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Abstract Preeclampsia is a pregnancy complication which threatens the survival of mothers
and fetuses. It originates from abnormal placentation, especially insufficient fusion of the cy-
totrophoblast cells to form the syncytiotrophoblast. In this study, we found that THBS1, a ma-
tricellular protein that mediates cell-to-cell and cell-to-matrix interactions, is downregulated
during the fusion of primary cytotrophoblast and BeWo cells, but upregulated in the placenta
of pregnancies complicated by preeclampsia. Also, THBS1 was observed to interact with CD36,
a membrane signal receptor and activator of the cAMP signaling pathway, to regulate the
fusion of cytotrophoblast cells. Overexpression of THBS1 inhibited the cAMP signaling pathway
and reduced the BeWo cells fusion ratio, while the effects of THBS1 were abolished by a CD36-
blocking antibody. Our results suggest that THBS1 signals through a CD36-mediated cAMP
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pathway to regulate syncytialization of the cytotrophoblast cells, and that its upregulation im-
pairs placental formation to cause preeclampsia. Thus, THBS1 can serve as a therapeutic
target regarding the mitigation of abnormal syncytialization and preeclampsia.
Copyright ª 2020, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Preeclampsia (PE), a pregnancy complication characterized
by essential hypertension and proteinuria, is associated
with a high morbidity and mortality worldwide.1,2 The
pathogenesis and pathophysiology of PE has not been fully
elucidated; however, it has been reported that defective
placentation, arising from abnormalities in cytotrophoblast
(CTB) cells fusion, trophoblast invasion, decidual angio-
genesis, and syncytiotrophoblast (STB) functions, precedes
the disease.3e7 STB is one of the important components of
the fetoematernal interface. It is an overlying multinu-
cleated structure formed by the continuous differentiation
and fusion of the CTB. It is responsible for hormone
secretion, nutrient transport and immunoregulation.8e12

The formation of the STB is mainly triggered by the acti-
vation of the cyclic adenosine/transactivator (cAMP/PKA)
signaling pathway, which in turn activates the transcription
factor; glial cell missing 1 (GCM1) and specific syncytiali-
zation proteins, such as a-hCG, b-hCG and the syncytins
(Syn 1 and Syn 2). Also, the fusion process requires the
rearrangement of the cytoskeleton and the remodeling of
the interstitial cells, involving dynamic changes in the outer
matrix proteins, such as cell adhesion proteins and gap
junction proteins.7,9,13,14 To date, the detailed regulatory
mechanisms involved in placentation, as well as how mal-
placentation leads to PE, is not well understood; thus,
making the design of proactive therapeutic interventions
against PE very difficult.15e17 Therefore, the analysis and
screening of key regulatory factors involved in the fusion of
CTB, and the role of these factors in the occurrence of PE,
will help to identify potential biomarkers and therapeutic
targets for the prediction, diagnosis and treatment of the
disease.18

Thrombospondin-1 (THBS1) is an adhesive glycoprotein
that interacts with cell membrane receptors or other
extracellular matrix proteins to regulate intracellular
signaling and extracellular matrix remodeling,19e23 and is
involved in physiological processes such as inflammation,
angiogenesis, and tissue remodeling.24 It has been reported
that the extracellular matrix protein, THBS1, can act on
membrane receptors to influence intracellular signaling
pathways, such as the cAMP signaling pathway, in various
diseases.25e29 For instance, in cardiovascular diseases and
cancer, THBS1 inhibits vascular smooth muscle cell
response by regulating cAMP and cGMP.30 It also reduces the
sensitivity of platelets to the cAMP/PKA signaling cascade
through a tyrosine kinase-dependent mechanism down-
stream of CD36, thus affecting platelet activation at the
site of vascular injury.26,31 Moreover, THBS1 acts as a
regulator of the extracellular matrix.21,32 It binds to matrix
proteins, such as fibrinogen, fibronectin and collagen,33e35

and also affects the activities of matrix metallopeptidases
(MMPs) and tissue inhibitors of metalloproteinases (TIMPs)
to regulate extracellular matrix remodeling.36e38 Two
major protease systems strictly regulate the dynamic
changes of matrix proteins, allowing cell rearrangement
and extracellular matrix remodeling. Extracellular matrix
remodeling also occurs during the fusion of CTB, and this
involves a variety of adhesion proteins and connexins,
especially the Ca2þ-dependent cell adhesion molecule, E-
cadherin (ECAD), during cell morphogenesis. The decreased
expression of ECAD during the fusion of CTB is one of the
reliable markers of a successful STB formation.14,39,40 Since
the dynamic expression of ECAD is regulated by MMPs,41 it is
possible that THBS1 also regulates ECAD expression during
the fusion of CTB to form the STB. Nevertheless, the
expression of THBS1 in the placenta and its roles in
placentation have not been reported. Hence, our objective
was to determine the expression of THBS1 in the normal
and PE placenta; and investigate how it regulates tropho-
blast fusion, through intracellular signaling pathways and
extracellular matrix remodeling. Such findings will
contribute to our comprehension of the mechanism of
placentation and PE, and offer novel targets for thera-
peutic interventions against the disease.

Materials and method

Tissue collection

The study was approved by the Ethics Committee of
Chongqing Medical University; and informed written con-
sent was obtained from each participant prior to sample
collection. After the pregnant women had a natural vaginal
birth or cesarean delivery, we collected their placentae for
this study. Five placentae were from healthy pregnant
women and three were from PE patients. The gestational
ages of the placentae ranged from 36 to 39 weeks of
pregnancy.

Isolation, cultivation and spontaneous
syncytialization of primary CTB

The placenta was washed with PBS; and the blood vessels,
the substrate and the calcified tissue were removed using
0.125% trypsin (Beyotime, China) and 0.03% DNase-I (Sig-
maeAldrich, USA) in Hank’s balanced salt solution (Sig-
maeAldrich, USA) for 1 h in a 37 �C water bath. 10% serum
was then added to stop the digestion, followed by filtra-
tion of the digest with 100 mm and 40 mm filters (Corning,
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USA) and centrifugation of the filtrate at 1500 rpm for 20
min.

The pellets were resuspended in a small amount of
DMEM medium (Gibco, USA). The CTB layer were isolated by
continuous gradient centrifugation (1600 rpm, 30 min) by
Percoll (GE Healthcare, Bio-sciences AB, Sweden). The
trophoblast was located approximately 1 cm above the RBC
layer. The cells were then collected, and were cultured in a
6-well plate at a density of 2 � 106 per well. DMEM medium
containing 10% fetal bovine serum, 20 mM HEPES, 100 U/ml
penicillin, and 100 ml/mL streptomycin was added and
incubated at 37 �C with 5% CO2 and 20% oxygen. The purity
of the CTB and the contamination of the CTB with stromal
cells were routinely assessed by IF detection of cytokeratin
7 (CK7, CTB marker) and vimentin (Vimentin, stromal cell
marker) respectively.

BeWo cells culture and induced fusion

The BeWo cells were donated by Professor Li Xiaotian from
the Obstetrics and Gynecology department of Fudan Uni-
versity. BeWo cells were cultured in Ham’s Fe12K medium
(BOSTER, China) supplemented with 10% fetal bovine serum
(FBS; PANSera, CA, USA), 20 mM HEPES (SigmaeAldrich,
USA), 100 ug/mL penicillin (Beyotime, China), and 100 mg/
mL streptomycin (Beyotime, China), and placed in a 37 �C
incubator containing 5% CO2 and 20% oxygen. To establish a
BeWo cells fusion model, we treated the cells with 25 mm
Forskolin (FSK, SigmaeAldrich, USA) for 72 h. An equal
amount of DMSO (SigmaeAldrich, USA) was used to treat
another group of the cells at the same time, thus serving as
a negative control.

western blot

Cells were seeded in 6-well plates and lysed in 500 ml of
SDS lysis buffer (Beyotime, China). After sonication, the
supernatant was centrifuged. The protein concentration
was quantified using a BCA kit (Beyotime, China), and the
lysed cells were incubated at 100 �C for 10 min. An
appropriate concentration of SDS-PAGE gel, proportional to
the molecular weight of the protein, was selected to
perform electrophoretic analysis on the same amount of
protein. After separation, the proteins were transferred to
a PVDF membrane (Bio-Rad, Calif.), blocked with 5% skim
milk powder at 37 �C for 1 h, and then incubated overnight
at 4 �C with the primary antibody. Rabbit monoclonal anti-
THBS1 and anti-b-actin were purchased from Bioss
Table 1 Sequence of primers used for real-time quantitative R

Gene Species Forward Primer

b-actin Human AGATCATCAGCAAT
THBS1 Human CGACTCTGCGGAC
CD36 Human CTATGCTGTATTTG
GCM1 Human GCCAAGCAAGAGC
b-hCG Human GTGAACCCCGTGG
Syn 1 Human CCTCAAACCTCACC
CREB Human CATCTGCTCCCACC
(Beijing, China); rabbit monoclonal anti-CD36 was pur-
chased from BOSTER (Wuhang China); rabbit monoclonal
anti-GCM1 was purchased from Sigma (St. Louis, MO, USA);
rabbit monoclonal anti-Syn2 was purchased from abcam
(Cambridge, UK); rabbit monoclonal anti-CREB, anti-phos-
pho-CREB and murine monoclonal anti-ECAD were pur-
chased from Cell Signaling Technology (Devers, USA). After
washing the membranes 3 times with 0.2% PBST, we
incubated them with HRP-labeled goat anti-rabbit or goat
anti-mouse IgG (BOSTER, China) at 37 �C for 1 h and then
washed them 3 times with PBST. Protein expression was
detected using the ECL chromogenic solution (BioRad,
Calif); and photographing was performed using the Quan-
tity One software (Bio-Rad,Calif.).

Immunohistochemistry

The placental tissue sections were dewaxed in preheated
xylene, dipped sequentially in decreasing percentages of
alcohol, kept in a running water and later in a distilled
water and then washed 3 times with PBS. The antigen was
heat-repaired, endogenous interference eliminated with 3%
H2O2, and the tissues blocked with goat serum at 37 �C for
30 min. The tissues were then incubated overnight at 4 �C
with the primary antibody, and then washed 3 times with
PBS. Biotin secondary antibody was then added, the tissues
incubated at 37 �C for 30 min, and washed 3 times with PBS.
DAB was then added to the tissues to enhance a brown color
development, followed by hematoxylin counterstaining.
The tissues were then dipped sequentially in increasing
concentrations of alcohol, dehydrated with xylene for 5
min, sealed and pictures taken with the fluorescence mi-
croscope (Olympus, Japan).

Immunofluorescence

The treated cells were washed twice with PBS for 5 min,
fixed with 4% paraformaldehyde for 10 min at room tem-
perature, washed 5 times with PBST (5 min each), per-
meabilized with 0.1% Triton X-100 for 10 min at room
temperature, washed 5 times with PBST (5 min each),
blocked with immunofluorescence blocking solution (Beyo-
time, China) at 37 �C for 1 h or more, and incubated
overnight at 4 �C with the primary antibody. The cells were
then washed with PBST (5 times � 5 min), incubated with
the secondary antibody at 37 �C for 1 h, washed with PBST
(5 times � 5 min), stained with DAPI for 15 min at room
temperature, and washed with PBST (5 times � 5 min). The
T-PCR.

Reverse Primer

GCCTCCT TGGTCATGAGTCCTTCCACG
GATGG TCATCTGGGGGCTGGGAG
AATCCGACG TCAACTGGAGAGGCAAAGGC
AGCAAA TCATCTCAAAGGACACAGGTTCA
TCTCCTA GGTCATCACAGGTCAAGGGG
TGTGTAAAAT AGAGCCATTCAAACAACGATAGG
GTAACTC TTCTTCAATCCTTGGCACTCC



Figure 1 The expression pattern of THBS1 in normal human term placenta. (A) Immunohistochemistry was used to detect the
expression of THBS1 in normal human term placenta. CK7-positive indicates the CTB. CK-negative indicates the syncytial knots of
the STB, as pointed by the arrow. Scale 50 mm; (B) qRT-PCR was used to detect the difference in mRNA expression of THBS1 in
primary CTB and STB. Data are expressed as: mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001, ns means significant.

356 F.-M. Duan et al.
cell slides were picked with a hooked needle, placed on a
glass slide, sealed, observed and photographed with a
fluorescence microscope.

RNA extraction and RT-qPCR

The collected cells or placental tissues were pre-cooled and
stored in a �80 �C ultra-low temperature freezer. RNA was
then extracted by using Trizol (Invitrogen, Carlsbad). The
Figure 2 Expression pattern of THBS1 in BeWo cell fusion model.
(red) in BeWo cells treated with 25 mm FSK for 72 h. Nuclei are stain
mm; (B) Western blot analysis of the expression of THBS1 and the sy
a loading control (a). The quantification of Western blot results wa
of THBS1, CD36 and syncytialization markers in the BeWo cell fusion
(1.0). *P < 0.05, **P < 0.01, ***P < 0.001.
extracted RNA was treated with RNAase-free DNase I to
remove potential DNA contamination in the sample. After
obtaining cDNA by using the Takara Reverse Transcription
Kit, we used the SYBR Green Supermix (BioRad, Calif.) re-
agent to quantify the target gene. b-actin was used as an
internal reference marker. All quantitative primers were
designed using Primer 5.0 software, and were then
synthesized and purified by the Huada Gene Corporation
(Table 1).
(A) immunofluorescence detection of ECAD (green) and THBS1
ed with DAPI (blue). Arrows indicate fused BeWo cells. Scale 50
ncytialization markers (ECAD, GCM1, Syn2). b-actin was used as
s normalized to b-actin (b); (C) qRT-PCR detection of the mRNA
model. Results are expressed as: mean � SD relative to control
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Transfection

The chorionic cancer cell line, BeWo cells, was cultured in
F12Kmedium supplemented with 10% FBS at 37 �C in a 5% CO2

incubator. TheTHBS1 cDNAwas cloned fromhumanplacental
cDNA and inserted into a pCDH-CMV (Addgene) vector with
EcoR1 and BamH1 restriction sites. In accordance with Invi-
trogen’s protocol, we transfected the BeWo cells with pCDH-
CMV-THBS1, using the Lipofectamine 2000 transfection re-
agent (L2000015, Invitrogen, Carlsbad). Western blot and
qRT-PCR experiments were used to confirm the efficiency of
the pCDH-CMV-THBS1 transfection of the BeWo cells.

Blocking assays

To explore the role of CD36 in the cAMP signaling pathway,
we added a CD36-blocking antibody FA6-152 (10 ug/mL) to
the BeWo cells. FA6-152 was from GeneTex (Irvine, USA),
and the immunoglobulin G (IgG) control was from Bioss
(Beijing, China).

Statistical analysis

All data are presented as mean � SD, and were analyzed
using GraphPad Prism 5.01. Differences between groups
Figure 3 Effect of THBS1 overexpression on the fusion of BeWo
control vector (PCDH) or transfected with a plasmid targeting TH
(A) Western blot analysis using antibodies against THBS1, ECAD, GCM
blot were from three independent experiments. The quantification
display of the relative mRNA levels of THBS1, GCM1, Syn1, and b-
different lowercase letters indicate significant differences in data
were assessed with t-test or one-way ANOVA. Significant
differences were assessed at * P < 0.05, ))P < 0.01, )))P
< 0.001, ns means significant. Bars labeled with different
lowercase letters indicate significant differences in data
between groups, and P < 0.05 is considered statistically
significant. At least three independent samples were used
for each experiment.
Results

The expression pattern of THBS1 in normal human
term placenta

Five healthy term placentae (37e39 weeks) were collected
to study the expression pattern of THBS1. Immunohisto-
chemical results showed that THBS1 was highly expressed in
CK7-positive CTB, but low in syncytial knots where nuclear
aggregation was evident (Fig. 1A). Primary CTB isolated
from five healthy placentae were spontaneously fused to
form STB after being cultured for 48 h; and then the mRNA
level of THBS1 was measured. qRT-PCR results showed that
the expression of THBS1 in the CTB was higher than in the
STB (Fig. 1B). These results indicate that THBS1 is down-
regulated during the fusion of the CTB.
cells. BeWo cells were either untreated, transfected with a
BS1 (THBS1-OE) for 24 h, and then treated with FSK for 72 h.
1 and Syn2. b-actin was used as a loading control. The Western
of Western blot results was normalized to b-actin; (B) Graphical
hCG. Results are expressed as: mean � SD. Bars labeled with
between groups.



Figure 4 THBS1 inhibits the cAMP signaling pathway through the CD36 receptor. (A) BeWo-overexpressing THBS1 group (THBS1-
OE), PCDH vector control group (PCDH) and the empty control group were treated with or without FSK (25 mm, 72 h), and the
expression level of CD36 and the phosphorylation level of the cAMP response element binding protein CREB were determined by
Western blot. The Western blot were from three independent experiments.(a) Relative CD36 was normalized to b-actin (b) and
relative CREB phosphorylation was normalized to CREB proteins (c). Bars labeled with different lowercase letters indicate sig-
nificant differences in data between groups. (B) The interaction of THBS1 and CD36 was verified by immunoprecipitation exper-
iments, with input as a standard control; (C) Normal placental tissue was serially sectioned; and its expression of THBS1 and CD36
were determined using immunohistochemistry. CK7 was used as a positive marker for the CTB. Scale 50 mm. (D) THBS1 over-
expression group (THBS1-OE) and control group were separately treated with CD36 antibody (10 mg/mL) or IgG during FSK-induced
BeWo cells fusion. The cellular proteins were collected and immunoblotted for p-CREB, GCM1, Syn2 and THBS1. The Western blot
results were from three independent experiments (a). Relative CREB phosphorylation was normalized to CREB proteins (b) while
the other proteins were normalized to b-actin (c). Bars labeled with different lowercase letters indicate significant differences in
data between groups.
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The expression of THBS1 in BeWo cells

We used the cAMP signaling pathway activator, Forskolin
(FSK), to treat BeWo cells for 72 h to establish an in vitro
syncytialization model to verify the expression changes of
THBS1. Immunofluorescence showed that when the BeWo
cells were treated with FSK, there was a downregulation of
THBS1 and ECAD, and fusion of the cells (Fig. 2A). Western
Blot results showed a downregulation of THBS1 and ECAD
and an upregulation of GCM1 and Syn 2, indicating a suc-
cessful fusion of the FSK-treated BeWo cells (Fig. 2B). The
results of qRT-PCR detection of mRNA expression of these
genes were consistent with the Western blot results (Fig.
2C). The above results indicate that THBS1 is down-
regulated during the fusion of the CTB.

Overexpression of THBS1 impairs the fusion of
BeWo cells

In order to verify the effect of differential expression of
THBS1 on syncytialization, we induced an overexpression of
THBS1 in the BeWo cells by plasmid transfection, and
established a PCDH vector control group and an empty
vector control group. All three groups were treated with
FSK to induce fusion of the cells. Western blot results
showed that the THBS1 level in the THBS1 overexpression
group (THBS1-OE) was significantly higher than in the PCDH
vector control group (PCDH) and the empty vector control
group, indicating that THBS1 was successfully overex-
pressed in the BeWo cells. After induction of cell fusion, the
syncytialization markers, GCM1 and Syn1, are upregulated
in both control groups. ECAD was downregulated, but the
opposite trend was observed in the THBS1 overexpression
groups (Fig. 3A). The qRT-PCR results were consistent with
the Western blot results (Fig. 3B). These results show that
overexpression of THBS1 impairs the ability of FSK to induce
BeWo cells fusion.

THBS1 regulates the fusion of CTB via a
CD36-dependent cAMP signaling pathway

We further explored the mechanism by which THBS1 im-
pairs the process of trophoblast fusion. After 72 h of BeWo
cells treatment with FSK, Western blot results showed no
change in CREB expression, but an upregulation of p-CREB
expression (Fig. 4A), indicating that the cAMP signal trans-
duction pathway is activated during the fusion of the cells.
However, when FSK was added after THBS1 overexpression,
we observed a decrease in p-CREB levels, suggesting that
high expression of THBS1 inhibited the activity of the cAMP
signaling pathway. Also, there was no significant change in
the expression of the syncytialization markers; ECAD, GCM1
and Syn2 (Fig. 3A). These results indicate that increased
THBS1 expression inhibits the cAMP signaling pathway
during trophoblast fusion.

Since the THBS1/CD36/cAMP tandem pathway has been
observed in other cells and tissues,31 we investigated how
THBS1 regulates intracellular physiology, and how its
membrane surface receptor, CD36, is involved in the pro-
cess of trophoblast fusion. We detected the interaction of
THBS1 with CD36 by immunoprecipitation experiments (Fig.
4B). Normal full-term placental tissue was serially
sectioned, and immunohistochemistry revealed a colocali-
zation of THBS1 and CD36 (Fig. 4C). To further confirm the
role of CD36 in mediating the inhibition effect of THBS1 on
the cAMP signaling pathway during BeWo cells fusion, we
added a CD36-blocking antibody to the BeWo cells. The
results showed that THBS1 overexpression suppressed FSK-
induced CREB phosphorylation, while the CD36-blocking
antibody abolished this effect (Fig. 4D). Also, THBS1 was
able to inhibit CREB phosphorylation in the control IgG
group. This indicates that THBS1 inhibits the cAMP signaling
pathway through CD36-dependent mechanisms during
trophoblast fusion.

Upregulation of THBS1 may be involved in
preeclampsia

Five placentae were collected from normal pregnant
women while three placentae were collected from PE
women. Immunohistochemical experiments showed that
the expression of THBS1 was lower in the STB than in the
CTB of the normal placentae. However, the expression was
higher in both the CTB and STB of the PE placentae (Fig.
5A). Western blot analysis further showed that THBS1 and
CD36 were upregulated while the syncytialization markers,
GCM1 and Syn2, were downregulated in all the three PE
placentae compared to the normal pregnancy placentae.
Also, compared with the total CREB, the expression of p-
CREB was reduced in the PE placentae (Fig. 5B). The qRT-
PCR results were consistent with the Western blot results
(Fig. 5C). These results indicate that the upregulation of
THBS1 is associated with a decrease of cAMP signaling in the
PE placentae.

Discussion

The fusion of CTB involves the remodeling of the extra-
cellular matrix and the mixing of the protoplasm of two or
more cells.42,43 Studies have shown that the occurrence of
PE is associated with abnormal syncytialization of tropho-
blast cells during placental development.7,44 In this study,
it was also found that the inhibition of the cAMP signaling
pathway led to impaired syncytialization of the BeWo cells.
Interestingly, we observed that the expression of extra-
cellular matrix protein THBS1 was higher in the STB of PE
placenta than in normal placenta. Similarly, an immuno-
histochemical study found increased expression of THBS1 in
the STB of the PE placenta.45 THBS1 is a matrix protein that
regulates cell adhesion, intracellular signaling, cytoskeletal
remodeling and extracellular matrix remodeling.19e21 It
regulates intracellular signaling through binding of domains
to cell surface receptors, including CD36, CD47 and integ-
rins.21e23 CD36 recognizes the type I repeat of THBS1 to
trigger a cascade that regulates a variety of physiological
and pathological processes.25,26,29 Importantly, it has been
reported that THBS1 inhibits the cAMP signaling pathway
through the membrane receptor, CD36, during tumorigen-
esis and platelet activation.10,30,31 The cAMP/PKA signaling
pathway is known to be the major intracellular signaling
pathway involved in the fusion of CTB. In the autocrine-
paracrine loop, hCG binds to LH/CG-R on the human



Figure 5 Upregulation of THBS1 may be involved in preeclampsia. (A) Immunohistochemical staining of THBS1 in the normal
placenta (a) and PE placenta (b). CK7 positive indicates CTB. CK-negative cells with aggregated and fused nuclei are STB, as
pointed by the arrows. Scale 50 mm. (B) Western blot detection of THBS1, p-CREB, CREB, CD36, ECAD, GCM1 and Syn2 in the normal
and PE placentae. b-actin was used as loading control (a). Relative CREB phosphorylation is based on CREB protein (b). Relative to
other protein expressions, the standard is b-actin (c). Bars marked with different lowercase letters indicate significant differences
in the data between the groups. (C) qRT-PCR detection of the mRNA of THBS1, CD36, CREB and Syncytialization markers in the
normal placenta. Results are expressed as: mean � SD relative to control (1.0). *P < 0.05, **P < 0.01, ***P < 0.001.
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trophoblast membrane and induces intracellular cAMP
production, which activates PKA, through the transcription
factor CREB (cAMP response element binding protein), to
trigger cell fusion.9,46 In this study, FSK-induced BeWo cells
fusion or in vitro spontaneous fusion of primary CTB from
the five normal placentae activated the cAMP signaling
pathway, and this was accompanied by the downregulation
of THBS1. However, we found that THBS1 expression was
higher in the PE placentae. In order to understand the ef-
fect of higher expression of THBS1 on trophoblast cells, we
overexpressed THBS1 in the BeWo cells. We observed a
decrease in the phosphorylation of CREB and the expression
of the syncytialization markers, GCM1 and Syn 2, indicating
that THBS1 inhibits the cAMP signaling pathway. Since CD36
acts as a receptor for THBS1, and several studies have
demonstrated that CD36 is able to inhibit the activation of
the cAMP signaling pathway,47,48 we investigated the rela-
tionship between the expressions of both molecules. We
observed a colocalization of THBS1 and CD36 in the
placenta. Also, we found that the overexpression of THBS1
increased the level of CD36. Furthermore, the CD36 anti-
body blocking assays showed that the absence of CD36
abolished the inhibition of the cAMP pathway caused by
THBS1 overexpression, implying that CD36 plays an impor-
tant role in regulating the cAMP signaling pathway. These
results indicate that THBS1 is downregulated to promote
the fusion of CTB, while upregulation of THBS1 inhibits this
process, through a CD36-dependent cAMP inhibition,
thereby triggering PE.

The regulation of various proteolytic enzymes by THBS1
contributes to tissue remodeling.49 THBS1 blocks the acti-
vation of MMPs by type I repeats and is involved in main-
taining a balance between MMPs and TIMPs.37,50

Upregulation of THBS1 inhibits the activities of MMPs,
thereby disrupting the remodeling of the extracellular
matrix to affect cell migration and fusion.51e54 In this
study, we observed a high expression of THBS1 in the PE
placenta. Also, we found that overexpression of THBS1
hindered the downregulation of the syncytialization
marker, ECAD, in BeWo cells. Interestingly, the levels of
ECAD and other adhesion proteins are higher in the PE
placenta.55e57 ECAD is mainly found in the extracellular
matrix and is involved in cell sorting and differentiation,
thus affecting the process of cell fusion.14,39 MMPs regulate
the expression of ECAD, and inhibition of MMPs in BeWo
cells prevents cleavage of the cadherin extracellular
domain, resulting in cadherin-mediated cellecell contact
stabilization that is not conducive to cell migration and
fusion.41 Hypoxia, a known trigger of PE,58e60 has been
reported to increase THBS1 expression.29,61,62 Thus, during
PE, there is hypoxia-induced upregulation of THBS1 which
results in the inhibition of MMPs and an impairment in the
physiological downregulation of ECAD to affect syncytiali-
zation. The evidence of defective decidual angiogenesis
and spiral artery remodeling in PE,6,63 and the reported
inhibitory effect of THBS1 on angiogenesis indicate that
upregulation of THBS1 might also inhibit decidual angio-
genesis to trigger PE.32 Investigation of this hypothesis is
our next research direction.

In conclusion, we found that THBS1 inhibits the cAMP/PKA
signaling pathway in placental trophoblast cells through the
membrane surface receptor, CD36; and interferes with the
dynamic changes in the expression of the matrix protein,
ECAD. This means that upregulated expression of THBS1,
during placentation, can inhibit STB formation to trigger PE.
Thus, therapeutic measures that are geared towards
reducing the expression of THBS1 in the trophoblast can be
helpful in the prevention and management of PE. Since
THBS1 has been recommended as a biomarker of a variety of
diseases,24 it has the potential of serving a similar purpose in
PE. Hence, investigation of the placental trophoblast levels
of THBS1 in PE is very imperative to exploring the patho-
genesis. A further study on how THBS1 regulates tropho-
blastic extracellular matrix remodeling will enhance our
understanding of the molecular mechanisms involved
placentation.
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