Am J Transl Res 2020;12(7):3557-3576
www.ajtr.org /ISSN:1943-8141/AJTR0106301

Original Article

Overexpression of TEM8 promotes ovarian cancer
progression via Rac1l/Cdc42/JNK and
MEK/ERK/STAT3 signaling pathways

Cai-Xia Wang!?, Hui-Fang Xiong®, Shuang Wang'?, Jing Wang*2, Xin Nie'?, Qian Guo'?, Xiao Li*?, Yue Qi'?,
Juan-Juan Liu'?, Bei Lin?

1Department of Obstetrics and Gynaecology, Shengjing Hospital Affiliated to China Medical University, Liaoning,
People’s Republic of China; ?Key Laboratory of Maternal-Fetal Medicine of Liaoning Province, Key Laboratory
of Obstetrics and Gynecology of Higher Education of Liaoning Province, Liaoning, People’s Republic of China;
3Department of Obstetrics and Gynaecology, The Affiliated Longyan First Hospital of Fujian Medical University,
Fujian, People’s Republic of China

Received December 12, 2019; Accepted June 4, 2020; Epub July 15, 2020; Published July 30, 2020

Abstract: Tumor endothelial cell marker 8 (TEM8) is a type | transmembrane protein, that has been widely studied in
the areas of anthrax toxin infection and tumor angiogenesis. However, the role of TEMS8 in the progression of epithe-
lial ovarian cancer (EOC) remains unclear. In this study, we determined that TEM8 was highly expressed in ovarian
cancer and associated with poor prognosis in EOC patients. In vitro experiments showed that TEM8 overexpression
significantly promoted ovarian cancer proliferation. TEM8 overexpression also promoted the GO/G1 phase transi-
tion, migration, and invasion of ovarian cancer cells but suppressed apoptosis. Moreover, experimental verification
confirmed that TEM8 overexpression increased the expression of Ki-67, cyclin D1, Bcl2/Bax, MMP2, MMP9, and
VEGFA and the phosphorylation of Rac1/Cdc42, JNK, MEK, ERK, and STAT3 (Ser727). Subsequently, the addition
of RAC1 (EHop-016) and MEK (PD98059) pathway inhibitors suppressed malignant behaviors in the TEM8 over-
expression group, which robustly indicated that TEMS8 activated Rac1/Cdc42/JNK and MEK/ERK/STAT3 signaling
pathways. In addition, we also revealed that the transcription factor GATA2 bound to the TATTAGTTATCTTT site of the
TEM8 promoter region and regulated its expression. In conclusion, our study may provide a new theoretical basis for
TEMS8 application as a clinical biomarker and potential target in EOC patients.
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Introduction

Ovarian cancer (OC) is a lethal malignant tumor
of the female reproductive system with the
characteristics of insidious onset, chemothera-
py resistance, and a low 5-year survival rate [1].
At present, CA125, human epididymis protein 4
(HE4), the risk of ovarian malignancy algorithm
(ROMA) index, and image examination are used
in the clinical diagnosis of OC. However, approx-
imately 70% of patients are in advanced stages
when diagnosed [2, 3]. In addition, despite the
great success of surgery and chemotherapy in
the treatment of OC, recurrence and metasta-
sis are still the main causes of death [4]. The
overall 5-year survival rate of OC patients is

approximately 47%, whereas the 5-year survival
rate of stage Ill and IV OC patients is lower, 41%
and 20%, respectively [5]. The invasion and
metastasis of OC involves interactions between
multiple genes and factors. Therefore, elucidat-
ing the molecular mechanism in epithelial ovar-
ian cancer (EOC) can provide a theoretical basis
for targeted therapy.

Tumor endothelial marker 8 (TEM8) is also
known as anthrax toxin receptor 1 (ANTXR1) [6].
In 2000, St Croix identified 9 tumor endothelial
markers (TEMs) using serial analysis of gene
expression (SAGE), and only TEM8 was not
detected in luteal formation, suggesting that
TEM8 was associated with tumor-associated
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angiogenesis [7]. TEMS8 is a type | transmem-
brane protein, and its extracellular domain
(N-terminal) contains a vVWA domain with a met-
al-ion-dependent adhesion site (MIDAS), which
is involved in protein-protein interactions, such
as a-integrin binding to collagen in the extracel-
lular matrix (ECM). The intracellular domain
(C-terminal) participates in protein phosphory-
lation and transmits corresponding cellular sig-
nals [8]. By constructing a chimera IL2R/TEMS8-
CD, i.e., the extracellular domain of IL-2R and
the intracellular domain of TEMS8, Werner E
found that IL2R/TEMS8 only bound actin not
intermediate filaments and microtubules, and
promoted cell migration and lamellipodia for-
mation [9]. TEMS8 is overexpressed in a variety
of malignant tumors, and little is known about
its role in EOC. Our previous study found that
the expression of TEM8 was upregulated in the
HE4 overexpression group compared to the
control group, suggesting that TEM8 might play
an important role in EOC progression [10].

In this study, we detected TEM8 expression in
EOC using immunohistochemistry and deter-
mined the correlations between TEM8 expres-
sion and the clinicopathological parameters
and prognosis of EOC patients. Specifically, we
explored the effect of TEM8 overexpression
and knockdown on the malignant behaviors of
OC cells. Furthermore, we also detected the
activated pathways and transcription factors
that regulated TEM8 expression. The above
findings provide a new theoretical basis for OC
early diagnosis, follow-up monitoring and tar-
geted therapy.

Materials and methods
Ethical statement

The study was approved by the Ethics Com-
mittee of Shengjing Hospital affiliated to China
Medical University (#2019PS451K for human
tissue). The study followed the Declaration of
Helsinki and informed consents were obtained
from all patients.

Tissue samples and clinical data

140 cases of paraffin-embedded pathological
specimens were collected from the Department
of Obstetrics and Gynecology in Shengjing
Hospital affiliated to China Medical University
from 2008 to 2014. All histological sections
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were diagnosed by pathologists. In total, 103,
13, 12, and 12 cases of malignant ovarian epi-
thelial tumors (malignant group), borderline
epithelial ovarian tumors (borderline group),
benign ovarian epithelial tumors (benign group)
and normal ovarian tissues (normal group) were
collected, respectively. The median age of the
patients was 53 years (19-79 years, malignant
group), 43 years (19-84 years, borderline
group), 51 years (28-78 years, benign group),
and 45 years (32-76 years, normal group).
There was no significant difference in age
among the four groups (P > 0.05). In the malig-
nant group, the distribution of pathological
types was as follows: 73, 8, 15, and 7 cases of
serous adenocarcinoma, mucinous adenocar-
cinoma, endometrioid adenocarcinoma and
clear cell carcinoma, respectively. The patho-
logical grading consisted of 26, 25, and 52
cases of well-differentiated, moderately-differ-
entiated and poorly-differentiated, respective-
ly. According to International Federation of
Gynecology and Obstetrics (FIGO, 2009) clas-
sifications, there were 27, 15, 56, and 5 cases
of stage |, stage ll, stage lll and stage IV, respec-
tively. In addition, there were 20, 53, and 30
cases of lymph node metastasis, no metasta-
sis and no lymphadenectomy, respectively. All
cases were primary epithelial ovarian malig-
nancies with complete clinical data. Radiothe-
rapy, chemotherapy, and hormone therapy
were not implemented before surgery.

Immunohistochemistry

Paraffin-embedded ovarian tissues were sliced
at 5 uym continuously. The expression of TEM8
protein was detected using the immunohisto-
chemical streptavidin-peroxidase (SP) method.
Rabbit anti-TEM8 (1:100, Abcam, Shanghai,
China) staining was carried out according to the
SP kit (Maixin, Fujian, China) instructions. The
brown-yellow particle of cell membranes and
cytoplasm was considered a positive staining.
The stain intensity was scored as follows: O
score (no coloring), 1 scores (light yellow), 2
scores (brown yellow) and 3 scores (brown); The
percentage of stained area was classified as
follows: O score (< 5%), 1 scores (5-25%), 2
scores (26-50%), 3 scores (51-75%), and 4
scores (> 75%). The final score was obtained by
multiplying the above two items: 0-2 scores (-),
3-4 scores (+), 5-8 scores (++), and 9-12 scores
(+++). Finally, 0-4 scores were considered as
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the low expression groups and 5-12 scores
were considerated as the high expression
groups. Tissue stain images were judged inde-
pendently by two senior pathologists who did
not know the clinical data.

Cell culture and transfection

OVCAR3, SKOV3, and CAOV3 cells were pur-
chased from American Type Culture Collection
(Manassas, VA, USA), and A2780 cells were
purchased from Jennio Biotech (Guangdong,
China). All OC cell lines were cultured in RPMI
1640 containing 10% fetal bovine serum (FBS)
at 37°C, 5% CO,, and saturated humidity. Cell
lines in logarithmic growth phase were seeded
in 6-well plates and transfected with TEM8
siRNA, GATA2 siRNA and negative control (all
from Genepharma, Shanghai, China) according
to the Lipofectamine 3000 instructions (Th-
ermo Fisher Scientific Inc., US). The sequence
of TEM8 siRNA is: sense: 5-GCGGAUUUGAC-
CUGUACUUTT-3, antisense: 5-AAGUACAGGUC-
AAAUCCGCTT-3". The sequence of GATA2 siRNA
is: sense: 5-GGUGGACGUCUUCUUCAAUTT-3,
antisense: 5-AUUGAAGAAGACGUCCACCTT-3".
The sequence of its negative control is: sense:
5-UUCUCCGAACGUGUCACGUTT-3’, antisense:
5-ACGUGACACGUUCGGAGAATT. Stable TEM8
overexpression (TEM8-H) and control (TEM8-H-
Mock) cell lines were established according to
the GeneChem lentiviral gene transfection
instructions and selected with puromycin (2-4
pg/ml, Solarbio, Beijing, China).

Real-time quantitative PCR

Total RNA was extracted using the TRIzol
(Takara Bio, Inc., Shiga, Japan) method. The
purity and quantitation were determined using
an ultraviolet spectrophotometer. Total RNA (1
ug) was reverse transcribed into cDNA using
the Takara 047A kit (Takara Bio, Inc., Shiga,
Japan), and SYBR fluorescent dye-labeled real-
time PCR was performed using a 7500 Fast
Real-Time PCR system. TEMS8 primer sequence:
Forward: 5-AAAGTGGCCAACGGTAGACG-3’, Re-
verse: 5-TGCTCCGGCATCTTGACTCT-3". GAPDH
primer sequence: Forward: 5-ACAACTTTGG-
TATCGTGGAAGG-3’, Reverse: 5-GCCATCACGC-
CACAGTTTC-3'. Data were analyzed using the
-ACT method.

MTT assay

Cells were trypsinized and diluted to a concen-
tration of 1x10%/ml and 200 ul per well was
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seeded in a 96-well plate. After 6 h, cells had
adhered to the plate, so this was defined as
time 0. Then, 20 yl MTT (5 mg/ml, Solarbio,
Beijing, China) was added and incubated for 4
h, the solution was aspirated, and 150 pyl DMSO
was added. After shaking for 10 min, the opti-
cal density (OD) at 490 nm was measured at O,
24,48, 72 and 96 h.

Scratch assay

Cells in the logarithmic growth phase were
seeded in 6-well plates at approximately 5x10°
cells/ml/well. When the cell monolayer was
covered with medium, scratches were per-
formed using a 200-pl pipette tip. The cells
were washed two to three times with PBS to
remove cell debris and cultured with serum-
free medium. The scratch width was measured
at 0 and 24 h under the microscope.

Transwell assay

RPMI 1640 medium (500 pl) with 20% FBS was
added to the lower chamber of the gelled tran-
swell. Serum-free cell suspension (2.5x10°
cells/ml, 200 ul) was added to the upper cham-
ber and incubated at 37°C, 5% CO, for 24 or 48
h. Then, chambers were fixed with 4% parafor-
maldehyde for 30 min, washed with PBS,
stained with 0.1% crystal violet, and the num-
ber of cells that passed through the Matrigel
was counted under the microscope.

Cell apoptosis assay

Cell apoptosis rates were detected using
annexin-V-FITC/PI (Dojindo Molecular Techno-
logies, Kumamoto, Japan) and annexin V-PE/
7AAD (BD Biosciences, New York, USA) kits. A
single cell suspension was prepared by trypsin-
ization, followed by centrifugation at 1000 rpm
for 5 min. The supernatant was removed and
300 ul 1x annexin V binding buffer (1x10° cells/
mL) was added. Then, 5 ul annexin V-FITC bind-
ing mixture (annexin V-PE binding mixture) and
5 ul Pl dye (7TAAD dye) were added to the cell
suspension. The cells were incubated in the
dark at room temperature for 15 min, and
apoptosis was detected using flow cytometry
BD FACSDiva Software (BD Biosciences, New
York, USA).

Cell cycle assay

A single cell suspension was prepared by tryp-
sinization and centrifuged at 1000 rpm for 5
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min. The supernatant was removed, 500 ul of
precooled 70% ethanol was added, and the
cells were fixed overnight at 4°C. The next day,
the fixative was washed away with PBS, 500 l
of PI/RNase A staining solution (KeyGen Bio-
tech, Nanjing, China) was added, and the mix-
ture was shielded from light for 30 min at room
temperature. The ratio of GO/G1, S, and G2/M
phase cells was detected using flow cytome-
try BD FACSDiva Software (BD Biosciences,
New York, USA).

Western blotting

Cells were rinsed and centrifuged at 2,000 rpm
for 5 min, and the total protein was extracted
using the RIPA method and quantified using the
BCA method. Proteins were separated using
10% SDS-PAGE, transferred to PVDF mem-
branes and blocked using 5% BSA at room tem-
perature for 2 h. Primary antibodies were incu-
bated at 4°C overnight (dilution ratio of 1:1000):
rabbit anti-TEM8 (Abcam, Cambridge, UK), rab-
bit anti-GATA2 (Abcam, Cambridge, UK), rabbit
anti-Rac1 (Abcam, Cambridge, UK), rabbit anti-
Cdc42 (Wanleibio, Shenyang, China), rabbit
anti-p-Racl/cdc42 (Cell Signaling Technology,
California, USA), rabbit anti-JNK (Cell Signaling
Technology, California, USA), mouse anti-p-JNK
(Cell Signaling Technology, California, USA), rab-
bit anti-STAT3 (Wanleibio, Shenyang, China),
rabbit anti-MEK (Santa Cruz, USA), rabbit anti-
p-MEK (Cell Signaling Technology, California,
USA), rabbit anti-ERK (Cell Signaling Technology,
California, USA), rabbit anti-p-ERK (Cell Sig-
naling Technology, California, USA), rabbit anti-
p-STAT3 (Ser727) (Wanleibio, Shenyang, China),
anti-Ki-67 (Wanleibio, Shenyang, China), anti-
cyclin D1 (Cell Signaling Technology, California,
USA), rabbit anti-MMP2 (Proteintech, Wuhan,
China), anti-rabbit MMP9 (Proteintech, Wuhan,
China), mouse anti-Bcl2 (Proteintech, Wuhan,
China), rabbit anti-Bax (Proteintech, Wuhan,
China), rabbit anti-VEGFA (Abcam, Cambridge,
UK), mouse anti-GAPDH (1:2000, ZSGB-BIO
Technology Co., Ltd., Beijing, China). The next
day, the membranes were washed three times
using 1xTBST, the secondary antibody was
added and incubated for 2 h at room tempera-
ture, and the membranes were washed three
times using 1xTBST. The protein bands were
detected using ECL chemiluminescence (Mi-
llipore, USA).
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Pathway inhibitors

RAC1 (EHop-016, Selleck Chemicals, USA) and
MAPK (PD98059, Selleck Chemicals, USA)
inhibitors were dissolved in DMSO, and cells
were treated with doses of 2 yM and 20 uM for
48 h, respectively. The cells were collected for
further experiments.

Chromatin immunoprecipitation (ChIP) assay

The ChIP assay was performed according to the
Simple ChIP Enzymatic Chromatin IP Kit
(#9004, Cell Signaling Technology, California,
USA) instructions. Briefly, 1% formaldehyde fix-
ation, nuclear preparation and chromatin diges-
tion, chromatin immunoprecipitation, elution
and reverse cross-linking, and purification of
DNA were performed. Finally, 2% lysate was
used as an input control, the remaining lysate
was immunoprecipitated with a rabbit 1gG or
GATA2 antibody, and the immunoprecipitated
DNA was amplified using RT-gPCR. The binding
site primer sequence: Forward: 5-GGTCAAGTA-
AGTCTGGGAAAC-3’, Reverse: 5-AACTACCCAG-
CTAAGCCATT-3'.

Bioinformatic analysis

Coexpressed genes (|Spearman’s Correlation|
> 0.5) in OC were downloaded from the cBio-
Portal website. DAVID (version 6.8) was
employed to analyze the terms including GO
terms (biological process/cellular component/
molecular function, BP/CC/MF) and KEGG
pathways. ggplot2. The R package was used
for visualization. Normalized gene expression
RNAseq data of OC were downloaded from the
UCSC Xena database (https://xenabrowser.
net/). Samples were ranked from low to high
according to TEM8 expression, and divided into
four equal parts. The first 25% of the samples
were considered as the low expression group,
and the last 25% were considered the high
expression group. The datasets for c2.cp.kegg.
v6.2.symbols.gmtand c2.cp.biocarta.v6.2.sym-
bols.gmt were downloaded from the MsigDB
database of the GSEA website and then ana-
lyzed using GSEA version 3.0 software. The
JASPAR database was used to predict the bind-
ing site of transcription factors to the TEMS8 pro-
moter region. The StarBase_v3.0 database
was used to analyze the mRNA correlation.
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Statistical analysis

All data were analyzed using SPSS 21.0 (IBM
Corporation, Armonk, NY, USA) software and
graphed using GraphPad Prism 8.0 software.
All data were presented as the mean + SD. The
chi-squared test and Student’s t-test were us-
ed to compare the differences between two
groups, and analysis of variance (ANOVA) was
used to compare differences among more than
two groups. Kaplan-Meier survival curves were
used for prognostic analysis, and univariate
and multivariate Cox regression were used to
analyze risk factors for prognosis. Two-sided P <
0.05 was considered statistically significant. (*,
P < 0.05; **, P<0.01; *** P <0.001).

Results

TEMS8 expression in different ovarian tissues
and its clinical significance

TEMS8 expression was located in the cell mem-
brane and cytoplasm (Figure 1A). Its positive
rate and high positive rate in the malignant
group were 90.29% and 69.90%, respectively,
which were significantly higher than in the
benign (33.3% and 8.33%) and normal (16.7%
and 0%) groups (P < 0.05 for all; Table 1).
However, the positive (P = 0.161) and high posi-
tive rate (P = 0.343) of TEM8 was not statisti-
cally different between the malignant and bor-
derline groups. Immunohistochemical scores of
the malignant and borderline groups were 7.26
+ 3.25 and 5.31 £ 3.38, significantly higher
than the normal group (0.92 + 1.38; P < 0.001
for all; Figure 1D).

In total, 103 EOC cases were included in the
study. The chi-square test showed that a high
positive rate of TEM8 expression was signifi-
cantly correlated with FIGO stage (P = 0.001)
and lymph node metastasis (P = 0.004), but
showed no correlation with age (P = 0.424),
pathological type (P = 0.216), or differentiation
(P = 0.562; Table 2). Kaplan-Meier analysis
showed that high positive TEM8 expression (P <
0.05; Figure 1B) and stage IlI-IV (P < 0.05;
Figure 1C) was significantly associated with
poor survival of patients with EOC.

Then, we analyzed 73 cases of EOC, except for
30 cases without lymphadenectomy. Univariate
Cox regression analysis showed that TEM8
expression, FIGO stage, and lymph node metas-
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tasis were independent risk factors for EOC (P
< 0.05 for all). However, multivariate Cox regres-
sion analysis showed that only FIGO stage was
a risk factor for EOC (P < 0.05; Table 3).

High TEMS8 expression promoted OC cell prolif-
eration but reduced apoptosis

The expression of TEM8 protein in OVCARS3,
SKOV3, A2780, and CAOV3 OC cell lines was
detected using western blotting (Figure 1E,
1F). The results showed that TEM8 expression
was highest expression in SKOV3 and OVCAR3
cells, followed by A2780 and CAOV3 cells.
Therefore, we constructed stable TEM8 over-
expression cell lines (OVCAR3-TEM8-H and
CAQOV3-TEM8-H) and TEMS8 knockdown cell
lines (SKOV3-TEM8-L and OVCAR3-TEMS8-L).
QRT-PCR and western blotting confirmed that
the TEM8 mRNA and protein levels were
increased/decreased in the TEM8 overexpres-
sion/knockdown groups (Figure 1G-I).

The MTT assay showed that cell proliferation
was significantly increased (P < 0.05 for all;
Figure 2A). Cell cycle and cell apoptosis assay
showed the GO/G1 phase population (P < 0.05
for all; Figure 2C, 2D) and apoptosis rate (P <
0.05 for all; Figure 2G, 2H) were significantly
decreased in the TEM8 overexpression groups
compared to the negative control (NC) groups.
While cell proliferation was decreased (P <
0.05 for all; Figure 2B), the GO/G1 phase popu-
lation (P < 0.05 for all; Figure 2E, 2F) and apop-
tosis rate (P < 0.05 for all; Figure 3l, 3J) were
significantly increased in the TEM8 knockdown
groups compared to the NC groups. Western
blotting showed that the ratio of Ki-67, cyclin
D1, and Bcl2/Bax was increased in the TEM8
overexpression groups, and these results were
reversed in the TEM8 knockdown groups (P <
0.05 for all; Figure 3K, 3L). The above findings
indicated that high TEM8 expression promoted
proliferation and GO/G1 transition, but inhibit-
ed the apoptosis of OC cells.

High TEMS8 expression promoted the migration
and invasion of OC cells

Coexpressed genes refer to genes that are cor-
related with each other in a particular biologi-
cal process. Here, we screened coexpressed
genes using cBioPortal and analyzed the GO
terms (BP/CC/MF) and KEGG pathways associ-
ated with these gene sets using the DAVID
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Figure 1. High TEMS8 expression correlates with poor prognosis of EOC patients and its function prediction using DAVID: (A) TEM8 expression in various ovarian
tissues (x200, scale bar = 100 um; upper left x400): malignant ovarian epithelial tumors (n = 103), borderline epithelial ovarian tumors (n = 13), benign ovarian
epithelial tumors (n = 12), normal ovarian tissues (n = 12). (B, C) Influence of TEM8 expression and FIGO stage on the overall survival of ovarian cancer patients.
(D) Immunostaining score of TEM8 in malignant, borderline, benign, and normal ovarian tissues. (E, F) Representative images and quantitation of the western blot
showed that the protein expression of TEM8 in four OC cell lines (n = 3). GAPDH was used as an internal control. (G, H) Representative images and quantitation of
the western blot showed that the protein expression of TEMS8 in the TEM8 overexpression/knockdown groups (n = 3). GAPDH was used as an internal control. (1)
The relative TEM8 mRNA expression in the TEM8 overexpression/knockdown groups (n = 3). (J) The bubble plot showed top5 GO (BP/CC/MF) and KEGG pathway
of coexpressed genes of TEMS8. Data are presented as mean = SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Table 1. TEMS8 expression in different ovarian tissues

CAOV3-TEM8-H groups com-

pared to the NC groups. Con-

Groups Cases Low High Positive  High Positive . th : fh
p v 4+ +++  rate (%) rate (%) verse'y, the expression o .t ese
- proteins was decreased in the
Malignant 103 10 21 42 30 90.292° 69.90°¢ SKOV3-TEMS-L and OVCAR3-
Borderline 13 3 3 5 2 76.92¢f 53.85¢" TEMS-L groups (P < 0.05 for all;
Benign 12 8 3 1 0 33.33 8.33 Figure 4B, 4C).
Normal 12 10 2 0 0 16.7 0

Note: a, malignant vs. benign (***, P < 0.001); b, malignant vs. normal (***,

P < 0.001); ¢, malignant vs. benign (***, P < 0.001); d, malignant vs. normal
(***, P <0.001); e, borderline vs. benign (*, P = 0.028); f, borderline vs. normal
(**, P=0.003); g, borderline vs. benign (*, P = 0.03); h, borderline vs. normal

(**, P=0.005).

database (version 6.8). A total of 29 BPs, 11
CCs, 11 MFs, and 8 KEGG pathways were
enriched (P < 0.0001 for all), such as extracel-
lular matrix organization, proteinaceous extra-
cellular matrix, collagen binding, ECM-receptor
interaction, etc., and the bubbles of the top5
GO terms (BP/CC/MF) and KEGG pathways
were plotted using ggplot2.R language package
(Figure 1J).

We performed scratch and Transwell tests to
investigate the effects of TEM8 on migration
and invasion of OC cells. Compared with those
in the NC groups, the invasion (P < 0.05; Figure
3A, 3B) and migration (P < 0.05; Figure 3E, 3F)
abilities were significantly increased in the
OVCAR3-TEM8-H and CAOV3-TEM8-H groups.
The invasion (P < 0.05; Figure 3C, 3D) and
migration (P < 0.05; Figure 3G, 3H) abilities
were significantly decreased in the TEM8 kno-
ckdown groups. Western blot results showed
that the expression levels of MMP2, MMP9,
and VEGFA were upregulated in the TEM8 over-
expression groups, and these trends were
reversed in the TEM8 knockdown groups (P <
0.05 for all; Figure 31, 3J). The results indicated
that TEM8 participated in the invasion and
migration of OC cells.

TEMS activated Rac1/Cdc42/JNK and MEK/
ERK/STAT3 signaling pathways

To investigate TEM8-mediated molecular path-
ways in OC, we conducted pathway enrichment
using GSEA. The results showed that samples
with high TEM8 expression were enriched for
RAC1, MAPK, and JAK-STAT signaling pathways
(FDR g-value < 0.05 for all; Figure 4A). Western
blot analysis showed that p-Rac1/Cdc42, p-JNK
p-MEK, p-ERK, and p-STAT3 (Ser727) were sig-
nificantly increased in the OVCAR3-TEM8-H and
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Next, we added RAC1 (EHop-
016) and MEK (PD98059) path-
way inhibitors to the TEMS8 over-
expression groups. The results
showed that cell proliferation,
migration and invasion were
suppressed, whereas the GO/G1 phase and
apoptosis rates were increased in the EHop-
016 or PD98059 group compared to the NC
groups. The combination of EHop-016 and PD-
98059 significantly attenuated cell prolifera-
tion (P < 0.05; Figure 5A, 5B), invasion (P <
0.05; Figure 5F, 5G), and migration (P < 0.05;
Figure 5H, 5I) but increased the GO/G1 phase
population (P < 0.05; Figure 5B, 5D) and apop-
tosis rate (P < 0.05; Figure 5C, 5E) compared
with that observed with a single pathway inhibi-
tor. These results strongly indicated that TEM8
overexpression promoted OC progression th-
rough the activation of the Racl/Cdc42/JNK
and MEK/ERK/STAT3 signaling pathways.

GATA2 regulated TEMS8 expression at the tran-
scriptional level

When exploring transcription factors regulating
TEMS8 expression, we identified the transcrip-
tion factor GATA2 using the JASPAR database.
The ChIP assay showed that GATA2 bound to
the TEM8 upstream TATTAGTTATCTTT sequence
(Figure 6A-C). Western blot results showed th-
at the protein expression level of TEM8 was
decreased in the GATA2 knockdown groups (P
< 0.05; Figure 6E, 6F). We further verified the
correlation between GATA2 mRNA and TEM8
MRNA expression in 379 cases of OC using
starBase version 3.0. The results showed that
there was a positive correlation between them
(P < 0.05, r = 0.301; Figure 6D). These results
indicated that GATA2 regulated the expression
of TEMS8 at the transcriptional level.

Discussion
The increase in tumor invasion and metastasis

is a landmark of increased malignancy of the
tumor. OC has the characteristics of insidious
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Table 2. Relationship between TEM8 expression and clinicopathological parameters of 103 patients
with EOC

Parameters Cases TEMS8 expression Positive High Positive p
- + ++ +++ rate (%) rate (%)
Age (median 53 years)
<53 47 6 10 23 8 87.23 0.506 65.96 0.424
>53 56 4 11 19 22 92.86 73.21
pathologic
Serous 73 5 18 31 19 93.15 0.146 68.49 0.216
Mucinous 8 2 2 1 3 75.0 50.0
Endometrioid 15 3 0 8 4 80.0 80.0
Clear cell 7 0 1 2 4 100.0 85.71
FIGO stage
-1 42 6 14 13 9 85.71 0.310 52.38 0.001**
-1Iv 61 4 7 29 21 93.44 81.97
Differentiation
Well-moderate 51 6 8 26 11 88.24 0.526 72.55 0.562
Poor 52 4 13 16 19 92.31 67.31
LN metastasis
No 53 7 14 15 17 86.79 0.179 60.38 0.004**
Yes 20 0 1 12 7 100.0 95.0
unknown 30 3 6 15 6 90.0 70.0

Abbreviations: FIGO, International Federation of Gynecology and Obstetrics. LN, lymph node. **, P < 0.01.

Table 3. Univariate and multivariate Cox regression analysis of clinical pathological Parameters in 73
patients with EOC

Univariate analysis Multivariate analysis
Parameters groups P
HR 95% ClI HR 95% Cl
Age <53 1.627 (0.672-3.941) 0.281
>53
FIGO stage I-1l 9.892 (2.295-42.634) 0.002** 7.224 (1.548-33.719) 0.012*
-1V
Differentiation Well-moderate 1.368 (0.573-3.269) 0.480
poor
Lymph node metastasis No 3.161 (1.320-7.568) 0.010* 1.303 (0.523-3.242) 0.570
Yes
TEMS8 expression Low 4.466 (1.039-19.20) 0.044* 2.308 (0.514-10.368) 0.275
High
Note: *, P < 0.05; **, P< 0.01.
onset, prone to pelvic and abdominal cavity small intestine, and skin [13]. Numerous stud-
implantation, and chemotherapy resistance, ies show that TEM8 is highly expressed in tumor
which poses a huge challenge for clinical diag- tissues such as colon cancer, breast cancer,
nosis and treatment [11, 12]. Therefore, explor- and osteosarcoma and participates in tumor
ing the molecular mechanism of OC invasion angiogenesis, proliferation and adhesion and
and metastasis provides new ideas for finding maintains tumor stem cell characteristics [14-
new molecular markers and targeted therapy. 16]. Our previous study demonstrated that the
overexpression of the ovarian tumor marker
TEMS is a type | transmembrane protein that is HE4 upregulated TEMS8 expression, suggesting
expressed in normal tissues such as the lung, that TEM8 was associated with EOC progres-
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Figure 2. TEM8 promoted proliferation but reduced apoptosis in ovarian cancer cells. A, B. MTT assay showed that TEM8 overexpression increased cell prolifera-
tion of ovarian cancer cells, however, these trends were reversed in the TEM8 knockdown groups (n = 9). C-F. Cell cycle assay showed that TEM8 overexpression
promoted GO/G1 phase transition of ovarian cancer cells, however, these trends were reversed in the TEM8 knockdown groups (n = 3). G-J. Cell apoptosis assay
showed that TEMS8 overexpression reduced apoptosis rate of ovarian cancer cells, however, these trends were reversed in the TEM8 knockdown groups (n = 3). K,
L. Representative images and quantitation of the western blot showed that the protein expression of Ki-67, cyclin D1, Bcl2, and Bax in the TEM8 overexpression/
knockdown groups (n = 3). GAPDH was used as an internal control. Data are presented as mean = SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 3. TEM8 promoted invasion and migration in ovarian cancer cells. A-D. Transwell assay showed that TEM8 overexpression promoted invasion of ovarian
cancer cells, however, TEM8 knockdown reversed this effect (n = 9; x200, scale bar = 100 ym). E-H. Scratch assay showed that TEM8 overexpression promoted
migration of ovarian cancer cells, however, TEM8 knockdown reversed this effect (n = 9; x100, scale bar = 100 um). |, J. Representative images and quantitation of
the western blot showed that the protein expression of MMP2, MMP9, and VEGFA in the TEMS8 overexpression/knockdown groups (n = 3). GAPDH was used as an

internal control. Data are presented as mean + SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 4. TEM8 activated the Rac1/Cdc42/JNK and MEK/ERK/STAT3 signaling pathway. A. GSEA enrichment analysis suggested that TEM8 was associated with
RAC1, MAPK, and JAK-STAT signaling pathways. B, C. Representative images and quantitation of the western blot showed that the protein expression of Racl,
Cdc42, p-Rac1/Cdc42, JNK, p-JNK, MEK, p-MEK, ERK, p-ERK, STAT3, and p-STAT3 in the TEMS8 overexpression/knockdown groups (n = 3). GAPDH was used as an
internal control. Data are presented as mean + SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 5. Inhibition of Rac1/Cdc42/JNK and MEK/ERK/STAT3 pathway reduced TEM8-mediated proliferation,
migration, invasion and apoptosis inhibition. A. MTT assay showed that addition of Racl (EHop-016) and MEK
(PD98059) pathway inhibitors reduced cell proliferation in TEM8 overexpression groups (n = 9). B, C. Cell cycle assay
showed that addition of Racl1 (EHop-016) and MEK (PD98059) pathway inhibitors inhibited GO/G1 phase transition
in TEM8 overexpression groups (n = 3). D, E. Cell apoptosis assay showed that addition of Racl (EHop-016) and
MEK (PD98059) pathway inhibitors increased apoptosis rate in TEM8 overexpression groups (n = 3). F, G. Transwell
assay showed that addition of Racl1 (EHop-016) and MEK (PD98059) pathway inhibitors inhibited cell invasion in
TEMS8 overexpression groups (n = 9; x200, scale bar = 100 pym). H, I. Scratch assay showed that addition of Racl
(EHop-016) and MEK (PD98059) pathway inhibitors inhibited cell migration in TEM8 overexpression groups (n = 9;
x100, scale bar = 100 ym). Data are presented as mean + SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 6. Transcription factor GATA2 regulated TEM8 expression. A. Prediction of GATA2 binding sites in the TEM8
promoter region. B, C. ChlIP assay and agarose gel electrophoresis showed that GATA2 could bind the promoter re-
gion of TEMS8 (n = 3). D. Correlation between TEM8 mRNA and GATA2 mRNA in 379 ovarian samples using starBase.
E, F. Representative images and quantitation of the western blot showed that the protein expression of TEM8 and
GATA2 in the GATA2 knockdown groups (n = 3). GAPDH was used as an internal control. Data are presented as mean
+ SD. *, P<0.05; **, P<0.01; ***, P< 0.001.

sion [10]. In this study, we found that TEM8 was
highly expressed in the malignant group, and
the TEMS8 expression was mainly located in the
cell membrane and cytoplasm. A high TEM8
expression rate was associated with FIGO
stage and lymph node metastasis (P < 0.05).

3572

Kaplan-Meier results showed that high TEM8
expression rate was associated with poor prog-
nosis in EOC patients. In addition, univariate
Cox regression analysid demonstrated that
TEMS8 expression, FIGO stage and lymph node
metastasis were independent risk factors for
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EOC (P < 0.05). The above results indicated
that TEM8 participated in the progression of
EOC, and might be one of the biomarkers for
early detection and prognosis evaluation.

Cellular movement is a key step in the break-
through of tumor cells into the basement mem-
brane and distant metastasis and is related to
the remodeling of the cytoskeleton and ECM
[17]. Similar to the role of the integrin family,
the extracellular domain of TEM8 mediates cell
movement by interacting with ECM compo-
nents such as collagen | and IV, and its intracel-
lular domain interacts with cytoskeletal pro-
teins [8, 9]. A previous study demonstrated that
TEM8 coimmunoprecipitated with a-smooth
muscle actin (x-SMA), which resulted in a con-
formational change of TEM8 and promoted its
binding to ECM components [18]. Here, we dis-
covered that TEM8 was closely related to ECM
remodeling, cell adhesion, and cell migration in
OC using cBioPortal and DAVID. Our results
showed that TEM8 overexpression increased
the migration and invasion of OC cells, which
was in line with the bioinformatic findings. In
addition, TEM8 overexpression promoted OC
cell proliferation and GO/G1 transition but
inhibited apoptosis. To clarify the underlying
mechanism, GSEA enrichment analysis showed
that TEM8 was associated with the RACZ,
MAPK, and JAK-STAT signaling pathways. MAPK
belongs to a Ser/Thr protein kinase family,
mainly including the ERK, JNK, p38MAPK and
ERK5 subfamilies [19]. Studies have reported
that RAC1 activates the JNK signaling pathway
and MEK/ERK activates the STAT3 signaling
pathway [20, 21]. Therefore, we speculated
that TEM8 might activate the Rac1/Cdc42/JNK
and MEK/ERK/STAT3 signaling pathways in OC
cells. In this study, we verified the above signal-
ing pathway proteins in the TEM8 overexpres-
sion and knockdown groups. The results sug-
gested that the phosphorylation levels of Racl/
Cdc42, JNK, MEK, ERK, and STAT3 were in-
creased in the TEM8 overexpression groups,
and were decreased in the TEM8 knockdown
groups. RAC1 and MEK pathway inhibitor addi-
tion decreased the proliferation, migration and
invasion ability of OC cells, and increased the
apoptosis rate in the TEM8 overexpression
group. These results indicated that TEMS8 pro-
moted the malignant biological behavior of OC
cells by activating the Racl/Cdc42/JNK and
MEK/ERK/STAT3 signaling pathways.

3573

Racl and Cdc42 are members of the Rho
GTPase family, and these GTPase have two
states: GTP (activated) and GDP (non-activat-
ed), and the activated form serves as a “molec-
ular switch” in proliferation, angiogenesis, and
cytoskeletal remodeling [22-24]. Studies have
shown that Racl was highly expressed in OC
tissues and was associated with poor progno-
sis [25]. The allosteric inhibitor R-ketorolac
inhibited the invasion and metastasis of OC by
inhibiting the activity of Racl and Cdc42 [26].
GTP-Rac1/Cdc42 can regulate actin cytoskele-
ton remodeling and activate JNK signaling path-
way, thereby promoting cell proliferation and
migration [20, 27-29]. It was reported that
basic fibroblast growth factor (bFGF) activated
the PI3K/Akt-Rac1-FAK-INK pathway, thus pro-
moting melanoma migration [30]. MEK/ERK is
one of the MAPK signaling pathways involved in
the regulation of cell proliferation, invasion and
migration [31, 32]. p-ERK promotes transcrip-
tion expression and protein activation of matrix
metalloproteinases MMP2 and MMP9, contrib-
uting to ECM degradation, cell migration, and
invasion [33]. Studies found that TEM8 regu-
lated the expression of p21, p27, and cyclin D1
by activating the ERK1/2 signaling pathway
and promoting osteosarcoma proliferation [16].
Signal transduction and transcriptional activa-
tor (STAT3) is a member of the STAT protein
family, which mainly receives signals from the
membrane receptors IL-6R, IL-21R, and IL-23R,
and plays an important role in regulating cell
proliferation and apoptosis [34, 35]. p-STAT3
(Ser727) can be activated by MAPK and the
nonreceptor tyrosine kinase c-src and partici-
pates in the transcription of downstream genes
such as Bcl-2, Belxl, and VEGFA [21, 36-38].
Fukumoto T et al. showed that myeloid leuke-
mia-1 (Mcl-1L) inhibited UVB-induced melano-
ma cell apoptosis by activating the MEK/ERK/
STAT3 pathway [39]. Our results demonstrated
that the expression levels of Ki-67, cyclin D1,
Bcl2/Bax, MMP2, MMP9, and VEGFA were sig-
nificantly increased in the TEM8 overexpres-
sion group compared to the NC group. The
above study indicated that TEM8 upregulated
the expression of Ki-67, cyclin D1, Bcl2/Bax,
MMP2, MMP9, and VEGFA by activating the
Rac1/Cdc42/IJNK and MEK/ERK/STAT3 signal-
ing pathways, thus promoting the malignant
biological behavior of OC cells.
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GATA2 is a transcription factor with two zinc fin-
ger domains: C-ZnF is responsible for binding to
specific DNA sites, whereas N-ZnF is responsi-
ble for interacting with various other nuclear
proteins. GATA2 can bind to a nucleic acid
sequence (AGATCTTA or AGATAA) at the promot-
er and enhancer sites and transcriptionally
activate or inhibit the expression of targeted
genes [40]. The initial research on GATA2 was
mainly focused on the hematopoietic system,
which played an important role in regulating the
proliferation and differentiation of hematopoi-
etic stem cells and hematopoietic progenitor
cells, and its abnormal expression was associ-
ated with acute myeloid leukemia and aplastic
anemia [41, 42]. The role of GATA2 in solid
tumors is gradually being recognized. It was
found that GATA2 overexpression was related
to the progression of prostate cancer and
breast cancer [43, 44]. GATA2 served as a
coactivator for androgen receptor (AR) and syn-
ergistically regulated gene expression, thus
promoting the progression of prostate cancer
[43]. One study suggested that GATA2 could be
used as a novel biomarker for OC through mul-
tiomics analysis [45]. Our study demonstrated
for the first time that GATA2 bound to the
TATTAGTTATCTTT region of the TEM8 promoter
and regulated TEM8 expression. TEM8 protein
was significantly decreased in GATA2 knock-
down groups. The results also showed that
GATA2 mRNA was positively correlated with
TEM8 mRNA using the starBase_v3.0 data-
base. Therefore, we speculated that GATA2
regulated the expression of TEM8 at the tran-
scriptional level.

Currently, bevacizumab application has achi-
eved progress by regulating antitumor angjo-
genesis, but it also has side effects on physio-
logical angiogenesis [46]. TEM8 is highly
expressed in various tumors and tumor-associ-
ated endothelial cells, but not in neovascular-
ization during corpus luteum formation [47],
which indicates that TEM8 can be used as a
targeted gene to selectively inhibit tumor pro-
gression. In addition, as anthrax toxin recep-
tors, TEM8 and ANTXR2 can mediate the viru-
lence of anthrax toxin (PA) into cells, but
ANTXR2 is widely expressed in both normal and
tumor tissues [48]. Therefore, the application
of engineered PA to TEMS8-overexpressing tu-
mor tissue could become a hotspot in the field
of tumor biotherapy [49].

3574

In summary, this study demonstrated that
TEMS8 was highly expressed in EOC and associ-
ated with a poor prognosis. High TEM8 expres-
sion promoted OC cell proliferation, GO/G1
transition, migration, and invasion but reduced
apoptosis by activating the MEK/ERK/STAT3
and Rac1/Cdc42/JNK signaling pathways. The
expression of TEM8 was regulated by the tran-
scription factor GATA2. These findings have
important implications for TEM8 application as
a clinical biomarker and potential target to
inhibit the progression of OC.
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