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Abstract

Preeclampsia is a multi-system disease that is unique to human pregnancy. Impaired extravillous trophoblast migration and
invasion accompanied by poor spiral vascular remodeling is thought to be the initial reason. This study investigated cAMP-
dependent protein kinase inhibitor-b(PKIB) expression in placentas and its involvement in the pathogenesis of PE. We used
immunohistochemistry and western blotting to calculate PKIB levels in the placentas. Then we knocked down PKIB by siRNA
and used real-time cell analysis to assess the invasion and migration ability of trophoblasts. Tube formation assay and spheroid
sprouting assay were utilized to identify the ability to form vessels of trophoblasts. At last, western blotting was used to
demonstrate the level of phosphorylated Akt, as well as downstream-related genes of Akt signaling pathway in trophoblasts.
We first found that PKIB expression level was lower in the PE placentas than in the normal placentas. In addition, we found that
downregulation of PKIB can inhibit the migration, invasion, and the ability to form vessels of HTR8/SVneo cells.
Downregulation of PKIB leaded to a decrease in phosphorylated Akt, as well as downstream proteins such as matrix metallo-
proteinase 2, matrix metalloproteinase 9, and glycogen synthase kinase 33, which are related to migration and invasion. Our
study revealed that the downregulation of PKIB expression resulted in decreased migration, invasion, and vessel formation
ability by regulating Akt signaling pathway in placental trophoblasts in PE.
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Introduction

Preeclampsia (PE) is a pregnancy-specific clinical syndrome,
with hypertension and proteinuria after 20 weeks of gestation
as the major clinical manifestation [1]. PE affects an estimated
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2-8% of pregnancies and is a global public health burden [2].
In China, the stillbirth rate is approximately 2.2% in women
with PE [3]. Therefore, it is extremely important to understand
PE pathogenesis in order to achieve early diagnosis and treat-
ment. PE is thought to be a two-stage disorder: abnormal
placental implantation in early pregnancy, followed by mater-
nal inflammatory response [4, 5]. Until now, the accurate eti-
ology has remained elusive, although the crucial involvement
of extravillous trophoblasts (EVTs) is known [6]. During pla-
cental implantation of a successful pregnancy, the EVTs pen-
etrate the endometrium and the underlying myometrium to
induce intimate interactions between the placenta and uterine
wall [7]. In PE, the EVTs migration and invasion ability is
impaired, followed by poor spiral vascular remodeling and
decreased volume of maternal blood flowing into the utero-
placenta. This causes several negative consequences, includ-
ing high pressure, abnormal stress in the villous placenta, in-
creased shedding of necrotic placental debris into maternal
vessels, and disruption of endothelium function [8—10].
However, the specific molecular mechanism of trophoblastic
abnormalities leading to PE remains unclear.
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cAMP-dependent protein kinase inhibitor-b (PKIB), a
member of the protein kinase inhibitors (PKIs), is highly
expressed in placental trophoblast cell [11]. Chung et al. ob-
served that overexpression of PKIB in prostate cancer cells
enhanced significantly the phosphorylation of Akt, a serine/
threonine kinase, and promoted cell growth and invasion [12].
Besides, several other cancer studies have shown that PKIB
overexpression promoted the occurrence and development of
tumor through the Akt pathway, such as non-small cell lung
cancer [13] and breast cancer [14, 15]. Akt is the main node in
many signaling pathways and has a wide range of downstream
substrates, such as MMP2, MMP9, GSK3{3, procaspase-9,
Bim, Bad, p21CIP1, and p27KIP1 [16-19]. Akt is activated
through the phosphatidylinositol (3,4,5)-phosphate (PIP3)-
PI3K pathway, and affects downstream targets that induce
proliferation and cell cycle progression, apoptosis, migration,
invasion, metabolism, angiogenesis, and metastasis [20, 21].
Trophoblast cells and cancer cells share many similarities in
cell migration and invasion [22]. However, the effect of PKIB
on trophoblast cells and PE is not clear.

In the current study, we examined the expression of PKIB
in various placental trophoblasts and evaluated the effects of
PKIB knockout in the HTR8/SVneo cell line. We also tested
the hypothesis that PKIB could be a regulatory factor in the
Akt pathway.

Methods
Collection of Placental Tissues

Placental tissues were collected from normal pregnancies (n =

15) and PE patients (n = 15) immediately after delivery who
were admitted at the Peking University Shenzhen Hospital.
PE was diagnosed by two or more times after the 20th week
of gestation onset of systolic pressure > 140 mmHg or diastol-
ic blood pressure > 90 mmHg and accompanied with the pres-
ence of proteinuria (at least 14+) and in the absence of

preexisting renal diseases or primary hypertension [23].
Placental tissue of normal pregnancies and PE patients was
both obtained by cesarean delivery. The gestational age of the
PE group is from 33 + 4 to 39 + 4; premature placenta samples
were iatrogenic preterm delivery (IPD) due to poor blood
pressure control after clinical treatment. The gestational age
of the control group is from 35 + 3 to 39 + 2 weeks. All wom-
en are cesarean section due to abnormal fetal position, cesar-
ean history, fetal distress, cephalopelvic disproportion (CPD),
or without indication. There were premature placenta samples
in the control group because of early entering into the labor
process with the problem of cesarean history; there was fetal
distress because of the umbilical cord or abnormal fetal posi-
tion like breech presentation, so cesarean section was used.
All cases in the control and PE groups were excluded other
placental abnormalities, including placenta previa and placen-
tal abruption; and without any other complications and comor-
bidities such as diabetes and heart diseases. A portion of each
biopsy was immediately frozen in liquid nitrogen and stored at
— 80 °C for further use, and the remaining tissue was fixed in
4% paraformaldehyde and then embedded in paraffin. All
placental tissues were collected according to protocols ap-
proved by the Research Ethics Committee of Peking
University Shenzhen Hospital, and written informed consent
was obtained from all enrolled patients. The clinical features
of the patients are displayed in Table 1.

Immunohistochemistry (IHC)

IHC was used to detect the expression of PKIB in placentas.
The placental tissues and villous were washed with
phosphate-buffered saline (PBS) and fixed with 4% parafor-
maldehyde (PFA) at room temperature overnight. Then, the
samples were dehydrated, embedded in paraffin, and sected
into 4-um-thick sections. Then the sections were
deparaffinized, rehydrated, and then microwaved in 10 mM
citric sodium (pH 6.0) for 20 min to retrieve antigens and
blocked with 3% H,O, for 10 min. The sections were then

Table 1 Clinical characteristics
of participants

Category Control (n=15) Preeclampsia (n=15) p value
Patient age (year) 29.11+4.70 32.55+3.58 0.08
Gestational age (weeks) 37.34+0.67 36.88+2.03 0.052
BMI at delivery (kg/m?) 27.78 £5.16 30.81+3.87 0.151
Proteinuria (g/24 h) - 2.89+1.24 -
Systolic blood pressure (mmHg) 115.67+15.6 153.09+12.02 <0.001
Diastolic blood pressure (mmHg) 75.11£5.98 97.36+9.18 <0.001
Neonatal birth weight (g) 3327.78 £501.32 2580.45+£795.13 0.020
Nulliparity 7(46.67%) 6(40.0%) 0.713

All placentas were obtained from elective, non-labored cesarean deliveries

BMI, body mass index (kg/m2 ); BP, blood pressure. Values are mean + standard deviation or 1n(%).
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incubated with a mouse primary antibody against PKIB
(1:200; Immunoway, Suzhou, China) at 4 °C overnight. The
next day, applied secondary antibody conjugated to horserad-
ish peroxidase (HRP) for 20 min, followed by diaminobenzi-
dine solution development.

RNA Extraction and Real-Time Quantitative PCR

RNA was extracted using Trizol RNA Isolation Reagents
(Thermo Fisher Scientific) according to the manufacturer’s
instructions. Reverse transcription was performed using
1 mg of total RNA, which was converted into cDNA using a
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher
Scientific) following the manufacturer’s instructions. Real-
time PCR was performed using SYBR Green (Thermo
Fisher Scientific) in a QuantStudio 3 Real-Time PCR
System (Thermo Fisher Scientific). Transcripts were quanti-
fied from the corresponding standard curve using (-actin as
an internal control. Each sample was run in triplicate, and each
experiment was performed three times. The following primers
were used: forward 5'-GGCACATACTAGAAGCAAAA
TACG-3' and reverse 5'-GATGGGCAAATCATTCTTGG
TA-3' for PKIB; forward 5'-TTGGCTTGACTCAG
GATTTA-3" and reverse 5'-ATGCTATCACCTCC
CCTGTG-3' for G-actin (ACTB) [12].

Western Blot (WB) Assay

Protein extracts were prepared from HTR8/SVneo cell line
and placental tissues with RIPA buffer supplemented with
protease inhibitors. For WB analysis, the cell lysates (20 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 membranes
were blocked in 5% milk in TBST (0.15M NacCl, 0.01 M
Tris-HCI, and 0.1% Tween-20, pH 7.4) for 1 h, and then the
membranes were incubated with primary antibodies (PKIB
1:200, Immunoway, Suzhou, China; (3-actin 1:1000, CST,
Danvers, MA, USA; AKT 1:1000, CST; Phospho-
Akt(Serd73) 1:1000, CST; MMP2 1:1000, CST; MMP9
1:1000, CST; GSK33 1:1000, CST) overnight at 4 °C.
After using TBST to wash three times, the membrane was
incubated with an appropriate secondary antibody for 1 h.
Then the membranes were detected with an enhanced chemi-
luminescence detection system (Amersham Biosciences,
Piscataway, NJ, USA).

Cell Culture
HTRS&/SVneo cell line (ATCC No. CRL-3271) is an immor-

talized cell line formed by transfecting the large T antigen of
SV40 virus into human primary placenta cells in early
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pregnancy. HTR8/Svneo’s biological functions and traits are
similar to primary cells, and is suitable for PE research. Cells
were cultured in phenol red RPMI 1640 medium (Thermo
Fisher Scientific, Waltham, MA, USA). Cells were grown at
37 °C in 5% CO,. All cultures were supplemented with 10%
fetal bovine serum (FBS, Thermo Fisher Scientific) and
100 U/mlpenicillin-streptomycin (Thermo Fisher Scientific).

Small Interfering RNA Design and Transfection

Small interfering RNAs (siRNAs) that target the PKIB gene
and the negative control siRNA, which does not target any
sequence present in PKIB or the human genome, were pur-
chased from Shanghai GenePharma (Shanghai, China).
Lipofectamine 3000 Transfection Reagent (Thermo Fisher
Scientific) was used to transiently transfect the cells with
siRNA according to the manufacturer’s instructions. PKIB
siRNA sequence: 5-GCAGTAGGC ACTTAAGCAT-3' and
control siRNA sequence: 5'-GCGCGCTTTGTAGGATTCG-
3'[12].

Real-Time Cell Migration and Invasion Assays

We used real-time cell analysis (RTCA) system (RTCA DP
Instrument; ACEA Biosciences, Inc., USA) to examine cell
migration and invasion abilities. To monitor cell migration
continuously, the cells were seeded at a density of 2 x 10* cells
per well in RTCA Cell Invasion Migration (CIM)-16 plates,
with each well consisting of an upper and a lower chamber
separated by a microporous membrane that could detect mi-
grating cells, and then the electrical impedance in each well
was measured continuously for 80 h. The shift in electrical
impedance is expressed as the cell index, which is a parameter
of cell migration. For the invasion assay, a layer of Matrigel
was added to the upper chamber of the CIM plates for an hour
to simulate extracellular matrix (ECM) and provide a barrier
for cell invasion [24]. Next, 2 x 10* cells were seeded into
each well and monitored for 80 h. The sensor impedance
following cell invasion was defined as the cell index.

Tube Formation Assay

Matrigel was placed in a 96-well cell culture plate (50 pl/well)
and incubated for 30 min. 3 x 10*HTR8/SVneo cells (100 pl)
were seeded onto Matrigel-coated wells, and cultured for 6 h
until tube formation was observed. Then, the medium was
aspirated from the well, and 100 ul of 2 uM Calcein AM
(Abcam) solution was added to each well, followed by incu-
bation of the plate for 20 min. Tube formation was observed
under an inverted microscope. Calcein AM-labeled cells were
photographed using a fluorescence inverted microscope at an
excitation wavelength of 488 nm.
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Spheroid Sprouting Assay

Spheroids were generated as previously reported [25]. Briefly,
cells resuspended in endothelial basal medium (EBM) contain-
ing 0.24% high viscosity methylcellulose (Sigma-Aldrich), and
were seeded in 96-well round bottom non-adherent plates. Cells
were incubated overnight at 37 °C. Each spheroid contained
1 %103 cells. Individual spheroids were harvested, embedded
in rat tail collagen type 1 gel (Corning, Seneffe, Belgium),
supplemented with EBM, and incubated for 48 h at 37 °C. To
quantify germination, the average number of shoots under each
condition was calculated.

Statistical Analyses

The unpaired Student’s ¢ test was used for continuous variables
using GraphPad Prism 6 software (La Jolla, CA, USA), and
independence between categorical variables were assessed with
Chi-square tests. Data are represented as means and standard
deviations or n(%). All experiments were performed three times
unless indicated otherwise. A p value < 0.05 was considered to
indicate a statistically significant difference.

Results

Expression of PKIB in Placentas

First, we performed WB assays to compare the differences in
PKIB expression between PE and normal gestational

Normal placenta C
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Fig. 1 PKIB expression in placentas. a The expression of PKIB in
placental tissues was determined by western blot analysis in
preeclampsia (PE) placentas and normal control placentas. Data are

placentas. As shown in Table 1, there were no statistical dif-
ferences in maternal ages, gestational ages, and body mass
index between normal pregnant and PE women. WB results
demonstrated that the expression level of PKIB was signifi-
cantly lower in PE placentas than in normal placentas
(Fig. 1a). In accordance with this, IHC staining results further
revealed consistently high PKIB staining in the trophoblast of
the basal plate of normal placentas, whereas PKIB was weakly
expressed in PE placentas (Fig. 1b, c).

PKIB Regulates Trophoblast Migration and Invasion

We first established a cell line in which PKIB was knocked
down using siRNA in HTR8/SVneo, an EVT-like first trimes-
ter trophoblast cell line. Real-time qPCR and WB results con-
firmed successful knockdown of PKIB in the cell with target
si-RNA, while the scrambled-siRNA cells and wild type (WT)
trophoblasts are nearly the same, so we used scrambled-
siRNA cells as the control (Fig. 2a, b). Then, we used
RTCA to explore the function of PKIB in cell migration and
invasion. Transfected si-PKIB and si-control cells were seed-
ed into CIM-plates. When the cells passed through the mem-
brane from the upper chamber into the bottom, they contacted
the sensors at the membrane, which was measured as the cell
index. After 80 h of culturing, the cell migration ability was
significantly decreased in the si-PKIB group compared with
that in the control group (Fig. 2¢). And as shown in Fig. 2d,
the invasion ability of cells in the si-PKIB group was also
much lower than that in the control group.

presented as mean =+ standard error of the mean. **#p <0.001. b, ¢ IHC
staining of PKIB of normal and PE placentas on serial sections. Scale bar,
10 um
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PKIB Regulates Tube Formation in Trophoblasts Discussion

As shown in Fig. 3a, the si-PKIB cells exhibited decreased
ability of tube formation compared with the control cells. The
results of quantitative analysis demonstrated that the numbers
of nodes and meshes were significantly reduced (Fig. 3b, c).
Furthermore, spheroid sprouting assay confirmed that angio-
genic properties of trophoblasts were decreased by knock-
down of PKIB (Fig. 3d, e).

Effects of PKIB Are Mediated by Regulating
Phosphorylated Akt Expression

WB analysis indicated that downregulation of PKIB resulted
in decreased Akt phosphorylation of Serd473. (Fig. 4a, b),
while the total amount of Akt was not significantly affected.
Silencing PKIB also decreased the expression of Akt down-
stream genes. Using WB, we found that MMP-2 and MMP-9
decreased significantly in HTR8/SVneo cells in response to
PKIB knockdown (Fig. 4c, d).

@ Springer

PE is a pregnancy-specific disease, and the cause is still
elusive. Placental delivery is the only effective treatment
for PE [26]. Trophoblasts are important in placental de-
velopment, and migration and invasion of trophoblasts are
strictly controlled during pregnancy [27]. Defective tro-
phoblast invasion with incomplete vascular transforma-
tion and inadequate uteroplacental perfusion may contrib-
ute to PE and other pregnancy-related diseases [28].
Although migration and invasiveness are common charac-
teristics between trophoblasts and carcinomas, unlike can-
cer cells, the trophoblastic invasion during placentation is
stringently controlled in both space and time [29], but the
specific molecular mechanism of regulation is still un-
clear. We investigated that PKIB participates in PE devel-
opment by promoting trophoblast migration and invasion.
In this study, we found trophoblasts of PE placentas
showed significantly decreased protein expression, com-
pared to those of control placentas. In addition, migration
and invasion abilities were inhibited significantly in the
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Fig. 3 PKIB regulates tube formation in trophoblasts. a Matrigel
endothelial-like tube formation was examined in HTR8/Svneo cells.
Scale bar, 100 um. b Number of meshes. ¢ Number of nodes. d
Spheroid sprouting assay was examined in HTR8/Svneo cells. e
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Fig. 4 PKIB promotes trophoblast proliferation and invasion by
activating the Akt pathway. a Expression of phosphorylated Akt-
Ser473 and total Akt in transfected si-control and si-PKIB was deter-
mined by western blot analysis. b Relative intensities of bands are shown
in the histogram. ¢ Expression of MMP2, MMP9, and GSK3{ in

transfected si-control and si-PKIB was determined by western blot anal-
ysis. (3-actin was used as a loading control. d—f Relative intensities of d
MMP2, e MMPY, and f GSK3f3 to 3-actin. All data are represented as the
mean + standard error of mean. Error bars represent the standard devia-
tion. **p <0.01, **¥p <0.001
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PKIB knockdown cells, indicating the regulatory role of
PKIB on trophoblast function.

Limited remodeling of the spiral arteries is also an impor-
tant part of PE pathogenesis. It has been reported that late
sporadic abortion and PE may be associated with decreased
endometrial spiral invasion and insufficient intermuscular spi-
ral arterial transition [30]. The narrow spiral arteries are prone
to atherosis, which are characterized by perivascular mononu-
clear inflammatory infiltrates, lipid-rich macrophages within
vessel lumens, and fibrin-like necrosis of the wall invasions,
resulting to further uteroplacental ischemia [31, 32]. Then, the
interstitial space forms a vicious circle of ischemia and reper-
fusion, aggravates secondary thrombotic lesions, limits blood
entering the placenta, and causes infarction [33]. Therefore,
we also explored the effect of PKIB on angiogenesis. When
the HTR8/SVneo cell line is cultured on Matrigel (with or
without endothelial cells), it shows intrinsic ability to sponta-
neously form endothelial-like tubes, which is believed to re-
flect the ability of placental angiogenesis [34, 35]. The total
lengths of the tubular network and branches were measured in
pixels. Through tube-forming experiments and 3D cell cul-
ture, we demonstrated knockdown of PKIB in trophoblast
could impede angiogenesis.

Given that low expression of PKIB plays an important role
in PE process, the underlying mechanisms of these functions
require further investigation. Several signaling pathways, in-
cluding the PI3K/Akt signaling pathway, play key roles in cell
growth and survival under physiological and pathological
conditions, particularly cell migration and invasion [36]. A
large number of reports indicated that PKIB was a functional
partner of Akt and played an important role especially in Akt
phosphorylation and signal transduction of tumor cells [14,
15]. We found that downregulation of PKIB was related to
significantly downregulated levels of p-Akt in HTR8/SVneo
cells. This may indicate that PKIB exerts its effects by regu-
lating the expression of phosphorylated Akt. We next investi-
gated the effect of PKIB on Akt downstream gene expression
in HTR8/SVneo cells, including MMP-2, MMP-9, and
GSK3f3, which are closely related to cell migration and inva-
sion [37-39], and found that reduced expression of MMP2,
MMP9, and GSK3{ in the si-PKIB group. Based on this, we
speculated that the effects of PKIB on trophoblast migration
and invasion likely occur via the Akt pathway.

In summary, our study showed that PKIB is mainly
expressed in placental trophoblasts, and compromised in PE-
complicated pregnancies. Downregulation of PKIB suppresses
trophoblast migration, invasion, and angiogenesis through
inhibiting Akt phosphorylation. Our novel insights into role
of PKIB will be useful for understanding mechanism of PE.
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