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1 | INTRODUCTION

Abstract

Preeclampsia is a severe pregnancy-related disease that is found in 3%-5% of preg-
nancies worldwide and is primarily related to the decreased proliferation and inva-
sion of trophoblast cells and abnormal uterine spiral artery remodelling. However,
studies on the pathogenesis of placental trophoblasts are insufficient, and the ae-
tiology of PE remains unclear. Here, we report that endothelial protein C receptor
(EPCR), a transmembrane glycoprotein, was down-regulated in placentas from preec-
lamptic patients. Moreover, lack of EPCR significantly reduced the trophoblast cell
proliferation, invasion and tube formation capabilities. Microscale thermophoresis
analysis showed that EPCR directly bound to protease-activated receptor 1 (PAR-1),
a G protein-coupled receptor. This change resulted in a substantial reduction in ac-
tive Racl and caused excessive actin rearrangement. Our findings reveal a previously
unidentified role of EPCR in the regulation of trophoblast proliferation, invasion and
tube formation through promotion of actin polymerization, which is required for nor-

mal placental development.
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PE is believed to be impaired extravillous trophoblast (EVT) pro-

liferation and invasion accompanied by poor spiral vascular re-

Preeclampsia (PE) is a complex, pregnancy-specific disease char-
acterized by the development of hypertension and proteinuria
after 20 weeks of gestation.® This condition is one of the major
causes of maternal, perinatal and foetal/neonatal mortality and
morbidity worldwide.?2 To date, the aetiology of PE has remained
elusive, but we know that placental pathology is involved and
plays a crucial role. The most significant pathological change of

modelling.* Therefore, the volume of maternal blood flowing into
the intervillous space is decreased, which causes several negative
consequences, including high pressure, abnormal stress in the vil-
lous placenta and increased shedding of necrotic placental debris
in the maternal circulation.>® Many cell characteristics, such as
cell shape, cell proliferation and invasion, are directly determined

by actin.”® Moreover, column cytotrophoblasts that differentiate
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into EVTs are related to changes in cell behaviour and cytoskele-

tal organization,”*?

suggesting critical roles for the integrity and
appropriate remodelling of the cell cytoskeleton in trophoblast
proliferation and invasion.

Endothelial protein C receptor (EPCR), a 46-kDa transmem-
brane glycoprotein, is highly expressed in trophoblasts compared
to other parts of the maternal-foetal interface during pregnancy,11
and EPCR expression is down-regulated in preeclamptic placentas
compared with healthy placentas.!? The sequence and structure
of EPCR is homologous to that of proteins of the major histo-
compatibility class 1/cluster of differentiation 1 (CD1) family,®
and this protein participates in many cytoprotective activities,
reducing the damage caused by diverse injuries or diseases from
sepsis to stroke.” EPCR was reported to participate in the acti-
vation of endogenous protease-activated receptor 1 (PAR-1), a G
protein-coupled receptor that plays an important role in mediating
anti-inflammatory and antiapoptotic activities and protects endo-
thelial barrier functions through regulating cytoskeletal organiza-
tion.} Recently, cancer research has shown that EPCR aberrations
are involved in diverse tumour tissues, such as breast cancer

1617 and ovarian cancer tissues.*®

tissues,t® lung cancer tissues
Overexpression of EPCR is associated with the promotion of tu-
mour growth and infiltration. Many studies have demonstrated
striking similarities in the molecular circuits between trophoblasts
and cancer cells due to the properties of proliferation and invasion
of these two cell types.t”?° However, whether EPCR is associated
with trophoblast function and PE occurrence and development
remains unclear. Therefore, we hypothesized that in trophoblast
cells, EPCR may participate in the development of PE by affecting
cell proliferation and infiltration.

In the current study, we detected EPCR down-regulation in the
placentas of patients with PE compared to those from healthy con-
trols. EPCR knockout inhibited cell proliferation, invasion and tube
formation. Microscale thermophoresis (MST) analysis showed that
EPCR directly bound to PAR-1. The decrease in cleaved PAR-1 caused
by EPCR depletion resulted in a substantial reduction in active Rac1,
a key factor that regulates the polymerization and depolymerization
of actin; these changes resulted in excessive rearrangement of the

cytoskeleton. In brief, our study revealed that EPCR down-regulation

TABLE 1 Clinical parameters of the
control and preeclamptic women recruited

for the study Maternal ages

BMI at delivery (kg/m2)

Gestational age at delivery

(weeks)
Systolic BP (mm Hg)
Diastolic BP (mm Hg)
Proteinuria
Proteinuria (g/24 h)
Infant birth weight (g)
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resulted in decreased proliferation, invasion and tube formation via
the rearrangement of actin through the PAR-1/Rac1 signalling path-

way in placental trophoblasts in PE.

2 | MATERIALS AND METHODS

2.1 | Collection of placental tissues

The protocols for placental tissue collection were reported pre-
viously.?! Placental tissues were obtained from PE patients
(n = 15) and subjects with healthy pregnancies (n = 15) admitted
to Shenzhen Hospital, Peking University. PE was diagnosed by
a new onset of systolic blood pressure > 140 mmHg or diastolic
blood pressure 2 90 mmHg after the 20th week of gestation in
the presence of proteinuria without preexisting renal diseases or
primary hypertension. Patients with other major pregnancy com-
plications were excluded. First-trimester villous tissue (n = 5) was
collected from women who underwent legal termination between
6 and 10 weeks of gestational age that was not for medical reasons;
these subjects did not have a history of a spontaneous abortion
or an ectopic pregnancy. All placental tissues were collected ac-
cording to protocols approved by the Research Ethics Committee
of Shenzhen Hospital, Peking University. Written informed consent
was obtained from all patients. The clinical features of the patients
are displayed in Table 1.

2.2 | Immunohistochemistry

The villous and placental tissues were washed with phosphate-
buffered saline (PBS) and fixed overnight with 4% paraformaldehyde
(PFA) at room temperature. Then, the samples were dehydrated and
embedded in paraffin before they were sectioned into 4-mm-thick
sections. For Immunohistochemistry (IHC), the sections were de-
paraffinized, rehydrated and then microwaved in 10 mmol/L citric
sodium (pH 6.0) for 20 minutes to retrieve antigens and blocked with
3% H,0, for 10 minutes. The sections were then incubated with a
mouse primary antibody against EPCR (1:200; Abcam, Cambridge,

Control (n = 15) Preeclampsia (n = 15) P-values
29.11 £ 1.567 32.33+1.19 1211
27.78 £ 1.718 30.84 +1.381 .1838
38.11+0.389 37.33+0.333 .1484
115.7 £2.16 153.9 +4.296 <.0001
75.11+1.996 98.78 £ 2.639 <.0001
- +to +++ <.0001
00 2.94+1.102 .0157
3328 + 167.1 2739 +233.3 .0569

Note: Values are the mean * SD.

Abbreviations: BMI, body mass index (in kg/m?); BP, blood pressure.



3372
2 | \wiLEy

WANG ET AL.

United Kingdom) at 4°C overnight. Then, a secondary antibody con-
jugated to horseradish peroxidase (HRP) was applied for 20 minutes
at room temperature, followed by development in diaminobenzidine

solution.

2.3 | Western blot analysis

Protein extracts were prepared from placental tissues and cells
with RIPA buffer supplemented with protease and phosphatase
inhibitors. For western blot (WB) analysis, the cell lysates (40 pg
of total protein) were electrophoresed by 10% SDS-PAGE and
electrically transferred to a hydrophobic polyvinylidene difluoride
membrane (Hybond-P; Amersham Biosciences, Piscataway, NJ,
USA). Following transfer, the membrane was blocked in 5% milk
in TBST (0.15 M NacCl, 0.01 M Tris-HCl and 0.1% Tween-20, pH
7.4) for 1 hour and extensively washed with TBST. Then, the mem-
brane was incubated with primary antibodies (anti-EPCR, Abcam;
anti-Racl, Cytoskeleton, Inc, Danvers, MA, USA; anti-actin,
Cytoskeleton; anti-GAPDH, Abcam) overnight at 4°C. After three
washes in TBST, the membrane was incubated with an appropri-
ate HRP-conjugated secondary antibody for 1 hour at room tem-
perature. Finally, the membranes were detected with an enhanced
chemiluminescence detection system (Amersham Biosciences,
Piscataway, NJ, USA).

2.4 | Cellculture

HTR8/SVneo cells (ATCC No. CRL-3271) were cultured in phenol
red RPMI 1640 medium (Thermo Fisher Scientific, Waltham, MA,
USA). The cells were grown at 37°C in 5% CO,. All cultures were
supplemented with 10% foetal bovine serum (FBS, Thermo Fisher
Scientific) and 100 U/ml penicillin-streptomycin (Thermo Fisher

Scientific).

2.5 | Single-guide RNA (sgRNA) design, plasmid
construction and transfection

sgRNA sequences for the CRISPR/Cas9 system were designed at the
CRISPR design website (http://crispor.tefor.net/crispor.py). The se-
quence of the insert oligonucleotides for the human EPCR gRNA was
5'- CCAGGGCAACGCGTCGCTGG-3". The EPCR gRNA targets exon
2 of the gene. The complementary oligonucleotides for the gRNAs
were cloned into the lentiCRISPRv2 vector (Addgene, Cambridge,
MA, USA). For target protein expression in HTR8/SVneo cells, the in-
dicated gene was cloned into pcDNA3. HTR8/SVneo cell lines were
transfected with Lipofectamine 3000 transfection reagent (Thermo
Fisher Scientific) according to the manufacturer's instructions. After
48 hours of transfection, the expression of EPCR was verified using
immunofluorescence (IF) and WB analyses, and subsequent experi-

ments were performed.

2.6 | Generation of the EPCR knockout (KO) cell line
with CRISPR/Cas9

Two days after lentiCRISPRv2 vector transfection, the cells were
treated with 2 pg/mL puromycin (Sigma, St. Louis, MO, USA) for
three days, and a single cell was isolated. After two weeks, single-
cell colonies were picked, and the EPCR knockout was confirmed by
IF staining and WB analysis.

2.7 | Sequencing

Regions surrounding sgRNA target/off-target sites within the EPCR
were amplified by PCR and analysed by BGI (Shenzhen, China) using
Sanger sequencing (ACGT, Inc)

2.8 | IF staining and confocal microscopy

Cells were fixed in 4% PFA in PBS (pH 7.4) for 30 minutes at room
temperature. Then, the cells were permeabilized in 0.5% Triton
X-100 for 30 minutes, followed by blocking for 30 minutes in 1%
bovine serum albumin (BSA, Sigma) solution. The cells were then
incubated overnight with primary antibodies (1:100-1:200) at 4°C.
After the cells were washed three times in PBS containing 0.1%
Tween-20 and 0.01% Triton X-100, they were transferred to an
appropriate fluorescent secondary antibody mixture for 1 hour at
room temperature. The nuclei were then stained with 10 pmol/L
DAPI for 10 minutes and washed three times. Finally, the cells were
mounted onto glass slides. Observation was performed under a
confocal laser scanning microscope (Carl Zeiss 710, Jena, Germany).

2.9 | Three-dimensional (3D) modelling

Actin was imaged as a z-series at 1 um intervals to capture the entire
actin structure via 3D confocal z-stacks. The CZI files were imported,
and actin status was analysed using the Zen program software.

2.10 | Colony formation assay

Cells were seeded in 10 mm plates at a density of 500 cells/plate.
After incubation for 10 days at 37°C, the cells were fixed in 4% PFA
for 30 minutes and stained with Giemsa stain solution for 20 minutes.

The number of colonies consisting of more than 50 cells was counted.
2.11 | Real-time cell proliferation and
invasion assays

Cell proliferation and invasion abilities were examined using a
real-time cell analysis (RTCA) system (RTCA DP Instrument; ACEA
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Biosciences, Inc, USA). For continuous monitoring of cell prolif-
eration, the cells were seeded into RTCA E-plates at a density of
5 x 10° cells per well, and then, the electrical impedance in each
well was measured continuously for 50 hours. The shift in electri-
cal impedance is expressed as the cell index, which is a parameter
of cell proliferation. The invasion experiments were performed in
CIM-16 plates, and a layer of Matrigel (BD Biosciences) was added
to the upper chamber of the plate for an hour. Next, 10 ug/mL of
mitomycin was used to inhibit cell proliferation for 3 hours, and
then, 3 x 10* cells were seeded and monitored for 80 hours. The
sensor impedance following cell invasion was defined as the cell

index.

2.12 | Tube formation assay

Growth factor-reduced Matrigel was placed in a 96-well cell cul-
ture plate (50 pL/well) and incubated for 30 minutes. EPCR-KO
and control HTR8/5Vneo cells (3 x 10%/100 pL) were seeded onto
the Matrigel-coated wells. Once tube formation was observed, the
medium was aspirated from the wells, and 100 pL of 2 pumol/L cal-
cein AM (Abcam) solution was added to each well of the 96-well
plate. The plate was incubated for 15-30 min. Tube formation was
observed under an inverted microscope. Calcein AM-labelled cells
were photographed using a fluorescent inverted microscope at an
excitation wavelength of 488 nm.

2.13 | MST assay

MST was performed according to a previously described proto-
col.? In brief, purified recombinant protein was labelled with the
RED-NHS Protein Labeling Kit (NanoTemper Technologies, Munich,
Germany) according to the manufacturer's protocol. PAR-1 protein
(Abnova, Taipei City, Taiwan, China) was then incubated at a con-
stant concentration (1 mmol/L) with twofold serial dilutions of EPCR
protein (Abnova) in MST-optimized buffer. Equal volumes of binding
reactions were mixed by pipetting and incubated for 15 minutes at
room temperature. The mixtures were enclosed in standard-treated
glass capillaries and loaded onto the instrument (Monolith NT.115;
NanoTemper). The measurement times were as follows: fluorescence
before 5s, MST at 30 seconds, fluorescence after 5 seconds and delay
for 25 seconds. The measurement was performed at 60% MST power.

2.14 | Cell-based enzyme-linked
immunosorbent assay

In total, 2 x 10* cells were added to each well of a 96-well culture
plate and incubated overnight. The medium was then removed, and
the cells were fixed with 4% PFA and blocked with 1% BSA. The

fixed cells were incubated with an anti-ATAP2 antibody (1:200,
Santa Cruz Biotechnology, Dallas, Texas, USA) and an anti-WEDE15
antibody (1:100, Beckman Coulter, Marseille, France) for 1 hour at
room temperature and then washed three times with PBS con-
taining 0.1% BSA followed by incubation with the secondary anti-
bodies for 1 hour. Then, 100 uL of 3,3',5,5'-tetramethylbenzidine
(TMB, Cell Signaling Technology, Inc, Danvers, MA, USA) substrate
solution was added to each well and incubated for 20 minutes. The
enzymatic reaction was stopped by the addition of 2 M sulphuric
acid. The optical density of each well was measured at 450 nm with
a multidetector microplate reader (Thermo 1500; Thermo Fisher

Scientific, Inc).

2.15 | Racl activation measurement

Cells were grown to confluence in 6-well culture plates and
starved overnight in serum-free medium. Analysis of Racl acti-
vation (Rac1-GTP) was performed using commercially available
kits (Cytoskeleton, Inc). Briefly, appropriate cellular lysates were
incubated with glutathione S-transferase-PAK PBD (Rac1 effector
protein, p21-activated kinase 1) beads that bind specifically to the
active GTP-bound form of Racl at 4°C with rotation for 1 hours.
The beads were washed and resuspended in loading buffer. Total
and activated Racl levels were detected by WB analysis using an
anti-Racl monoclonal antibody provided in the kit as described by
the manufacturer.

2.16 | F-actin/G-actin ratio measurement

The F-actin/G-actin ratio was determined using commercially avail-
able kits (Cytoskeleton). Briefly, LAS buffer [50 mmol/L PIPES,
50 mmol/L NaCl, 5 mmol/L EGTA, 5 mmol/L MgCl2, 0.1% Nonidet
P40, 5% (v/v) glycerol, 0.1% Triton X-100, 0.1% Tween 20, 0.1%
2-mercaptoethanol and 0.001% Antifoam C, pH 6.9] was used to
lyse the cells. The lysate was centrifuged at 626xg for 5 minutes to
remove unbroken cells. The supernatant was then centrifuged at
100 000xg to separate F-actin from soluble G-actin. WB analysis was
performed to detect the G-actin content in the supernatant and the

F-actin content in the sediment.

2.17 | Statistical analyses

Proliferation and invasion curves were analysed by 2-way analysis
of variance (ANOVA) using SPSS 23.0 software (IBM, Armonk, NY,
USA). Student's t test was used for all other data comparisons using
GraphPad Prism 6 software (La Jolla, CA, USA). The standard error
mean (SEM) was plotted. All experiments were performed three
times unless indicated otherwise.
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FIGURE 1 EPCR expression in placentas. (A) IHC staining of EPCR in first-trimester human placenta villi and the decidua. Scale bar,

100 pm. (B) The expression of EPCR in placental tissues was determined by WB analysis of é preeclamptic placentas and é healthy control
placentas randomly selected from 15 placental tissues. Data are presented as the mean + standard error of the mean (SEM). **P < .01. (C, D)
IHC staining of EPCR in floating villi (C) and BP (D) of control and PE placentas from serial sections. Scale bar, 100 pm

3 | RESULTS

3.1 | Trophoblastic EPCR is down-regulated in
preeclamptic placentas

We first used IHC to evaluate the expression levels of EPCR in first-
trimester human placentas. High expression of EPCR was detected
in different subtypes of trophoblasts, including villous cytotropho-
blasts (CTB), cell column trophoblasts (CCT) and interstitial EVT
(iIEVT) cells in the decidua (Figure 1A). To further compare the dif-
ferences in EPCR expression between preeclamptic placentas and
placentas from healthy age-matched subjects, we performed a
WB assay to detect the levels of EPCR in both groups. As shown in
Table 1, there were no significant differences in maternal age, body

mass index, gestational age at delivery or infant birth weight between

healthy pregnant (n = 15) and preeclamptic (n = 15) women. The WB
results demonstrated that the EPCR level was significantly lower in
preeclamptic placentas than in healthy placentas (Figure 1B). The
IHC results further revealed strong EPCR staining in the villous CTBs
and iEVTs in the basal plate of healthy, preterm placentas, whereas
EPCR was weakly expressed in preeclamptic placentas (Figure 1C,D).
Collectively, these results showed that the down-regulation of EPCR

in trophoblasts is associated with preeclamptic placentas.

3.2 | EPCR knockout inhibits trophoblast
proliferation and invasion

To ascertain the causal relationship between trophoblastic EPCR

deficiency and PE development, we investigated the role of EPCR
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in trophoblast proliferation and invasion. We first established a
cell line in which EPCR was knocked out using the CRISPR/Cas9
technique on HTR8/SVneo, an EVT-like first-trimester trophoblast
cell line. First, EPCR deletion bands were sequenced (Figure 2A).
The result showed perfect deletion and repair without any indels.
Immunostaining and WB results further identified a successful
knockout of EPCR in the established cell line (Figure 2B,C). Next,
we used colony formation assays to elucidate the role of EPCR in
trophoblast proliferation. The results suggested that compared
with the control group, the EPCR-KO group had a significantly
decreased number of colonies (Figure 2D). Then, RTCA was per-
formed to further explore the function of EPCR in cell proliferation
and invasion. For the proliferation assay, EPCR-KO and control cells
were seeded into E-plates. At the bottom of the chamber, there are
sensors that can detect the number of cells, which are presented
as a ‘cell index’. After 50 hours of culture, the cell proliferative abil-
ity was significantly decreased in the EPCR-KO group compared
with the control group (Figure 2E). For the invasion assay, a layer
of Matrigel was added to the upper chamber of the CIM plates to
simulate the extracellular matrix (ECM) and provides a barrier for
cell invasion. When the cells passed through the membrane from
the upper chamber into the bottom, they contacted the sensors at
the membrane and were detected as the cell index.?® As shown in
Figure 2F, the invasive ability of cells in the EPCR-KO group was
much lower than that in the control group. Thus, these data in-
dicate that EPCR is essential for the proliferation and invasion of
trophoblasts.

3.3 | EPCR knockout inhibits trophoblast
tube formation

Failure of spiral artery remodelling can result in placental ischaemia
and hypoxia and further leads to the occurrence and development of
PE.2* When the HTR8/SVneo cell line is cultured on Matrigel (with
or without endothelial cells), it can spontaneously form endothe-
lial-like tubes, which is believed to reflect the placental angiogenic
ability.?>2% To determine whether EPCR expression influences the
angiogenic properties of trophoblasts, we performed tube forma-
tion assays. As shown in Figure 3A, the EPCR-KO cells exhibited
decreased tube formation compared with the control cells. The
quantitative analysis results demonstrated that the number of nodes
and meshes, mesh area and total segment length was significantly
reduced (Figure 3B-E). These data demonstrated that EPCR knock-

out decreases the angiogenic properties of trophoblasts.

3.4 | EPCR regulates actin polymerization

Actin is crucial in determining cell proliferation and invasion, mainly by
F-actin polymerization and rearrangement of the actin cytoskeleton.?’
Recent studies suggest that PAR-1 activation is regulated by EPCR,%®
which mediates the polymerization of F-actin and cortical actin distri-
bution.?? Therefore, we next investigated whether EPCR knockout af-
fects actin polymerization by activating PAR-1-mediated cell signalling.
First, we performed an MST assay to examine the relationship
between EPCR and PAR-1, and we found that EPCR directly bound
to PAR-1 (Figure 4A). Subsequently, the activation of PAR-1 following
EPCR knockoutin cells was investigated by a cell-based enzyme-linked
immunosorbent assay (ELISA). We used a PAR-1 antibody (ATAP2)
that specifically binds to intact PAR-1 and a non-cleavage-sensitive
antibody (WEDE15) that detects total PAR1 on the cell surface.’® We
found that the binding rate of the ATAP2 antibody was increased in
the EPCR-KO group compared with the control group, whereas the
total PAR-1 level did not change (Figure 4C). This finding indicated
that EPCR knockout inhibited EPCR-mediated PAR-1 cleavage.
Cortical actin distribution induced by PAR-1 is likely mediated
by activation of the small Rho family GTPase, Rac1,%! which induces
rapid actin polymerization in ruffles near the plasma membrane.?%3
Next, we evaluated the rate of Rac1l activation in the two groups.
As shown in Figure 4C, Racl activation was reduced when EPCR
was depleted. We also compared the distribution and morphology of
actinin EPCR-KO and control cells through immunostaining analyses.
Large accumulation of actin on the membrane surface and formed
ruffling lamellipodia-like structure in the control group. But in the
EPCR-KO cells, actin distribution was disorganized, with few pe-
ripheral actin bands. Focal concentrations of actin ‘dots’ or ‘clumps’
were present and randomly distributed. (Figure 4D,E). To support
our morphological observations, we assessed the actin cytoskeleton
reorganization of EPCR-KO cells by WB analysis, and the G/F-actin
ratio was determined (Figure 4F). The F-actin level in EPCR-KO cells
was lower than that in the control group. These data suggest that

EPCR knockout results in abnormal actin polymerization.

3.5 | PAR-1 activation rescues the abnormal
actin organization, decreased proliferation and
invasion and inhibited tube formation of EPCR-KO
trophoblastic cells

To verify that the effect of EPCR is mediated via PAR-1/Racl, we
used a PAR-1 agonist, TFLLR-NH2, in EPCR-KO cell lines to validate

FIGURE 2 EPCR regulates trophoblast proliferation and invasion. (A) EPCR deletion sequences. Yellow sequences correspond to remains
of sgRNA target sequences. (B) Validation of EPCR-KO by immunofluorescence staining. Green: EPCR; Blue: nucleus. Scale bar, 10 um.

(C) Validation of EPCR-KO by WB analysis. Equal amounts of control HTR8/SVneo (control) and EPCR-KO cell lysates were subjected to

WB analysis with an EPCR antibody. (D) Colony formation assays of the control and EPCR-KO groups. The colony formation ability was
decreased in the EPCR-KO group. (E) Proliferation cell index (Cl) based on the RTCA real-time monitoring system. Data were analysed using
2-way ANOVA. (F) Invasion Cl based on the RTCA real-time monitoring system. Data were analysed using 2-way ANOVA. All experiments
were performed at least three times. Error bars of RTCA curves represent the standard deviation. Other values are represented as

mean = SEM. **P < .01, ***P < .001



WANG ET AL.

33
iI_\’Vl LEY

A
ACCA CAACGCGTCGCTGC GACACCTAACGCAC ACCAGGGCAACGCGTCCACCTAACGCACG
Control EPCR-KO
WT: A GGGGACACCTAACGCACG
EPCR-KO: ACCAGGGCAACGCGTC-----=-===mmmmmmmmm CACCTAACGCACG
B c
EPCR DAPI Merge 1.5
_ Control EPCRKO &
ég EE * k%
5 EPCR | s g 1.0
v =
o
S5
2 GAPDH | s s | > 0.5 1
S =
8: [a'

o

Control

m

3.5+
3.0
2.5
2.0
1.5+
1.04

Cell proliferation
(mean cell index)

0.5+

M Control

B EPCR-KO

T

EPCR-KO

i*’**]

0
Control EPCR-KO

4007
* %
300+

Colony number
N
o
L.

)
2

Control EPCR-KO

e el
e

-n

Cell invasion
(mean cell index)

M Control
1 mEerPcrKO

% % %

Time (In h)



endothelial-like tube formation was
examined in HTR8/SVneo cells. Scale bar,
100 pm. (B-E) The number of nodes, total
segment length, number of meshes and
total mesh area was calculated in pixels.

WANG ET AL. 3377
WILEY
All experiments were performed at least

FIGURE 3 EPCRregulates tube A Control EPCR-KO B 800- ,%
three times. All data are represented ]_l

formation in trophoblasts. (A) Matrigel
as the mean + SEM. *P < .05, **P < .01, Control  EPCR-KO

4D < 001 - D E *k %k k

207 o 40 = - 80
£ 1 " 1
2 151 230+ © 60
o= g g5
- @ g s 2
c x B &
g 210+ 520 § B401
o2 @ —°
g X 'g &%
T 51 510+ © 7207
o Z
L

0- 0 0-
Control EPCR-KO Control EPCR-KO Control EPCR-KO
A PAR-1 vs EPCR 200 B Control C *
*
— B EPCR-KO 1

Control EPCR-KO

Activated RacCT | e

—_ —_
o w
o o
1 1

Fnorm%o

Total RaCT | s s

w1
T

Antibody binding w
(% of control)

10° 10° 10 10° 10 10 10"

PAR-1 concentration (nM)

Activated Rac1/Total Rac1

Control EPCR-KO

E
D rper Actin DAPI Merge _
_—1\1 = g 301 i
° " e — =
S o ¢ E
5 s =
© 52 2 §
T v
-8
= 0
[} 104
Q £ &
X © ©
5 SE
S [0}
b o
& g
& Control EPCR-KO
F 1 *%
G-actin  F-actin Total actin o
2o 31 &
Control | we— — — ® S
[ =
£ 24
o
o
w
ECPRKO| w— - RE

Control EPCR-KO

FIGURE 4 EPCR regulates cytoskeletal rearrangement in trophoblasts by the PAR-1/Rac1 pathway. (A) MST results of PAR-1 and EPCR.
The change in fluorescence upon switching the laser on and off at 60% intensity is shown. (B) Quantification of cell surface PAR-1 by a
cell-based ELISA in control HTR-8/SVneo and EPCR-KO cells. (C) The levels of total and activated Rac1 were measured by WB analysis. (D)
The F-actin architecture in the EPCR-KO and control cell groups. Green: EPCR; red: actin; clue: nucleus. Ruffling lamellipodia-like structures
were shown by dotted line. Scale bar, 10 um. (E) Three-dimensional modelling of actin in the control and EPCR-KO cells. (F) G-actin (soluble),
F-actin (filamentous) and total actin fractions in the control and EPCR-KO cells were analysed. The results were assessed after normalization
to total actin. Data are presented as the mean + SEM. **P < .01



3378 WANG ET AL.
—I—Wl LEY

A . B c Actin DAPI Merge
200 B EPCR-KO + agonist o **
o WEPCRKO 0 S 087 o8
(= - d 44 5
£ =150 EPCRKO epcpiko 3 0 S
£ = + agonist 5 a ©
S5 g R
30 100 Activated RacT| s s S 04
89 &
S8 50 T 02
g Total RacT | e s— & 9.
{ = of
g o g
<< 2 o
ATAP2 WEDE15 EPCR-KO tpep ko
+agonist
F]
E G H © 40
Q)
© = 557 WEPCRIO + agonist EPCR-KO + agonist EPCR-KO 85
O @ 45-MEPCRKO * " © a8 30
= * g ==
EE 35 * § 8
i3 /. : H
a g ail g T g
— Pos st € € 210
G & o =TT 2 =2
2 25 30 35 40 45 EPCRKO g
- %
Time (ln h) +agonist EPCRIKO & EPCR-KO EpCR-KO
+ agonist
F | J K D
5k kol $ f
52 *57 BEPCRKO + agonist < — 60 | — 1 * %k EPCR-KO + agonist EPCR-KO
[0} WEPCRKO % 2 3 ©
S g I 235 i £ 580
8 = 25 * gk £40 £ %60
Qs S v
£ Ex'® 2 E540
= g g 220 5o
3 © 3% o X%
O Los ) | | 575 E S =20
v_o. l-ll' : E i E é .9 o = 0 0
10 20 30 40 50 60 70 EPCR'KO EPCR-KO EPCR-KO EPCR-KO EPCR—KlO EPCRKO
Time (In h) +agonist + agonist +agonist

FIGURE 5 PAR-1 activation rescues the actin structure and cell behaviour in EPCR-KO cells. (A) Quantification of cell surface PAR-1 by a
cell-based ELISA in the EPCR-KO cells treated by PAR-1 agonist and EPCR-KO cells. (B) The levels of total and activated Racl were measured
by WB analysis. (C) The F-actin architecture was visualized by rhodamine-phalloidin staining. Red: actin; blue: nucleus. Ruffling lamellipodia-
like structures were shown by dotted line. Scale bar, 10 um. (D) Three-dimensional modelling of actin from each group. (E) Proliferation

Cl based on the RTCA real-time monitoring system. Data were analysed using 2-way ANOVA. (F) Invasion Cl based on the RTCA real-time
monitoring system. Data were analysed using 2-way ANOVA. (G) Matrigel endothelial-like tube formation in the EPCR-KO cells treated by
PAR-1 agonist and EPCR-KO cells. (H-K) The number of nodes, total segment length, number of meshes and total mesh area was calculated
in pixels. All experiments were performed three times. Error bars of RTCA curves represent the standard deviation. Other values are
represented as mean = SEM. *P < .05, **P < .01, ***P < .001

the effects on actin and cell function. We selected the concentra- as the protein level of EPCR was restored in the EPCR-transfected
tion based on previous reports®* and first verified the activation of group (Figure 6A). After transfection, the active PAR-1 and Racl
PAR-1/Racl. Using cell-based ELISAs and WB analysis, we found levels were altered (Figure 6B and C), the actin morphology was
that the activated PAR-1 and Racl levels were increased after addi- nearly completely restored (Figure 6D and E), and the F-actin level
tion of TFLLR-NH2 (Figure 5A,B). was increased to a level similar to that in the wild-type (WT) cells
Then, we explored the effects on actin morphology and cell be- (Figure 6F).
haviours. As shown in Figure 5C,D, the actin morphology was re- The inhibited proliferation and invasion of EPCR-KO cells was
stored, and the inhibitory effects on proliferation and invasion of rescued by exogenous EPCR (Figure 7A-C). Tube formation was
EPCR-KO cells were reversed (Figure 5E,F). The tube formation abil- also increased in the exogenous EPCR group (Figure 7D). The data
ity was also increased (Figure 5G-K). demonstrated that the number of nodes and meshes, mesh area

and total segment length was significantly increased (Figure 7E-H).
These results collectively indicate that exogenous EPCR expression

3.6 | Exogenous EPCR rescues the abnormal can rescue the EPCR knockout phenotype, which further proves
actin organization, decreased proliferation and that EPCR plays an important role in trophoblastic proliferation, in-
invasion and inhibited tube formation of EPCR-KO vasion and angiogenesis.

trophoblastic cells

To confirm the role of EPCR in actin organization, trophoblast 4 | DISCUSSION
proliferation and invasion and tube formation, we transfected an
EPCR-overexpressing vector into EPCR-KO cells as a rescue ex- The development of PE can be divided into two stages: in the

periment. The WB results confirmed the successful transfection, first stage, the reduced proliferation and shallow invasion of
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trophoblasts into the endometrium and insufficient spiral artery
remodelling cause reduced placental perfusion. In the second
stage, impaired placentation induces systemic pathophysiologi-
cal changes in the maternal circulation. EVTs have been widely
reported to play an important role in the first stage of PE.®
However, studies on the pathogenesis of trophoblasts in the pla-
centa are insufficient, and the aetiology of PE remains unclear. In
the placenta, the depth of infiltration of the trophoblasts should
remain moderate, and either exacerbation or failure of trophoblast
proliferation and invasion results in pregnancy complications. For
example, aggressive invasion is a feature of placental site tumours,

3637 \whereas shallow invasion is charac-

such as choriocarcinoma,
teristic of PE.% Many studies have suggested that trophoblasts
are very similar in nature to tumour cells primarily based on the
proliferative and invasive properties of these two cell types,*?°
and EPCR is highly expressed in various malignancies and is in-
volved in tumour cell proliferation, invasion, metastasis and apop-

tosis.® % However, the role of EPCR in trophoblasts and PE is not

clear. In the present study, we first assessed the expression pat-
tern of EPCR in clinical placenta tissues. In placentas from healthy
pregnancies, EPCR was mainly associated with CTBs, and expres-
sion was strongly down-regulated in patients with PE. We then
confirmed that the proliferative and invasive activities of tropho-
blasts were strongly decreased when EPCR was knocked out.
Impaired spiral artery remodelling induced by aberrant EVT
endovascular differentiation is believed to contribute to the de-
velopment of PE.*! This change reduces the maternal blood flow
into the interstitial space while increasing the blood pressure to
levels that are generally incompatible with healthy pregnancy. This
phenomenon results in several negative consequences, including
disrupted villus trophoblast renewal and necrotic placental debris
shedding into the maternal circulation.*? HTR8/5Vneo cells show
endovascular differentiation.*> These cells can spontaneously
form tubes when cultured on Matrigel ECM and express genes
that are associated with actin cytoskeleton organization, cell

proliferation and blood vessel development.** In this study, we
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demonstrated that HTR8/SVneo cells established an endothelial
cell-like capillary network when cultured on Matrigel, but this abil-
ity was decreased in EPCR-KO cells. Together with the expression
of EPCR in preeclamptic placentas and its influence on trophoblast
proliferation and invasion, these results suggest that EPCR is in-
volved in the progression of PE.

A previous study indicated that EPCR has cytoprotective ef-
fects related to cortical cytoskeletal rearrangement via PAR-1
activation.*> PAR-1 is a G protein-coupled receptor that medi-
ates signalling through interactions with different members of
the G protein subfamilies.*® During cytoskeletal rearrangement,
actin plays an irreplaceable role through different mechanisms.
According to its polymerization and depolymerization status, actin
can be divided into filamentous actin (F-actin) and globular actin
(G-actin).*” Although affected by many intercellular and extracel-
lular factors, actin polymerization directly determines cell prolif-
eration and invasion.”® Rac1 is a critical molecule in the regulation
of actin.*® This protein regulates various cellular functions through
multiple downstream effector pathways by cycling between ac-
tive and inactive GDP-bound forms, and the active form of Racl
can increase F-actin polymerization.*”"5! Our results showed that
depletion of EPCR inhibited the activation of PAR-1 following in-
activation of Rac1. This change caused rearrangement of the actin
cytoskeleton and F-actin depolymerization. Importantly, the over-
expression of EPCR in EPCR-KO cells restored the polymerization
of F-actin, and the proliferation, invasion and tube formation abil-
ities of trophoblasts were enhanced, confirming our hypothesis.

Although our understanding of PE has improved, the mech-
anisms involved in this pathological condition remain poorly
understood. Elucidation of the role of differentially expressed
placental-specific genes in PE patients will enrich our under-
standing of the pathogenesis of this disease and contribute to its
diagnosis and management. We found that EPCR expression was
significantly lower in the placentas from PE patients than in those
from age-matched healthy controls, consistent with the finding
that EPCR knockout inhibited EVT invasion and proliferation. A
previous study12 reported that the expression level of EPCR in
early-onset PE was significantly lower than that of the control
group, while expression in late-onset PE showed no significant
difference compared with that of the control group. However, in
our experiment, the expression levels of EPCR in both early-onset
PE (11 cases) and late-onset PE (4 cases) were decreased. In addi-
tion, IUGR was often accompanied by symptoms of PE. Although
the weight of the foetus was generally relatively low in the ex-
perimental group, no significant difference in foetal weight be-
tween the two groups was found. The expression of EPCR was
not significantly different between the samples with and without
IUGR in the PE group. These results may be due to the number of
cases in our experimental group, especially the number of cases of
late-onset PE, and there were few cases with accompanying IUGR
(only 5 samples). We need to expand the sample size to further
investigate the expression of EPCR between different preeclamp-

sia subtypes and the relationship with IUGR. A previous study has

WILEY--2%

also reported an increase in plasma soluble EPCR in PE patients.52
This may be due to excessive placental ECPR shedding or to other
pathways leading to maternal vascular endothelial cell stimula-
tion. Studies have also shown that the expression level of sEPCR
is related to gene polymorphisms and specific site mutations.>>*
In addition, we did not perform in vivo experiments in this study,
and we should further validate our findings in vivo using animal
models such as mice.

In summary, for the first time, we elucidated the function of EPCR
in the proliferation, invasion and tube formation of human placental

trophoblasts and suggested possible pathological mechanisms in PE.

ACKNOWLEDGEMENTS

The authors are grateful to Prof. Mo Li from the Reproductive Center,
Peking University Third Hospital for the insightful comments and
suggestions on the manuscript. This research was supported by the
Shenzhen Science and Technology Plan (JCYJ20180228162311024)
and the Shenzhen Health System Key Discipline Construction
Capacity Enhancement Project (52XJ201606001).

CONFLICT OF INTEREST

All authors declare that they have no conflict of interest.

AUTHOR CONTRIBUTIONS
S. Fan designed research; H Wang, P Wang, X Liang, W Li, M Yang, J
Ma, W Yue performed the experiments; H Wang and S. Fan wrote the

manuscript; and all authors read and approved the final manuscript.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from
the corresponding author upon reasonable request.

ORCID

Hao Wang https://orcid.org/0000-0001-6441-0453

REFERENCE

1. Wagner LK. Diagnosis and management of preeclampsia. Am Fam
Physician. 2004,;70:2317-2324.

2. Grill S, Rusterholz C, Zanetti-Dallenbach R, et al. Potential markers
of preeclampsia-a review. Reprod Biol Endocrinol. 2009;7:70.

3. Reddy A, Suri S, Sargent IL, Redman CW, Muttukrishna S. Maternal
circulating levels of activin A, inhibin A, sFIt-1 and endoglin at
parturition in normal pregnancy and pre-eclampsia. PLoS ONE.
2009;4:e4453.

4. Degner K, Magness RR, Shah DM. Establishment of the human
uteroplacental circulation: a historical perspective. Reprod Sci.
2017;24:753-761.

5. Redman CW, Sargent IL. Latest advances in understanding pre-
eclampsia. Science. 2005;308:1592-1594.

6. Karumanchi SA, Bdolah Y. Hypoxia and sFit-1 in preeclampsia: the
“chicken-and-egg” question. Endocrinology. 2004;145:4835-4837.

7. Barbier S, Chatre L, Bras M, et al. Caspase-independent type Il pro-
grammed cell death in chronic lymphocytic leukemia: the key role of
the F-actin cytoskeleton. Haematologica. 2009;94:507-517.

8. Yamaguchi H, Condeelis J. Regulation of the actin cytoskeleton in
cancer cell migration and invasion. Biochim et Biophys Acta - Mol Cell
Res. 2007;1773:642-652.


https://orcid.org/0000-0001-6441-0453
https://orcid.org/0000-0001-6441-0453

3382
—I—Wl LEY

9.
10.
11.
12.
13.

14.

15.
16.
17.
18.
19.
20.
21.

22.

23.

24.
25.
26.

27.
28.

29.

WANG ET AL.

Parast MM, Aeder S, Sutherland AE. Trophoblast giant-cell differ-
entiation involves changes in cytoskeleton and cell motility. Dev
Biol. 2001;230:43-60.

Shibukawa Y, Yamazaki N, Kumasawa K, et al. Calponin 3 regulates
actin cytoskeleton rearrangement in trophoblastic cell fusion. Mol
Biol Cell. 2010;21:3973-3984.

Nelson AC, Mould AW, Bikoff EK, Robertson EJ. Single-cell RNA-seq
reveals cell type-specific transcriptional signatures at the maternal-
foetal interface during pregnancy. Nat Commun. 2016;7:11414.

Zhu J, He M, Huang L, Su Y, Li L, Li M. Expression and significance
of EPCR in plasma and placenta of patients with early onset severe
preeclampsia. Zhonghua fu chan ke za zhi. 2016;51:678-682.
Fukudome K, Esmon CT. Identification, cloning, and regulation of a
novel endothelial cell protein C/activated protein C receptor. J Biol
Chem. 1994;269:26486-26491.

Sen P, Gopalakrishnan R, Kothari H, et al. Factor Vlla bound to en-
dothelial cell protein C receptor activates protease activated re-
ceptor-1 and mediates cell signaling and barrier protection. Blood.
2011;117:3199-3208.

Tsuneyoshi N, Fukudome K, Horiguchi S-1, et al. Expression and
anticoagulant function of the endothelial cell protein C receptor
(EPCR) in cancer cell lines. Thrombos Haemostas. 2001;85:356-361.
Antoén |, Molina E, Luis-Ravelo D, et al. Receptor of activated protein
C promotes metastasis and correlates with clinical outcome in lung
adenocarcinoma. Am J Respir Crit Care Med. 2012;186:96-105.
Heng W, Mu C-Y, Chen C, Huang J-A, Wang Z-Y. Endothelial cell
protein C receptor (EPCR) is expressed by lung carcinoma and cor-
related with clinical parameters. Clin Lab. 2013;59:375-380.
Ducros E, Mirshahi S, Azzazene D, et al. Endothelial protein C re-
ceptor expressed by ovarian cancer cells as a possible biomarker of
cancer onset. Int J Oncol. 2012;41:433-440.

Bischof P, Meisser A, Campana A. Biochemistry and molecular biol-
ogy of trophoblast invasion. Ann N 'Y Acad Sci. 2001;943:157-162.
Ferretti C, Bruni L, Dangles-Marie V, Pecking A, Bellet D. Molecular
circuits shared by placental and cancer cells, and their implications
in the proliferative, invasive and migratory capacities of tropho-
blasts. Human Reprod Update. 2007;13:121-141.

Peng W, Tong C, Li L, et al. Trophoblastic proliferation and invasion
regulated by ACTN4 is impaired in early onset preeclampsia. FASEB
J.2019;33(5):6327-6338.

Xie B, Zhang L, Zhao H, et al. Poly (ADP-ribose) mediates asymmet-
ric division of mouse oocyte. Cell Res. 2018;28:462.

Limame R, Wouters A, Pauwels B, et al. Comparative analysis of dynamic
cell viability, migration and invasion assessments by novel real-time
technology and classic endpoint assays. PLoS ONE. 2012;7:e46536.
Zarate A, Saucedo R, Valencia J, Manuel L, Hernadndez M. Early
disturbed placental ischemia and hypoxia creates immune alter-
ation and vascular disorder causing preeclampsia. Arch Med Res.
2014;45:519-524.

Basak S, Duttaroy AK. cis-9,trans-11 conjugated linoleic acid stimu-
lates expression of angiopoietin like-4 in the placental extravillous
trophoblast cells. Biochim et Biophys Acta (BBA) - Mol Cell Biol Lipids.
2013;1831(4):834-843.

Das MK, Basak S, Ahmed MS, Attramadal H, Duttaroy AK.
Connective tissue growth factor induces tube formation and IL-8
production in first trimester human placental trophoblast cells. Eur
J Obstet Gynecol Reprod Biol. 2014;181:183-188.

Liang X, Jin Y, Wang H, et al. Transgelin 2 is required for em-
bryo implantation by promoting actin polymerization. FASEB J.
2019;33(4):5667-5675.

Gutierrez-Rodriguez M, Herranz R. From multiple PAR1 receptor/
protein interactions to their multiple therapeutic implications. Curr
Top Med Chem. 2015;15:2080-2114.

Bae J-S, Rezaie AR. Thrombin inhibits nuclear factor kB and RhoA
pathways in cytokine-stimulated vascular endothelial cells when
EPCRis occupied by protein C. Thromb Haemost. 2009;101:513-520.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Schuepbach RA, Feistritzer C, Brass LF, Riewald M. Activated pro-
tein C-cleaved protease activated receptor-1 is retained on the
endothelial cell surface even in the presence of thrombin. Blood.
2008;111:2667-2673.

Finigan JH, Dudek SM, Singleton PA, et al. Activated protein C
mediates novel lung endothelial barrier enhancement role of
sphingosine 1-phosphate receptor transactivation. J Biol Chem.
2005;280:17286-17293.

Machesky LM, Hall A. Role of actin polymerization and adhesion to
extracellular matrix in Rac-and Rho-induced cytoskeletal reorgani-
zation. J Cell Biol. 1997;138:913-926.

Qian Y, Zhong X, Flynn DC, et al. ILK mediates actin filament re-
arrangements and cell migration and invasion through PI3K/Akt/
Rac1 signaling. Oncogene. 2005;24:3154.

Jia Y, Zhang S, Miao L, et al. Activation of platelet protease-acti-
vated receptor-1 induces epithelial-mesenchymal transition and
chemotaxis of colon cancer cell line SW620 Corrigendum in/
0r/35/2/1222. Oncol Rep. 2015;33:2681-2688.

Saito S, Nakashima A. A review of the mechanism for poor pla-
centation in early-onset preeclampsia: the role of autophagy in
trophoblast invasion and vascular remodeling. J Reprod Immunol.
2014;101:80-88.

Kobel M, Pohl G, Schmitt WD, Hauptmann S, Wang T-L, Shih I-
M. Activation of mitogen-activated protein kinase is required for
migration and invasion of placental site trophoblastic tumor. Am J
Pathol. 2005;167:879-885.

Niimi K, Yamamoto E, Fujiwara S, et al. High expression of
N-acetylglucosaminyltransferase [Va promotes invasion of chorio-
carcinoma. Br J Cancer. 2012;107:1969.

Schaffner F, Yokota N, Carneiro-Lobo T, et al. Endothelial protein C
receptor function in murine and human breast cancer development.
PLoS ONE. 2013;8:€61071.

Keshava S, Rao LVM, Pendurthi UR. Intrapleural adenoviral-medi-
ated endothelial cell protein C receptor gene transfer suppresses
the progression of malignant pleural mesothelioma in a mouse
model. Sci Rep. 2016;6:36829.

Keshava S, Kothari H, Rao L. Pendurthi U. Influence of endothe-
lial cell protein C receptor on breast cancer development. J Thromb
Haemostas. 2013;11(11):2062-2065.

Kaufmann P, Black S, Huppertz B. Endovascular trophoblast inva-
sion: implications for the pathogenesis of intrauterine growth retar-
dation and preeclampsia. Biol Reprod. 2003;69:1-7.

Burton G, Woods A, Jauniaux E, Kingdom J. Rheological and physi-
ological consequences of conversion of the maternal spiral arteries
for uteroplacental blood flow during human pregnancy. Placenta.
2009;30:473-482.

Zhou Y, Fisher SJ, Janatpour M, et al. Human cytotrophoblasts
adopt a vascular phenotype as they differentiate. A strategy for suc-
cessful endovascular invasion? J Clin Investig. 1997;99:2139-2151.
Highet AR, Buckberry S, Mayne BT, Khoda SM, Bianco-Miotto T,
Roberts CT. First trimester trophoblasts forming endothelial-like
tubes in vitro emulate a ‘blood vessel development’gene expression
profile. Gene Expr Patterns. 2016;21:103-110.

Riewald M, Petrovan RJ, Donner A, Mueller BM, Ruf W. Activation
of endothelial cell protease activated receptor 1 by the protein C
pathway. Science. 2002;296:1880-1882.

Camerer E, Coughlin SR. APC signaling: tickling PAR1 for barrier
protection? Blood. 2005;105:3004-3005.

Oda T, Iwasa M, Aihara T, Maéda Y, Narita A. The nature of the
globular-to fibrous-actin transition. Nature. 2009;457:441.
Mendoza-Naranjo A, Gonzalez-Billault C, Maccioni RB. Ap1-42
stimulates actin polymerization in hippocampal neurons through
Racl and Cdc42 Rho GTPases. J Cell Sci. 2007;120:279-288.
Edwards DC, Sanders LC, Bokoch GM, Gill GN. Activation of LIM-
kinase by Pak1 couples Rac/Cdc42 GTPase signalling to actin cyto-
skeletal dynamics. Nat Cell Biol. 1999;1:253.



WANG ET AL.

50.

51.

52.

53.

Liu L, Li J, Zhang L, et al. Cofilin phosphorylation is elevated
after F-actin disassembly induced by Racl depletion. BioFactors.
2015;41:352-359.

Hartwig JH, Bokoch GM, Carpenter CL, et al. Thrombin receptor li-
gation and activated Rac uncap actin filament barbed ends through
phosphoinositide synthesis in permeabilized human platelets. Cell.
1995;82:643-653.

Saposnik B, Peynaud-Debayle E, Stepanian A, et al. Elevated soluble
endothelial cell protein C receptor (SEPCR) levels in women with
preeclampsia: a marker of endothelial activation/damage? Thromb
Res. 2012;129:152-157.

Dendana M, Messaoudi S, Hizem S, et al. Endothelial protein C re-
ceptor 1651C/G polymorphism and soluble endothelial protein C
receptor levels in women with idiopathic recurrent miscarriage.
Blood Coag Fibrinol. 1651C;23:30-34.

54.

WILEY--2%

Ireland H, Konstantoulas C, Cooper J, et al. EPCR Ser219Gly: el-
evated sEPCR, prothrombin F1+ 2, risk for coronary heart dis-
ease, and increased sEPCR shedding in vitro. Atherosclerosis.
2005;183:283-292.

How to cite this article: Wang H, Wang P, Liang X, et al.
Down-regulation of endothelial protein C receptor promotes
preeclampsia by affecting actin polymerization. J Cell Mol Med.
2020;24:3370-3383. https://doi.org/10.1111/jcmm.15011



https://doi.org/10.1111/jcmm.15011

