INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 46: 1908-1922, 2020

Fibronectin 1 inhibits the apoptosis of human trophoblasts
by activating the PI3K/AKkt signaling pathway
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Abstract. The excessive apoptosis of human trophoblasts can
cause pregnancy-related diseases. It has been reported that
fibronectin 1 (FN1) is closely associated with the invasion
of human trophoblasts. The aim of the present study was to
examine the effects of FN1 on the apoptosis of human tropho-
blasts and to investigate the underlying molecular mechanisms.
It was found that FN1, a differentially expressed gene (DEG)
in the GSE127170 dataset, was identified as the hub gene in
a protein-protein interaction (PPI) network generated using
the cytoHubba plug-in of Cytoscape software. The Metascape
website was used to perform GO enrichment analysis, and the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
database was used to perform KEGG pathway analysis.
Experimental analyses revealed that FN1 expression was
downregulated in the chorionic villus tissues of patients diag-
nosed with and mice subjected to spontaneous abortion (SA).
CCK-8 and flow cytometric assays revealed that the knockdown
of FNI decreased the viability and promoted the apoptosis of
JEG-3 and BeWo cells. In vivo experiments demonstrated that
the knockdown of FN1 promoted the apoptosis of trophoblasts
in the chorionic villus tissues obtained from mice subjected to
SA, whereas FN1 overexpression increased cell viability and
inhibited cell apoptosis. The protein levels of cleaved caspase-3
and Bax were increased by the silencing of FN1 and decreased
by FNI overexpression. The protein expression levels of Bcl-2,
proliferating cell nuclear antigen (PCNA) and Ki67 were
decreased by the silencing of FNI1; however, the overexpres-
sion of FN1 increased these levels. The results of western
blot analysis revealed that the knockdown of FNI1 inhibited
the PI3K/Akt signaling pathway, while the overexpression of
FNI activated the PI3K/Akt signaling pathway. Consistently,
the apoptosis-inhibiting effect of FN1 overexpression was
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reversed by a PI3K/Akt signaling pathway inhibitor, and the
apoptosis-promoting effect of FN1 silencing was reversed by
a PI3K/Akt signaling pathway activator. On the whole, the
findings of the present study demonstrate that the inhibition of
FNI induces the apoptosis of JEG-3 and BeWo cells, and the
overexpression of FN1 inhibits cell apoptosis by activating the
PI3K/Akt signaling pathway.

Introduction

Trophoblasts are a specific type of placental cells, that play
important roles in embryo implantation and in the formation
of the maternal-fetal interface (1). After the blastocyst implants
into the endometrium, trophoblasts differentiate into extravil-
lous and chorionic trophoblasts. Extravillous trophoblasts play
a key role in invading the decidual stroma and blood vessels of
the uterus (2). There are two types of chorionic trophoblasts:
Syncytiotrophoblasts in the outer layer and cytotrophoblasts
in the inner layer (3). Syncytiotrophoblasts are located on the
surface of the chorion and directly participate in the material
exchange between the mother and fetus (4). Cytotrophoblasts,
which are located in the inner layer, have a greater prolif-
erative ability and under certain conditions, can differentiate
into extravillous trophoblasts and syncytiotrophoblasts. The
dynamic balance between trophoblast proliferation and
apoptosis is critical for maintaining pregnancy (5), and the
disruption of this balance can lead to complications, such as
preeclampsia or abortion. Studies in China and abroad have
demonstrated that the trophoblast apoptotic index is signifi-
cantly higher in cases of spontaneous abortion (SA) than in
normal pregnancies (6-9).

Fibronectin 1 (FN1) is a high molecular weight glyco-
protein that has numerous biological functions (10). FN1
is present in the extracellular matrix and plays key roles in
cell adhesion, growth, migration and differentiation, and
is involved in maintaining cell morphology (11). It is also a
major blood protein, and functions as a crucial non-specific
modulin in tissue repair, and promotes the survival of neurons
in ischemic brains. FN1 binds to cells in the salivary gland
and regulates their molecular structure by binding to collagen,
fibrinogen and fibrin (12-14). In addition, FN1 exhibits chemo-
tactic activity and attracts monocytes, and is involves in both
blood coagulation and wound healing (11). FN1-knockout
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mice have an embryonic lethal phenotype that is character-
ized by severe cardiac and vascular disorders (15), indicating
that FN1 is essential for embryonic development. As FN1 is
highly expressed in tumor vessels and mediates angiogenesis
during tumorigenesis, it also plays important roles in cancer
progression. It has been reported that FN1 is highly expressed
in breast cancer (16), nasopharyngeal carcinoma (17), oral
squamous cell carcinoma (11) and thyroid carcinoma (18),
and plays a regulatory role in the major inflammatory cells
present in the tumor microenvironment. In addition, FN1
expression is significantly upregulated in uterine leiomyoma
and is associated with trophoblast invasion, uterine prolifera-
tion and adhesion function (19). However, the effects of FN1
on trophoblasts and the underlying molecular mechanisms
remain unknown.

Materials and methods

Data collection. The gene expression profiles of the GSE127170
dataset were obtained from the GEO database (https:/www.
ncbi.nlm.nih.gov/). The GSE127170 dataset includes data
from 12 samples from the Agilent GPL10739 platform
(Affymetrix Human Genome U133 Plus 2.0 Array). It includes
replicates (n=3) for the following 3 groups: Untreated JEG-3
cells vs. forkolin-treated JEG-3 cells (gene set-1), untreated
BeWo cells vs. forkolin-treated BeWo cells (gene set-2), and
untreated JEG-3 and BeWo cells vs. forkolin-treated JEG-3
and BeWo cells (gene set-3).

Screening results of differentially expressed genes (DEGs).
The series matrix file dataset of GSE127170 was downloaded,
and the gene probes of the platform were subsequently
transformed to gene names by referencing the GPL10739
platform. Both the normalization of the data and the screening
of the DEGs were performed using the ‘limma’ package in
R language (version 3.5.1). To identify DEGs, the screening
criteria were set to filter genes with a fold change (FC) value
of (llog2FCl) >1 and a P-value of <0.05.

Construction of the PPI network and identification of hub
genes. STRING is a public database that contains interactions
between known and predicted proteins (https://string-db.org/).
PPl is essential for examining protein function since it is helpful
for elucidating the regulatory functions among proteins. The
top 300 DEGs of the GSE127170 dataset (gene setl-3) were
uploaded onto the STRING website to obtain the interrelations
between proteins and to set the minimum required interac-
tion score to 0.15 to visualize the interaction networks with
Cytoscape (version 3.7.2). cytoHubba, the plug-in of Cytoscape,
was used to screen the hub genes based on the ‘Degree’ and
‘MCC’ method.

GO and KEGG pathway analyses for the identification of
overlapping DEGs. The overlapping DEGs from gene setl,
gene set2 and gene set3 were obtained using the Draw Venn
Diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/)
online tool. The Metascape website (http://metascape.
org/gp/index.html#/main/stepl) was used to perform GO
enrichment analysis. KEGG pathway database (https:/www.
kegg.jp/kegg/pathway.html) was used to perform KEGG
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pathway analysis. P-values of <0.05 were considered to indi-
cate statistically significant differences.

Chorionic villus specimens. Chorionic villus tissue
specimens from 65 patients diagnosed with SA (mean age,
26.48+3.91 years) and 65 patients with induced abortion (IA;
mean age, 27.41+2.86 years) (termed normal intrauterine
early pregnancy) were obtained between January, 2015 and
December, 2018 at The First Affiliated Hospital of Soochow
University. The clinical information pertaining to the patients
diagnosed with SA is presented in Table 1. Each patient was
examined by two pathologists and chorionic villus tissue
was confirmed based on the histopathological assessment.
Following retrieval, each tissue specimen was snap-frozen
in liquid nitrogen immediately and preserved at -80°C until
further experimentation. The study protocol was approved
by the Ethics Committee of the First Affiliated Hospital of
Soochow University. A written informed consent was obtained
for each sample, which was then analyzed anonymously.
The present study was performed in accordance with the
Declaration of Helsinki.

Inclusion and exclusion criteria. The inclusion criteria in the
present study were as follows: i) A positive result for urine
human chorionic gonadotropin (HCG); ii) B-ultrasound exhib-
ited an embryonic heartbeat; iii) patients did not take hormonal
drugs prior to surgery. The exclusion criteria were as follows:
i) Abnormal pregnancy; ii) intrauterine device; iii) genitalia
infection and uterine malformation.

Animal models of SP. For the purposes of the experiment,
8- to 10-week-old C57BL/6 male mice, C57BL/6 female
mice and FN1 gene knockout (FN17) C57B/6L female mice
were purchased from Shanghai Slac Laboratory Animal Co.,
Ltd. The mice were housed in an environment controlled for
temperature (22-24°C) and conditions of light (12 h light and
12 h darkness), with free access to standard mouse food and
water. A total of 2 female mice were caged with 1 male mouse
every other day, and vaginal plugs were examined the following
morning as a sign of mating behavior. The day of plug detec-
tion was defined as embryonic day (E) 0.5. The pregnant mice
were randomly divided into the normal pregnancy mouse
group (NP), the SA mouse group (SA), the normal pregnancy
FN1" mouse group (FN17) and the SA FNI1"" mouse group
(FN1"_SA), with 6 mice in each group. Lipopolysaccharide
(LPS; Sigma-Aldrich; Merck KGaA) at a dose of 2.5 ug
dissolved in saline was intraperitoneally injected into the
pregnant C57BL/6 female mice or FN17- C57BL/6 female
mice at E 7.5 to induce abortion, as previously described (20).
Mice in the control group received the same volume of
saline as the vehicle. At E10.5, the mice were sacrificed, and
the embryo resorption rate were calculated by dividing the
number of resorbed embryos by the number of implantations,
and the decidua were collected for use in further experiments.
All the experiments involving animals in present study were
carried out in accordance with the protocols of the Guidelines
for the Care and Use of Laboratory Animals published
by the United States National Institutes of Health (NIH
Publication, revised 2011) and the Guidelines for the Care and
Use of Laboratory Animals of the Chinese Animal Welfare
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Table I. Association between FNI1 expression and clinical
characteristics of patients diagnosed with SA.

FN1 expression

Cases High  Low
(n=65) (n=29) (n=36) P-value
Age (years) 0314
=22 and <30 16 9 7
=30 and <35 20 10 10
=35 29 10 19
Pregnancy cycle (weeks) 0.718
<6 33 14 19
>6 and <10 32 15 17

Data were analyzed using the % test. No significant differences were
observed (P>0.05).

Committee. The procedures were approved by the Animal Use
Committees of Soochow University.

Immunohistochemistry (IHC). For human, IHC staining was
performed for chorionic villus tissue specimen from IA group
and SA group. For mice, IHC staining was performed for
chorionic villus tissue specimen from the NP group, SA group,
FNI" group and FNI7_SA group. Each section of chorionic
villus tissue specimen from the patients was subjected to
overnight incubation with one of the following primary
antibodies, including anti-FN1 (1:500 dilution; ab2413,
Abcam), and each section of chorionic villus tissue specimen
form mice was subjected to overnight incubation with one
of the following primary antibodies, including anti-cleaved
caspase-3 (1:500 dilution; ab2302, Abcam), at 4°C. Each
section was then incubated in PBS and washed with PBS
thrice at 37°C. Subsequently, each section was incubated
with goat anti-rabbit immunoglobulin G secondary antibody
(1:1,000; cat. no. BS10043; Bioworld Technology, Inc.) at 37°C
for 60 min. The Olympus BX51 light microscope (Olympus
Corporation; magnification, x100) was used to examine the
sections following IHC staining. All specimens were then
assigned with scores based on the cytoplasmic staining inten-
sity (with O indicating no staining; 1 indicating weak staining,
2 suggesting moderate staining, and 3 representing strong
staining), and the extent of stained cells (0 indicating 0%, 1
suggesting 1-24%, 2 representing 25-49%, 3 was indicative
of 50-74%, and 4 being indicative of 75-100%). Moreover, the
intensity score was multiplied with the score of the stained
cell extent to determine the eventual immunoreactive score,
which ranged from O (minimal) to 12 (maximal). In addition,
0, 1-6, and =8 points were defined as negative, weak positive
and strong positive expression, separately. Each experiment
was carried out in triplicate.

Histopathological evaluation. The chorionic villus tissues
form patients or mice were immersed in normal 10% neutral
buffered formalin. The sections (5-xm-thick) were cut after
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paraffin embedding and stained with hematoxylin and eosin
(H&E) at 37°C for 2 min according to a previous descrip-
tion (21). You can analysis the pathological changes under a
light microscope.

Cells and cell culture. The human choriocarcinoma cell lines,
JEG-3 (cat. no. HTB-36, ATCC) and BeWo (cat. no. CCL-98,
ATCC) were cultured in Dulbecco's modified Eagle's medium
(DMEM), 10% (v/v) fetal bovine serum (FBS), 100 ug/ml
penicillin, 100 gg/ml streptomycin (Invitrogen; Thermo Fisher
Scientific, Inc.) at 37°C in a humidified atmosphere with
5% CO,. The cells were harvested and seeded in 6-well plates
at 2x10° cells/well.

Cell transfection. The siRNA sequences targeting FN1 were
synthesized from Shanghai Gene-Pharma Co. Nonsense
siRNA was used as the negative control. The siRNA-FNI
sequence was as follows: 5“TACGAATCCCCAGGCCCC
GGGCCCG-3'. siRNA- FNI1 (40 nm) was transfected into the
JEG-3 and BeWo cells using Lipofectamine 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.) to reduce the mRNA and
protein levels of FN1. The FN1 cDNA sequence was cloned
into the pcDNA3.1 vector (Shanghai enzyme research Co.,
Ltd.) to increase the mRNA and protein levels of FNI.
Cells were cultured to 80% confluence in 6-well plates,
then either pcDNA3.1 vector (3.0 ug per 1x10* cells/well)
or pcDNA3.1-FN1 were transfected into the cells using
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions. After trans-
fection for 48 h, the mRNA and protein levels of FN1 were
detected by RT-qPCR and western blot analysis.

Grouping. JEG-3 or BeWo cells transfected with nonsense
siRNA were identified as the siNC group; siRNA-FNI1-trans-
fected JEG-3 or BeWo cells were identified as the siFN1 group;
pcDNA3.1 vector-transfected JEG-3 or BeWo cells were
identified as the NC group; pcDNA3.1-FNl-transfected JEG-3
or BeWo cells were identified as the FN1 group. LY294002
(PI3K/Akt signaling pathway inhibitor) was purchased from
MedChem Express and insulin-like growth factor-1 (IGF-1;
PI3K/Akt signaling pathway activator) was purchased from
PeproTech, Inc. After the JEG-3 cells were pre-treated with
LY294002 (5 uM) for 4 h, pcDNA3.1-FN1 were then trans-
fected into the JEG-3 cells (FN1 + LY294002). After the BeWo
cells were pre-treated with IGF-1 (5 uM) for 4 h, siRNA-FN1
was then transfected into the BeWo cells (siFN1 + IGF-1).

Cell Counting kit 8 (CCK-8) assay. The JEG-3 or BeWo cells
in the logarithmic phase (8,000 cells/well) were trypsin-
ized and added into 96-well plates for a 24-h pre-incubation
at 37°C. Following incubation for 4 h at 37°C, CCK8 solution
(10 pl) was injected to each well. The cells at O and 48 h were
harvested using the CCK-8 kit (cat. no. C0037, Beyotime
Institute of Biotechnology) according to the manufacturer's
protocol. The absorption at different stages was recorded at
450 nm using a microplate reader (Thermo Fisher Scientific,
Inc.).

Cell apoptosis assay. Cells in the different groups were
cultured in a 6-well plate at a density of 2x10* cells/well for
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24 h. The cells were then centrifuged, collected and washed
with PBS twice. The supernatant was discarded, and the cells
were resuspended in 400 pl of 1X Binding Buffer and incu-
bated with 5 ul of Annexin V-FITC for 15 min in the dark.
Cells were mixed thoroughly with 10 pl of PI staining solution
(CA1020, Beijing Solarbio Science & Technology Co., Ltd.)
and incubated for 5 min in the dark. The proportion of cell
apoptosis was assessed using a flow cytometer (CytoFLEX,
Beckman Coulter, Inc.).

RNA extraction and reverse transcription-quantitative
PCR (RT-gPCR) assays. Total RNA was isolated from
the pcDNA3.1-FN1-transfected JEG-3 and BeWo cells
and siRNA-FNI-transfected JEG-3 and BeWo cells using
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
following the manufacturer's instructions. Total RNA was
quantified using a NanoDrop ND-100 Spectrophotometer
(NanoDrop Technologies; Thermo Fisher Scientific, Inc.)
at 260 nm. Total RNA (2 ug) was reverse transcribed into
cDNA using SuperScript III (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
qPCR was performed using Fast SYBR Green Master Mix
(Applied Biosystems) with an ABI PRISM7900 Sequence
Detection System. The primers used for amplification were
as follows: FNI1 sense, 5S"TGGTATTCAGCTTCCTGGCA-3'
and antisense, 5'-CGGGTATGGTCTTGGCCTAT-3"; and
GAPDH sense, 5~ ACCCAGAAGACTGTGGATGG-3' and
antisense, S"-TCAGCTCAGGGATGACCTTG-3". gPCR reac-
tion included an initial denaturation step at 95°C for 10 min,
followed by 40 cycles at 95°C for 15 sec and 60°C for 60 sec,
and at 75°C to 95°C; the temperature rises at 1°C per 20 sec.
The relative mRNA expression was normalized to GAPDH,
which was calculated based on the Cq value according to the
equation: 2"44¢4 (22). Each sample was analyzed in triplicate.

Western blot analysis. Total proteins were extracted from
the cells in the different groups using RIPA lysis buffer
(cat. no. POO13B; Beyotime Institute of Biotechnology),
according to the manufacturer's instructions. The protein
concentration was measured using a BCA kit (Beyotime). A
total of 10 ug each sample was separated on a 10% SDS-PAGE,
transferred to PVDF membranes (EMD Millipore) and then
immunoblotted with antibodies against FN1 (1:800 dilu-
tion; ab2413, Abcam), cleaved caspase-3 (1:1,000 dilution;
ab2302, Abcam), Bax (1:500 dilution; ab32503, Abcam), Bcl-2
(1:800 dilution; ab32124, Abcam), proliferating cell nuclear
antigen (PCNA; 1:1,000 dilution; ab92552, Abcam), Ki67
(1:1,000 dilution; ab92742, Abcam), phosphorylated (p)-PI3K
(1:500, abs130868, Absin Bioscience Inc.), PI3K (1:1,000,
abs119725, Absin Bioscience, Inc.), p-Akt (1:800 dilution;
ab38449, Abcam), Akt (1:800 dilution; ab8805, Abcam) and
GAPDH (1:2,000 dilution; ab181602, Abcam), followed by
incubation with HRP goat anti-rabbit IgG (AS014; ABclonal).
As for FN1, cleaved caspase-3, Bax, Bcl-2, PCNA and Ki67 the
dilution of the HRP goat anti-rabbit IgG antibody was 1:2,000;
as for GAPDH, the dilution was 1:10,000. The primary anti-
bodies FNI, cleaved caspase-3, Bax, Bcl-2, PCNA, Ki67 and
GAPDH were incubated with the membranes at 4°C overnight.
The secondary antibody HRP goat anti-rabbit IgG was incu-
bated with the membranes at 37°C for 2 h. The results were
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visualized using the Image Lab Imaging System software v4.0
(Bio-Rad Laboratories, Inc.).

Statistical analysis. The mean value of FNI1 expression in
the SA group of >2.43 was defined as a high expression. The
associations of FNI1 expression with the clinicopathological
features of the patients were examined using the * test. Each
experiment was repeated at least 3 times. The statistical
analyses of the experimental data were performed using
a two-tailed Student's paired t-test and one-way ANOVA
followed by Tukey's post hoc test. Statistical significance was
assessed at least three independent experiments and a P-value
<0.05 was considered to indicate a statistically significant
difference.

Results

DEGs and hub genes identified in gene setl of the GSE127170
dataset. The GSE127170 dataset was downloaded from
the GEO database. The analysis of the dataset revealed
903 differentially expressed genes (DEGs) (410 P<0.05 and
llogFCI>1), including 493 upregulated and 410 downregulated
genes (Fig. 1A). The top 300 DEGs were used to construct a
PPI network using the STRING website, which was visualized
using Cytoscape (Fig. 1B). The top 20 hub genes were identi-
fied by the MCC and Degree method using the cytoHubba
plug-in of Cytoscape (Fig. 1C and D). As shown in Fig. 1E,
a total of 17 overlapping hub genes were identified: LYN
proto-oncogene, scr family tyrosine kinase (LYN), Wnt family
member 3A (WNT3A), Fos proto-oncogene, AP-1 transcrip-
tion factor subunit (FOS), transforming growth factor beta 1
(TGFBI1), mitogen-activated protein kinase 8§ (MAPKS),
CD68 molecule (CD68), insulin like growth factor 1
receptor (IGFIR), glutamate ionotropic receptor nmDA type
subunit 2B (GRIN2B), nuclear receptor subfamily 4 group A
member 1 (NR4A1), vascular endothelial growth factor B
(VEGFB), Kruppel like factor 4 (KLF4), TIAM Racl associ-
ated GEF 1 (TIAM1), nitric oxide synthase 3 (NOS3), FYN
proto-oncogene, Src family tyrosine kinase (FYN), secreted
frizzled related protein 1 (SFRP1), AXIN2 and FNI1.

DEGs and hub genes identified in gene set2 of the GSE127170
dataset. The GSE127170 dataset was downloaded from
the GEO database. The analysis of the dataset revealed
440 differential genes (DEGs), including 260 upregulated and
180 downregulated genes (Fig. 2A). The top 300 DEGs were
used to construct a PPI network using the STRING website,
which was visualized using Cytoscape (Fig. 2B). The top 20
hub genes were identified by the MCC and Degree methods
using the cytoHubba plug-in of Cytoscape (Fig. 2C and D).
As shown in Fig. 2E, a total of 16 overlapping hub genes
were identified: Yes associated protein 1 (YAP1), integrin
subunit alpha 1 (ITGAL1), colony stimulating factor 1 receptor
(CSF1R), CD9 molecule (CD9), melanoma cell adhesion
molecule (MCAM), integrin subunit alpha M (ITGAM),
collagen type I alpha 1 chain (COL1A1), TGFBI, protein
kinase cAMP-activated catalytic subunit beta (PRKACB),
interferon regulatory factor 8 (IRFS8), annexin Al (ANXALI),
transgelin (TAGLN), KLF4, FYN, collagen type IV alpha 1
chain (COL4A1) and FNI.
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Figure 1. Identification of hub genes and PPI network in gene setl from the GSE127170 dataset. (A) Volcano plot of 493 genes was significantly up-regulated
and Volcano plot of 410 genes was significantly downregulated, logFC >-1 or <1 and P<0.05; (B) top 300 DEGs were used to construct the PPI network (red

denotes downregulation and green denotes upregulation; (C) hub genes were identified by using the plug-in cytoHubba from Cytoscape software according to
MCC method; (D) hub genes were identified by using the plug-in cytoHubba from Cytoscape software according to the Degree method; (E) Venn diagram of
17 overlapping hub genes.
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and Volcano plot of 180 genes was significantly downregulated, logFC >-1 or <1 and P<0.05; (B) top 300 DEGs were used to construct the PPI network (red
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of 15 overlapping hub genes.
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DEGs and hub genes identified in gene set3 of the GSE127170
dataset. The GSE127170 dataset was downloaded from the
GEO database. The analysis of the dataset revealed 388 differ-
entially expressed genes (DEGs), including 238 upregulated
and 150 downregulated genes (Fig. 3A). The top 300 DEGs
were used to construct a PPI network using the STRING
website, which was visualized in Cytoscape (Fig. 3B). The top
20 hub genes were identified by the MCC and Degree methods
using the cytoHubba plug-in of Cytoscape (Fig. 3C and D). As
shown in Fig. 3E, a total of 15 overlapping hub genes were
identified: Placental growth factor (PGF), colony stimulating
factor 1 receptor (CSF1R), matrix metallopeptidase 2 (MMP?2),
amin A/C (LMNA), FOS, TGFBI, C-C motif chemokine
ligand 4 (CCL4), MAPKS, IGF1R, colony stimulating factor 1

(CSF1), KLF4, nitric oxide synthase 3 (NOS3), neutrophil
cytosolic factor 2 (NCF2), 2,4-dienoyl-CoA reductase 1
(DECR1) and FNI1.

GO and KEGG enrichment analysis. TGFB1, FN1 and KLF4
were overlapping hub genes from gene setl, gene set2 and
gene set3 (Fig. 4A). FN1 was mainly enriched in the PI3K/Akt
signaling pathway (Fig. 4B). TGFBI, FN1 and KLF4 were
mainly enriched in the biological process (BP) term, including
the regulation of the ERK1 and ERK?2 cascade, the response
to wounding, ameboidal-type cell migration, the negative
regulation of cytokine production, blood vessel development,
the regulation of cell adhesion, embryonic morphogenesis, the
ERKI1 and ERE2 cascade, blood vessel morphogenesis and the



1916 INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 46: 1908-1922, 2020
i 'u‘,l’ ! 2 f ’ =
:.._'} = _’ . b = !"._' A e\ ¥ >
= !, 2 at .
@ ol a il 5 17 P % v
w 3 ] AR ity i
o F iy i TR -~
T g 5 : R
! e [T R =
el ! 4 i 1
SA 1A SA
- 5 p—— FN1 upregulation ——
_g [ a B B _
@ g _ g b———— FN1 downregulation
-a Z % 4.
£ 84 =
< =z
z T 7
E
0
T O R R N R R e B SRR S YT SL RN R R L RRE BE38

Number of patients in SA group

Figure 5. FN1 expression is downregulated in the chorionic villus tissues obtained from placenta of patients diagnosed with spontaneous abortion. (A) H&E
staining was used to examine the pathological features of chorionic villus tissues obtained from placentas in the IA group; (B) H&E staining was used to
investigate the pathological features of chorionic villus tissues obtained from placentas in the SA group. (C) FN1 expression of the chorionic villus tissues
obtained from placentas was measured by immunohistochemistry in the IA group. (D) FN1 expression of the chorionic villus tissues obtained from placentas
was measured by immunohistochemistry in the SA group. (E) FN1 mRNA level between IA group and SA group was measured by RT-qPCR. (F) FN1 mRNA
level in the SA group was measured by RT-qPCR. GAPDH was used as a load control. Data are presented as the means + standard deviation. “P<0.01 vs. [A

group. FN1, fibronectin 1; SA, spontaneous abortion; IA, induced abortion.

regulation of cytokine production using the Metascape website
(Fig. 40).

FNI expression is downregulated in chorionic villus tissues
from the placentas of patients diagnosed with SA. No change
was observed in the morphology of the chorionic villus tissues
of patients in the IA group. The cytotrophoblasts in the inner
layer were cubic, polygonal, or oval, with clear boundaries and a
transparent cytoplasm. The outer syncytiotrophoblasts contained
multiple nuclei. Stellate mesenchymal cells, myxoid matrix
and round or oval cells were observed in the chorionic villus
tissue and there were no blood vessels in the chorionic villus
tissue (Fig. 5A). By contrast, the morphology of chorionic villus
tissues in the SA group were significantly altered. Microscopic
examination revealed different degrees of degenerative changes,
proliferation and degeneration in the chorionic villus tissues.
The number of cytotrophoblasts and syncytiotrophoblasts
were significantly decreased or were absent. In addition,
mesenchymal celluloid degeneration, structural destruction,
homogeneous shaped cells, matrix fiber-like degeneration, and
myxoid degeneration were observed. The basement membrane
of the villous trophoblast cells and blood capillaries was slightly
thickened (Fig. 5B). IHC revealed FN1 staining in the chori-
onic villi and surrounding tissues in the IA group (Fig. 5C).
By contrast, the chorionic villi and surrounding tissues in the
SA group exhibited only weak FNI staining (Fig. 5D). The
FNI1 mRNA levels in the sera of patients in the SA group were
significantly lower than that those in the IA group (Fig. SE). FN1
expression was <2.43 in 36 patients in the SA group (Fig. 5F).
The analysis of the association between FN1 expression and the
patient characteristics revealed that FN1 was not associated with
age (P=0.314) or pregnancy cycle (P=0.718; Table I).

FNI regulates the viability and apoptosis of JEG-3 and
BeWo cells by modulating the expression of proliferation-
and apoptosis-related proteins. JEG-3 and BeWo cells were
transfected with siRNA-FNI1 or pcDNA-FN1, and western blot
analysis and RT-qPCR were then conducted to assess the FN1
levels. The results revealed that FN1 protein and mRNA levels
were significantly decreased in the siFNI-transfected cells
and were significantly increased in pcDNA-FNI-transfected
cells (Fig. 6A and B). The results of CCK-8 assay revealed
that the knockdown of FN1 prominently decreased the
viability of the JEG-3 and BeWo cells, whereas the overex-
pression of FNI1 notably increased cell viability (Fig. 6C).
The results also revealed that FN1 knockdown promoted cell
apoptosis, whereas FN1 overexpression inhibited the apop-
tosis of JEG-3 and BeWo cells (Fig. D and E). FNI silencing
resulted in increased protein levels of cleaved caspase-3 and
Bax, and decreased protein levels of Bcl-2. It also resulted in
significantly decreased protein levels of PCNA and Ki67 in the
JEG-3 and BeWo cells. However, FN1 overexpression mark-
edly decreased cleaved caspase-3 and Bax protein levels, and
increased Bcl-2, PCNA and Ki67 protein levels in the JEG-3
and BeWo cells, as shown by western blot analysis (Fig. 6F
and G).

FNI regulates the viability and the apoptosis of JEG-3
and BeWo cells by affecting the activation of the PI3K/Akt
signaling pathway. The PI3K and Akt phosphorylation levels
were significantly decreased by FNI silencing and were
notably increased by FN1 overexpression in the JEG-3 and
BeWo cells (Fig. 7A and B). The results of CCK-8 assay
revealed that the promoting effects of FN1 overexpres-
sion on the viability of the JEG-3 cells were blocked by the
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Figure 6. FN1 regulates the viability and apoptosis of JEG-3 and BeWo cells via regulating the proliferation and apoptosis-related protein expression. (A) Western
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Figure 7. FNI regulates the viability and apoptosis of JEG-3 and BeWo cells by affecting the activation of the PI3K/Akt signaling pathway. (A) Western blot
analysis was used to determine the phosphorylation level of PI3K and Akt siRNA-FNI1- or pcDNA-FNI-transfected JEG-3 cells. (B) Western blot analysis was
used to determine the phosphorylation level of PI3K and Akt siRNA-FN1- or pcDNA-FNI-transfected BeWo cells. (C) CCK-8 assay was used to determine
the viability of LY294002-treated JEG-3 cells transfected with pcDNA-FNI. (D) CCK-8 assay was used to determine the viability of IGF-1-treated BeWo cells
transfected with siRNA-FN1. (E) Flow cytometry was used to determine the apoptosis of LY294002-treated JEG-3 cells transfected with pcDNA-FNI. (F) Flow
cytometry was used to determine the apoptosis of IGF-1-treated BeWo cells transfected with siRNA-FN1. (G) Western blot analysis was used to determine the
protein level of cleaved caspase-3, Bax, Bcl-2, PCNA and Ki67 in LY294002-treated JEG-3 cells transfected with pcDNA-FN1. (H) Western blot analysis was
used to determine the protein level of cleaved caspase-3, Bax, Bcl-2, PCNA and Ki67 in IGF-1-treated BeWo cells transfected with siRNA-FN1. GAPDH was
used as a loading control. Data are presented as the means + standard deviation. "P<0.05 vs. siNC/NC group and “P<0.05 vs. FN1/siFN1 group. FN1, fibronectin 1.
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PI3K/Akt signaling pathway inhibitor, LY294002 (Fig. 7C),
and the inhibitory effects of FNI1 silencing on BeWo cell
viability were reversed by the PI3K/Akt signaling pathway
activator, IGF-1 (Fig. 7D). LY294002 significantly promoted
the apoptosis of FN1-overexpressing JEG-3 cells (Fig. 7E),
and IGF-1 significantly blocked the induction of apoptosis of
the FN1-silenced BeWo cells (Fig. 7F). In addition, the FN1
overexpression-mediated decrease in the levels of cleaved
caspase-3 and Bax, and the increase in the protein levels of
Bcl-2, PCNA and Ki67 in the JEG-3 cells were reversed by
LY294002 (Fig. 7G). The positive effects of FN1 inhibition
on cleaved caspase-3 and Bax protein levels, and the negative
effects on Bcl-2, PCNA and Ki67 protein levels in the BeWo
cells were reversed by IGF-1 (Fig. 7H).

FNI knockout increases the apoptosis of trophoblasts in
chorionic villus tissues from mice subjected to SA. The histo-
pathological changes in the chorionic villus tissues of mice
in the NP, FN17, SA, and FN17_SA groups were observed
by H&E staining. The organization of the chorionic villus
tissues of mice in the NP group were normal, and the cell
arrangement was tight. However, there were more histopatho-
logical changes in the chorionic villus tissues of mice in the
FNI17 group than in those of the NP group, but less than in
those of the SA and FNI17-SA groups (Fig. 8A). In addition,

a morphological examination revealed that the pathological
changes in the chorionic villus tissues of mice in the FN1"-SA
group were greater than the changes observed in the SA group.
A comparison of the FN1 expression levels in the chorionic
villus tissues from the mice in these groups revealed a gradual
decrease across the NP, SA, FN17-, and FN17_SA groups
(Fig. 8B). SA or FNI knockout alone increased the levels
of cleaved caspase-3 in chorionic villus tissues, and FN1
knockout further increased the cleaved caspase-3 levels in the
chorionic villus tissues of mice subjected to SA (Fig. 8C).

Discussion

Pregnancy is a complex biological process. The successful
implantation of the embryo is closely related to the develop-
ment of the blastocyst, the growth of trophoblasts, and the
connection between the maternal-fetal interface and immune
regulation (23). Trophoblasts are a specific type of placental
cells that play important roles in embryo implantation and
the formation of the maternal-fetal interface (1). Apoptosis
is a necessary physiological process for uterine decidual
reconstruction, trophoblast invasion of the luteus and main-
taining the immune tolerance balance at the maternal-fetal
interface (5). Animal studies have indicated that compared
with normal pregnancy CBA/JxBALB/c model mice, the SA
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CBA/JxDBA/2 model mice exhibit greater apoptosis in the villi
and decidual tissues, and the apoptotic index is significantly
higher than that of normal pregnancy model mice (24,25).
The excessive apoptosis of trophoblasts leads to intracellular
dysfunction and abortion. The present bioinformatics analysis
of the GSE127170 dataset revealed that TGFB1, FN1 and
KLF4 are hub genes.

It has been reported that the disruption of the binding
between TGFBI and its receptor, TGFBR, can affect TGFB1
signal transduction, thus blocking nitric oxide synthase
activity, leading to a decrease in nitric oxide synthesis, an
increase in blood pressure and thrombosis, maternal hypoxia,
an insufficient nutrient supply, and neovascularization (26-28).
It has also been reported that FN1 is highly expressed in chori-
onic leukocytes and is related to the invasion, proliferation and
adhesion of trophoblasts in the uterus (29,30). In addition, FN1
was the top hub gene in 3 PPI networks generated using the
MCC and Degree methods. KLF4 is considered to be a tumor
suppressor gene, and its overexpression can promote the apop-
tosis of endometrial cancer cells (31). GO and KEGG analysis
revealed that FN1 mainly affects the PI3K/Akt signaling
pathway and is involved in cell proliferation and apoptosis
(Fig. 4). Therefore, the effects of FN1 on trophoblasts has
become the primary focus of our research group.

The results of the present study revealed that the morphology
of the chorionic villi in the SA group differed significantly
from that in the IA group. FNI mRNA and protein levels were
significantly higher in the chorionic villus and surrounding
tissues in the IA group than in the SA group. In addition, the
FNI mRNA level was not significantly associated with the age
of the pregnancy cycle of patients with SA. This may be due to
the insufficient number of cases and/or the similarity of patient
statuses (Fig. 5 and Table I). The present study examined the
effect of FN1 on the proliferation and apoptosis of trophoblasts
by CCK-8 and flow cytometric assays. The results revealed
that the silencing of FN1 significantly decreased cell viability
and promoted cell apoptosis. By contrast, FN1 overexpression
significantly increased cell viability and inhibited apoptosis
(Fig.5). Caspase-3, Bax and Bcl-2 are critical apoptosis-related
genes (32), and studies have demonstrated that Bcl-2 and Bax
not only act as upstream regulatory factors of caspase-3, but
also function as direct substrates of caspase-3. The present
experimental results revealed that FN1 silencing significantly
upregulated the protein levels of cleaved caspase-3, Bax and
Bcl-2, which was consistent with the observed effect of FN1
silencing on cell apoptosis. PCNA and Ki67 reflects the prolif-
erative activity of cells. FN1 silencing significantly reduced
the protein levels of PCNA and Ki67, which was consistent
with the observed inhibition of cell viability induced by
FNI silencing and the opposite effect of FNI overexpression
(Fig. 6). These results suggest that FN1 regulates the prolifera-
tion and apoptosis of trophoblasts.

The PI3K/Akt pathway is an important pathway in the
regulation of cell proliferation and apoptosis (33). Akt is a
serine/threonine kinase and an important target of PI3K.
Activated Akt activates or inhibits its downstream target
proteins, such as Bcl-2 and caspase-3, to regulate cell prolif-
eration and apoptosis (34). The results of the present study
confirmed that in FN1-silenced cells, the apoptotic levels
increased, and the PI3K and Akt phosphorylation levels
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significantly decreased. By contrast, in FN1-overexpressing
cells, the apoptotic levels decreased, and PI3K and Akt
phosphorylation levels significantly increased. This suggests
that an activated PI3K/Akt signaling pathway exerts a protec-
tive effect on trophoblasts. Further analyses revealed that
the effects of FN1 silencing on cell apoptosis were reversed
by a PI3K/Akt signaling pathway agonist, while the effect
of FNI overexpression on cell apoptosis was reversed by a
PI3K/Akt signal pathway inhibitor (Fig. 7). These results
suggest that FN1 inhibits trophoblast apoptosis by activating
the PI3K/Akt signaling pathway. The results of the animal
experiment revealed that FN1 knockdown damaged the
organization of the chorionic villus tissues in NP mice and
induced cleaved caspase-3 (Fig. 8). More importantly, FN1
knockdown increased the SA-induced apoptosis of tropho-
blasts and exacerbated chorionic villus tissue injury. Thus,
FN1 downregulation was detected in patients with SA and
promoted the SA-induced apoptosis of trophoblasts. In addi-
tion, FN1 knockdown induced trophoblast cell apoptosis in
NP mice. These results revealed that FN1 plays an important
role in maintaining the dynamic balance of proliferation and
apoptosis of trophoblasts during pregnancy. However, it is
worth noting that FN1 has been reported to be upregulated in
cervical cancer tissues and to promote cell proliferation (35).
Therefore, the results of the present study only suggest that
the overexpression of FN1 may be helpful for inhibiting the
SA-induced apoptosis of trophoblasts, but do not indicate that
the overexpression of FN1 would be helpful in other diseases.

In conclusion, the present study demonstrated that FN1
expression was significantly downregulated in the chorionic
villus tissues of patients diagnosed with and mice subjected
to SA. The silencing of FN1 promoted trophoblast apop-
tosis and inhibited cell viability; the overexpression of FN1
inhibited trophoblast apoptosis and promoted cell viability.
The activation of the PI3K/Akt signaling pathway protected
the trophoblasts. The overexpression of FN1 inhibited apop-
tosis and promoted cell viability by activating the PI3K/Akt
signaling pathway.
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