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Serpin family D member 1 (SERPIND1) belongs to the serine protease inhibitor family. Its
role in cancers has gradually attracted interest from researchers in recent years. However,
the role of SERPIND1 in the development of epithelial ovarian cancer remains poorly
understood. This studied aimed to investigate the expression and clinical significance of
SERPIND1 in epithelial ovarian cancer, as well as its effect on the malignant biological
behavior of ovarian cancer cells and the related regulatory mechanisms. We found that
SERPIND1 expression was significantly elevated in epithelial ovarian cancer. Patients
with higher expression of SERPIND1 in ovarian cancer tissues had poor prognoses.
SERPIND1 promoted the proliferation, migration, invasion, G1-to-S phase transition, and
epithelial-mesenchymal transition of ovarian cancer cells and inhibited their apoptosis by
promoting phosphorylation in the phosphoinositide 3-kinase/protein kinase B (PI3K/AKT)
pathway. Meanwhile, the inhibition of SERPIND1 expression in ovarian cancer cells
resulted in opposite effects. The addition of the PISK/AKT pathway inhibitor LY294002
to SERPIND1-overexpressing cells could reverse the promoting effect of SERPIND1 on
the malignant biological behavior of ovarian cancer cells. Further, nuclear factor kappa
B subunit 1, a transcription factor could bind to the promoter region of SERPIND1 and
regulate SERPIND1 expression. In conclusion, our results indicated that SERPIND1 could
be an effective marker for assessing the prognosis of ovarian cancer. By elucidating its
mechanism underlying the promotion of malignant biological behavior of ovarian cancer
by SERPIND1, we demonstrated that SERPIND1 could potentially serve as a novel
drug target.

Keywords: epithelial ovarian cancer, SERPIND1, prognosis, proliferation, cell cycle, cell migration, EMT, NF-xB1

INTRODUCTION

Ovarian cancer is a common malignancy in females and has one of the highest mortality rates. It
accounts for 2.5% of all female malignancies and 5% of female cancer mortality. These rates are
primarily caused by late-stage diagnoses (1). Early-stage ovarian cancer generally lacks obvious
symptoms (2) and specific cancer biomarkers (3, 4). Between 61 and 75% of ovarian cancers are
not discovered until they have reached an advanced stage (stage III or later) (1, 5). Due to the poor
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Increased SERPIND1 Promoted Ovarian Cancer

FIGURE 2 | Effects of SERPIND1 on ovarian cancer cells in vitro. (A) SERPIND1 promoted the migration capacity of ovarian cancer cells. (B) SERPIND1 promoted
the invasion capacity of ovarian cancer cells. (C) SERPIND1 inhibited apoptosis in ovarian cancer cell lines. (D) Effects of SERPIND1 on the cell cycle of ovarian
cancer cell lines. (E) SERPIND1 promoted the proliferation of ovarian cancer cells. (1): ES-2; (2): ES-2-SERPIND1-H-Mock; (3): ES-2-SERPIND1-H; (4): CAOV3; (5):
CAOV3-SERPIND1-L- Mock; (6): CAOV3-SERPIND1-L; (7): OVCARS; (8): OVCARB-SERPIND1-L- Mock (9): OVCARS-SERPIND1-L. Data are presented as mean +
standard deviation from three independent experiments. *P < 0.05. Scale bar: 100 pm. SERPIND1, serpin family D member 1.

MAFK, and NR4A2 may be the transcription factors of
SERPIND1 and regions where these transcription factors may
bind to the SERPIND promoter from the JASPAR database (see
Supplementary Materials). We designed the relevant primers
using Primer Premier software. Then we verified by PCR whether
the designed primers are available. Finally, the chromatin
immunoprecipitation experiments revealed that NF- kB1 could
bind to the promoter region of SERPINDI. And NF-«kB1 could
bind to the promoter region of SERPINDI at the —258 to —248
(GGTGTTTTCCA) and +131 to +141 (AGGCCTTCCTC)

from the transcription start loci (Figures 5F,G). Additionally,
SERPIND1 expression was also reduced following the inhibition
of NF-kB1 expression (Figure5H). This demonstrates that
NF-kB1 could exert a regulatory effect on SERPIND1 expression.

DISCUSSION

This study illustrated the effects of SERPIND1 on the malignant
biological behavior of ovarian cancer cells, and showed that
NF-kB1 regulated SERPIND1, which subsequently mediated
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FIGURE 3 | SERPIND1 promoted the proliferation and peritoneal metastasis of ovarian cancer cells in vivo. (A) Subcutaneous tumors developed from
SERPIND1-overexpressing cells in nude mice. (B) Subcutaneous tumors developed from control cells in nude mice. (C) Tumors developed from
SERPIND1-overexpressing cells. (D) Tumors developed from control cells. (E) Tumor weight in both groups. (F) Tumor volume in both groups. (G) Representative
images of peritoneal metastasis; tumors developed from SERPIND1-overexpressing cells. (H) Representative images of peritoneal metastasis; tumors developed from
control cells. Data are presented as mean =+ standard deviation from three independent experiments. “P < 0.05. SERPIND1, serpin family D member 1.
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FIGURE 4 | SERPIND1 regulated the EMT of ovarian cancer cells via the PISK/AKT pathway. (A) SERPIND1 overexpression in ES-2 cells resulted in a significant
reduction in E-cadherin expression and increased expressions of N-cadherin, Vimentin, MMP2, MMP9, p-PI3K, and p-AKT. (B) Inhibition of SERPIND1 expression in
CAOV3 cells resulted in increased E-cadherin expression and reduced expressions of N-cadherin, Vimentin, MMP2, MMP9, p-PI3K, and p-AKT. (C) Inhibition of
SERPIND1 expression in OVCARS cells resulted in increased E-cadherin expression and reduced expressions of N-cadherin, Vimentin, MMP2, MMP9, p-PI3K, and
p-AKT. SERPIND1, serpin family D member 1; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B.

cell migration, invasion, proliferation, apoptosis, cell cycle
regulation, and EMT via the PI3K/AKT signaling pathway.
In addition, our data showed that SERPINDI overexpression
was associated with shorter disease-free survival rates and
shorter overall survival times in ovarian cancer patients. To our
knowledge, this is the first study to investigate the expression
and upstream regulatory mechanism of SERPINDI in epithelial
ovarian cancers.

Previous studies on SERPIND1 have focused on its ability
to control vascular homeostasis and inhibit thrombin action
(19, 28, 29). Another research has shown that PI3K p110f has
an important role in sustaining integrin oyP3 activation and
stable platelet aggregation by regulating both integrin ayy,Ps-
dependent calcium flux and Gj-activation of Raplb. And PI3K
p110P inhibitors reduce platelet adhesion and aggregation under
high shear and prevent arterial thrombotic occlusion in vivo
(30). These findings provide a mechanistic explanation that
SERPIND1 could impact in the PIK3 regulation via the thrombin

system in oncogenesis. Our findings revealed that SERPIND1 was
highly expressed in epithelial ovarian cancers, and the expression
increased with increase in the degree of malignancy. These results
suggest that SERPIND1 might be closely associated with the
development and progression of epithelial ovarian cancers.

In this study, 113 patients with epithelial ovarian cancers were
followed up. With sufficient data on these patients and a longer
follow-up period, we could sufficiently avoid statistical bias. Our
study discovered that the high expression of SERPIND1 was
associated with poor prognosis through the long-term, large-
sample-size follow-ups. The results showed that FIGO stage and
SERPIND1 expression were risk factors of prognosis of epithelial
ovarian cancers.

SERPINDI1 contributes to the malignant behavior of cancer
cells through involvement in diverse cellular processes. We
examined SERPINDI1 expression in four human ovarian cancer
cell lines (CAOV3, OVCAR3, SKOV3, and ES-2) and found that
SERPIND1 was expressed in all human ovarian cancer cell lines,
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FIGURE 5 | The transcription factor NF-kB1 could regulate SERPIND1 expression, which in turn could activate the PI3K/AKT signaling pathway. (A) The PISK/AKT
pathway inhibitor LY294002 inhibited the promoting effect of SERPIND1 on the migration capacity of ovarian cancer cells. (B) LY294002 inhibited the promoting effect
of SERPIND1 on the invasion capacity of ovarian cancer cells. (C) After the addition of LY294002, the SERPIND1-overexpressing ES-2 cells exhibited a reduced
proportion of S-phase cells. (D) LY294002 inhibited the promoting effect of SERPIND1 on the proliferation capacity of ovarian cancer cells. (E) After the addition of
LY294002, the SERPIND1-overexpressing ES-2 cells exhibited a significantly increased apoptotic rate. (F) A schematic diagram showing the proposed mechanism of
NF-kB1 binding to the promoter region of SERPIND1. (G) NF-kB1 could bind to the promoter region of SERPIND1 at the —258 to —248 (GGTGTTTTCCA) and +131
to +141 (AGGCCTTCCTC) loci. (H) After inhibiting NF-kB1 expression, SERPIND1 expression was also reduced. Data are presented as mean + standard deviation
from three independent experiments. *P < 0.05. Scale bar: 100 um. NF-kB1, nuclear factor kappa B1; SERPIND1, serpin family D member 1.
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with lower expression in ES-2 and higher expression in CAOV3  cell are proliferation and metastasis. And metastasis is the leading
and OVCARS. In this study, the ovarian cancer cell line ES-2 that  cause of ovarian cancer deaths (31). With the experiments in vivo,
had low SERPIND1 expression was selected as the experimental ~ we found that SERPINDI could promote the ability of ovarian
cellline for the overexpression of the SERPINDI gene. Compared  cancer cells for proliferation and migration.
with the control group, the SERPINDI1-overexpressing ES-2 EMT is a process by which epithelial cells lose their
cells showed significantly increased proliferation, migration, and  cell polarity and intercellular adhesion and transition
invasion capacities and an increased proportion of S-phase cells.  into mesenchymal cells with the associated morphological
Conversely, the apoptotic rate was significantly decreased. characteristics, under the effects of certain physiological,
These processes were reversed after the addition of the  pathological, and environmental factors, which enables the
PI3K/AKT pathway inhibitor LY294002. The above observations  cells to acquire enhanced invasion capacity and motility
indicate that PI3K is a downstream effector of SERPIND1.  (32). EMT plays a key role in the migration capability and
The ovarian cancer cell lines CAOV3 and OVCAR3 that had  invasiveness of cancer (32-34). The primary features of the EMT
higher SERPIND1 expression was selected as the experimental  process include the reduction of E-cadherin expression, the
cell lines for the suppression expression of the SERPINDI gene.  increase of N-cadherin, Vimentin, and fibronectin expressions
The expression of the SERPINDI gene was inhibited in the (32, 35, 36), conversion of cytokeratin and cytoskeletal proteins
ovarian cancer cell lines CAOV3 and OVCAR3, compared with  into Vimentin-based cytoskeleton, and display of morphological
the controls, and these cells showed a significant reduction  characteristics of mesenchymal cells (32-39). These changes
in proliferation, migration, and invasion capacities, a reduced  lead to weak intercellular interactions that favor the migration
proportion of S-phase cells, and a significant increase in apoptotic ~ capability of cells (32, 40). Additionally, N-cadherin regulates
rate. Based on these results, we speculated that SERPIND1 the activity of specific receptor tyrosine kinase pathways, thereby
regulated the cell migration, invasion, proliferation, apoptosis, ~ promoting cell removal (32). Cells undergoing EMT loosely
and cell cycle of ovarian cancer cells via the PI3K/AKT pathway.  interact with the basement membrane (40, 41), which could lead
The most important biological characteristics of ovarian cancer  to cells regulating the expressions of specific integrins and matrix

or stress
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FIGURE 6 | Schematic model showing: When the cells are subjected to external stimuli, NF-kB1 could enter the nucleus and exert its transcription factor function.
The transcription factor NF-kB1 could bind to the promoter region of SERPIND1 and regulate SERPIND1 expression, which in turn could affect the PI3K/AKT pathway
and promote the malignant biological behavior of ovarian cancer cells.
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metalloproteinases (42-44). Moreover, cells acquire the ability to
interact with different extracellular matrices over time (41-46).
Another study has found that the PI3K/AKT signaling pathway
can influence EMT in a number of ways to affect cancer motility
and aggressiveness (47).

In this study, we have found for the first time that SERPIND1
overexpression in ovarian cancer cells resulted in increased
expression of phospho-PI3K p85 and phosphor-AKT (Ser473),
with concurrent significant reduction in E-cadherin expression
and increased expressions of N-cadherin, Vimentin, MMP2, and
MMP9. In contrast, the inhibition of SERPINDI1 expression in
ovarian cancer cells reduced the phosphorylation of PI3K/AKT,
increased E-cadherin expression, and reduced the expressions
of N-cadherin, Vimentin, MMP2, and MMP9. Based on these
results, we speculate that SERPIND1 promoted the proliferation,
migration, invasion, Gl-to-S phase transition, and EMT of
ovarian cancer cells as well as inhibited their apoptosis via the
PI3K/AKT pathway. Thus, SERPIND1 may serve as a potential
target for ovarian cancer therapy.

The transcription factor NF-kB, which was first extracted
from B cells and named by Sen et al. (48), is a class of
nuclear proteins with diverse regulatory effects. NF-«kB is widely
present in eukaryotic cells for the control of DNA transcription.
In resting cells, NF-kB binds to an inhibitor and remains
in the cytoplasm. When the cells are subjected to external
stimuli or stress, they will activate the corresponding signaling
pathway, which in turn activates the IkB kinase that can
phosphorylate and degrade the inhibitor IkBa. The released
NE- kB1 can then enter the nucleus and exert its transcription
factor function. NF-kB1 is a protein encoded by the NF-
kBl gene and processed by proteasomes to form NF-kBp50.
NF-kBp50 is the DNA-binding subunit of the NF-kB protein
complex. NF-kBp50 binds to a fixed nucleotide sequence in
the gene promoter region to initiate gene transcription and
induce target gene expression, through which it participates in
a series of important biological processes including immunity,
inflammation, oxidative stress, cell proliferation, apoptosis,
tumorigenesis, and metastasis (49). We have also investigated
the upstream regulatory mechanism of SERPIND1. We predicted
that NF-kB1, FOXA1, ELK1, MAFK, and NR4A2 may be the
transcription factors of SERPIND1 and regions where these
transcription factors may bind to the SERPIND promoter
from the JASPAR database. Chromatin immunoprecipitation
experiments showed that NF-kB1 could bind to the Promoter
region of SERPINDI, and the binding site was located at
the —258 to —248 (GGTGTTTTCCA) and +131 to +141
(AGGCCTTCCTC) loci of the SERPINDI1 promoter region.
Moreover, the inhibition of NF-kB1 expression reduced the
SERPIND1 expression, indicating that NF-kBl exerted a
regulatory effect on SERPIND]1 expression.

However, this study has many limitations. Due to limited
conditions, some patients had not undergone lymph node
dissection, so the conclusions drawn from the results could
have limitations. Furthermore, this study has not conducted a

detailed experiment on how PI3K/AKT affects EMT. Thus, we
are planning to complete the experiment in our next study.

In conclusion, we found that SERPIND1 was overexpressed
in epithelial ovarian cancer, and such overexpression predicted
a poor prognosis of the disease. In addition, the transcription
factor NF-kB1 could bind to the promoter region of SERPIND1
and regulate SERPINDI expression, which in turn could affect
the PI3K/AKT pathway and promote the malignant biological
behavior of ovarian cancer cells (Figure 6). Our results ultimately
showed that SERPIND1 could be an effective early diagnostic and
prognostic marker for epithelial ovarian cancers and potentially
serve as a novel drug target.
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