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Abstract

Defective decidual function contributes to the pathogenesis of preeclampsia. However, the precise mechanism of defective
decidua during preeclampsia has not been characterized. During decidualization, endometrial stromal cells undergo
phenotypic changes that are consistent with mesenchymal-epithelial transition (MET). cGMP-dependent kinase protein I
(PKGI)/VASP signaling is important in cell motility proliferation, differentiation and cell adhesion. To investigate this aim,
we analyzed PKGI levels, phosphorylated VASP protein levels, and eNOS and sGC protein expression levels during
pregnancy complicated by preeclampsia, which indicated that PKGI/VASP signaling function is decreased by the condition.
Moreover, we evaluated the differential expression of genes that regulate MET in the decidua resulting from preeclampsia
and healthy pregnancies. We discovered that vimentin mRNA levels are decreased in the decidua of preeclampsia, which
indicates that excessive MET occurs in the decidua of preeclampsia pregnancies. A fundamental developmental MET
program occurred in response to signaling pathways. These results suggest the important role of decreased PKGI/VASP

signaling during excessive MET in the pathogenesis of preeclampsia.
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Introduction

Preeclampsia is one of the leading causes of maternal and
perinatal mortality [1, 2]. Abnormal placentation plays an
important role in preeclampsia [3]. Although past work
indicated that deficient cytotrophoblast invasion of uterine
spiral arterioles is an important characteristic of pre-
eclampsia placenta, recent studies observed that defective
decidualization also contributes to abnormal placentation in
preeclampsia, which also decreased invasion of trophoblast
cells [4, 5]. During decidualization, endometrial stromal
cells undergo phenotypic changes in a manner that is con-
sistent with mesenchymal-epithelial transition (MET) [6],
which appears to be critical for decidualization during
normal pregnancies [7]. However, little information exists
about how MET in decidual stromal cells might be dis-
rupted during placentation in patients with preeclampsia.
Nitric oxide (NO)/guanosine 3’,5’-cyclic monophosphate
(cGMP) signaling also plays an important role in human
placentation. The NO/cGMP signaling pathway regulates
trophoblast invasion and placentation in preeclampsia [8, 9].
NO stimulation of soluble guanylyl cyclase (sGC) activity has
been found to induce extravillous trophoblast differentiation
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specifically through downstream cGMP signaling involving
cGMP-dependent protein kinase I (PKGI) [10]. PKGI acts as
a key mediator of the NO/cGMP signaling pathway and has
two isoforms, PKGIa and PKGIB. PRKG] is a protein-coding
gene of PKGI. Vasodilator stimulating phosphoprotein
(VASP) is a PKGI target. A previous study indicated that
PKGIa and VASP were involved in placenta artery relaxation
function [11]. VASP has been reported to be phosphorylated
by PKGI, which participates in cell adhesion and motility
[12]. Moreover, VASP also plays an important role in human
placental development [13].

In other cell types, previous studies indicated that NO/
cGMP/PKGI signaling pathways have an important role in
modulating mesenchymal-epithelial transition [14, 15].
Although NO and cGMP are reported to be produced at the
blastocyst implantation site, which prepares the endome-
trium for receptivity [16], whether NO/cGMP signaling
regulates mesenchymal-epithelial transition in decidual cells
of preeclampsia through PKGI has not been elucidated. In
our studies, VASP was used as a functional marker of PKGI
disruption. We tested the hypothesis that PKGI/VASP sig-
naling is abnormal in MET-induced aberrant decidualiza-
tion of preeclampsia.

Methods
Patients and decidual sample collection

The study was carried out in the Third Affiliated Hospital of
Guangzhou Medical University with explicit approval by
the institutional ethics committee. All patients provided
informed signed consent for the study. Twenty-eight pre-
eclampsia patients who terminated by cesarean section were
enrolled in the preeclampsia group (PE group). Pre-
eclampsia was diagnosed using the guidelines of the
American College of Obstetricians and Gynecologists [17].
The normal group consisted of twenty-eight healthy preg-
nant women who delivered by cesarean section due to
obstetric indications (e.g., breech presentation, maternal
request or previous cesarean section). Patients with chronic
hypertension, maternal diabetes, multiple pregnancies, and
fetuses with abnormalities were excluded from the study.

Decidua basalis tissues were collected from the placenta
bed immediately at the time of cesarean section delivery, as
described previously [5]. After being washed with sterilized
saline, the tissues were frozen in liquid nitrogen immedi-
ately and stored at —80 °C until analysis.

RNA microarray

RNA was obtained from decidua and analyzed using Agi-
lent 860K RNA microarray. Briefly, total RNA was

extracted from human decidual tissue using the Ribo Pure
Kit (Thermo Fisher, Scientific Inc.) and purified using the
QIAGEN RNeasy® Mini Kit (QIAGEN). The quality and
quantity of the RNA samples were measured using the
Nanodrop 2000C and Agilent BioAnalyzer 2100 instru-
ments, respectively. An Agilent amplification and labeling
method was adopted. Appropriate numbers of probes were
taken for hybridization. The hybridization method was at
65 °C for 17 h of rolling hybridization, and the film was
washed at room temperature. The results were scanned by
an Agilent C high-resolution scanner. Agilent Feature
Extraction software read the data (scan resolution 5 um,
PMT 100%), and finally, feature extraction was used for
normalization. Genes with P values less than 0.05 were
selected.

Cell culture

Human endometrial stromal cells (HESCs) were purchased
from the American Type Culture Collection (ATCCR CRL-
4003™) and cultured according to the manufacturer’s
instructions. Briefly, HESCs were cultured in DMEM/F12
(Sigma) supplemented with 10% charcoal-stripped fetal
bovine serum (CS-FBS, Biological Industries) at 37 °C in a
humidified chamber with 5% CO?2. After seeding in 6-well
plates, cells were serum-restricted overnight using medium
containing 2% CS-FBS. Cells were approximately 30%
confluent in each well. Then, they were divided randomly
into different treatment groups. For the PKGI activator 8-
Br-cGMP groups, cells were treated using medium con-
taining 100 uM 8-Br-cGMP for 24h. Next, to induce
decidualization, HESCs were treated with medium con-
taining 1pM medroxyprogesterone 17-acetate (MPA,
Sigma) and 0.5 mM dibutyryl cAMP (dbcAMP, Sigma) as
described previously [18] for 5 days. Cells in the PKGI
inhibitor Rp-8-pCPT-cGMP groups were treated with
medium containing 10uM Rp-8-pCPT-cGMP for 6h.
Subsequently, decidualization was induced by the methods
as stated above. During decidualization treatment, the
medium was changed every 48 h. After 5 days of decid-
ualization treatment, the confluence of cells was over 90%,
and cells were collected for analysis.

Immunohistochemistry

Decidua tissues were fixed in 10% buffered formalin for 24
h before paraffin embedding, sectioning and rehydration, as
described above. Subsequently, the sections underwent
antigen retrieval using EDTA, inhibition of endogenous
peroxidase, and treatment with 5% goat serum. The tissue
sections were then incubated overnight at 4 °C with primary
antibody for PKGI (1:100; Proteintech), which recognized
PKGIa and PKGIp, or vimentin (1:100; Proteintech). After
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extensive washing with PBS, horseradish peroxidase-
conjugated secondary antibody was used to visualize the
antibody signal with diaminobenidine using an immuno-
histochemistry detection kit (DAB, NeoBioscience). The
sections were counterstained with diluted hematoxylin and
examined using bright-field microscopy. Quantitative ana-
lysis was performed using Image-Pro Plus software.

Detection of protein expression using
immunoblotting

Soluble proteins were collected from decidual tissues or
cultured cells, disrupted using a reducing lysis buffer,
resolved using SDS-PAGE, and electroblotted onto poly-
vinylidene difluoride membranes. Subsequently, the mem-
branes were blocked using 5% bovine serum albumin and
were exposed to primary and secondary antibodies. The
antigen-antibody complexes were detected using enhanced
chemiluminescence and visualized using a charge-coupled
device camera-gel imaging system (Bio-Rad, ChemiDoc
XRS+). Anti-E-cadherin, anti-vimentin, anti-PKGI, and
anti-GAPDH were purchased from Proteintech Inc. (Chi-
cago, USA). Anti-sGCal, anti-eNOS and anti-beta-actin
were purchased from Abcam Inc. (Cambridge, UK). p-
VASP (Ser239) antibody was purchased from Cell Signal-
ing Technology, Inc (Danvers, USA). The data were ana-
lyzed using the computer software Imagel]. Quantitative
band densitometry was conducted in ImageJ software. The
relative protein expression ratio was determined by com-
paring the target protein densities with that of the reference
protein, GAPDH or beta-actin.

Statistical analysis

All experiments were repeated at least three times, yielding
similar results. Representative images and summative data
are shown. The results were analyzed by SPSS software
(version 19.0, SPSS Inc., Chicago, IL, USA), and the
quantitative data were reported as the mean + standard
deviation (SD). Comparisons between the control group and
PE group were estimated by using the independent samples
t-test. For multiple subgroup comparisons, one-way analysis
of variance (ANOVA) was performed. When indicated,

Tukey’s range test was performed post hoc. In all cases, P
values < 0.05 were considered significant.

Results
Clinical characteristics of study pregnancies

The clinical characteristics of our studies are shown in
Table 1. There was no statistically significant difference in
maternal age weeks between the normal group and PE
group (P =0.64). Compared to 32.6 + (0.7 weeks in the PE
group, the average gestational age at delivery of the control
group was 39.1+0.2 weeks (P<0.0001). The systolic
blood pressure (SBP) and diastolic blood pressure (DBP)
in the PE group were higher than those in the control group
(P<0.0001). The proteinuria was negative in the normal
group, whereas the urine protein per 24 h was 3+4.56 g in
the PE group.

Measurement of PKGI expression in the decidua of
preeclampsia

To identify differences in the expression levels of genes
thought to play a primary role in causing MET-like
changes in preeclampsia decidua, RNA microarray was
performed. First, we detected a wide variation in the
expression of MET candidate mRNAs in the tissues within
the clinical groups. The mRNA microarray data suggested
that PRKG1 was expressed at a lower level in the PE group
than in the control group (Fig. la). Using the probe
ENSTO00000373976 in mRNA microarry, we detected the
PKGIP isoform of PKGI. Second, we tested whether the
decreased mRNA was associated with decreased PKGI
protein expression using immunoblot (Fig. 1b) and
immunohistochemistry (Fig. 1c). To verify this result via
IB quantification analysis and IHC, the protein levels of
PKGI were decreased in the PE groups compared with the
control group (P <0.05). The staining intensities of PKGI
were higher in the control group than in the PE group,
which was consistent with the IB results. The reduced
PKGI levels were specifically mapped to stromal cells by
immunohistochemistry.

Table 1 Clinical characteristics
of patients

Normal group (n =28) PE group (n =28) P
Age (years) 29.9+0.6 29.5+0.8 0.64
Gestational weeks (weeks) 39.1+0.2 32.6+0.7 <0.0001
Systolic pressure (mmHg) 1193+1.74 165.7+2.4 <0.0001
Diastolic pressure (mmHg) 77.7+14 105.7+2.0 <0.0001
Urine protein/24 h (g) Not detected 3+4.56 -
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Fig. 1 PKGI expression in decidua: a Heatmap plot of genes differ-
entially expressed in normal groups (N) and preeclampsia groups (PE)
decidua tissue by detection of RNA microarray. There were four cases
in normal groups and four cases in PE group; b The protein level of
PKGI in each group. The bar graph showed mean PKGI protein
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Fig. 2 Immunoblotting analyses of eNOS, sGCal and p-VASP in
decidua tissues from normotensive pregnancy women and pre-
eclampsia women. a Analysis of eNOS protein expression. Values are
mean + SD. *P <0.05, n = 24 each. b Measurements of sGCal protein

Determination of eNOS, sGC, and p-VASP expression

To study whether dysregulated PKGI expression could be
associated with decreased proximal NO/cGMP signaling
elements and result in decreased downstream NO/cGMP

o
°

PE

p-VASP protein expression ratio

Normal PE

expression. Values are mean + SD. *P < 0.05, n = 24 each. ¢ Detection
of phosphorylated VASP level. Values are mean+SD. *P<0.05,
n =24 each

activity, as determined by VASP phosphorylation, eNOS,
and sGCal protein expression and phosphorylated VASP
were detected by immunoblotting. The results are shown in
Fig. 2. Compared with the control group, eNOS and sGCal
protein expression were decreased in the preeclampsia
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Fig. 3 Analyses of MET-like change in decidua tissues. a Measure-
ment of vimentin and E-cadherin protein expression in decidua tissues
from normotensive pregnancy women and preeclampsia women by

group (P <0.05). Importantly, this downregulation of NO/
cGMP signaling enzyme expression was associated with
decreased downstream function. This is because the levels
of phosphorylated VASP (p-VASP), a prime target of
cGMP-activated PKGI, were decreased in the PE group
compared with the control group (P <0.05).

MET-like change in decidual tissue

To detect MET-like changes in the decidual tissue, we
measured MET markers by using immunoblotting and
immunohistochemistry. As shown in Fig. 3a, vimentin
protein expression was decreased in the PE group compared
to the normal group (P<0.05). In contrast, E-cadherin
protein expression was increased in the PE group compared
with the control group (P <0.05). As shown in Fig. 3b,
immunohistochemistry showed stronger reactivity for
vimentin in PE decidual tissue than in the control (P < 0.05).

PKGI mediated p-VASP to regulate MET-like changes
in endometrial stromal cells

We next tested whether the disruption of PKGI/VASP

signaling observed in stromal cells from preeclampsia
patients might have a direct role in regulating MET. We
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used a standard model of endometrial stromal cell MET
[18]. Before decidualization induction by dbcAMP and
MPA, HESCs were treated with or without 8-Br-cGMP or
Rp-8-pCPT-cGMP, which are membrane-permeable PKGI
stimulators and inhibitors, respectively. Subsequently, the
protein levels of the MET marker vimentin in the cells were
analyzed using immunoblotting analysis. From Fig. 4a, the
results showed that vimentin protein expression and p-
VASP levels were decreased in the group treated with the
PKGI inhibitor Rp-8-pCPT-cGMP compared with the
decidualization control group and the PKGI activator 8-Br-
cGMP. Additionally, IGFBP1 expression levels decreased
significantly under treatment with the PKGI inhibitor
(Fig. 4b).

Discussion

Aberrant placentation is known as the main cause of pre-
eclampsia [19]. Although defective decidualization con-
tributing to downregulated trophoblast invasion in
preeclampsia has been recently published elsewhere [4], its
mechanism remains largely unknown. Our studies indicated
that PKGI mediated p-VASP to regulate EMT in the
decidualization of preeclampsia.
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Fig. 4 In vitro, PKGI mediated p-VASP to regulate MET-like change
in endometrial stromal cells. HESCs were treated with 8-Br-cGMP or
Rp-8-pCPT-cGMP before decidualization induced by MPA and

NO/cGMP signaling plays an important role in regulating
several cell phenotypes [20, 21]. PKGI, a target substrate of
NO/cGMP signaling, is a serine/threonine kinase that phos-
phorylates substrates and is important in tissue contractility,
cell motility proliferation, and differentiation [22]. However,
little work has been done to determine its role in pre-
eclampsia. Our studies showed decreased PKGI expression in
the decidual tissue of preeclampsia compared to healthy
pregnancies by using RNA sequencing, immunohistochem-
istry, and immunoblotting. PKGI expression is classically
regulated by cGMP, which is generated by NO activating
sGC. NO was generated by different nitric oxide synthase
isoforms. The study showed placental reduction of nitric
oxide synthase activity in preeclampsia [23]. In our studies,
we also found that eNOS and sGCal expression was lower in
preeclampsia than in healthy pregnancies. We speculated that
PKGI expression was downregulated by eNOS- and sGC-
mediated NO/cGMP signaling in the decidua of preeclampsia.

VASP has been reported to be phosphorylated by PKGI,
which participates in cell adhesion and motility. VASP was
found to be involved in trophoblast invasion and placenta-
tion [24, 25]. However, few studies on VASP have been
carried out in the decidua. In our studies, we found that
phosphorylated VASP was lower in the decidua of pre-
eclampsia than in the decidua of healthy pregnancies. In
in vitro decidualization experiments, when stromal cells
were treated with the PKGI inhibitor Rp-8-pCPT-cGMP
followed by decidualization, phosphorylated VASP was
decreased compared with or without treatment with the
PKGI activator 8-Br-cGMP. These results were consistent
with the results of preeclampsia decidua experiments.

Vimentin is a substrate of PKGI [26] and mesenchymal
markers of decidual stromal cells. Once implantation begins,
the epithelial phenotype of decidualized endometrial stromal
cells appears to give way to a more mesenchymal phenotype
to allow for sufficient expansion of invading trophoblastic
cells [27]. Multiple studies have shown that endometrial
stromal cells undergo morphologic and functional changes
consistent with the process of MET [28, 29]. In an in vitro
decidualization experiment, vimentin, a marker of mesench-
ymal cells, was downregulated, suggesting that MET existed
during decidualization [28]. Our data showed that vimentin
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dbcAMP. a Expression of vimentin protein level and phosphorylation
level. b Expression of IGFBP1 protein level. All experiments were
repeated six times

was decreased in the decidual tissue of preeclampsia preg-
nancies compared with healthy pregnancies. In vitro, vimentin
expression was decreased after treatment with the PKGI
inhibitor compared with or without treatment with the PKGI
activator 8-Br-cGMP. This result indicated that excessive
MET exists in endometrial stromal cells of preeclampsia,
which may induce insufficient room for trophoblast invasion.
These results were consistent with the results of the decid-
ualization biomarker IGFBP1, which suggested defective
decidualization defects.

Although p-VASP and vimentin were not different with
or without PKGI activator, due to insufficient PKGI acti-
vator to induce p-VASP and vimentin, our data suggested
that PKGI induced MET in the decidua of preeclampsia
through phosphorylated VASP.

In conclusion, our study demonstrated that excessive
MET exists in endometrial stromal cells of preeclampsia
patients, which might be the cause of insufficient tropho-
blast invasion. Our findings indicated that abnormal NO/
cGMP signaling downregulated PKGI expression. PKGI
modulated excessive MET by mediating phosphorylated
VASP, which might constitute the mechanism of abnormal
placentation in preeclampsia.
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