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Background: Transforming growth factor (TGF)-�1 treatment decreases human trophoblast invasion.
Results: Smad-dependent up-regulation of Snail mediates TGF-�1-induced down-regulation of VE-cadherin.
Conclusion: TGF-�1 decreases human trophoblast invasion by down-regulating VE-cadherin.
Significance:Our results provide important insights into the molecular mechanisms mediating TGF-�1-induced down-regu-
lation of VE-cadherin and decreased cell invasion in human trophoblast cells.

Human trophoblast cells express transforming growth fac-
tor-� (TGF-�) and TGF-� receptors. It has been shown that
TGF-�1 treatment decreases the invasiveness of trophoblast
cells. However, themolecularmechanisms underlying TGF-�1-
decreased trophoblast invasion are still not fully understood. In
the current study, we demonstrated that treatment of HTR-8/
SVneo human trophoblast cells with TGF-�1 decreased cell
invasion and down-regulated the expression of vascular endo-
thelial cadherin (VE-cadherin). In addition, the inhibitory effect
of TGF-�1 on VE-cadherin was confirmed in primary cultures
of human trophoblast cells. Moreover, knockdown of VE-cad-
herin using siRNA decreased the invasiveness of HTR-8/SVneo
cells and primary cultures of trophoblast cells. Treatment with
TGF-�1 induced the activation of Smad-dependent signaling
pathways and the expression of Snail and Slug. Knockdown of
Smads attenuated TGF-�1-induced up-regulation of Snail and
Slug and down-regulation of VE-cadherin. Interestingly, deple-
tion of Snail, but not Slug, attenuated TGF-�1-induced down-
regulation of VE-cadherin. Furthermore, overexpression of
Snail suppressed VE-cadherin expression. Chromatin immuno-
precipitation analyses showed the direct binding of Snail to the
VE-cadherin promoter. These results provide evidence that
Snail mediates TGF-�1-induced down-regulation of VE-cad-
herin, which subsequently contributed to TGF-�1-decreased
trophoblast cell invasion.

Trophoblast invasion is a tightly regulated event that occurs
during placental development. It has been shown that insuffi-
cient invasion of trophoblast cells into the uterine decidua and
inadequate remodeling of the uterine vasculature is associated
with preeclampsia, which is a dangerous medical condition
characterized by high blood pressure and high levels of protein
in the urine of pregnant women (1–3). Thus, a better under-

standing of the molecular mechanisms that regulate tropho-
blast invasion will help to delineate the processes involved in
the establishment of pregnancy under normal and pathological
conditions.
In mammals, transforming growth factor-� (TGF-�) con-

sists of three isoforms, TGF-�1, -�2, and -�3, each of which is
encoded by a different gene and is expressed in a tissue-
specific manner (4). TGF-�s regulate diverse cellular func-
tions including cell proliferation, apoptosis, differentiation,
migration, and invasion (5). However, the effects of TGF-�s are
largely dependent on the type and the differentiation state of its
target cells (6). TGF-�s initiate downstream signaling pathways
and exert their cellular processes by binding to transmembrane
type I (T�RI)2 and type II (T�RII) receptors (7). In the canonical
pathway, upon TGF-� binding to T�RII, T�RI is recruited and
phosphorylated, which results in T�RI activation. Activation of
T�RI leads to phosphorylation of the receptor-regulated Smad
proteins, Smad2 and Smad3. Phosphorylated Smad2 and
Smad3 then bind to the common-mediator Smad, Smad4, and
translocate into the nucleus. Nuclear Smad complexes then
bind to Smad-specific binding elements in the promoter region
to mediate TGF-�-regulated gene expression (8).
Vascular endothelial-cadherin (VE-cadherin), also known as

cadherin-5, is a transmembrane protein that plays very impor-
tant roles in maintaining and controlling endothelial adherens
junctions (9). Similar to most cadherins, the cytoplasmic
domain of VE-cadherin interacts with p120-catenin,�-catenin,
and plakoglobin (10). An interaction between �-catenin and
�-catenin anchors the cadherins to the actin cytoskeleton,
which strengthen the cadherin-mediated cell-cell adhesion
(11). VE-cadherin has been identified in human placenta and is
expressed in endothelial cells of placental vessels, cytotropho-
blasts in cell columns, extravillous trophoblast cells, and
decidua (12, 13). Importantly, cultured human cytotrophoblast
cells isolated from chorionic villi treated with an antibody
against VE-cadherin significantly decreases cell invasion (12).
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Moreover, in preeclampsia patients, VE-cadherin is not
detected in any of the cytotrophoblast cells of the placenta (14).
These results demonstrate that VE-cadherin is required to
maintain the invasive capacity of human trophoblast cells.
Changes in the cadherin expression profiles are important

for normal trophoblast cell invasion, and aberrant expression of
cadherins has been shown to be associated with placental dis-
orders such as preeclampsia (13). TGF-� superfamily members
are expressed in the human endometrium and placenta where
theymodulatemany biological functions to establish a success-
ful pregnancy (15). All three TGF-� isoforms and their recep-
tors are detected in trophoblast cells, although the expression
of TGF-�3 remains controversial due to differing antibody
affinities or specificities (15). Treatments with TGF-�1, -�2, and
-�3 decrease the invasiveness of human placenta explant-derived
extravillous trophoblast cells via down-regulating the activity of
proteases (16). However, it is not known whether VE-cadherin is
involved in TGF-�-decreased trophoblast cell invasion.

In the current study, we tested the hypothesis that VE-cad-
herin mediated the TGF-�1-induced suppression of tropho-
blast cell invasion. Our results indicated that TGF-�1 treat-
ment decreased invasiveness in the human trophoblast cell line
HTR-8/SVneo. In addition, treatment with TGF-�1 down-reg-
ulated VE-cadherin expression in HTR-8/SVneo cells and in
primary cultures of human trophoblast cells. Furthermore, the
effects of TGF-�1 on the down-regulation of VE-cadherin were
mediated by the transcription factor, Snail, via activation of the
Smad-dependent signaling pathway.

EXPERIMENTAL PROCEDURES

Cell Culture—The human trophoblast cell line, HTR-8/
SVneo was kindly provided by Dr. Charles Graham (Queen’s
University, Kingston, Ontario, Canada). HTR-8/Svneo is an
SV40 large T antigen immortalized first trimester short-lived
extravillous trophoblast cell line (17). Cells were grown in a 1:1
(v/v) mixture of DMEM/F-12 medium (Invitrogen) supple-
mented with 10% fetal bovine serum (FBS; Hyclone Laborato-
ries Inc., Logan, UT). Cultures were maintained at 37 °C in a
humidified atmosphere of 5% CO2 in air.
Primary Trophoblast Cell Culture—Human trophoblast cells

were isolated from first trimester placental tissue explants as
previously described (18). Briefly, chorionic villi were washed
with cold medium and finely minced. Fragments of the chori-
onic villi were allowed to adhere for 2–3 days, after which any
non-adherent material was removed. These tissue explants
were further cultured for 10–14 days during which the culture
mediumwas changed every 2 days. Trophoblast cells were sep-
arated from the villous explants by a brief trypsin digestion.
Antibodies and Reagents—Polyclonal anti-TGF-� receptor I

(number 3712), anti-phospho-Smad2 (number 3103) and anti-
Smad4 (number 9515), monoclonal anti-Smad2 (number
3103), anti-phospho-Smad3 (number 9520) anti-Smad3 (num-
ber 9523), anti-Snail (number 3895), and snit-Slug (number
9585) antibodies were obtained from Cell Signaling (Danvers,
MA). A monoclonal anti-VE-cadherin antibody (number
610251) was obtained from BD Biosciences. A monoclonal
anti-�-tubulin antibody was obtained from Santa Cruz Bio-
technology (Santa Cruz, CA). Horseradish peroxidase-conju-

gated goat anti-mouse and goat anti-rabbit IgG were obtained
from Bio-Rad. Recombinant human TGF-�1 was obtained
from R&D Systems (Minneapolis, MN). SB431542 was ob-
tained from Sigma.
Small Interfering RNA (siRNA) Transfection—To knock-

down endogenous TGF-� receptor I, Smad2, Smad3, Smad4,
Snail, and Slug cellswere transfectedwith 50nMON-TARGET-
plus SMARTpool siRNA that targets a specific gene (Dharma-
con, Lafayette, CO) using Lipofectamine RNAiMAX (Invitro-
gen). The siCONTROL NON-TARGETING pool siRNA
(Dharmacon) was used as the transfection control. The
knockdown efficiency was examined using RT-qPCR or
Western blot analysis.
Snail Overexpression—Cells were seeded in 6-well plates and

transfected with Lipofectamine 2000 (Invitrogen) and 1 �g of
empty pCMV vector or vector encoding a full-length human
Snail (GeneCopoeia, Rockville, MD).
Western Blot Analysis—Cells were lysed in cell lysis buffer

(Cell Signaling). Equal amounts of protein were separated by
SDS-polyacrylamide gel electrophoresis and transferred onto
PVDF membranes. After 1 h of blocking with 5% nonfat dry
milk in Tris-buffered saline (TBS), the membranes were incu-
bated overnight at 4 °C with primary antibodies, which were
diluted in 3% bovine serum albumin (BSA)/TBS. Following pri-
mary antibody incubation, themembraneswere incubatedwith
the appropriate HRP-conjugated secondary antibody. Immu-
noreactive bands were detected using an enhanced chemilumi-
nescent substrate. Membranes were stripped with stripping
buffer at 50 °C for 30min and reprobedwith anti-�-tubulin as a
loading control.
Reverse Transcription-Quantitative Real-time PCR (RT-

qPCR)—Total RNA was extracted using TRIzol reagent (Invit-
rogen) according to the manufacturer’s instructions. Reverse
transcription was performed with 3 �g of RNA, random prim-
ers, and Moloney murine leukemia virus reverse transcriptase
(Promega, Madison, WI). The primers used for SYBR Green
reverse transcription-qPCR (RT-qPCR) were the following:
TGF-� receptor I, 5�-GTT AAG GCC AAA TAT CCC AAA
CA-3� (sense) and 5�-ATA ATT TTA GCC ATT ACT CTC
AAG G-3� (antisense); VE-cadherin, 5�-CAG CCC AAA GTG
TGT GAG AA-3� (sense) and 5�-CGG TCA AAC TGC CCA
TAC TT-3� (antisense); Smad2, 5�-GCC TTT ACA GCT TCT
CTG AAC AA-3� (sense) and 5�-ATG TGG CAA TCC TTT
TCGAT-3� (antisense); Smad3, 5�-CCC CAG CAC ATA ATA
ACT TGG-3� (sense) and 5�-AGGAGA TGGAGCACCAGA
AG-3� (antisense); Smad4, 5�-TGGCCCAGGATCAGTAGG
T-3� (sense) and 5�-CAT CAA CAC CAA TTC CAG CA-3�
(antisense); Snail, 5�-CCC CAA TCG GAA GCC TAA CT-3�
(sense) and 5�-GCT GGA AGG TAA ACT CTG GAT TAG
A-3� (antisense); Slug, 5�-TTC GGA CCC ACA CAT TAC
CT-3� (sense) and 5�-GCA GTG AGG GCA AGA AAA AG-3�
(antisense); and GAPDH, 5�-GAG TCA ACG GAT TTG GTC
GT-3� (sense) and 5�-GAC AAG CTT CCC GTT CTC AG-3�
(antisense). RT-qPCR was performed using the Applied Biosys-
tems 7300 Real-time PCR System (PerkinElmer Life Sciences)
equippedwith a 96-well optical reactionplate.All of theRT-qPCR
experiments were run in triplicate, and a mean value was used to
determine themRNA levels. Relative quantification of themRNA
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levels was performed using the comparative Ct method with
GAPDH as the reference gene and the formula 2���Ct.
Invasion Assay—Invasion assays were performed in Boyden

chambers according to a previously published method, with
minor modifications (19). Transwell filters (8-�m pore size, 24
wells, BD Biosciences) were coated with 1 mg/ml of growth

factor-reduced Matrigel (BD Biosciences). Cells in DMEM/
F-12medium that was supplemented with 0.1% FBS were incu-
bated for 48 h against a gradient of 10% FBS. Cells that pene-
trated the membrane were fixed with cold methanol, and the
cell nuclei were stained with Hoechst 33258 and quantified
using an epifluorescence microscopy and Northern Eclipse 6.0

FIGURE 1. TGF-�1 decreases HTR-8/SVneo cell invasion. A, cells were treated with increasing concentrations of TGF-�1 (1, 5, and 10 ng/ml) and seeded onto
Matrigel-coated transwell inserts. After 48 h of incubation, non-invading cells were wiped from the upper side of the filter, and the nuclei of the invading cells
were stained with Hoechst 33258. The top panels show representative images of the invasion assays. The scale bar represents 200 �m. The bottom panels show
the summarized quantitative results. B, cells were treated with 5 ng/ml of TGF-�1 in combination with SB431542 (10 �M). Cell invasion was examined using the
Matrigel invasion assay. C, cells were transfected with 50 nM control siRNA (si-Ctrl) or T�RI siRNA (si-T�RI) for 48 h. The protein levels of T�RI were examined using
Western blot analyses. D, after T�RI knockdown, cells were treated with 5 ng/ml of TGF-�1 and cell invasion was examined using the Matrigel invasion assay.
E, cells were treated with 5 ng/ml of TGF-�1 every 24 h, and the number of cells was quantified using the trypan blue exclusion assay. F, cells were treated with
5 ng/ml of TGF-�1 for 24 and 48 h. The cell morphology was microscopically examined. The results of the invasion assay were expressed as the mean � S.E. of
at least three independent experiments. Values without a common letter were significantly different (p � 0.05).
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software (Empix Imaging, Mississauga, ON). Triplicate inserts
were used for each individual experiment, and fivemicroscopic
fields were quantified per insert.
Chromatin Immunoprecipitation (ChIP)—A ChIP assay was

performed using the ChIP-IT kit (Active Motif, Carlsbad, CA)
according to the manufacturer’s protocol. Briefly, cells were
fixed in 1% formaldehyde at room temperature for 10 min; the
fixation reaction was stopped by adding the glycine stop-fix
solution to the dish at room temperature for 5min. After wash-
ing, the cells were resuspended in lysis buffer and incubated for
30min on ice. The cells were homogenized, and the nuclei were
resuspended in shearing buffer and subjected to pre-optimized
ultrasonic disruption conditions to yield 200–1500-bp DNA
fragments. Sheared chromatin was incubated in ChIP buffer
with protein G magnetic beads and Snail antibody or mouse
IgG (Cell Signaling) as a negative control on a rolling shaker
overnight at 4 °C. The immunoprecipitated chromatin was
purified from the chromatin/antibody mixture with several
washing steps, and the chromatin-immunoprecipitated DNA
was eluted in elution buffer. Cross-linking was reversed by add-
ing reverse cross-link buffer. The purified DNA was subjected
to PCR amplification (one cycle of 94 °C for 3min and 40 cycles
of 94 °C for 20 s, 64 °C for 30 s, and 72 °C for 30 s) for the E-box
within the VE-cadherin promoter using specific forward (5�-
GGG TGGACA AGC ACC TTA AA-3�) and reverse (5�-CAG
CTCTGGGACTCTGAACC-3�) primers. The selected prim-
ers were confirmed using an in silico PCR program (GENOME)
to ensure the generation of a single amplicon from the human
genomic DNA. The PCR products (166 bp) were resolved by
electrophoresis in a 1% agarose gel and visualized by ethidium
bromide staining.
Statistical Analysis—The results were presented as the

mean � S.E. of at least three independent experiments. Statis-
tical evaluation was performed using a t test for paired data.
Multiple comparisons were first analyzed using one-way anal-
ysis of variance, followed by Tukey’s multiple comparison tests.
A significant difference was defined as p � 0.05.

RESULTS

TGF-�1 Decreases Human Trophoblast Cell Invasion—To
examine the effect of TGF-�1 on human trophoblast invasion,
HTR-8/SVneo cells were treated with different concentrations
(1, 5 and 10 ng/ml) of recombinant human TGF-�1. AMatrigel
invasion assay showed that treatment with 5 and 10 ng/ml of
TGF-�1 for 48 h significantly decreased HTR-8/SVneo cell
invasion (Fig. 1A), which was consistent with previous studies
that showed anti-migratory and anti-invasive effects of TGF-�1
on HTR-8/SVneo cells (20, 21). SB431542 is a potent and spe-
cific T�RI inhibitor (22). Treatment with SB431542 abolished
the TGF-�1-decreased HTR-8/SVneo cell invasion (Fig. 1B).
To further confirm the requirement of the TGF-� receptor
in the TGF-�1-induced anti-invasive effect, T�RI siRNA was
used to knockdown endogenous T�RI expression. As shown in
Fig. 1C, T�RI siRNA significantly down-regulated T�RI pro-
tein levels inHTR-8/SVneo cells.Moreover, theTGF-�1 effects
on cell invasion were abolished using siRNA-mediated deple-
tion of T�RI (Fig. 1D). It has been shown that TGF-�1 treat-
ment decreases [3H]thymidine incorporation in HTR-8/SVneo

cells (17), but does not affect proliferation and apoptosis in
extravillous trophoblast cells derived from first trimester pla-
cental explants (16). To confirm that the inhibitory effect of
TGF-�1 on cell invasion was not due to differences in cell
growth, cell proliferation after TGF-�1 treatment was exam-
ined using a trypan blue exclusion assay. As shown in Fig. 1E,
TGF-�1 treatment only decreased cell proliferation after 72 h
in culture. Moreover, the effect of TGF-�1 on cell morphology
was microscopically examined. As shown in Fig. 1F, treatment
with 5 ng/ml of TGF-�1 for 24 and 48 h did not significantly
change the morphology of HTR-8/SVneo cells.
TGF-�1 Down-regulates VE-cadherin Expression in Human

Trophoblast Cells—To examine whether TGF-�1 treatment
affects the expression of VE-cadherin, HTR-8/SVneo cells were
treated with different concentrations of TGF-�1 for 24 h. RT-
qPCR analysis showed that treatment with TGF-�1 down-reg-
ulated VE-cadherin mRNA levels in HTR-8/SVneo cells (Fig.
2A). In addition, treatment with 5 ng/ml of TGF-�1 down-
regulated VE-cadherin mRNA levels in a time-dependent
manner (Fig. 2B). Similarly, Western blot analysis showed the
inhibitory effects of TGF-�1 on VE-cadherin protein levels in
HTR-8/SVneo cells (Fig. 2C). Importantly, treatment with
TGF-�1 also down-regulatedVE-cadherin protein levels in pri-
mary trophoblast cells that were isolated from three different
first trimester placental tissue explants (Fig. 2D). Treatment

FIGURE 2. TGF-�1 down-regulates VE-cadherin in human trophoblast
cells. A, HTR-8/SVneo cells were treated with increasing concentrations of
TGF-�1 (1, 5, and 10 ng/ml), and the mRNA levels of VE-cadherin were exam-
ined using RT-qPCR. B, HTR-8/SVneo cells were treated with 5 ng/ml of TGF-
�1, and the mRNA levels of VE-cadherin were analyzed at different time
points using RT-qPCR. C, HTR-8/SVneo cells were treated with 1, 5, and 10
ng/ml of TGF-�1 for 24 and 48 h. The protein levels of VE-cadherin were
examined by Western blot. D, three different primary cultures of human tro-
phoblast cells (primary trophoblast cell (PTC); # 1, 2, and 3) were treated with
5 ng/ml of TGF-�1 for 24 h, and the protein levels of VE-cadherin were exam-
ined by Western blot. The RT-qPCR results were expressed as the mean � S.E.
of at least three independent experiments. Values without a common letter
were significantly different (p � 0.05).

TGF-�1 Decreases VE-cadherin via Snail in Trophoblast Cells

33184 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 46 • NOVEMBER 15, 2013



with SB431542 abolished TGF-�1-induced down-regulation of
VE-cadherin mRNA and protein levels (Fig. 3, A and B). More-
over, siRNA-mediated depletion of T�RI attenuated TGF-�1-
induced down-regulation of VE-cadherin mRNA and protein
levels (Fig. 3,C andD). TGF-�1 has been shown to induce EMT
by down-regulating E-cadherin and up-regulating N-cadherin
(23). To examine whether TGF-�1 regulates E-cadherin and
N-cadherin expression, we examined the expression levels of
E-cadherin in HTR-8/SVneo cells and primary cultures of tro-
phoblast cells. Our results showed that both HTR-8/SVneo
cells and primary cultures of trophoblast cells expressedN-cad-

herin, whereas E-cadherin was not detected in both types of
cells (Fig. 3E). Treatment of HTR-8/SVneo cells with TGF-�1
up-regulated N-cadherin protein levels but did not affect
E-cadherin protein levels (Fig. 3F).
VE-cadherin Is Required toMaintain the Invasive Capacity of

Human Trophoblast Cells—To directly examine the role of
VE-cadherin in human trophoblast cell invasion; we
knocked down endogenous VE-cadherin in HTR-8/SVneo
and primary trophoblast cells. Cells treated with VE-cad-
herin siRNA for 24 and 48 h showed significantly down-
regulated VE-cadherin protein levels (Fig. 4A). In addition, a

FIGURE 3. TGF-� type I receptor is required for TGF-�1-induced down-
regulation of VE-cadherin. A and B, HTR-8/SVneo cells were treated with 5
ng/ml of TGF-�1 in combination with SB431542 (10 �M). The mRNA (A) and
protein levels (B) of VE-cadherin were examined using RT-qPCR and Western
blot, respectively. C and D, HTR-8/SVneo cells were transfected with 50 nM

control siRNA (si-Ctrl) or T�RI siRNA (si-T�RI) for 48 h and then treated with 5
ng/ml of TGF-�1 for 24 h. The mRNA (C) and protein (D) levels of VE-cadherin
and T�RI were examined using RT-qPCR and Western blot, respectively. E, the
endogenous protein levels of E-cadherin and N-cadherin in HTR-8/SVneo and
two different primary human trophoblast cultures (PTC)(PTC1 and PTC2) were
examined using Western blot. The human choriocarcinoma cell line JEG3 was
used as a positive control to detect E-cadherin. F, HTR-8/SVneo cells were
treated with 5 ng/ml of TGF-�1 for 24 h. The protein levels of E-cadherin and
N-cadherin were examined using Western blot. The RT-qPCR results were
expressed as the mean � S.E. of at least three independent experiments.
Values without a common letter were significantly different (p � 0.05). C
indicates control, and T indicates TGF-�1.

FIGURE 4. VE-cadherin is required to maintain the invasive capacity of
human trophoblast cells. A, HTR-8/SVneo and primary trophoblast culture
cells were transfected with 50 nM control siRNA (si-Ctrl) or VE-cadherin siRNA
(si-VE) for 24 and 48 h. The T�RI protein levels were examined by Western blot.
B, after VE-cadherin knockdown, cell invasion was examined using the Matri-
gel invasion assay. C, HTR-8/SVneo cells were transfected with 50 nM control
siRNA (si-Ctrl) or VE-cadherin siRNA (si-VE) for 24 h and then treated with 5
ng/ml of TGF-�1 for 24 h. The VE-cadherin protein levels were examined
using Western blot. D, after VE-cadherin knockdown, HTR-8/SVneo cells were
treated with 5 ng/ml of TGF-�1 and cell invasion was examined using the
Matrigel invasion assay. The results of the invasion assay were expressed as
the mean � S.E. of at least three independent experiments. Values without a
common letter were significantly different (p � 0.05). C indicates control, and
T indicates TGF-�1.
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Matrigel invasion assay revealed that down-regulation of
VE-cadherin decreased cell invasion in both HTR-8/SVneo
and primary trophoblast cells (Fig. 4B). To test whether
TGF-�1 further decreases cell invasion in VE-cadherin-de-
ficient trophoblasts, VE-cadherin was knocked down in
HTR-8/SVneo cells and the effect of TGF-�1 on cell invasion
was examined. As shown in Fig. 4C, treatment with TGF-�1
and VE-cadherin siRNA showed the comparable effects on
the down-regulation of VE-cadherin protein levels. Treat-
ment with TGF-�1 only slightly down-regulated the VE-cad-
herin protein levels in VE-cadherin siRNA-treated HTR-8/
SVneo cells (Fig. 4C). However, TGF-�1 significantly
decreased cell invasion in VE-cadherin siRNA-treated
HTR-8/SVneo cells (Fig. 4D). Taken together, these results
indicated that VE-cadherin played an important role in
maintaining the invasive capacity of human trophoblast
cells. Moreover, our results suggested the presence of addi-
tional factors that mediated TGF-�1-decreased trophoblast
cell invasion, which indicated that regulation may be
multifactorial.
Smad-dependent Pathways Are Involved in TGF-�1-induced

Down-regulation of VE-cadherin—TGF-�-regulated cellular
functions are mediated by activation of the Smad signaling

pathway.Western blot analysis showed that TGF-�1 treatment
induced Smad2 and Smad3 phosphorylation in a time-depen-
dent manner in HTR-8/SVneo cells (Fig. 5A). To examine the
involvement of Smad signaling in TGF-�1-induced down-reg-
ulation of VE-cadherin, siRNA was used to knockdown the
common mediator Smad4. As shown in Fig. 5, B and C, down-
regulation of Smad4 abolished the TGF-�1-induced down-reg-
ulation of VE-cadherin mRNA and protein levels. Although
Smad2 and Smad3 are highly homologous, they can mediate
TGF-�-regulated cellular functions redundantly and differen-
tially in a context-dependent manner (24). To further examine
the role of Smad2 and Smad3 in the TGF-�1-induced down-
regulation of VE-cadherin, Smad2 and Smad3 were knocked
down using specific siRNA. As shown in Fig. 5,D and E, down-
regulation of Smad2 or Smad3 alone attenuated TGF-�1-
induced down-regulation of VE-cadherin mRNA and pro-
tein levels. Interestingly, knockdown of Smad2 exhibited a
greater inhibitory effect on TGF-�1-down-regulated VE-
cadherin compared with Smad3.
TGF-�1 Up-regulates Snail and Slug—TGF-�1 has been

shown to up-regulate the expression of many transcriptional
factors including Snail, Slug, Twist, and ZEB1 (25). Previous
study has shown that Snail, Slug, and Twist can bind to the

FIGURE 5. Smad-dependent signaling pathways are required for TGF-�1-induced down-regulation of VE-cadherin. A, HTR-8/SVneo cells were treated
with 5 ng/ml of TGF-�1 for the indicated durations. The Smad2 and Smad3 phosphorylation levels were examined using Western blot with antibodies specific
for the phosphorylated, activated forms of Smad2 (p-Smad2) and Smad3 (p-Smad3). B and C, HTR-8/SVneo cells were transfected with 50 nM control siRNA
(si-Ctrl) or Smad4 siRNA (si-Smad4) for 48 h and then treated with 5 ng/ml of TGF-�1 for 24 h. The mRNA (B) and protein (C) levels of VE-cadherin and Smad4 were
examined using RT-qPCR and Western blot, respectively. D and E, HTR-8/SVneo cells were transfected with 50 nM control siRNA (si-Ctrl), Smad2 siRNA
(si-Smad2), or Smad3 siRNA (si-Smad3) for 48 h and then treated with 5 ng/ml of TGF-�1 for 24 h. The mRNA (D) and protein (E) levels of VE-cadherin, Smad2,
and Smad3 were examined using RT-qPCR and Western blot, respectively. The RT-qPCR results were expressed as the mean � S.E. of at least three independent
experiments. Values without a common letter were significantly different (p � 0.05). C indicates control, and T indicates TGF-�1.
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humanVE-cadherin promoter and suppress its promoter activ-
ity (26). InHTR-8/SVneo cells, treatment with TGF-�1 up-reg-
ulated Snail and Slug mRNA levels in time- and dose-depen-
dent manners (Fig. 6, A and B). However, the expression levels
of Twist and ZEB1 were not affected by TGF-�1 (Fig. 6A). Sim-
ilarly, Western blot analysis showed the stimulatory effects of
TGF-�1 on Snail and Slug protein levels in time- and dose-de-
pendent manners (Fig. 6, C and D). Moreover, TGF-�1-in-
duced up-regulation of Snail and Slug was both abolished by
treatment with SB431542 (Fig. 6, E and F) and knockdown of
T�RI (Fig. 6, G and H).
Smad-dependent Signaling Pathways Are Involved in TGF-

�1-induced Up-regulation of Snail and Slug—To investigate
whether the activation of Smads is required for TGF-�1-in-
duced up-regulation of Snail and Slug, Smad4 was knocked
down in HTR-8/SVneo cells. Knockdown of Smad4 abolished
TGF-�1-induced up-regulation of Snail and Slug mRNA and
protein levels (Fig. 7, A and B). Similarly, Smad2 and Smad3

were also knocked down to examine the involvement of specific
Smads in TGF-�1-induced up-regulation of Snail and Slug.
Knockdown of Smad2 and Smad3 both attenuated TGF-�1-
induced up-regulation of Snail and Slug mRNA and protein
levels (Fig. 7, C and D). Interestingly, our results showed that
TGF-�1-up-regulated Snail was primarily mediated by Smad2,
whereas Smad3 was largely involved in the TGF-�1-induced
up-regulation of Slug (Fig. 7, C and D).
Snail Is Required for TGF-�1-induced Down-regulation

of VE-cadherin—Next, we used loss- and gain-of-function
approaches to evaluate the contributions of Snail and Slug in
TGF-�1-induced down-regulation of VE-cadherin. HTR-8/
SVneo cells treatedwith Snail and Slug siRNAs down-regulated
basal levels and attenuated TGF-�1-induced up-regulation of
Snail and Slug, respectively (Fig. 8, A and B). Interestingly, only
the inhibition of Snail, but not Slug, attenuated the TGF-�1-
induced down-regulation of VE-cadherin (Fig. 8, A and B). In
contrast, overexpression of Snail significantly down-regulated

FIGURE 6. TGF-�1 induces Snail and Slug expression. A, HTR-8/SVneo cells were treated with 5 ng/ml of TGF-�1 for the indicated durations. The Snail, Slug,
Twist, and ZEB1 mRNA levels were examined by RT-qPCR. B, HTR-8/SVneo cells were treated with increasing concentrations of TGF-�1 (1, 5, and 10 ng/ml) for
24 h. The mRNA levels of Snail and Slug were examined by RT-qPCR. C, HTR-8/SVneo cells were treated with 5 ng/ml of TGF-�1 for the indicated durations. The
protein levels of Snail and Slug were examined using Western blot. D, HTR-8/SVneo cells were treated with increasing concentrations of TGF-�1 (1, 5, and 10
ng/ml) for 24 h. The protein levels of Snail and Slug were examined by Western blot. E and F, HTR-8/SVneo cells were treated with 5 ng/ml of TGF-�1 in
combination with SB431542 (10 �M). The mRNA (E) and protein (F) levels of Snail and Slug were examined using RT-qPCR and Western blot, respectively. G and
H, HTR-8/SVneo cells were transfected with 50 nM control siRNA (si-Ctrl) or T�RI siRNA (si-T�RI) for 48 h and then treated with 5 ng/ml of TGF-�1 for 24 h. The
mRNA (G) and protein (H) levels of Snail and Slug were examined using RT-qPCR and Western blot, respectively. The RT-qPCR results were expressed as the
mean � S.E. of at least three independent experiments. Values without a common letter were significantly different (p � 0.05). C indicates control, and T
indicates TGF-�1.
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VE-cadherin mRNA and protein levels in HTR-8/SVneo cells
(Fig. 8, C andD). Interestingly, neither knockdown nor overex-
pression of Snail significantly affected the basal levels of cell
invasion (Fig. 8E). Previous study using the electrophoretic
mobility shift assay (EMSA) showed that Snail could bind to the
humanVE-cadherin promoter (26). However, it was not known
whether Snail could bind to the VE-cadherin promoter within
the natural chromatin context of the cell. Thus, we sought to
determinewhether Snail could directly bind to theVE-cadherin
promoter using a chromatin immunoprecipitation (ChIP) assay
with an anti-Snail antibody followed by PCR and primers spe-
cific for the VE-cadherin promoter (Fig. 8F). ChIP analyses
showed that in HTR-8/SVneo cells, Snail specifically bound to
theVE-cadherin promoter after 24 h of TGF-�1 treatment (Fig.
8G). These results demonstrated that Snail was required for
TGF-�1-induced down-regulation of VE-cadherin in human
trophoblast cells.

DISCUSSION

TGF-�1 has been shown to decrease human trophoblast cell
invasion (15, 16). However, whether VE-cadherin is involved in
TGF-�1-decreased human trophoblast cell invasion still
remains unknown. In the present study, we reported that
TGF-�1 treatment down-regulated VE-cadherin in a human
trophoblast cell line, HTR-8/SVneo, and in primary cultures of
human trophoblast cells. TGF-�1 induced Snail and Slug
expression via Smad-dependent signaling pathways. In addi-
tion, our results indicated that Snail, but not Slug, bound
directly to the VE-cadherin promoter and suppressed VE-cad-
herin expression, which subsequently contributed to TGF-�1-
decreased human trophoblast cell invasion (Fig. 9).
Human trophoblast invasion is a tightly regulated process

that plays an important role in placental development. How-
ever, the regulatory mechanisms of trophoblast cell invasion
have not been fully characterized. TGF-�1 and TGF-� recep-
tors are expressed in human trophoblast cells and have been
demonstrated to regulate human trophoblast cell proliferation,
differentiation, and invasion (15, 27). In preeclampsia, a placen-
tal disease that is caused by inadequate or incomplete tropho-
blast cell invasion, increased levels of TGF-�1 are detected in
the serum and placental tissue of patients and are also associ-
ated with the risk of the disease (28, 29). In addition, a system-
atic study on the expression of TGF-� signaling proteins shows
that TGF-�1, T�RI, and T�RII levels in human trophoblasts
are higher in the first trimester than the second and third tri-
mesters (30). Importantly, the levels of TGF-�1 and T�RI are
significantly decreased in choriocarcinoma, which is consistent
with a previous study suggesting that disruption of the TGF-�
signaling pathwaymay contribute to themalignancy of tropho-
blast cells (27, 30). TGF-�1 has also been shown to inhibit tro-
phoblast cell invasion. However, the mechanisms of TGF-�1-
decreased trophoblast cell invasion have not been fully defined.
Many previous studies have demonstrated that TGF-�1-de-
creased human trophoblast cell invasion ismainly acting via the
regulation of protease activity. TGF-�1 has been shown to
inhibit the activity and expression of matrix metalloproteinase
9 and the urokinase-type plasminogen activator (16, 31, 32). In
addition, tissue inhibitors of metalloproteinase and plasmino-
gen activator inhibitor-1 are up-regulated by TGF-�1 (32, 33).
To the best of our knowledge, the current study is the first that
demonstrated that TGF-�1 decreases human trophoblast cell
invasion by down-regulating the cell-cell adhesion molecule,
VE-cadherin, thus providing a novel mechanism for the effects
of TGF-�1 on trophoblast invasion.
The epithelial-mesenchymal transition (EMT) plays a very

important role during embryonic development and has also
been implicated in cancer where it contributes to tumor pro-
gression and metastasis (23, 34). Loss of E-cadherin is a hall-
mark of EMT (35). E-cadherin has been shown to reduce tro-
phoblast cell invasion, and increased levels of E-cadherin have
been detected in the trophoblast cells of preeclampsia patients
(14, 36). Thus, it has been proposed that the process by which
trophoblasts are localized at the tip of chorionic villi involves
the conversion from a coherently attached phenotype to a
migratory and invasive phenotype, which invades the endome-

FIGURE 7. Smad-dependent signaling pathways are required for the TGF-
�1-induced up-regulation of Snail and Slug. A and B, HTR-8/SVneo cells
were transfected with 50 nM control siRNA (si-Ctrl) or Smad4 siRNA (si-Smad4)
for 48 h and then treated with 5 ng/ml of TGF-�1 for 24 h. The mRNA (A) and
protein (B) levels of Snail and Slug were examined using RT-qPCR and West-
ern blot, respectively. C and D, HTR-8/SVneo cells were transfected with 50 nM

control siRNA (si-Ctrl), Smad2 siRNA (si-Smad2), or Smad3 siRNA (si-Smad3) for
48 h and then treated with 5 ng/ml of TGF-�1 for 24 h. The mRNA (C) and
protein (D) levels of Snail and Slug were examined using RT-qPCR and West-
ern blot, respectively. The RT-qPCR results were expressed as the mean � S.E.
of at least three independent experiments. Values without a common letter
were significantly different (p � 0.05). C indicates control, and T indicates
TGF-�1.
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trium, resembling EMT (13). Interestingly, in human placenta,
positive expression ofVE-cadherin is associatedwith the down-
regulation of E-cadherin expression (14). Inhibition of VE-cad-
herin with antibody treatment results in a decrease in tropho-
blast cell invasion (12). In the present study, siRNA-mediated
knockdown of VE-cadherin resulted in the down-regulation of
VE-cadherin, which decreased the basal invasiveness of human
trophoblast cells. Our approach provided specific evidence of
the role of VE-cadherin in trophoblast cell invasion, and our
results were consistent with a previous finding that indicated
thatVE-cadherin expressionwas required tomaintain the inva-
sive capacity of human trophoblast cells.
TGF-�1 stimulates cancer cell invasion by inducing EMT

(37). However, our results demonstrated the inhibitory effect of
TGF-�1 on trophoblast cell invasion. Actually, TGF-�1 has
been shown to suppress cellmigration and invasion in other cell
types (38–42). These results emphasize that the effects on cell

migration and invasion mediated by TGF-�1 vary depending
on the target cell type. Furthermore, TGF-�1 can down-regu-
late E-cadherin and up-regulateN-cadherin (23). In the current
study, we showed that the E-cadherin protein was not detected
nor was it affected by TGF-�1 in both HTR-8/SVneo and pri-
mary human trophoblast cultures; however, TGF-�1 treatment
up-regulated N-cadherin in HTR-8/SVneo cells. The results
demonstrating the absence of E-cadherin expression are con-
sistent with a recent study showing that the E-cadherin pro-
moter is hypermethylated in HTR-8/SVneo cells (43). Our
recent study showed that TGF-�1 does not affect the expres-
sion of N-cadherin in primary trophoblast cell cultures,
although the direct knockdown of N-cadherin decreases cell
invasion (44). To the best of our knowledge, to date, the direct
involvement of N-cadherin in TGF-�1-regulated trophoblast
cell invasion remains unknown. Thus, whereas previous studies
suggest roles for N-cadherin in TGF-�1-induced cancer cell

FIGURE 8. Snail mediates the TGF-�1-induced down-regulation of VE-cadherin. A and B, HTR-8/SVneo cells were transfected with 50 nM control siRNA
(si-Ctrl), Snail siRNA (si-Snail), or Slug siRNA (si-Slug) for 48 h and then treated with 5 ng/ml of TGF-�1 for 24 h. The mRNA (A) and protein (B) levels of VE-cadherin,
Snail, and Slug were examined using RT-qPCR and Western blot, respectively. C and D, HTR-8/SVneo cells were transfected with control vector (pCMV) or vector
containing full-length Snail cDNA (Snail) for 24 and 48 h. The mRNA (C) and protein (D) levels of VE-cadherin and Snail were examined using RT-qPCR and
Western blot, respectively. E, after knockdown and overexpression of Snail in the HTR-8/SVneo cells, cell invasion was examined using the Matrigel invasion
assay. F, the Snail binding site in the human VE-cadherin promoter is highlighted by a box. The primers for the ChIP assay are underlined. G, HTR-8/SVneo cells
were treated with 5 ng/ml of TGF-�1 for 24 h before being subjected to ChIP analysis. Anti-Snail or IgG antibodies were used to immunoprecipitate DNA-
containing complexes. Subsequent PCR was performed with primers complementary to the VE-cadherin promoter region containing the Snail binding site.
The PCR products were resolved by electrophoresis in a 1% agarose gel and visualized by ethidium bromide staining. M indicates the 100-bp DNA ladder. C
indicates control, and T indicates TGF-�1.
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invasion, future studies will be required to determine whether
these effects extend to human trophoblast cells.
Currently, only a few growth factors have been shown to

regulate VE-cadherin. Treatment with vascular endothelial
growth factor (VEGF) up-regulates VE-cadherin expression by
activating the ERK and p38 MAPK signaling pathways in
human umbilical vein endothelial cells and HTR-8/SVneo cells
(45). TGF-�1 down-regulates VE-cadherin in human multilin-
eage progenitor cells and mouse pulmonary endothelial cells
(46, 47). However, in microvascular endothelial cells from
the bovine corpus luteum, TGF-�1 treatment alters the
localization of VE-cadherin in cellular junctions without
affecting its total expression levels (48). Although TGF-�1
has been shown to regulate VE-cadherin expression, the reg-
ulatory effect of TGF-�1 in human trophoblast cells and its
underlying molecular mechanisms still remain unknown. Our
study demonstrated the inhibitory effect of TGF-�1 on VE-
cadherin expression in human trophoblast cells. In addition,
using siRNA-mediated knockdown approaches, our results
indicated that Smad-dependent signaling pathways were
involved in TGF-�1-induced down-regulation of VE-cadherin.
Moreover, our results showed that both Smad2 and Smad3
siRNAs attenuated TGF-�1-induced down-regulation of VE-
cadherin, and interestingly, inhibition of Smad2 exhibited
greater effects compared with those caused by Smad3 inhibition.

Examination of the Smad signaling pathway showed that both
Smad2 and Smad3 were required for TGF-�1-induced Snail and
Slug expression,whereas Smad2wasmore responsible for up-reg-
ulation of Snail, and Smad3 was more involved in TGF-�1-in-
duced Slug expression. Therefore, these results may explain why
the knockdown of Smad2 demonstrated stronger inhibitory
effects on TGF-�1-induced down-regulation of VE-cadherin.

Several transcription factors have been found to bind to the
VE-cadherin promoter and regulate its gene expression. Sp1,
TAL-1, and the ETS family of transcription factors bind to and
enhance VE-cadherin promoter activity (49–51). In contrast,
Snail, Slug, and Twist transcription factors are responsible for
the down-regulation of VE-cadherin promoter activity by bind-
ing to the E-box of the promoter region (26). The binding
between these transcription factors and the human VE-cad-
herin promoter were shown in an in vitro system using EMSA
(26). Thus, whether Snail, Slug, or Twist can bind to human
VE-cadherin promoterwithin a natural chromatin cellular con-
text and whether the binding of these transcription factors can
directly regulate VE-cadherin mRNA and protein levels still
remain unknown. In the current study, our results indicated
that TGF-�1 treatment induced Snail and Slug, but not Twist,
expression. Interestingly, only Snail siRNA attenuated TGF-
�1-induced down-regulation of VE-cadherin mRNA and pro-
tein levels. In addition, overexpression of Snail confirmed the
inhibitory effect of Snail onVE-cadherin expression.Moreover,
ChIP analysis showed that Snail could bind to the VE-cadherin
promoter and suppress its expression in HTR-8/SVneo cells.
Taken together, these results indicated that Snail was required
for the TGF-�1-induced down-regulation of VE-cadherin in
human trophoblast cells. Importantly, the partial attenuation of
TGF-�1-induced down-regulation of VE-cadherin by Snail
siRNA indicated the presence of additional mediators and sug-
gested that this regulation might be multifactorial.
Overexpression of Snail has been shown to be associated

with cell invasion in many types of human cancers (52). There-
fore, we also examined the effects of Snail on trophoblast cell
invasion. Our results showed that the knockdown and overex-
pression of Snail did not significantly affect the basal levels of
HTR-8/SVneo cell invasion. Interestingly, a recent study
showed that ethanol induces Snail expression but decreases cell
invasion without affecting E-cadherin expression in immortal-
ized human pancreatic ductal epithelial cells (53). These results
indicated that up-regulation of Snail may not always be associ-
ated with increased cell invasion. Moreover, although overex-
pression of Snail down-regulated VE-cadherin expression in
HTR-8/SVneo cells, basal cell invasiveness was not affected.
These results suggested that the overexpression of Snail mod-
ulates other unknownmolecules to counteract the down-regu-
lation of VE-cadherin-decreased cell invasion. Furthermore,
our results also suggested that upon TGF-�1 treatment, activa-
tion of other factors and signaling pathways cooperates with
Snail, which may modulate its regulatory roles that ultimately
contribute to TGF-�1-decreased trophoblast cell invasion.
In summary, our study demonstrated that Snail is a tran-

scription factor that directly binds to the VE-cadherin pro-
moter and mediated TGF-�1-induced down-regulation of VE-
cadherin expression. The down-regulation of VE-cadherin was

FIGURE 9. A schematic illustrating the signaling pathways for TGF-�1-
induced down-regulation of VE-cadherin and the inhibition of cell inva-
sion in human trophoblast cells. TGF-�1 treatment resulted in the activa-
tion of Smad2 and Smad3, which up-regulated the expression of Snail and
Slug. The Smad2-dependent pathway is more involved in TGF-�1-induced
up-regulation of Snail that Slug (thick versus thin arrow). In contrast, TGF-�1-
induced up-regulation of Slug is primarily mediated by the Smad3-depen-
dent pathway. Up-regulated Snail but not Slug subsequently binds to the
E-box on the human VE-cadherin promoter and contributes to the TGF-�1-
induced down-regulation of VE-cadherin and the inhibition of trophoblast
cell invasion.
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involved in TGF-�1-decreased human trophoblast cell inva-
sion. Moreover, our data indicated that the activation of Smad-
dependent signaling pathways contributed to TGF-�1-induced
Snail expression and the down-regulation of VE-cadherin.
These results provided important insights into the molecular
mechanisms mediating TGF-�1-induced down-regulation of
VE-cadherin and decreased cell invasion in human trophoblast
cells.
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