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Abstract

Ovarian cancer is a severe malignant tumour of the female genital organs. Six-transmembrane epithelial antigen of the
prostate 1 (STEAP1) expression is correlated with the occurrence and progression of multiple cancers. Here, we assessed
STEAPI expression in ovarian cancer and explored the relationship between STEAP1 and ovarian cancer progression. We
used immunohistochemistry and public databases to test STEAP1 expression in normal human ovarian tissues, benign ovarian
tumours, and ovarian cancer. The expression of STEAP1 and epithelial-to-mesenchymal transition (EMT)-related genes was
analysed using immunocytochemistry, quantitative reverse transcription polymerase chain reaction, and western blotting in
ovarian cancer cell lines. Lentivirus was used to knockdown and overexpress STEAP1. Invasion, migration, growth, clono-
genicity, and apoptosis were assessed using transwell assay, growth curve, plate clone formation assay, and flow cytometry.
We used a tumour xenograft to verify the relationship between STEAP1 and in vivo ovarian cancer cell growth. Matrix
metalloproteinase-2 (MMP2) and matrix metalloproteinase-9 (MMP9) activities were examined using Matrix metallopro-
teinase zymography assay. STEAP1 was highly expressed in the human ovarian cancer tissues and a highly invasive ovarian
cancer cell line. Overexpression of STEAP1 was related to poor prognosis in ovarian cancer patients. Down-regulation of
STEAP1 suppressed the invasion, migration, proliferation, clonogenicity, EMT progression in human ovarian cancer cells and
xenograft tumour growth in vivo, but it enhanced apoptosis. In human ovarian cancer, the STEAP1 gene is highly expressed,
and its function is correlated with human ovarian cancer cell metastasis and growth. STEAP1 may be a possible target for
suppressing ovarian cancer metastasis.

Keywords Six-transmembrane epithelial antigen of the prostate 1 (STEAP1) - Ovarian cancer - Invasion - Migration -
Epithelial-to-mesenchymal transition (EMT)

Introduction

Malignant tumours are the second cause of death worldwide
(2017). It is reported that ovarian cancer ranks fourth in inci-
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and the survival rate of ovarian cancer is only 38-40% in
5 years (Bray et al. 2018; Allemani et al. 2015). Numerous
patients are diagnosed with ovarian cancer at a late stage
or experience recurrence due to nonspecific symptoms at
an early stage, and the current chemotherapy regimens are
prone to resistance development (Oberaigner et al. 2012;
Vaughan et al. 2011). Higher malignancy of ovarian tumour
with recurrence and metastasis predicts poor prognosis.
Hence, it is important to explore invasion and metastasis
mechanisms in ovarian cancer to seek possible molecular
targets, improve cancer prognosis, and attenuate cancer
recurrence and metastasis.

Hubert discovered a protein in prostate cancer tissue,
named six-transmembrane epithelial antigen of the prostate
1 (STEAP1) (Hubert et al. 1999). And the protein, localized
to the cell membrane particularly at cell junctions, is a six-
transmembrane protein with both the N- and C-termini on
the cytoplasmic side (Barroca-Ferreira et al. 2018). STEAP1
protein is highly expressed in multiple cancer tissues like
prostate cancer (Gomes et al. 2018), lung cancer (Hayashi
et al. 2011), Ewing sarcoma (Grunewald et al. 2012a), colo-
rectal cancer (Nakamura et al. 2018), breast cancer(Maia
et al. 2008), and gastric cancer (Wu et al. 2018). STEAP1,
as a transmembrane protein, is thought to be involved in
intercellular communication (Yamamoto et al. 2013).
Moreover, it participates in tumour cell growth regulation,
tumour aggressiveness, apoptosis, small molecule transport,
and iron metabolism (Barroca-Ferreira et al. 2018). STEAP1
also contributes to cancer treatment. Some strategies and
measures, such as DNA vaccines for STEAPI, anti-STEAP1
mAbs, and STEAP1 expression inhibition, have been used in
cancer therapy research, including clinical trials and in vivo
studies (Carrasquillo et al. 2019; Chen et al. 2019; O Dono-
ghue et al. 2019), especially in prostate cancer.

The relationship between invasion and metastasis of ovar-
ian cancer and STEAP1 expression has not been studied
until now. This study is the first to illustrate the possible
roles and mechanisms of STEAP1 in vivo and in vitro ovar-
ian cancer invasion and metastasis, and assessed STEAP1’s
potential as a target for improving ovarian cancer prognosis.

Materials and methods
Cell culture

‘We obtained human ovarian cancer cell lines ES-2, CAOV-3,
and OVCAR-3 from Shanghai Zhong Qiao Xin Zhou Bio-
technology Co., Ltd. The human ovarian cancer epithelial
cell line SKOV-3 was purchased from Shanghai Institute
for Biological Sciences. The ES-2 cell line was cultured in
McCoy’s SA Medium (BOSTER) with 10% foetal bovine
serum (FBS; Clarkbio) and 1% penicillin—streptomycin
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solution (Merck). Caov-3 was grown in Dulbecco’s Modified
Eagle’s Medium (Sigma) with 10% FBS (Clarkbio) and 1%
penicillin—streptomycin solution (Merck). The OVCAR-3
cell line was grown in RPMI-1640 (Sigma) with 20% FBS
(Clarkbio), 0.01 mg/ml bovine insulin (Solarbio), and 1%
penicillin—streptomycin solution (Merck). The SKOV-3
cell line was grown in RPMI-1640 (Sigma) with 10% FBS
(Clarkbio) and 1% penicillin—streptomycin solution (Merck).
All cell lines were cultured at 37 °C with 5% CO,.

Tissue sample collection, immunohistochemistry
and survival analysis

594 ovarian tissue samples were collected at Shandong
provincial hospital from 2012 to 2018, including 65 human
normal ovarian tissues, 145 benign tumour tissues, and 384
malignant tumour tissues. All 384 malignant tumour tissues
were classified into three histological types (serous cystad-
enocarcinoma, mucinous cystadenocarcinoma, and endome-
trioid carcinoma), according to the WHO classification of
tumours and pathological features (Kurman et al. 2014). All
sampled ovarian cancer patients were diagnosed according
to the tumour, node, metastasis staging system, and they had
not undergone any treatment before tissue sample collection.
Tissue samples were fixed with 10% formalin for 72 h
to denature proteins in tissues, embedded in paraffin, and
processed into 4-pm-thick paraffin sections. Then sections
were de-paraffinized in xylene for 5 min and we rehydrated
the sections with different concentrations of alcohol (100%,
95%, 85%,70% for 5 min). Antigen retrieval was performed
in citrate—citrate solution at 125 °C for 2 min. According to
the mouse SP kit instruction, sections were incubated with
3% hydrogen peroxide (H,0,) for 20 min at 37 °C, blocked
with serum, incubated with anti-STEAP1 antibody (1:100,
ab207914, Abcam; diluted with PBS) for 24 h at 4 °C,
washed, incubated with secondary antibody for 30 min at
37 °C, stained with the enzyme—substrate 3,3'-diaminoben-
zidine tetrahydrochloride (DAB). Negative control was per-
formed with PBS, replacing anti-STEAP1 primary antibody,
and incubated for 24 h at 4 °C. According to the instruction
of primary antibody (specificity of the primary antibody:
https://www.abcam.cn/steap 1-antibody-j2d2-n-terminal-
ab207914.html), human prostate hyperplasia tissues were
treated as a positive control. STEAP1 antigens in the tissues
were brown after combining with DAB. Finally, the light
microscope (BX63F, OLIMPUS, Japan) and OLIMPUS
imaging software cellSens 1.16 were used to acquire images
of immunohistochemistry. The brightness and contrast ratio
of all images was automatically adjusted by the software.
Three pathologists graded each section independently
from O to 7 and translated the scores into the sum indexes
(=), (), (++), or (+++). According to the percentage of
stained cells, a sample was scored 0, 1, 2, 3 or 4. In addition,
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a sample was scored 0, 1, 2 or 3 according to staining inten-
sity. The sum of stained cells score and staining intensity
score was the score for each section.

384 malignant ovarian tumour patients were divided
into two groups (low expression, high expression) accord-
ing to STEAPI1 expression in immunohistochemistry.
Kaplan—-Meier analysis was performed for survival analy-
sis of the two groups. All patients survival conditions were
derived from follow-up records.

Analysis of public databases

The Kaplan—Meier Plotter database and Oncomine data-
base were utilized in this study. The relationship between
STEAP1 expression and ovarian cancer patient progno-
sis was investigated in the Kaplan—Meier Plotter database
(http://kmplot.com/analysis/index.php?p=service&cance
r=ovar). The Oncomine database (https://www.oncomine.
org/resource/main.html) used to analyse STEAP1 expression
in ovarian cancer tissues and normal ovarian tissues.

Immunocytochemistry

Cells were seeded into 24-well plates with cell slides and
cultured in the medium for 24 h at 37 °C. The cells on the
slide were washed with phosphate buffer solution (PBS)
three times, fixed with 4% paraformaldehyde for 15 min,
and washed with PBS for 5 min. Then cells on the slide
were incubated with 3% H,0, for 20 min at 37 °C, washed,
and blocked with goat serum for 30 min. Cells on the slide
were also incubated with anti-STEAP1 primary antibody
(1:200, ab207914, Abcam; diluted with PBS) for 24 h at
4 °C to mark the antigen STEAP1, washed, and incubated
with secondary antibody for 30 min at 37 °C, stained with
DAB. Negative control was performed with PBS, replacing
anti-STEAP1 primary antibody, incubated for 24 h at 4 °C.
According to the instruction of primary antibody (https://
www.abcam.cn/steap 1-antibody-j2d2-n-terminal-ab207
914.html), LNCap cells were treated as a positive control.
STEAP1 antigens in the cells were brown. The more cells
were browned, the darker the brown, the higher we thought
STEAPI1 expression was. Hematoxylin is used to stain
the nucleus. Finally, acquisition of immunocytochemistry
images was also performed by OLIMPUS BX63F micro-
scope (Japan) and OLIMPUS imaging software cellSens
1.16. The brightness and contrast ratio of all images was
automatically adjusted by the software.

RT-qPCR

Total RNA was extracted from cell lines using TRIZol rea-
gent (TaKaRa Biotechnology, China), and RNA was resus-
pended at a concentration of 500 ng/pl. Total RNA (2 pl)

was reverse transcribed to cDNA in a 20-pl reaction system
(PrimeScript RT reagent Kit with gDNA Eraser; TaKaRa;
China). RT-qPCR was performed in a 96-well plate with
three technical replicate wells. A 20-pl reaction system in
each well included 10 pl SYBR Premix EX Taq, 0.4 pl PCR
Forward Primer, 0.4 pl PCR Reverse Primer, 2 pl cDNA,
and 7.2 pl dH,0. RT-qPCR and analysis (relative quanti-
tation gene expression) were performed using the Light
Cycler 480 System (Applied Biosystems Inc; Roche, Inc).
Specific primers were designed using Light Cycler Probe
Design software (Roche Diagnostics, Basel, Switzerland)
and synthesized by TaKaRa Biotechnology Co, Ltd. The
primer sequences are listed in Table S1.

Invasion and migration assays

A Boyden chamber was used to perform transwell assays
to assess the in vitro invasion and migration of cell lines.
Boyden chamber, in which 50 pl mixture mixed with
Matrigel (BD Biosciences) and culture medium without
FBS (1:7 dilution) was spread out, was placed in the 24-well
plate for 2 h at 37 °C to assess invasion. Cells (1.5 % 10%)
suspended in medium without FBS were seeded into the
Boyden chamber mixture. To keep the exterior and interior
level of the transwell consistent, we added 900 pul of medium
with 20% FBS into the 24-well plate as a chemotactic fac-
tor. Cells were incubated for 24 h at 37 °C. Cells on the
upper surface of the transwell were wiped, cells on the lower
surface were soaked in 4% paraformaldehyde, stained with
crystal violet, and washed gently. Finally, the membrane was
cut from the transwell and fixed on the slide. Cells were
counted using the inverted microscope (BX63F; Olympus,
Japan) in five random fields. The migration assays were per-
formed like the invasion assay but without Matrigel.

Western blotting

Radioimmunoprecipitation assay buffer containing 1 mM
phenylmethylsulfonyl fluoride on ice was used to extract
cell protein. Protein concentration was detected using the
BCA method. 10% sodium dodecyl sulphate polyacryla-
mide gel electrophoresis (SDS-PAGE) was used to sepa-
rate 40 pg of protein sample in each lane. The separated
protein samples were transferred to a PVDF membrane and
blocked with 5% bovine serum albumin. To bind the antigen
(target protein) to the antibody, the membrane with target
protein was incubated with Antibody Dilution Buffer P0256,
Beyotime, China) containing anti-target-protein primary
antibody (1:1000; diluted with Antibody Dilution Buffer)
for 14 h at 4 °C. And then, after incubating with second-
ary antibody (BOSTER) for 1 h at indoor temperature, the
blots were visualized using enhanced chemiluminescence
(Pierce ECL Western blot analysis substrate; Millipore,
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«Fig. 1 Six-transmembrane epithelial antigen of the prostate
1(STEAP1) expression in human ovarian cancer tissues and normal
ovary tissues, and analysis of public databases. a Normal human
ovarian tissue. b Normal human ovarian tissue (epithelium). ¢ Benign
ovarian tumour. d High differentiation of ovarian carcinoma. e Low
differentiation of ovarian carcinoma. f STEAP1 mRNA expression
in ovarian cancer tissues and normal ovarian tissues. In the Lu Ovar-
ian Statistics of Oncomine database, STEAP1 expression in ovarian
cancer tissues was higher than in normal ovarian tissues. g The high
expression of STEAP1 was correlated with poor prognosis (PES)
of ovarian cancer patients in the Kaplan—Meier Plotter database.
h Kaplan—-Meier survival analysis of ovarian cancer patients. The
progression-free survival rate of low expression group (n=111) was
significantly higher than that of the high expression group (n=273),
P <0.01

Inc) and Chemiluminescence model of Amersham Imager
600 (General Electric Co, USA). The grey-scale value was
detected using ImageJ 1.46r (National Institutes of Health,
USA) and was normalized according to the p-actin grey-
value. Anti-STEAP1 primary antibody was purchased from
Abcam (ab207914), anti-EMT-related proteins primary anti-
body (ZEB1, E-cadherin, N-cadherin, Vimentin, Snail, Slug)
from Cell Signaling Technology (#9782: https://www.cells
ignal.com/products/primary-antibodies/epithelial-mesen
chymal-transition-emt-antibody-sampler-kit/9782 ?site-searc
h-type=Products), anti-Twist primary antibody from Santa
Cruz Biotechnology (sc-81417: https://www.scbt.com/p/
twist-antibody-twist2cla?requestFrom=search).

Knockdown and overexpression of STEAP1 gene

Lentivirus carrying a recombining vector with the STEAP1
gene (25886-1) or two different small hairpin RNAs (shR-
NAs:60361-1, 60362-1) (all purchased from Gene Chem Inc,
Shanghai, China) were used to perform overexpression or
knockdown, respectively. According to the protocol, the suit-
able multiplicity of infection (MOI) was ascertained using
a preliminary assay. In the formal assay, cells were seeded
into 24-well plate, and lentivirus was added into the medium
at a suitable MOI (overexpression: 120; knockdown: 100)
the next day. After 12 h, the medium with lentivirus was
substituted for fresh medium with FBS. Cells with green
fluorescence were observed under the Image Xpress Micro
Confocal (Molecular Devices) after culturing for 72 h. The
transfection effect was evaluated using RT-qPCR, western
blotting and immunocytochemistry.

Clone formation assay

Clone formation assay was performed to evaluate cell clo-
nogenicity. Eight hundred single cells from each well were
added into a six-well plate with three replicate wells and

cultured for 10 days in 2 ml complete medium at 37 °C. Cells
were fixed with 4% paraformaldehyde, stained with crystal
violet-solution, and washed with running water after 10 days.
Colony clusters were counted under the inverted microscope
(Olympus), and a cluster of 50 cells or more was identified
as a colony. The average value for three wells was recorded.

Generation of growth curves

A growth curve assay was performed to estimate cell growth.
1 x 10* cells were seeded into a 24-well plate with three rep-
licate wells before culturing for 7 days 37 °C. The number
of cell in the wells was counted on each day. The average of
three wells was used to plot the growth curve.

Cell apoptosis analysis using flow cytometry

Cells were added into a six-well plate. After growing to 70%
confluence, all cells (including dead cells) were digested with
trypsin and centrifuged for 5 min at 1000 rpm/min. After
discarding the supernatant, the cells were cleaned twice with
PBS before being suspended with 300 pl 1 x buffer. Cell sus-
pension solution (100 pl) was added to a glass tube with 5 pl
7-AAD and 5 pl PE fluorochrome. The glass tubes with cells
and fluorochrome were placed in a dark for 15 min. Finally,
400 pl 1 x buffer was added into each glass tube, the cells
were blended, and the fluorescence value of 10,000 cells was
measured using flow cytometry. The entire process was per-
formed gently and repeated three times.

Matrix metalloproteinase zymography assay

The activities of MMP2 and MMP9 were monitored using the
matrix metalloproteinase zymography assay. Cells in loga-
rithmic growth were seeded into six-well plates. After grow-
ing to 90% confluence, complete medium was replaced with
1 ml free-FBS medium and the cells were cultured for 24 h.
According to the MMP zymography assay kit instructions
(Applygen Technologies, China), the mixture of free-FBS
medium and 2 X SDS-PAGE non-reducing buffer (1:1) was
electrophoresed using 8% SDS-PAGE with collagenase sub-
strate at 4 °C with 20 mA constant current and approximately
30 pl mixture per lane. Do not stop electrophoresis until the
2 x SDS-PAGE non-reducing buffer reached the bottom of
the gel. The gelatum with MMP was washed twice with
1 X buffer A for 30 min, incubated with 1 X buffer B for 48 h
at 37 °C, dyed with 0.25% Coomassie brilliant blue for 2 h,
and destained in destaining buffer (10% acetic acid and 30%
methanol) until bands became apparent. Gels were visualized
in the Gel Imaging Model of Amersham Imager 600 (General

@ Springer


https://www.cellsignal.com/products/primary-antibodies/epithelial-mesenchymal-transition-emt-antibody-sampler-kit/9782%3fsite-search-type%3dProducts
https://www.cellsignal.com/products/primary-antibodies/epithelial-mesenchymal-transition-emt-antibody-sampler-kit/9782%3fsite-search-type%3dProducts
https://www.cellsignal.com/products/primary-antibodies/epithelial-mesenchymal-transition-emt-antibody-sampler-kit/9782%3fsite-search-type%3dProducts
https://www.cellsignal.com/products/primary-antibodies/epithelial-mesenchymal-transition-emt-antibody-sampler-kit/9782%3fsite-search-type%3dProducts
https://www.scbt.com/p/twist-antibody-twist2c1a%3frequestFrom%3dsearch
https://www.scbt.com/p/twist-antibody-twist2c1a%3frequestFrom%3dsearch

220

Histochemistry and Cell Biology (2020) 154:215-230

Electric Co, USA), and the white blot is the MMP enzyme
reaction area. The grey-scale value of white blot was detected
using ImageJ 1.46r (National Institutes of Health, USA).

Tumour xenografts in nude mice

20 BALB/C-nu/nu nude mice (Beijing Vital River Labora-
tory Animal Technology Co, Ltd) were randomly divided
into two groups (5 mice in one group), including ES-2, ES-2
shRNA, OVCAR-3 and OVCAR-3 EX for tumorigenic-
ity assays. Approximately 1.0x 107 cells were inoculated
into each mouse. Mice were fed in a sterile animal facil-
ity (provided by Shandong University Laboratory Animal
Center) for 7 weeks, and tumour size was measured weekly
using a vernier caliper. The tumours were dissected after
7 weeks, and tumour size was calculated using the formula
V=length x width>x0.5.

Statistic analysis

Statistical analysis was performed using SPSS 20. Measure-
ment data are expressed as “mean + SE” and analysed using
two independent samples two-tailed ¢ test (two groups),
ANOVA (three and more groups, between groups with SNK
or Dunnett-7 test). However, enumeration data were analysed
by 4 test or Fisher exact test. Kaplan—Meier analysis was
performed for survival analysis. *P <0.05 (two-sided) was
considered statistically significant.

Fig.2 STEAP1 expression and migration and invasion abilities of p
four human ovarian cancer cell lines. a The mRNA expression of
STEAP1 in OVCAR-3, Caov-3, SKOV-3, and ES-2 human ovarian
cancer cell lines was detected using RT-qPCR, *P <0.05 compared
to OVCAR-3. b Expression of STEAP1 protein in OVCAR-3, Caov-
3, SKOV-3, and ES-2 human ovarian cancer cell lines was detected
using western blotting. ¢ Bar graph of STEAPI protein expres-
sion of four ovarian cancer cell lines in western blotting, *P <0.05.
d STEAPI protein expression in four human ovarian cancer cell
lines was determined using immunocytochemistry. e Images of
migration abilities of four ovarian cancer cell lines measured using
Boyden chambers without Matrigel. f Images of invasive abilities of
four ovarian cancer cell lines measured by Boyden chambers with
Matrigel. g Histograms of cell number in the migration and invasion
assays from our images; *P <0.05 compared to OVCAR-3

Results

STEAP1 expression in human ovarian cancer tissues
and normal ovarian tissues

STEAPI expression was divided into “STEAP1 low (—/+)”
and “STEAP1 high (++4/+++)” based on staining. STEAP1
expression was low in normal ovarian tissues and benign
tumours, and expressed highly in ovarian cancer (Fig. 1a—e).
Moreover, STEAP1 mostly localized to the cancer cell
membrane and cytoplasm. High STEAP1 expression was
positively correlated with the poor differentiation of tissues,
higher clinical stage, and lymph node metastasis (P <0.01;
Table 1), but it was not significantly correlated with histo-
logical types (P=0.15; Table 1).

;?F%Z‘PlRela‘ion?hip between N STEAPI low STEAPI high X’ P
[E expression and (=/+) (++/+++)
clinicopathological features of
human ovarian cancer n % n %
Normal 65 57 87.7 8 12.3 129.36 0.00
Benign 145 104 71.7 41 28.3
Carcinoma 384 111 28.9 273 71.1
Histological type 3.80 0.15
Serous cystadenocarcinoma 142 33 232 109 76.8
Mucinous cystadenocarcinoma 137 46 33.6 91 66.4
Endometrioid carcinoma 105 32 30.5 73 69.5
Cell differentiation 67.06 0.00
High/medium 189 91 48.1 98 51.9
Low 195 20 10.3 175 89.7
Tumor stage 36.43 0.00
I 73 40 54.8 33 452
I 105 34 324 71 67.6
/v 206 37 18.0 169 82.0
Nodal status 60.82 0.00
Positive 206 25 12.1 181 87.9
Negative 178 86 48.3 92 51.7

STEAP] six-transmembrane epithelial antigen of the prostate 1
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Using the Oncomine database, we revealed a fact  endometrial adenocarcinoma (Fig. 1f; Table S2). Using the
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«Fig.3 Verification of knockdown and overexpression of STEAPI
in ovarian cancer cell lines. ES-2 NC ES-2 cell line transfected with
negative control lentivirus sequences, ES-2 shRNAI ES-2 cell line
transfected with lentivirus construct LV-STEAP1-RNAi(60361-1),
ES-2 shRNA2 ES-2 cell line transfected with lentivirus construct
LV-STEAP1-RNAi(60362-1), OVCAR-3 NC OVCAR-3 cell line
transfected with negative control lentivirus sequences, OVCAR-3
EX OVCAR-3 cell line transfected with lentivirus construct LV-
STEAP1(25886-1). a Knockdown effect of ES-2 shRNA1 at the RNA
level was verified using RT-qPCR, *P <0.05. b Knockdown effect
and bar graph of ES-2 shRNAT1 at the protein level was verified using
western blotting, *P <0.05. ¢ Knockdown effect of ES-2 shRNA2 at
the RNA level was verified using RT-qPCR, *P <0.05. d Knockdown
effect and bar graph of ES-2 shRNAI at the protein level was veri-
fied using western blotting, *P <0.05. e Overexpression effect at the
RNA level was verified using RT-qPCR, *P <0.05. f Overexpression
effect and bar chart of graph of OVCAR-3 EX at the protein level was
verified using western blotting, *P <0.05. g Transfection effects were
determined using immunocytochemistry. STEAP1 expression in ES-2
shRNAT1 and ES-2 shRNA2 cells were all significantly weaker than
in ES-2 cells. STEAP1 expression in OVCAR-3 EX cells was signifi-
cantly stronger than in OVCAR-3 cells

with STEAP1 up-regulation was significantly lower than
that of patients with STEAP1 down-regulation [HR=1.2
(1.06-0.37), log-rank P =0.0056; Fig. 1g]. What’s more,
results of survival analysis showed that the progression-free
survival rate of low expression group (n=111) was signifi-
cantly higher (P<0.01; Fig. 1h) than that of high expres-
sion group (n=273). This result suggested that STEAPI
was associated with ovarian cancer patient prognosis, and
it might be a potential target to improve patient prognosis.

Different expression of STEAP1 in four
human ovarian cancer cell lines with different
migration and invasive abilities

STEAP1 had low mRNA expression in the OVCAR-3 cell,
moderate mRNA expression in the Caov-3 and SKOV-3
cell lines, and high mRNA expression in the ES-2 cell
line (Fig. 2a). Western blot and immunocytochemistry
showed that STEAP1 had the lowest protein expression in
the OVCAR-3 cell line, followed by that in the Caov-3 and
SKOV-3 cell lines. The highest protein expression was in
the ES-2 cell line (Fig. 2b—d). Migration and invasion assays
indicated that the ES-2 cell line had high migration and
invasion abilities. The Caov-3 and SKOV-3 cell lines were
moderately invasive, and the OVCAR-3 cell line had low
invasive abilities (Fig. 2e—g). The highly invasive ES-2 cell
line had high STEAPI expression, the moderately invasive
Caov-3 and SKOV-3 cell lines had the moderate expres-
sion of STEAPI, and the less invasive OVCAR-3 cell line
had low STEAPI expression. These results suggested that
STEAPI expression may be related to the ovarian cancer
cells invasion and migration.

Verification of STEAP1 overexpression
and knockdown

Based on the above experimental results, we knocked down
STEAPI1 using two different sShRNAs in the ES-2 cell line,
which had strong invasion abilities, and we exogenously
overexpressed STEAP1 using lentivirus in OVCAR-3,
which had weak invasion abilities. We verified the trans-
fection effect using RT-qPCR and western blot. We found
that STEAP1 expression decreased by 75% in ES-2, and
we obtained stable ES-2 negative control (ES-2 NC) and
ES-2 knockdown (ES-2 shRNA1, ES-2 shRNAZ2) cell lines
(Fig. 3a—d), and transfection effects of two different ShRNAs
were the same. STEAPI1 overexpression in OVCAR-3 was
increased by 5 times, and stable OVCAR-3 negative control
(OVCAR-3 NC) and OVCAR-3 up-regulation (OVCAR-3
EX) cell lines were obtained (Fig. 3e, f). The same trans-
fection effect was also verified using immunocytochemistry

(Fig. 32).

STEAP1 effects on migration and invasion abilities
of human ovarian cancer cell lines in vitro

We tested the invasion and migration in the transfected cell
lines after successful transfection. We found that the inva-
sion and migration in the ES-2 shRNA1 and ES-2 shRNA?2
were much lower than that of the ES-2, and the invasion and
migration in the OVCAR-3 EX cell line was much stronger
than that of the OVCAR-3 cell line (Fig. 4a, b). The invasion
and migration of ES-2 shRNA1 were the same as that of
ES-2 shRNA2. These results indicated that STEAP1 deg-
radation suppressed the invasion and migration ability of
ovarian cancer cells in vitro, but STEAP1 overexpression
enhanced the invasion and migration ability of ovarian can-
cer cells in vitro.

Effects of STEAP1 on EMT progression

Differences in EMT-related genes expression between
non-transfected and transfected cell lines were tested
using RT-qPCR and western blotting. The results showed
that Vimentin (encoded by VIM), N-cadherin (encoded
by CDH2), ZEB1, Twist, Snail, and Slug (EMT-related
genes) expression were inhibited in the ES-2 shRNAT.
On the other hand, E-cadherin (encoded by CDH1) was
up-regulated in the ES-2 shRNAL1. In contrast, Vimentin,
N-cadherin, ZEB1, Twist, Snail, and Slug were up-regu-
lated in the OVCAR-3 EX, but the E-cadherin gene was
down-regulated (Fig. 5a, b, d). There were no signifi-
cant differences in the expression of EMT-related genes
between non-transfected cell lines and negative control
cell lines. These results indicated that STEAP1 repression
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inhibited the EMT process, but STEAP1 overexpression
promoted the EMT process.

Effects of STEAP1 on MMP2 and MMP9 activity

The transcription and activity of MMP2 and MMP9 were
determined using RT-qPCR and matrix metalloproteinase
zymography assay, respectively. The mRNA expression of
MMP2 and MMP9 was significantly suppressed in ES-2
shRNA1 cells, but an expression of MMP2 and MMP?9 in
OVCAR-3 EX cells increased significantly (Fig. 5a). As
shown in Fig. 5c, e, the activity of MMP2 and MMP9 was
weaker in the ES-2 shRNA1 compared to that in the ES-2.
The activity of MMP2 and MMP9 in the OVCAR-3 EX
was stronger than that in the OVCAR-3. The MMP2 and
MMP9 activity in negative control cell lines did not differ
significantly from that in the non-transfected cell lines.
This suggests that reduced STEAP1 expression weakened
the activity of MMP2 and MMP9, but the overexpression
of STEAPI enhanced MMP2 and MMP9 activity.

Effects of STEAP1 on clonogenicity, growth, and cell
apoptosis of human ovarian cancer cell lines

The clone formation assay also showed that the number
and size of colonies were significantly less compared to
that in the ES-2 cell line after STEAP1 knockdown. On
the contrary, the number and size of colonies were signifi-
cantly more and larger than that in the OVCAR-3 cell line
after STEAP1 overexpression (Fig. 5f). From the growth
curves, we revealed that cell growth decreased significantly
after STEAP1 knockdown and increased significantly after
STEAP1 overexpression (Fig. 5g, h). The cell apoptosis ratio
in the ES-2 shRNA1 was higher than that in the ES-2, and
the apoptosis ratio in the OVCAR-3 EX was lower than in
the OVCAR-3 (Fig. 6a, b). In summary, decreasing STEAP1
expression inhibited ovarian cancer cell growth and clono-
genicity, and it also reinforced apoptosis in the ovarian can-
cer cell line. Increasing STEAP1 expression boosted ovar-
ian cancer cell growth and clonogenicity, and also blocked
apoptosis in the ovarian cancer cell line.

STEAP1 effects on tumour growth in nude mice

The ovarian cancer cell lines ES-2, ES-2 shRNA1, OVCAR-
3, and OVCAR-3 EX all developed tumours in vivo in nude
mice. The tumour growth speed and the average volume
of tumours in the ES-2 shRNA1 group were significantly
reduced compared to those in the ES-2 group, and the
results of tumour growth in OVCAR-3 were opposite after
STEAP1-overexpression. The above results indicated that

STEAPI1 expression was correlated with tumour growth in
nude mice (Fig. 6¢, d; Table S3).

Discussion

Here, we systematically explored the relationship between
STEAP1 expression and the processes of invasion and
metastasis in ovarian cancer. We confirmed the high expres-
sion of STEAP1 in ovarian cancer. STEAP1 was involved in
the growth, clonogenicity, and apoptosis of ovarian cancer
cells, and it may regulate the migration and invasion ability
in ovarian cancer cells by regulating the EMT process.

Many reports have confirmed that STEAP1 is highly
expressed in many cancer tissues (prostate cancer, lung
cancer, bladder cancer, and breast cancer). Here, we found
that STEAP1 is lowly expressed in normal ovarian tissues
and benign tumours, and highly expressed in ovarian cancer.
These results agree with previous studies of ovarian cancer
cell lines (Hubert et al. 1999). We also found that STEAP1
expression was strongly correlated with tumour cell dif-
ferentiation and lymph node metastasis. We analysed the
prognosis of patients with ovarian cancer, and we showed
that high STEAP1 expression was a risk factor for prog-
nosis using the Kaplan—Meier Plotter public database and
survival analysis of our data. It has been reported that the
level of STEAP1 expression in prostate cancer is strongly
correlated with tumour stage, pathological grade, and lymph
node metastasis (Challita-Eid et al. 2007). High expression
is also associated with tumour invasion, short-term recur-
rence, and poor prognosis in previous prostate cancer studies
(Ihlaseh-Catalano et al. 2013).

However, immunohistochemistry in primary colorectal
cancer did not reveal that STEAP1 expression level was
associated with cancer stage and grade, and survival analy-
sis showed that low expression is a risk factor for patient
prognosis in colorectal cancer patients (Lee et al. 2016).
In another colon cancer study using a public database, it
was found that the up-regulation of STEAPI transcription
was associated with poor overall survival (Nakamura et al.
2018). The opposite was also found in the survival analysis
of two Ewing’s sarcoma patients. Cheung (Cheung et al.
2007) found that high expression of STEAPI is a risk
factor for favourable prognosis of Ewing’s sarcoma. In
contrast, Grunewald (Grunewald et al. 2012b) used multi-
variate analysis to find that low expression of STEAPI is
a risk factor for prognosis of Ewing’s sarcoma. Similarly,
our previous two studies on breast cancer and endome-
trial cancer were contrary to the results of this ovarian
cancer study (Sun et al. 2019; Xie et al. 2019). STEAP1
showed low expression in breast and endometrium can-
cer, and its low expression was positively correlated with
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«Fig.5 Effects of STEAP1 on epithelial-to-mesenchymal transition
progress, activities of MMP2 and MMP9, growth, and clonogenicity
of human ovarian cancer cell lines. a The mRNA expression of EMT-
related genes and MMP2 and MMP9 in transfected cells and non-
transfected cells using RT-qPCR, *P <0.05. b Protein expressions of
EMT-related genes in transfected cells and non-transfected cells using
western blotting. ¢ Activity of MMP2 and MMP9 in transfected cells
and non-transfected cells. d Bar charts of EMT-related genes expres-
sion in transfected cells and non-transfected cells using western blot-
ting, ¥*P<0.05. e Bar charts of MMP2 and MMP9 activity in trans-
fected cells and non-transfected cells using Matrix metalloproteinase
zymography assay, *P<0.05. f The plate clone formation assay
was performed to estimate STEAP1’s effect on cell clonogenicity.
STEAP1 down-regulation decreased the clonogenicity of the ES-2
cell line, and STEAP1 up-regulation strengthened the clonogenicity
of the OVCAR-3 cell line. g The growth curves of ES-2 and ES-2
shRNAT cells. STEAP1 knockdown inhibited the growth of ES-2 cell
lines, *P<0.05. h The growth curves of OVCAR-3 and OVCAR-3
EX cells. STEAP1 overexpression promoted the growth of OVCAR-3
cell lines, *P<0.05

tumour poor differentiation, high stage, and lymph node
metastasis. Survival analysis showed that low expression
of STEAP1 was a risk factor for breast and endometrial
cancer patients. Based on the above reports and our find-
ings, the inconsistent expression of STEAPI in different
cancer tissues and the discrepant patient prognoses may
be related to different tissue types and tumour microen-
vironments. The difference in microenvironments leads
to STEAP1 expression and cancer prognosis differences.
Also besides, understanding STEAP1’s effect on patient
prognosis requires verification by more rigorous studies
with larger sample sizes.

Here, we revealed a fact that STEAP1 is highly expressed
in the highly invasive ovarian cancer cell line ES-2, it is
lowly expressed in the less invasive ovarian cancer cell line
OVCAR-3, and it is moderately expressed in the moderately
invasive ovarian cancer cell lines SKOV-3 and Caov-3.
After transfection with lentivirus, we found that decreased
STEAP1 expression inhibited the invasion and migration
ability, growth, and colony formation ability of ovarian can-
cer cells in vitro. It also inhibited the growth of nude mouse
xenograft tumours and promoted the occurrence of cell
apoptosis. STEAP1 overexpression enhanced the invasion
and migration ability, growth, and colony formation ability
of ovarian cancer cells in vitro. It also inhibited apoptosis
in ovarian cancer cells. These results indicate that STEAP1
may be involved in the regulation of invasion and migration,
growth, cell clonogenicity, apoptosis, and xenograft tumour
growth ability of ovarian cancer cells, and they also suggest
that STEAP1 may be a potential target for treating ovarian
cancer.

Similar results were demonstrated in prostate cancer,
Ewing’s sarcoma, gastric cancer, colorectal cancer, and
lung cancer studies. Gomes (Gomes et al. 2018) found that

reduction of STEAP1 expression inhibited cell growth and
induced apoptosis in LNCaP prostate cancer cells. Chal-
lita-Eid et al. (2007) used monoclonal antibodies against
STEAPI1 to treat xenograft tumours of human prostate can-
cer and bladder cancer, finding that the antibody signifi-
cantly inhibited the in vivo growth of xenograft tumours.
Yamamoto et al. (2013) promoted STEAP1 expression by
transfecting the human prostate cancer cell line DU145 and
human oral squamous cell carcinoma cell line OSC30 with
STEAPI. They indicated that the growth of tumours in mice
was not related to in vitro cancer cell growth. In Ewing’s
sarcoma, Grunewald et al. (2012a) found that STEAP1
silencing inhibited growth, invasion, in vitro sarcoma cell
colony formation, and tumour growth and metastasis abili-
ties in vivo in mice. However, there was no noticeable effect
on apoptosis, necrosis, or cell cycle arrest. In a study of gas-
tric cancer, Wu et al. (2018) found that STEAP1 knockdown
inhibited the in vitro migration, invasion, proliferation, and
inhibited the growth of tumours in vivo in a mouse xenograft
tumour model, suggesting that STEAP1 is related to the pro-
liferation, migration, invasion, and tumorigenicity of gastric
cancer cells. In a study of lung cancer, Zhuang et al. (2015)
used small interfering RNA (siRNA) knockdown of STEAP1
expression in lung cancer vascular endothelial cells, which
significantly decreased the in vitro cell migration and vas-
cular formation abilities. Hayashi et al. (2011) successfully
induced the T-cell immune response of lung cancer cells
in vitro using the synthetic peptide STEAP,q;_,qq, indicating
that STEAP1 can be an effective target for CD4* T-cell for
immunotherapy.

Invasion and metastasis of cancer is a tumour charac-
teristic that is an important indicator of poor prognosis
of cancer patients (Hanahan and Weinberg 2011). EMT
is a crucial process of tumour invasion and metastasis.
In the process of EMT, epithelial cells lose their apical-
basal polarity and the ability to adhere to other cells, turn-
ing into fusiform mesenchymal cells (Loret et al. 2019).
This process also promotes the ability of tumour cells to
spread across the basal membrane/stromal cells, along
with bloody circulation to other sites, and to survive and
grow to form new metastatic lesions (Chaffer and Wein-
berg 2011). Vimentin, N-cadherin, and E-cadherin are core
markers of EMT, and EMT-related transcription factors
such as Twist, Slug, Snail, ZEB1 and others also regulate
EMT progression (De Craene and Berx 2013; Goossens
et al. 2017; Lamouille et al. 2014; Puisieux et al. 2014).
What’s more, MMP2 and MMP9 are related to tumour cell
EMT (Dongre and Weinberg 2019). E-cadherin expres-
sion was down-regulated during EMT or invasion and
migration enhancement in tumour cells, but the Vimentin,
N-cadherin, Twist, Slug, Snail, ZEB1, MMP2, and MMP9
were up-regulated.
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«Fig.6 STEAPI effects on cell apoptosis in vitro, and tumour growth
in vivo in nude mice. a Cell apoptosis was detected using flow cytom-
etry, Q1 cell debris, Q2 late apoptotic cells, Q3 normal growing cells,
Q4 early apoptotic cells. b Bar chart of apoptosis rate in ES-2, ES-2
shRNA1, OVCAR-3, and OVCAR-3 EX groups, *P <0.05. ¢ Tumour
images and growth curve of ES-2 and ES-2 shRNA1 groups in nude
mice (five nude mice every group). STEAP1 knockdown hampered
the growth of highly invasive tumours in nude mice, *P<0.05. d
Tumour images and growth curve of OVCAR-3 and OVCAR-3 EX
groups in nude mice (five nude mice every group). STEAP1-over-
expression promoted the growth of weakly invasive tumours in nude
mice, *P<0.05

Recently, Loret summarized EMT’s contribution to the
occurrence, development, metastasis, and drug resistance
of ovarian cancer (Loret et al. 2019). Meanwhile, our trial
also showed that the invasion and migration ability of
tumour cells in vitro changed after STEAP1 knockdown or
overexpression, so we investigated changes in EMT-related
genes. Here, E-cadherin expression was up-regulated, and
Vimentin, N-cadherin, Twist, Slug, Snail, ZEB1, MMP2,
and MMP9 were down-regulated after STEAP1 expression
was decreased. The EMT process, invasion ability, and
migration ability of the ovarian cancer cells were weak-
ened. After exogenously increasing STEAPI in ovarian
cancer cells, E-cadherin was down-regulated and Vimen-
tin, N-cadherin, Twist, Slug, Snail, ZEB1, MMP2, and
MMP9 was up-regulated. The EMT process and the inva-
sion and migration abilities were enhanced. Based on the
above results, we speculate that STEAP1 may drive the
invasion and migration ability of ovarian cancer cells by
regulating the EMT process. Wu et al. (2018) found that
STEAP1 may be the key factor driving EMT in gastric
cancer metastasis. EMT occurred in metastatic gastric can-
cer and STEAP1 was up-regulated compared to mRNA
levels of normal gastric tissues. Furthermore, improve-
ment of the EMT process of gastric cancer cells induced
STEAPI up-regulation. Although results of this study are
not consistent with that of studies about breast cancer and
endometrial carcinoma (Sun et al. 2019; Xie et al. 2019),
the relationship between STEAP1 and invasion and metas-
tasis of cancer is verified. Invasion and metastasis of can-
cer is a very complex process, involving multiple genes
expression and regulation (Chaffer and Weinberg 2011;
Thiery and Sleeman 2006). And because of the differences
in tumour histology, cell types and microenvironment,
one gene may play different roles in the development of
tumours. What’s more, we do not know mechanisms that
STEAPI regulates EMT, growth, proliferation, apoptosis
of ovarian cancer, the details of how STEAPI regulates the
EMT process must be further studied. Our study is the first
to link STEAP1’s potential function with EMT, revealing
a possible mechanism by which STEAP1 could regulate
the invasion and migration ability of ovarian cancer cells.

In conclusion, our study showed that high STEAPI
expression in ovarian cancer has an association with severe
clinical pathological characteristics and poor prognosis of
ovarian cancer patients. High STEAP1 expression promotes
the growth of ovarian cancer cells, and it may enhance the
invasion and migration ability of cells by promoting EMT.
STEAPI is a potential target for ovarian cancer treatment,
and more research is needed to confirm our results.
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