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Impact Statement

Pre-eclampsia (PE) is a severe pregnancy complica-
tion characterized by impaired trophoblast invasion
and spiral artery remodeling and can have serious
consequences for both mother and child. Protein
phosphatase 1 regulatory subunit 3G (PPP1R3G)
in PE progression remain unclear. In this study, we
find that PPP1R3G levels were significantly lower in
the placental tissues and GSE74341 microarray of
the PE group than those of the healthy control group.
We also found that neonatal weight and Apgar score
were lower at birth, and peak systolic blood pres-
sure and diastolic blood pressure were higher in
the PE group than in the non-PE group. In addition,
PPP1R3G knockdown decreased p-Akt/Akt expres-
sion and inhibited migration, invasion, and prolif-
eration in human trophoblast research-8 (HTR-8)/
SVneo trophoblasts. Furthermore, PPP1R3G posi-
tively regulated matrix metallopeptidase 9 (MMP-9),
which was downregulated in placental tissues of
pregnant women with PE. Our findings provided the
first evidence that the reduced levels of PPP1R3G
might contribute to PE by suppressing the invasion
and migration of trophoblasts and targeting the Akt/
MMP-9 signaling pathway.

Abstract

Pre-eclampsia (PE) is a severe pregnancy complication characterized by impaired
trophoblast invasion and spiral artery remodeling and can have serious consequences
for both mother and child. Protein phosphatase 1 regulatory subunit 3G (PPP1R3G) is
involved in numerous tumor-related biological processes. However, the biological action
and underlying mechanisms of PPP1R3G in PE progression remain unclear. We used
western blotting and immunohistochemistry to investigate PPP1R3G expression in
gestational age-matched pre-eclamptic and normal placental tissues. After lentivirus
transfection, wound-healing, Transwell, cell-counting kit-8 (CCK-8), 5-ethynyl-2'-
deoxyuridine (EdU), and TdT mediateddUTP Nick End Labeling (TUNEL) assays
were used to assess trophoblast migration, invasion, proliferation, and apoptosis,
respectively. The relative expression levels of PPP1R3G and the proteins involved in
the Akt signaling pathway were determined using western blotting. The results showed
that PPP1R3G levels were significantly lower in the placental tissues and GSE74341
microarray of the PE group than those of the healthy control group. We also found
that neonatal weight and Apgar score were lower at birth, and peak systolic blood
pressure and diastolic blood pressure were higher in the PE group than in the non-
PE group. In addition, PPP1R3G knockdown decreased p-Akt/Akt expression and
inhibited migration, invasion, and proliferation in HTR-8/SVneo trophoblasts but had
no discernible effect on cell apoptosis. Furthermore, PPP1R3G positively regulated
matrix metallopeptidase 9 (MMP-9), which was downregulated in placental tissues of
pregnant women with PE. These results provided the first evidence that the reduced
levels of PPP1R3G might contribute to PE by suppressing the invasion and migration
of trophoblasts and targeting the AkYMMP-9 signaling pathway.
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Introduction

PE, a complication of hypertensive disorders of pregnancy;, is
characterized by the development of proteinuria and hyper-
tension after the 20th week of gestation, with or without
multivisceral organ failure.l? PE affects 3-5% of pregnant
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women worldwide and is a significant risk factor for long-
term conditions such as cardiovascular events, metabolic
disorders, hypercholesterolemia, and renal problems.3# PE,
the second leading obstetric cause of perinatal death world-
wide, has surpassed postpartum infections and hemorrhage
as the leading causes of maternal mortality.® Therefore,
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antenatal care and the early detection of PE are critical to
maternal and neonatal health.

Serine/threonine protein phosphatase 1 (PP1) holo-
enzyme is fundamental in regulating multiple cellular
functions, such as cell cycle, adhesion, migration, and apop-
tosis.? PPP1R3 family members act as PP1 regulatory subu-
nits to modulate lipid and glycogen metabolism, and also are
involved in cancer progression.!” PPP1R3G, a member of the
PPP1R3 family, is implicated in multiple cellular biological
processes, such as cellular proliferation, migration, apopto-
sis, and necroptosis.®!12 The Human Protein Atlas database
confirmed the expression of PPP1R3G in the placenta at the
gene and protein level. However, the role of PPP1R3G in PE
has not yet been explored.

The trophoblast migration and invasion into the maternal
decidual and penetrance to the uterine spiral artery wall
are essential for normal pregnancy.!® Impaired trophoblast
migration and invasion have been recognized to be the major
etiology of PE.1415> However, the molecular mechanisms
underlying the dysregulated trophoblast function remain
obscured, and the etiology of PE still needs to be unveiled.
Gene expression data from Gene Expression Omnibus (GEO)
demonstrated PPP1R3G downregulation in PE. Our prelimi-
nary experiment confirmed the downregulation of PPP1R3G
mRNA and protein expression in PE placental tissues as
compared with that of normal pregnancy. Currently, we
tried to explore the functional role of PPP1R3G in the regu-
lation of trophoblast proliferation, migration, and invasion.
Aprevious study demonstrated that PPP1R3G is a functional
partner of Akt and may be crucial for Akt phosphorylation.!
Coincidentally, the Akt signaling pathway has been discov-
ered to be pivotal for maintaining the biological activities
of trophoblasts, including cell migration, invasion, prolif-
eration, and hyperplasia.'® In addition, the loss of Akt activ-
ity has been implicated in the development of PE.!” Studies
have reported that the Akt/MMP-9 signaling pathway is
involved in invasion of trophoblast cells.!8-20 Therefore, we
speculated that the Akt/MMP-9 signaling pathway medi-
ated by PPP1R3G may contribute to the development of PE.

In this article, we sought to investigate the underlying
role of PPP1R3G in the cellular biology of trophoblast and
the potential molecular mechanisms. The results demon-
strated that PPP1R3G regulated trophoblast cell invasion,
migration, and proliferation by regulating the Akt/MMP-9
signaling pathway. PPP1R3G downregulation in placenta
might play a role in contributing to the development of PE.

Materials and methods
Placental specimens and data collection

Atotal of 30 PE patients and 30 age-matched healthy women
with a normal singleton pregnancy during the same period
were enrolled. The non-PE pregnancies had normal blood
pressure, no proteinuria, and no medical or obstetric com-
plications. Both groups of pregnant women underwent
elective cesarean section. All patients were informed of the
aims and details of this trial, and all signed an informed
consent form after the study protocol was approved by the
Ethics Committee of Xuzhou Cancer hospital (approval no.
2022-02-016-K01). PE was strictly diagnosed according to
the 23rd edition of Williams Obstetrics’ definition:?! (1) a

systolic pressure (SBP) of 140 mmHg and/or a diastolic pres-
sure (DBP) of 90mmHg, from two recordings at =20 weeks’
gestation without a history of pre-existing hypertension; (2)
atleast 1+ for proteinuria measurement or more than 300mg
of urinary protein in 24h. After delivery of the placenta, non-
fibrotic, noncalcified, and non-necrotic tissues (each 3 X 3 cm?
from the central maternal surface) were removed. These tis-
sues were then separated into five tubes, briefly flash-frozen
in liquid nitrogen, and maintained at —80°C until needed,
after being rinsed in phosphate-buffered saline (PBS) to
remove maternal blood. To prepare the placental tissues for
subsequent procedures, they were immersed in 10% formal-
dehyde overnight. Baseline characteristics of all recruited
subjects were listed in Table 1.

Acquisition of gene expression data

To investigate the dysfunctional genes in PE, the GEO (ncbi.
nlm.nih.gov/geo/) gene expression microarray data of PE
and normal full-term placental tissues were searched and
downloaded. The GSE74341 dataset contains placental gene
expression profiles from 15 pregnancies with PE and 10 preg-
nancies without PE as controls.

Cell culture and lentivirus treatment

For the study cohort, HTR-8/SVneo (an immortalized human
trophoblast cell line) was purchased from the Zhonggqiao
Xinzhou Science and Technology Co. (Shanghai, China) and
cultured in Roswell Park Memorial Institute (RPMI)-1640
medium (Vicmed Biotech, Xuzhou, China) supplemented
with 1% penicillin-streptomycin (Beyotime, Shanghai, China)
and 10% fetal bovine serum (Gibco, Carlsbad, CA) at 37°C, 5%
CO,. HTR-8/SVneo cells in logarithmic growth phase were
collected (2.0 X 105 cells per well), dispersed in six-well plates,
and passaged two to three times per week. Human PPP1R3G
knockdown lentivirus (sh-PPP1R3G) and negative control
lentivirus (sh-normal control (NC)) were purchased from Jikai
Gene Chemical Technology (Shanghai, China). The virus stock
was diluted in serum-free RPMI-1640 medium and then used
(1.5uL virus solution; 15 multiplicity of infection/cell) for the
HTR-8/SVneo infection. The complete medium was replaced
12-16h later. After 48h of transfection, stable integrations
were selected with puromycin (2pg/mL) and harvested for
amplification culture.

Quantitative reverse transcription PCR

Gene expression was analyzed by quantitative reverse tran-
scription polymerase chain reaction (RT-qPCR): PPP1IR3G
(NCBI Accession number: NM_001145115.3), MMP-9 (NCBI
Accession number: NM_004994), and B-actin (NM_001101.5)
was used as a housekeeping gene. Total cellular ribonucleic
acid (RNA) was extracted using TRIzol reagent (Sangon
Biotech, Shanghai, China), chloroform, and isopropanol.
After concentration and purification, the RNAs were reverse
transcribed into complementary deoxyribonucleic acids
(DNAs) using a Reverse Transcription Kit (Takara, Kyoto,
Japan), and quantitative PCR was performed using the syn-
ergy brands Green real-time PCR method (Takara, Kyoto,
Japan). Expression changes were calculated using the 2-AAct
strategy. The sequences of the PCR primers were as follows:
PPP1R3G, forward, 5-GCGCTACACCTTTACCGAGT-3’



Table 1. Clinical characteristics of the patients with normal (control) and PE pregnancies.

Variable PE (N=30) Control (N=30) p value (PE versus Control)
Maternal age (years) 31.13+0.89 30.37+0.82 >0.05

Maternal weight (kg) 77.77+1.32 73.48+1.74 >0.05

Systolic blood pressure (mmHg) 154.90 = 1.39 118.80+2.00 <0.0001

Diastolic blood pressure (mmHg) 100.20 = 1.34 77.77+1.35 <0.0001

Proteinuria (g/day) 0.395 (0.27) 0.21 +£0.01 <0.0001

Neonatal birth weight (g) 2952 +72.87 3407 = 56.63 <0.0001

Apgar score 9(2) 10 (0) <0.001

Neonatal weight z score -0.24+£1.00 -1.65+0.99 0.05

PE: pre-eclampsia.

and reverse, 5-TGGCTCTTTCTTGGCATCCC-3'; MMP-
9, forward, 5-AGACCTGGGCAGATTCCAAAC-3'and
reverse, 5-CGGCAAGTCTTCCGAGTAGT-3"; B-Actin,
forward, 5-CTCCATCCTGGCCTCGCTGT-3 and reverse,
5-GCTGTCACCTTCACCGTTCC-3'.

Western blotting

Using radio immuno precipitation assay lysis buffer, total
proteins from placental tissue samples or HTR-8/SVneo cells
were extracted and electrophoresed. Protein samples were
transferred to polyvinylidene difluoride (PVDF) membranes
and then blocked with 5% skim milk for twohours to prevent
nonspecific binding. The primary antibodies listed below
were used to incubate the blots: primary antibodies: PPP1R3G
(1:1000 dilution, abmart), p-Akt (1:100-1000 dilution, abmart),
Akt (1:100-1000 dilution, abmart), MMP-9 (1:100-1000 dilution,
santa), Bcl2 (1:500-1000 dilution, proteintech), Bax (1:100-1000
dilution, abmart), and B-actin (1:5000-10000 dilution, abmart)
at 4°C overnight, followed by peroxidase-conjugated second-
ary antibodies. All the antibodies were diluted with (Vicmed
Biotech Co., Ltd., Xuzhou, China) antibody dilute solution
(VP6022, the generic type). The bands were visualized using the
Odyssey CLx Infrared Imaging System(LI-COR Biosciences,
Lincoln, NE). Image ] software (version 1.8.0_112; Bethesda,
MD) was used to analyze the gray value of each band.

Immunohistochemistry

In brief, the placental tissues were cut into 5 um-thick par-
affin sections, which were afterward deparaffinized with
xylene and rehydrated in ethanol. Deparaffinized tissue sec-
tions were incubated with 10mM sodium citrate buffer (pH
6.0, Beyotime, Shanghai, China) and heated for 20min to
retrieve antigens followed by cooling to room temperature.
Following a 30-min period of blocking and permeabiliza-
tion in PBS containing 10% Bovine Serum Albumin, sec-
tions were incubated with the PPP1R3G primary antibody
(1:20-50 dilution, Abcepta) at 4°C overnight. After overnight
incubation, horse radish peroxidase-conjugated goat anti-
rabbit immunoglobin G (PV-9001, ZSGB-BIO, Beijing, China)
and reaction enhancing solution were added dropwise for
20min at room temperature. After PBS washing, the sections
were incubated with diaminobezidin chromogenic solution
(ZL1-9018, ZSGB-BIO, Beijing, China) for 5-10min at room
temperature until a tan color development was observed.
Following this, the sections were then counterstained with
hematoxylin, sealed, and photographed. Images were taken
by the Olympus VS120 microscope (Olympus, Tokyo, Japan).

Cell-counting kit-8

To determine the effect of PPP1R3G on trophoblasts, a
96-microwell, flat-bottomed plate was inoculated with
3 X 10* exponentially proliferating HTR-8/SVneo cells per
well in 100 uL of culture medium, and 100 mL of RPMI-1640
medium was provided for growth. Following the manufac-
turer’s recommendations, 10 uL of cell-counting kit-8 (CCK-
8) suspension (Sigma, MO, USA) was added to each well
after 24h, and the color was then allowed to turn orange
at 37°C away from light for 1-2h. Absorbance was read at
450nm twohours later.

Wound-Healing Test

To determine the role of PPP1R3G in the migration of HTR-8/
SVneo cells, a horizontal line was drawn evenly on the back
of the six-well plate every 0.5-1cm with a marker bout.
HTR-8/5Vneo cells (5 X 10° cells per well) were cultured in
RPMI-1640 medium for 24 h. The next day, a 10 uLL gun head
was used to create a vertical scratch which was perpendicu-
lar to the horizontal line at the bottom. RPMI-1640 medium
was added; washed three times with PBS to remove the float-
ing cells; and photographed at 0, 24, and 48 h.

5-ethynyl-2'-deoxyuridine assay

At a density of 3 X 10 cells per well, cells were seeded on a
48-well plate and stained for twohours at 37°C with 50 umol/
EdU (5-ethynyl-2'-deoxyuridine) (Ribobio, Guangzhou,
China) to investigate the impact of PPP1R3G on HTR-8/
SVneo cells proliferative ability. The cells were fixed in 4%
paraformaldehyde for 30min, incubated on a decolorizing
shaker for 5min, and then incubated in 0.5% TritonX-100 for
10min. After washing with PBS, the cells were stained for
30min in the dark with 1*Apollo® reaction solution (200 uL)
to stain the EAU and for 30 min in the dark with 1*Hoechst
33342 (200 uL). Images were captured utilizing fluorescence
microscopy Olympus IX73 (Olympus, Tokyo, Japan). EAU-
positive cells were calculated in nine randomly different
fields per sample, and the EdU-positive ratio was reported
as EdU-positive cells/Hoechst-positive cells using Image |
software.

Transwell assay

To investigate the involvement of PPP1R3G in HTR-8/SVneo
cells invasion, cells were seeded into the upper chamber of
a Transwell insert (Costar, Cambridge, USA) in serum-free
medium at a density of 40,000 cells/well, and a volume of



1376 Experimental Biology and Medicine

Volume 248  August 2023

A
w25
PPPIR3E
PPPIR3G 0.0
PPPIR3B
PPPIR3F
o 25
PPPIR3C
PPPIR3A [ . Group
PPPIR3D ]_ I
PE
T 0 < T T T o T T T =0
% (23 (23 (23 % % (23 % (23 % lm lU‘J |§ ‘U'J lU‘J lU‘J lU‘J lU‘J E lU‘J lU'J lU‘J lfl'J E ‘U'J
I’5 l\D ‘oo \\] lO\ |U1 I_‘> lw ‘N I_‘ ; : ':) [.3 = .5. O 0 J O U B W N
B C NC PE D
PPPIR3G 38kDa : 1
i} ‘ : _
o . ‘v‘ b
% 1.5 practin 42kDa g © 0.154
—
& 15 A
15} . .g . | =9 %%
210- g - EOJ&
2 ok <10 3 S
5 057 14 : 8 0.051
A o m L% <
~ = 0.5 ~ o
= 0.0 o o = 0.00-
~ ~ 5
& NC PE 0.0 Ny SN NC PE

NC PE

Figure 1. PPP1R3G expression is downregulated in human PE placentas. (A) Differentially expressed genes of the PPP1R3 family in PE and normal pregnancy
placental tissues in GSE74341. (B) Relative mRNA level of PPP1R3G in PE and normal pregnancy placental tissues collected in our hospital. (C) Representative
western blot bands and quantitative analysis of PPP1R3G in PE and normal pregnancy placental tissues. (D) Representative IHC images and quantitative analysis of
PPP1R3G in PE and normal pregnancy placental tissues. Bar=50 um. Data are expressed as means = SEM (n=3), Student’s t-test, **P <0.01 versus NC group.

0.6mL complete medium was added to the lower chamber.
The noninvasion cells were removed from the membrane
surface with a moist cotton swab during a 24-h incubation
period (37°C, 5% CO,). The membranes were fixed in metha-
nol for 30 min and stained with crystal violet for 20 min, and
the invasive cells were calculated.

TUNEL staining

Cells were cultured in six-well plates and then fixed with
4% formalin for 30 min to examine the effect of PPP1R3G on
apoptosis of HTR-8/SVneo cells. Each well was treated with
50 uLL TUNEL reaction mixture (meilunbio, Dalian, China)
for 60min and stained with 4', 6-diamidino-2-phenylindole
(DAPI, Beyotime Biotechnology, Shanghai, China) at 37°C
without exposure to light. The cells were then washed in
PBS and immediately photographed. Images were captured
utilizing fluorescence microscopy Olympus IX73 (Olympus,
Tokyo, Japan). Image ] was used to count the TUNEL-positive
cells in five randomly selected areas of the microscope.

Statistical analysis

The data analysis was performed using IBM SPSS Statistics
version 19.0 software (IBM, Chicago, IL) and GraphPad
Prism® 8.0 software (San Diego, CA, USA). The stand-
ard error of the mean (SEM) is used to express all quanti-
tative data, and three replicates were performed for each

experiment. Student’s t-test and one-way analysis of vari-
ance (ANOVA) (Tukey’s) were used to evaluate statistical
differences between two groups. For all tests, the level of
statistical significance was set at P <0.05.

Results
Clinical characteristics of the subjects

The clinical characteristics of the study participants are
summarized in Table 1. Maternal age, maternal weight, and
neonatal weight z-scores were not significantly different
between the PE (PE) and control (NC) groups. In addition,
patients in the PE group had higher levels of SBP DBP, and
proteinuria comparing with that of the control group. The
PE group also had significantly lower neonatal birth weights
and Apgar scores than the control group.

PPP1R3G expression is downregulated in PE
placental tissues

After analyzing the dysregulated genes of 15 PE versus
10 normal human placental tissues in the GSE74341 data-
base, we found that PPP1R3G expression was significantly
downregulated in PE placental tissues compared with that
in normal pregnancies and was the lowest in the same sub-
family (Figure 1(A)). In addition, RT-qPCR and western
blotting (WB) were performed to determine the levels of



Figure 2. PPP1R3G regulates trophoblast proliferation. Relative PPP1R3G mRNA level in HTR-8/SVneo, JAR, and JEGS3 cells. (
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B) Representative western blot

bands and quantitative analysis of PPP1R3G in HTR-8/SVneo, JAR, and JEG3 cells. Data are expressed as means == SEM (n= 3) one-way ANOVA (Tukey’s),

*P <0.05, **P <0.01 versus HTR-8/SVneo group. (C—-D) The mRNA and protein expression of PPP1R3G in HTR-8/SVneo cells transfected with sh-PPP1R3G or
sh-NC. (E) CCK-8 assay showed the viability in HTR-8/SVneo cells transfected with sh-PPP1R3G or sh-NC at 24, 48, 72, and 96 h. (F) The merged images of EdU-
positive cells (red) and nuclei (blue) in HTR-8/SVneo cells transfected with sh-PPP1R3G or sh-NC and quantitative analysis. Bar=50 um. Data are expressed as

means + SEM (n=3), Student’s t-test, **P <0.01,

PPP1R3G mRNA and protein expression in the collected
placental samples. PE placental tissues showed significant
downregulation of PPP1R3G mRNA and protein expres-
sion compared with that in the control group (Figure 1(B)
and (C)). Moreover, we further examined PPP1R3G protein
levels in placental tissues by immunohistochemistry (IHC),
and the results were consistent with those of the western blot
experiments (Figure 1(D)).

PPP1R3G knockdown inhibits trophoblast
proliferation

First, the levels of PPP1R3G expression were measured in
HTR-8/SVneo, Jusikiniai Eglei Geliu-3 choriocarcinoma
cell line, and Jegathesan choriocarcinoma cell line cells.
The results showed that PPP1R3G expression was notice-
ably higher in HTR-8/SVneo cells than in other cell types
(Figure 2(A) and (B)). Next, we transfected HTR-8/SVneo
cells with an shRNA lentivirus to silence PPP1R3G. The
protein expression and mRNA expression of PPP1R3G were
significantly decreased in sh-PPP1R3G cells compared with
that in sh-NC cells (Figure 2(C) and (D)). In this study, we
explored the role of PPP1R3G in trophoblast proliferation.
The CCK-8 assay demonstrated that PPP1R3G knockdown
significantly reduced trophoblast proliferation compared
with that in control cells 24 h later (Figure 2(E)). Meanwhile,
EdU assays also validated a lower number of EdU-positive

***P < 0.001 versus sh-NC group.

cells in the sh-PPP1R3G group (Figure 2(F)). These results
indicated that PPP1R3G knockdown inhibited the prolif-
eration of HTR-8/SVneo cells.

PPP1R3G knockdown significantly inhibits
trophoblast invasion and migration

We investigated whether PPP1R3G knockdown affected cell
invasion and migration by suppressing trophoblast cell pro-
liferation. The invasion and migration of HTR-8/SVneo cells
were examined using Transwell and wound-healing assays,
respectively. Our results indicated that PPP1R3G knock-
down markedly reduced the migratory ability of HTR-8/
SVneo cells (Figure 3(A) and (B)) and decreased the number
of invading cells (Figure 2(C) and (D)). Altogether, these data
indicate that PPP1R3G knockdown inhibits the migration
and invasion of HTR-8/SVneo cells.

PPP1R3G knockdown has no noticeable effect on
trophoblast apoptosis

TUNEL staining and western blot were used to analyze
the effect of PPP1R3G on HTR-8/SVneo cell apoptosis.
Interestingly, PPP1R3G knockdown had no discernible effect
on the percentage of TUNEL-positive cells (Figure 4(A) and
B). Similarly, WB revealed no significant differences in the
protein expression of Bcl-2 and Bax between the two groups
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Figure 3. PPP1R3G knockdown significantly inhibits trophoblast invasion and migration.

(A-B) Representative images of wound-healing assay and quantitative analysis of HTR-8/SVneo cells transfected with sh-PPP1R3G or sh-NC at 0, 12, and 24 h.
(C-D) Representative images of transwell assay and quantitative analysis of HTR-8/SVneo cells transfected with sh-PPP1R3G or sh-NC. Bar=50 um. Data are
expressed as means = SEM (n=3), Student’s t-test, *P <0.05, ***P <0.001 versus sh-NC group.
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Figure 4. PPP1R3G knockdown has no significant effect on trophoblast apoptosis. (A) TUNEL staining of HTR-8/SVneo cells and the percentage of TUNEL-positive
cells (red) were quantified. (B) Representative western blot bands and quantitative analysis of Bcl-2/Bax in HTR-8/SVneo cells transfected with sh-PPP1R3G or sh-
NC. Bar=50um. Data are expressed as means = SEM (n=3), Student’s t-test.
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Figure 5. MMP-9 expression is downregulated in human PE placentas. (A) Differentially expressed genes of the MMP family in PE and normal pregnancy placental
tissues in GSE74341. (B) Relative mRNA level of MMP-9 in PE and normal pregnancy placental tissues collected in our hospital. (C) Representative western blot
bands and quantitative analysis of MMP-9 in PE and normal pregnancy placental tissues. Data are expressed as means + SEM (n=3), Student’s t-test, *P <0.05,

**P <0.01 versus NC group.

(Figure 4(C)). Cumulatively, these results confirm that
PPP1R3G knockdown has no significant effect on HTR-8/
SVneo cell apoptosis.

PPP1R3G regulates Akt phosphorylation and
MMP-9 expression in trophoblasts

Further experiments revealed the molecular mechanisms
underlying the effects of PPP1R3G on trophoblasts. MMP-9
plays an essential role in cell invasion and contributes sub-
stantially to the onset of PE. In this study, placental tissues
from patients at our hospital and the GSE74341 database
revealed that MMP-9 was downregulated in PE patients
compared with normal pregnancies (Figure 5(A)- (C)).
After PPP1R3G knockdown in the trophoblasts, western blot
analysis was performed to evaluate Akt signaling pathway
expression. In contrast to the sh-NC group, the expression
of p-Akt/ Akt was significantly reduced in the sh-PPP1R3G
group (Figure 6(A)). Moreover, MMP-9 levels in HTR-8/
SVneo cells were dramatically reduced by PPP1R3G knock-
down at both the mRNA and protein levels (Figure 6(B) and
(C)). These results demonstrate that PPP1R3G knockdown
in HTR-8/SVneo cells results in decreased Akt phosphoryla-
tion and MMP-9 protein expression.

Discussion

PE is a multisystem disorder of pregnancy with uncertain
etiology and pathophysiology, and its primary clinical presen-
tation is hypertension and proteinuria after 20 weeks of gesta-
tion.?? It affects 5-8% of all pregnancies worldwide and is an
independent significant risk factor for both maternal and fetal

morbidity.23?* Generalized arteriolar vasospasm is a key factor
in PE.?> Abnormal remodeling of the uterine spiral arteries
is considered a critical initial step in the pathophysiology of
PE.?-28 However, the molecular mechanisms underlying these
processes are not completely understood. The remodeling of
uterine spiral arteries is strongly influenced by trophoblast
invasion, and the trophoblast invasion process is precisely
controlled by a large variety of molecules.?’ For the first time,
we present evidence that PPP1R3G regulates human tropho-
blast invasion through the involvement of MMP-9.

Multiple studies have confirmed that abnormal lipid
metabolism during pregnancy plays a critical role in the
pathogenesis of PE.30-32 This complicated process involv-
ing multiple redundant signaling pathways and molecular
mechanisms regulating trophoblasts remain unclear. It has
been demonstrated that PPP1R3G, which is expressed in
several tissues including the placenta, plays a significant
role in lipid homeostasis.33-% According to previous studies,
PPP1R3G is downregulated in the liver after feeding, and its
hepatic knockdown slows postprandial blood glucose clear-
ance.3® More importantly, PPP1R3G is necessary for various
biological processes including type I necroptosis and RIPK1-
dependent apoptosis.® A recent study found that PPP1R3G
correlates with immune infiltration and poor prognosis
in lung adenocarcinoma.? In this study, the expression of
PPP1R3G was decreased in the placental tissues of patients
with PE. Thus, we tried to explore the functional role of
PPP1R3G in the pathogenesis of PE. Implantation, in which
the embryo attaches and invades the underlying maternal
endometrium, is similar to tumor invasion.?” Current opin-
ions support the view that trophoblast cell invasion is crucial
for the development of PE.3%40 The current experimental
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Figure 6. PPP1R3G regulates the Akt, and MMP-9 signaling pathway in trophoblasts. (A) Representative western blot bands and quantitative analysis of p-Akt/Akt in
HTR-8/SVneo cells transfected with sh-PPP1R3G or sh-NC. (B) Relative mRNA expression of MMP-9 in HTR-8/SVneo cells transfected with sh-PPP1R3G or sh-NC.
(C) Representative western blot bands and quantitative analysis of MMP-9 in HTR-8/SVneo cells transfected with sh-PPP1R3G or sh-NC. Data are expressed as

means + SEM (n=3), Student’s t-test, *P <0.05, **P < 0.01 versus NC group.

results demonstrated that PPP1R3G knockdown suppressed
the proliferation, invasion, and migration abilities, but had
no discernible effect on apoptosis in HTR-8/SVneo tropho-
blast cells. Thus, it can be speculated that PPP1R3G might
be involved in the pathogenesis of PE through modulating
trophoblast cell behavior.

MMP-9 has been known positively regulate trophoblast
migration and invasion.*!#* Other studies demonstrate the
involvement of Akt signaling in regulation of MMP-9 expres-
sion.* Notably, MMP-9 also plays a critical role in the regu-
lation of uterine remodeling and placental vasodilation.*
The results of this study showed that MMP-9 expression
was decreased in the placental tissues of PE patients. These
findings are consistent with those of Yang et al.#¢ who have
reported that downregulation of MMP-9 caused insufficient
trophoblast invasion, thereby inducing PE. Previously, Wu et
al 4 demonstrated that CXCR2 modulates trophoblast inva-
siveness by regulating MMP-9 and phosphorylated Akt.
Similarly, the invasion and migration of breast cancer cells*®
as well as bladder tumorigenesis*® were induced by the Akt/
MMP-9 signaling pathway.

In liver, PPP1R3G functions as a substrate and down-
stream signaling of Akt, thereby mediating the activa-
tion of insulin signaling.!® Interestingly, p-Akt/Akt level
was significantly downregulated in the trophoblast with
PPPI1R3G knockdown, suggesting a regulatory role on
Akt phosphorylation in trophoblast. Moreover, decreased
expression of MMP-9 was also observed in the trophoblast
with PPP1R3G knockdown. Overall, PPP1R3G knock-
down inhibited the invasion and migration of trophoblast,
possibly by suppressing Akt phosphorylation MMP-9
expression.

In conclusion, this study identified novel biological
functions of PPP1R3G. In contrast to healthy pregnancies,
PPPIR3G was downregulated in the placentas of PE preg-
nancies, and PPP1R3G knockdown suppressed trophoblast
proliferation, invasion, and migration. Mechanistically,
PPP1R3G might participate in the regulation of MMP-9
expression dependent on Akt signaling. These findings
provided depth insights into the biological function of
PPP1R3G and the potential mechanisms underlying the
development of PE.
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However, our study has several limitations that should
be identified. First, there was a lack of in vivo data to support
the presented in vitro results. Still, we recognize the need for
in vivo studies to explore the functional role of PPP1R3G in
the pathophysiology of PE. Second, we used only one cell
line. In a recent review, it was noted that HTR-8/SVneo cell
line contains a mixed population of trophoblast and stromal
cells.®* HTR-8/SVneo displayed an expression profile which
was characteristic of cells which have undergone epithelial-
to-mesenchymal transition (EMT) to acquire an invasive
phenotype.! It has also been postulated that HTR-8/SVneo
can be potentially used as an in vitro model system to inves-
tigate cellular invasion capacity in trophoblasts.>? Future
studies should explore other trophoblast cell lines, such as
JEG-3, BeWo, JAR, and Swan-71, or primary human extravil-
lous trophoblast cells, which would allow us to identify
theheterogeneity in trophoblast cells.
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