TGF-B1. (B) Real-time PCR analysis of MMP-2 mRNA 48h following treatment with TGF-B1. (C) Western blot
analysis of MMP-9 and MMP-2 mRNA 48 h following treatment with TGF-B1. Three independent experiments were performed with each
condition being tested in triplicate.*P < 0.05 vs the control; **P < 0.01 vs the control; ***P < (0.001 vs the control.

www.impactjournals.com/oncotarget 33562 Oncotarget



DP

@ 3}
o 3
=
©
b=
O <]
S
(=]
W 1
0 v
crl
(1
1.2 4
1.0 4
S
§ °
&
O £
©
T 41
(18
21
0.0 v
ctrl

Smad2 o B " Smad3
] o 1 |
D) 14 **T
§ 2
] I O 10
T 8
o ° "
4
Sng/iml 10 ng/m 20 ng/mi ctrl S5ng/ml 10 ng/ml 20 ng/ml
D
Smad?7 1.8 - Smad4
1.6 1 ]
@ 1.4 4
= |
(4]
£ 1.0
¥ )
[ S
x> % 3 8 4
L. 4 4
* % oy
o 0o SERENEE
5 ng/ml 10 ng/ml 20 ng/ml crl  Sng/ml 10ng/m 20 ngimi
TGF-p1(ng/ml) g 10 20
Smad7 | enbee &3 009 028
’ 0.80 0.02 0.66
Smad4
pSmad2
pSmad3
Smad2
Smad3
B-actin

Figure 3: Effect of TGF-1 on the expression of Smads in JEG-3 cells. Cells were treated with TGF-B1 for 48 h at different
concentration: 0 ng/ml (the control), 5 ng/ml, 10 ng/ml and 20 ng/ml. (A) Real-time PCR analysis of Smad2 mRNA following treatment
with TGF-B1. (B) Real-time PCR analysis of Smad3 mRNA following treatment with TGF-B1. (C) Real-time PCR analysis of Smad7
mRNA following treatment with TGF-f1. (D) Real-time PCR analysis of Smad4 mRNA following treatment with TGF-B1. (E) Western
blot analysis of Smad2, 3, 4, 7, pSmad2 and pSmad3 following treatment with TGF-f1. Three independent experiments were performed
with each condition being tested in triplicate. *P < 0.05 vs the control; **P < 0.01 vs the control; ***P < 0.001 vs the control.
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Smad3. Over-expressing Smad3 and ALKS up-regulated
the mRNA expression of MMP-9 and MMP-2. When the
cells were co-transfected with ALK-5 and Smad3, the
expression levels of MMP-9 and MMP-2 mRNA were
up-regulated by about 12- and 8-fold, respectively
(Figure 7A). Western blot analysis revealed a similar
change tendency in the MMP-9 and MMP-2 protein
expression levels (Figure 7B).

DISCUSSION

TGF-B/Smad signaling pathway is involved in
various cell processes under physiological and pathological
conditions. The role of TGF-B1 in regulating the invasion
of human trophoblasts has been studied for years [18-21,
33-34]. However, whether TGF-B1 signaling signals
through Smad pathway to regulate trophoblast invasion
and the underlying molecular mechanisms remains
unclear. In this study, a well-established cellular model for

i

s CTRL "
4l = ALK5 :

<

=]

& 3

r—

(& ]

T 21

=)

I'I-1
0

B .

Smad2 Smad3 Smad7

e

>

1.4 -
s CTRL

121 |e==ase
)
m 10 N .
e .
S 8- *
(&)
-
Qo 4]
(T

2 1

0.0

Smad2 Smad3 Smad7

EVTs, namely, JEG-3 cells, was used to demonstrate that
TGF-B1 promotes the invasion of JEG-3 via the Smad3
signaling pathway.

In the present study, R-Smads, namely, Smad2
and Smad3, in JEG-3 cells were up-regulated following
TGF-B1 treatment. Our findings are partly in agreement
with a report that TGF-f1 increased Smad2 mRNA
levels without affecting Smad3 mRNA expression [33].
The stimulatory effect of TGF-B1 on Smad2 and Smad3
expression was enhanced by over-expressing ALKS
but blocked by the TPRI inhibitor SB431542. These
results are consistent with those reported in other cell
types; that is, TGF-B1 signals via TPRI activated the
downstream transduction effectors Smad2/3 (p-Smad2/3)
[27, 28, 35]. The expression level of the inhibitory Smad7
decreased following TGF-B1 treatment. Smad7 competes
with R-Smads for receptor binding, thereby inhibiting
R-Smad phosphorylation [28, 29]. Hence, the decreased
expression of Smad7 may alleviate the inhibitory effects on
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Figure 4: Effect of over-expression or inhibition of ALKS on expression levels of Smad2, Smad3, MMP-9 and MMP-2.
(A) ALKS transfection caused significant increase of Smad3 mRNA expression level. (B) ALKS transfection caused significant increase of
MMP-9 mRNA expression. (C) Inhibition of ALK5 with SB431542 abolished the stimulatory effect of TGF-B1 on the mRNA expression
levels of Smad2 and Smad3. (D) Inhibition of ALKS with SB431542 diminished the stimulatory effect of TGF-B1 on expression levels
of MMP-9 and MMP-2. Data were represented as mean + SD. Three independent experiments were performed with each condition being

tested in triplicate. *P < 0.05 vs the control; **P < 0.01 vs the control.
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phosphorylation of Smad2/3, which partly contribute to the
activation of the Smad2/3 signal pathway. In the current
study, the Smad4 expression level unchanged. Further
research may be needed to elucidate the precise mechanism
of Smad4 action in this process.

TGF-B1 increased the invasive ability of JEG-3
cells and the expression levels of Smad2 and Smad3;
hence, TGF-B1 promotes the invasion of JEG-3 probably
by activating Smad2 and Smad3. In this study, we found
that over-expressing ALKS increased the expression of
Smad3, but not that of Smad2. Smad2 and Smad3 genes

were silenced by siRNA transfection to further explore the
role of these endogenous genes in JEG-3 cell invasion.
Silencing Smad3, not Smad2, inhibited the TGF-BI-
induced cell invasion in JEG-3 cells. These results indicate
that the TGF-p/Smad3 signaling pathway is involved in the
effect of TGF-B1 on JEG-3 cell invasion.

The expression of two invasive-associated genes,
namely, MMP-9 and MMP-2, increased after the
TGF-B1 treatment. The stimulatory effect of TGF-B1 on
these genes was enhanced by over-expressing TPRI but
inhibited by SB431542. Inhibition of Smad3 and Smad2,
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Figure 5: Effect of Smad2 and Smad3 silence on the expression of MMP-9 and MMP-2. JEG-3 cells were transfected
with siRNAs targeting Smad2 or Smad3, respectively. Silence of both Smad2 and Smad3 decreased the expression levels of MMP-9 and
MMP-2, with most potent inhibition efficacy following Smad3 siRNA transfection.
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Figure 6: Effect of blockage of TGF-f1/Smads signal pathway on invasion of JEG-3. JEG-3 cells were transfected with
siRNA negative control, siRNA Smad2-1, and siRNA Smad3-2 respectively or pretreated with SB431542, before subjected to TGF-f1.
(A) Transwell assay was performed and invaded cells were visualized 24 h following treatment by staining with DAPI. (B) SB431542
significantly diminished the effect of TGF-B1 on JEG-3 invasion. Knockdown of Smad3 resulted in a remarkable decrease of cell invasion.
The silence of Smad2 did not cause significant difference in the numbers of invaded cells compared with the control. Data were represented
as mean + SD. Three independent experiments were performed with each condition being tested in triplicate. **P < 0.01 vs the control.
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especially Smad3, decreased the expression of MMP-9 up-regulation of MMP-9 and MMP-2 in JEG-3 after

and MMP-2 significantly. Furthermore, over-expressing TGF-B1 treatment. MMPs are known to be the main
Smad3 enhanced the expression of MMP-9 and MMP-2, mediators of extracellular matrix degradation [36-38].
whereas knockdown of Smad3 showed the opposite effect. MMP-9 and MMP-2 are abundantly expressed in invading
Therefore, TGF-f/Smad3 signaling is involved in the EVT cells [39], and the expression of these two gelatinases
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Figure 7: Effect of activation of TGF-/Smad3 signal pathway on expression of MMP-9 and MMP-2. JEG-3 cells were
transfected with pCMV (the control), ALKS, and Smad3 or co-transfected with ALKS and Smad3 before treatment with TGF-B1. (A) Real-
time PCR showed that over-expression of both Smad3 and ALKS up-regulated MMP-9 and MMP-2. The co-transfection of ALKS5 and
Smad3 increased the MMP-9 and MMP-2 levels significantly. (B) The protein levels were detected using Western blot. Over-expression
of both Smad3 and ALKS increased the expression levels of MMP-9 and MMP-2, with most potent stimulation efficacy following co-
transfection of ALKS and Smad3. Data were represented as mean + SD. Three independent experiments were performed with each
condition being tested in triplicate. *P < 0.05 vs the control; **P < 0.01 vs the control; ***P < 0.001 vs the control.
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is highly related to trophoblast cell invasiveness [40]. The
invasive property of trophoblast cells could be attributed
to their ability to degrade the extracellular matrix by
secreting MMPs. Based on these results, we deduced that
TGF-B1 promotes the invasion of JEG-3 by up-regulating
the expression of MMP-9 and MMP-2.

The results indicate that the TGF-/Smad3 pathway
is involved in the stimulatory action of TGF-B1 on the
invasion of JEG-3 cells. This study presents the first
evidence of the key role of Smad3 in TGF-B1-induced
JEG-3 cell invasion. Therefore, targeting Smad3 signaling
might be a potential therapeutic approach for controlling
the invasive function of JEG-3 cells. The present findings
may provide new insights into the molecular mechanisms
underlying the effect of TGF-B1 on regulating EVTs
invasion and may contribute to the improvement of
treatments for pregnancy diseases associated with
abnormal trophoblast invasion.

MATERIALS AND METHODS

Cell culture and treatment

The human choriocarcinoma JEG-3 cells (Cell
Resource Center, IBMS, CAMS/PUMC) were maintained
in RPMI 1640 (Sigma) supplemented with 10% fetal
bovine serum (FBS) and 1% Pen-Strep/100 U/ml
penicillin, and 100 mg/ml streptomycin (Sigma) at 37°C
in humidified 5% CO2 atmosphere. Cells were seeded at a
concentration of 1 x 10 /ml and the media were refreshed
every 2 days. When cells were grown to approximately
60-70% confluence, the media were replaced with
serum-free RPMI1640. After 24 h, the culture media
were refreshed again and the cells were treated with
various concentrations (0, 5, 10 or 20 ng/ml) of human
recombinant TGF-B1 (PeproTech) for 48 h. In the case of
inhibition assay, SB431542 (Sigma) at a concentration of
10umol/L was supplemented to the culture 30 min before
TGF-B1 treatment.

Transfection experiments

JEG-3 cells were transfected with siRNA
(chemically synthesized by Shanghai GenePharma,
Shanghai, China) using RNAi-Mate (Shanghai
GenePharma, Shanghai, China) following the
manufacturer’s protocol. The sequences of the siRNAs
are available in Table 1. In the plasmid transfection
experiments, JEG-3 cells were transfected with pPCMV5
TBRI-HA (Addgene Plasmid 19162) , CS2 Flag-Smad3
(EPSM) (Addgene Plasmid 14963), or the empty vector
pCMVS5 (Addgene) served as negative control using
Lipofectamine™ 2000 (Invitrogen, Inc. Carlsbad,CA)
according to the manufacturer’s instructions. The time
when transfection commenced was considered as time
0. After incubation in medium containing transfection

reagent for 6h, the media were changed into normal
growth medium. The cells were allowed to be recovered
for 48 h, and then subjected to TGF-B1 or SB431542
treatment, mRNA quantification, protein analysis or
invasion assay.

Transwell invasion assay

In the invasion assay, the BD Falcon cell culture
inserts with polycarbonate filters (8um pores) pre-coated
with Matrigel were used. JEG-3 cells with different
treatments were suspended in serum-free media at the
density of 3 x 10°/ml and were plated into the upper
chamber 200ul per well. The lower chamber was filled
with 500 pl of media containing 10% FBS and 2 ng/ml
VEGEF (Peprotech). After incubation at 37°C, 5% CO2 for
24 h, media containing non-invaded cells were removed
from the upper chamber and the cells remained in the
upper surface of the filters were removed using cotton
swabs. The lower surface of the filters with invaded
cells attached were washed with PBS, fixed in 4%
paraformaldehyde and stained with 0.1% crystal violet
solution or VECTASHIELD Mounting Medium with
DAPI (4', 6-diamidino-2-phenylindole) (Vector Labs,
Burlingame, CA). Cells were then identified and counted
under an inverted light microscope in five random fields
on high magnification. The average for the fields was used
as the value for the well. Three independent experiments
were performed with each condition being tested in
triplicate.

RNA isolation and reverse transcription-
polymerase chain reaction (RT-PCR)

Total RNAs were isolated from JEG-3 cells using
Trizol reagent (Invitrogen) and was reverse-transcribed
into cDNA using the ReverTra Ace kit (Toyobo, Osaka,
Japan) according to the manufacturer’s instruction.
Real-time quantitative PCR was carried out in a 20 pl
reaction containing 0.6 pl of cDNA using the Eppendorf
Mastercycler ep realplex real-time PCR system. After
15 min denaturation at 95°C, 40 cycles of amplification
were carried out: 20 sec at 94°C, 10 sec at 58°C , and
15 sec at 72°C. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal control in each sample
and the amount of cDNA was normalized against that
of GAPDH. Negative controls in which cDNA sample
was replaced with PCR grade water for each primer pair
were included in each run. Specificity was confirmed by
melting curve analysis and agarose gel electrophoresis. The
sequences of gene-specific primers were listed in Table 2.

Western blot analysis

Nuclear proteins and cytoplasm proteins were
extracted using Nuclear Extraction Kit (Panomics)
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Table 1: Sequences of siRNAs targeting Smad2 and Smad3

SiRNA Sequence (5’ to 3")
Smad2-1 Sense 5'- CCAGGAAUAGCUAAAGAGAAGUCTT -3’
Antisense 5'- AAGACUUCUCUUUAGCUAUUCCUGGUU -3’
Smad2-2 Sense 5'- GGCUGAGGUGGGAGGGUUACUUGGA -3’
Antisense 5'- UCCAAGUAACCCUCCCACCUCAGCCUU -3’
Smad2-3 Sense 5'- GUACCAUUAAGAUGUGUGUUUCATG -3’
Antisense 5'- CAUGAAACACACAUCUUAAUGGUACCA -3’
Smad3-1 Sense 5'- GUAUGUGCCUGGUGUGAAAUGAUCT -3’
Antisense 5'- AGAUCAUUUCACACCAGGCACAUACUU -3’
Smad3-2 Sense 5'- CUGCCACCUUCAAUUGGUACUUUAT -3’
Antisense 5'- AUAAAGUACCAAUUGAAGGUGGCAGUU -3’
Smad3-3 Sense 5'- CUACCAGAGAGUAGAGACACCAGTT -3’
Antisense 5'- AACUGGUGUCUCUACUCUCUGGUAGUG -3’

Table 2: Primers for real-time PCR

primers Sequences Size
MMP-2 F 5'-AGAAGGATGGCAAGTACGGCTTCT-3' 125
R 5'-AGTGGTGCAGCTGTCATAGGATGT-3'
MMP-9 F 5'-ATTTCTGCCAGGACCGCTTCTACT-3 87
R 5'-TGTCATAGGTCACGTAGCCCACTT-3'
Smad2 F 5'-TCTGCTCGAGAAGCCAGAATGTGT-3' 115
R 5'-TCAGTCTGCATCAGGACACCCAAT-3’
Smad3 F 5'-AGTGCTGGTGACTGGATAGCAGTT-3’ 113
R 5'- GCACAAGCTGCAAGGTGAAGATGT-3'
Smad4 F 5'-TGTCCACAGGACAGAAGCCATTGA 105
R 5'-TCACTAAGGCACCTGACCCAAACA
Smad7 F 5'-GAAGCAGAAATCCAAGCACCACCA-3’ 89
R 5'- ACACTCACACTCACACACACTCCT-3'
GAPDH F 5'-AGCCTCAAGATCATCAGCAATGCC-3' 105
R 5'-TGTGGTCATGAGTCCTTCCACGAT-3'

following the manufacturer’s protocol. Equal amount
of protein lysates were separated by 10% SDS-PAGE,
and transferred onto a polyvinylidene fluoride (PVDF)
membrane. After incubation with the blocking solution
(Tris-buftered saline containing 0.1% Tween-20 and 5%
skim milk ) at room temperature for 1h, the membrane was
incubated with monoclonal rabbit anti-phospho-Smad2,
antiphospho-Smad3, anti-Smad2, anti-Smad3, anti-Smad4,
and anti-Smad7(1:1000 dilution, Epitomics) , anti-MMP2,
anti-MMP9 (1:200; Epitomics) at 4°C overnight. An
antibody against B-actin , GAPDH, or a-tubulin (Earthox)
was used as loading control for normalization of protein

expression. Subsequently, the membrane was washed
and then incubated with horseradish peroxide-conjugated
antibody (1:5000, Boster, Wuhan, China) for 1h at room
temperature. After extensive washing, the protein bands
were detected using Gel Doc 2000™ gel documentation
systems (Bio-Rad).

Statistical analysis

Statistical analyses were performed using SPSS
software (version 16.0). Data from at least three
independent experiments performed in triplicate were
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expressed as mean + SD and analyzed with a Student’s
t-test at a P < 0.05 level of significance.

Authors’ contributions

Z .H. designed and performed research, analyzed
data and wrote the manuscript. W.F. and Q.M. performed
research and analyzed data. S.L. and W.F. provided critical
reading of the manuscript.

ACKNOWLEDGMENTS

The authors thank Dr. Hui Zhou and Lin Wan for
advice and technical assistance.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

FUNDING

This study was supported by grants from
the National Natural Science Foundation of China
(81200453), and Science and Technology Department of
Sichuan Province (2014KJT062-2014SZ0001).

REFERENCES

1. Staun-Ram E, Shalev E. Human trophoblast function during
the implantation process. Reprod Biol Endocrinol. 2005; 3:56.

2. Prossler J, Chen Q, Chamley L, James JL. The relationship
between TGFP, low oxygen and the outgrowth of
extravillous trophoblasts from anchoring villi during the
first trimester of pregnancy. Cytokine. 2014; 68:9-15.

3. Velicky P, Knéfler M, Pollheimer J. Function and control of
human invasive trophoblast subtypes: Intrinsic vs. maternal
control. Cell Adh Migr. 2016; 10:154-62.

4. Goldman-Wohl D, Yagel S. Regulation of trophoblast
invasion: From normal implantation to pre-eclampsia. Mol
Cell Endocrinol. 2002; 187:233-38.

5. Lala PK, Chakraborty C. Factors regulating trophoblast

migration and invasiveness: possible derangements
contributing to pre-eclampsia and fetal injury. Placenta.

2003; 24:575-87.

6. Kadyrov M, Kingdom JC, Huppertz B. Divergent
trophoblast invasion and apoptosis in placental bed
spiral arteries from pregnancies complicated by maternal
anemia and early-onset preeclampsia/ intrauterine growth
restriction. Am J Obstet Gynecol. 2006; 194:557-63.

7. XuJ, Sivasubramaniyam T, Yinon Y, Tagliaferro A, Ray J,
Nevo O, Post M, Caniggia I. Aberrant TGFf signaling
contributes to altered trophoblast differentiation in
preeclampsia. Endocrinology. 2016; 157:883-99.

10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

Li Y, Zhu H, Klausen C, Peng B, Leung PC. Vascular
endothelial growth factor-A (VEGF-A) mediates activin
A-induced human trophoblast endothelial-like tube
formation. Endocrinology. 2015; 156:4257—68.

Belkacemi L, Lash GE, Macdonald-Goodfellow SK,
Caldwell JD, Graham CH. Inhibition of human trophoblast
invasiveness by high glucose concentrations. J Clin
Endocrinol Metab. 2005; 90:4846-51.

Fitzgerald JS, Germeyer A, Huppertz B, Jeschke U,
Knéfler M, Moser G, Scholz C, Sonderegger S, Toth B,
Markert UR. Governing the invasive trophoblast: current
aspects on intra- and extracellular regulation. Am J Reprod
Immunol. 2010; 63:492-505.

Knofler M. Critical growth factors and signalling pathways
controlling human trophoblast invasion. Int J Dev Biol.
2010; 54:269-80.

Miyazono K, Suzuki H, Imamura T. Regulation of TGF-
beta signaling and its roles in progression of tumors. Cancer
Sci. 2003; 94:230-4.

Xu T, Ni MM, Xing-Li, Li XF, Meng XM, Huang C,
Li J. NLRCS regulates TGF-B1-induced proliferation and
activation of hepatic stellate cells during hepatic fibrosis.
Int J Biochem Cell Biol. 2016; 70:92—-104.

Saito D, Kyakumoto S, Chosa N, Ibi M, Takahashi N,
Okubo N, Sawada S, Ishisaki A, Kamo M. Transforming
growth factor-p1 induces epithelial-mesenchymal transition
and integrin a3p1-mediated cell migration of HSC-4 human
squamous cell carcinoma cells through Slug. J Biochem.
2013; 153:303-15.

Serban AI, Stanca L, Geicu OI, Munteanu MC,
Dinischiotu A. RAGE and TGF-B1 cross-talk regulate
extracellular matrix turnover and cytokine synthesis
in AGEs exposed fibroblast cells. PLoS One. 2016;
11:e0152376.

Kawamoto K, Pahuja A, Hering BJ, Bansal-Pakala P.
Transforming growth factor beta 1 (TGF-betal) and
rapamycin synergize to effectively suppress human T
cell responses via upregulation of FoxP3+ Tregs. Transpl
Immunol. 2010; 23:28-33.

Ni BB, Li B, Yang YH, Chen JW, Chen K, Jiang SD,
Jiang LS. The effect of transforming growth factor 1 on the
crosstalk between autophagy and apoptosis in the annulus

fibrosus cells under serum deprivation. Cytokine. 2014;
70:87-96.

Lash GE, Otun HA, Innes BA, Bulmer JN, Searle RF,
Robson SC. Inhibition of trophoblast cell invasion by
TGFBI, 2, and 3 is associated with a decrease in active
proteases. Biol Reprod. 2005; 73:374-81.

Zhao MR, Qiu W, Li YX, Zhang ZB, Li D, Wang YL.
Dual effect of transforming growth factor betal on cell

adhesion and invasion in human placenta trophoblast cells.
Reproduction. 2006; 132:333-41.

www.impactjournals.com/oncotarget

33569

Oncotarget



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Fafet P, Rebouissou C, Maudelonde T, Vignais ML.
Opposite effects of transforming growth factor-beta
activation and rho-associated kinase inhibition on human
trophoblast migration in a reconstituted placental-
endometrial coculture system. Endocrinology. 2008; 149:

4475-85.

Cheng JC, Chang HM, Leung PC.Transforming growth
factor-B1 inhibits trophoblast cell invasion by inducing
Snail-mediated down-regulation of vascular endothelial-
cadherin protein. J Biol Chem. 2013; 288: 33181-92.

Attisano L, Wrana JL. Signal transduction by the TGF-beta
superfamily. Science. 2002, 296:1646—47.
Lu L, Wang J, Zhang F, Chai Y, Brand D, Wang X,
Horwitz DA, Shi W, Zheng SG. Role of SMAD and non-
SMAD signals in the development of Th17 and regulatory
T cells. J Immunol. 2010; 184:4295-306.

Parvani JG, Taylor MA, Schiemann WP. Noncanonical
TGF-beta signaling during mammary tumorigenesis.
J Mammary Gland Biol Neoplasia. 2011; 16:127-46.

Ikushima H, Miyazono K. TGF-§ signal transduction
spreading to a wider field: a broad variety of mechanisms
for context-dependent effects of TGF-f. Cell Tissue Res.
2012; 347:37-49.

Xiong S, Cheng JC, Klausen C, Zhao J, Leung PC. TGF-$1
stimulates migration of type II endometrial cancer cells by
down-regulating PTEN via activation of SMAD and ERK1/2
signaling pathways. Oncotarget. 2016; 7:61262-72. doi:
10.18632/oncotarget.11311.

Miyazono K, ten Dijke P, Heldin CH. TGF-f signaling by
Smad proteins. Adv Immunol. 2000; 75:115-57.

Shi Y, Massagué J. Mechanisms of TGF-beta signaling from
cell membrane to the nucleus. Cell. 2003; 113:685-700.
Wrighton KH, Lin X, Feng XH. Phospho-control of TGF-
beta superfamily signaling. Cell Res. 2009;19:8-20

Geng J, Fan J, Ouyang Q, Zhang X, Zhang X, YuJ, Xu Z,
Li Q, Yao X, Liu X, Zheng J. Loss of PPM1A expression
enhances invasion and the epithelial-to-mesenchymal
transition in bladder cancer by activating the TGF-f/Smad
signaling pathway. Oncotarget. 2014; 5:5700-11. doi:
10.18632/oncotarget.2144.

Yang H, Zhan L, Yang T, Wang L, Li C, Zhao J, Lei Z, Li
X, Zhang HT. Ski prevents TGF-B-induced EMT and cell

32.

33.

34.

35.

36.

37.

38.

39.

40.

invasion by repressing SMAD-dependent signaling in non-
small cell lung cancer. Oncol Rep. 2015; 34:87-94.

Ungefroren H, Sebens S, Giehl K, Helm O, Groth S,
Féndrich F, Rocken C, Sipos B, Lehnert H, Gieseler F.
Rac1b negatively regulates TGF-B1-induced cell motility
in pancreatic ductal epithelial cells by suppressing Smad
signalling. Oncotarget. 2014; 5:277-90. doi: 10.18632/
oncotarget.1696.

Wu D, Luo S, Wang Y, Zhuang L, Chen Y, Peng C. Smads
in human trophoblast cells: Expression, regulation and
role in TGF-f induced transcriptional activity. Mol Cell
Endocrinol. 2001; 175:111-21.

LiY, Xu Q, Zhang Z, Liu S, Shi C, Tan Y. The impact
of TGF-B1 on the mRNA expression of TPR I, TR
II, Smad4 and the invasiveness of the JEG-3 placental
choriocarcinoma cell line. Oncol Lett. 2012; 4:1344-48.

Jachec W, Foremny A, Domal-Kwiatkowska D, Smolik S,
Tomasik A, Mazurek U, Wodniecki J. Expression of TGF-
betal and its receptor genes (TbetaR I, TbetaR II, and
TbetaR Ill-betaglycan) in peripheral blood leucocytes in
patients with idiopathic pulmonary arterial hypertension and
Eisenmenger’s syndrome. Int ] Mol Med. 2008; 21:99-107.

Cohen M, Meisser A, Bischof P. Metalloproteinases and
human placental invasiveness. Placenta. 2006; 27:783-93.
Staun-Ram E, Goldman S, Gabarin D, Shalev E. Expression
and importance of matrix metalloproteinase 2 and 9 (MMP-
2 and -9) in human trophoblast invasion. Reprod Biol
Endocrinol. 2004; 2:59.

Li Y, Klausen C, Zhu H, Leung PC. Activin A increases
human trophoblast invasion by inducing SNAIL-Mediated
MMP2 up-regulation through ALK4. J Clin Endocrinol
Metab. 2015; 100:E1415-27.

Bai SX, Wang YL, Qin L, Xiao ZJ, Herva R, Piao YS
Dynamic expression of matrix metalloproteinases (MMP-
2, -9 and -14) and the tissue inhibitors of MMPs (TIMP-1,
-2 and -3) at the implantation site during tubal pregnancy.
Reproduction. 2005; 129:103-13.

Suman P, Gupta SK. Comparative analysis of the invasion-
associated genes expression pattern in first trimester
trophoblastic (HTR-8/SVneo) and JEG-3 choriocarcinoma
cells. Placenta. 2012; 33:874-7.

www.impactjournals.com/oncotarget

33570

Oncotarget



