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Background: Tumor metastasis is the major challenge for ovarian cancer treatment. Cancer-
associated fibroblasts (CAFs), a major component existing in tumor microenvironment, can
secrete several cytokines to interact with cancer epithelial cells, and promote cancer metas-
tasis. Stanniocalcin 1 (STC1), a secretory glycoprotein hormone, has been proven to be an
important factor in ovarian tumorigenesis.

Methods: In this study, we focused on the functional role of STC1 in ovarian cancer
microenvironment, investigated STC1’s effects on the proliferation and metastasis of ovarian
cancer cells, and explored the molecular mechanism underlying STC1-mediated cancer
metastasis.

Results: By analyzing the GEO dataset and examined STC1 expression in CAFs isolated
from ovarian cancer patients, we found that expression of STC1 was higher in ovarian cancer
stroma and CAFs than in the normal ovarian stroma and normal fibroblasts (NFs). Addition
of recombinant human STC1 (rhSTC1) promoted cell proliferation and metastasis in ovarian
cancer, while adoption of STC1 neutralizing antibody (STC1 Ab) abolished the eftects.
Furthermore, our results revealed that STC1 promoted the phosphorylation of Akt (Ser473),
and upregulated several epithelial-mesenchymal transition (EMT) markers including fibro-
nectin, vimentin and slug. In addition, we demonstrated that STC1 in tumor microenviron-
ment could mediate the conversion of NFs to CAFs.

Conclusion: Taken together, the study results suggested the crucial role of STCI in tumor
environment on the metastasis of ovarian cancer.

Keywords: STC1, tumor microenvironment, CAFs, EMT, metastasis

Introduction

Ovarian cancer has a high mortality rate among women, with an estimated 295,000
new cases and 185,000 deaths in 2018 worldwide.! Approximately 70% of ovarian
cancer patients present with an advanced stage (International Federation of
Gynecology and Obstetrics [FIGO] HIC/IV stage) with widespread cancer cells
beyond ovaries at the time of diagnosis, and less than one-half of women survive
beyond 5 years.” For the treatment of ovarian cancer, understanding the molecular
mechanism of tumor metastasis is still the biggest challenge for gynecological
oncologists.

Tumor cell dissemination is the most important pattern for ovarian cancer metas-
tasis. Increasing evidence indicates that the seeded tumor cells can spontancously
generate reactive oxygen species (ROS), chemokines, or cytokines that reprogram the
surrounding cells to form the tumor microenvironment and potentiate tumor progres-
sion including angiogenesis, inflammation, or epithelial-mesenchymal transition
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(EMT).* Cancer-associated fibroblasts (CAFs), a major
constituent of the tumor stroma, are transformed quiescent
resident fibroblasts upon interaction with cancer cells.® In
turn, CAFs stimulate carcinogenesis via multiple mechan-
isms including the secretion of pro-tumorigenic factors.” In
ovarian cancer, CAFs have been proved to be associated
with
chemoresistance,9 and cell metabolism.'®

tumor growth, angiogenesis, cell invasion,®

Stanniocalcin 1 (STC1) is a paracrine protein that is
widely expressed in various human tissues. Previous stu-
dies have shown that STC1 was involved in the develop-
ment of numerous cancers, including colorectal, !
hepatocellular,12 renal,’> and ovarian carcinomas.'
Functional studies also revealed that STC1 was associated
with
metastasis.'>'® A previous study from Liu showed that

inflammation, tumor growth, and cancer
expression of STCI1 protein was higher in ovarian cancer
tissues than in normal ovarian tissues. STC1 overexpres-
sion promoted cellular proliferation by regulating the cell
cycle through the increased expression of cyclin A, cyclin
B, CDK2, and a short cyclin E isoform. Moreover, STC1
overexpression also promoted migration in ovarian cancer
cells.'* However, the underlying molecular mechanism of
STCl1-regulated metastasis in ovarian cancer cells is not
clear.

STCI is also expressed in the tumor stroma, such as in
the CAFs. A previous study showed that STCI expression
by CAFs mediated tumor metastasis in colorectal cancer.
They showed that a tumor that formed in the presence of
STC1-deficient fibroblasts presented decreased lymph ves-
sel density and EMT marker expression in an orthotopic
mouse model."' In prostate cancer, immunohistochemical
assays showed that STC1 was expressed in restricted
regions of stroma next to tumor epithelia, suggesting that
STC1 may be a marker for reactive stroma.'”

In this study, we compared the expression of STC1 in
ovarian CAFs and NFs, and investigated the effect of
STCI1 on metastasis of ovarian cancer cells. By detaching
the fibroblasts from ovarian tissues, we found that STC1
expression was higher in CAFs than in NFs. Then, we
found that addition of thSTC1 promoted proliferation and
metastasis in ovarian cancer. Western blot detection
showed that STC1 treatment increased the expression of
EMT markers including fibronectin, vimentin, and slug,
while treatment with STCl-neutralizing antibody (STCI
Ab) reduced the expression of these EMT markers and
further reversed STC1-mediated metastasis. Conditioned

medium with STC1 overexpression also promoted cellular

proliferation and metastasis in ovarian cancer cells, and
STC1 was implicated in the conversion of NFs into CAFs.
Moreover, we found that STC1 promoted the phosphory-
lation of Akt, STC1 Ab inhibited the activation of Akt, and
inhibition of Akt activation by LY294002 reduced STC1-
mediated metastasis. Our findings revealed the essential
role of STCI in tumor environment and its effect on
metastasis of ovarian cancer, which may provide new
insights into the treatment of ovarian cancer.

Materials and methods

Reagents and antibodies

Roswell Park Memorial Institute (RPMI) 1640 medium,
MTT powder and LY294002 were purchased from Sigma-
Aldrich. Fetal bovine serum (FBS) was purchased from
Thermo Fisher Scientific. Corning® transwell inserts
(8.0 um) were obtained from Sigma-Aldrich. Antibody
against STC1 (MAB2958) was purchased from R&D.
Antibodies against a-SMA (#19245), slug (#9585), Akt
(4685), and phospho-Akt (Ser473) (4060) were purchased
from Cell Signaling Technology. Antibodies against fibro-
nectin (sc-9068) and vimentin (sc-6260) were purchased
from Santa Cruz Biotechnology. Horseradish peroxidase
(HRP)-conjugated goat anti-rabbit (ab6721) and anti-
mouse (ab6789) secondary antibodies were purchased
from Abcam. Alexa Fluor® 594 AffiniPure Donkey Anti-
Rabbit IgG (H+L) (111-585-003) was purchased from
Jackson ImmunoResearch. Mounting Medium with DAPI
(F6057) was purchased from Sigma-Aldrich. rhSTCl1
(HOR-259) was obtained from ProSpec.

Cell lines and cell culture

Human epithelial ovarian cancer cell lines HEY and
SKOV3 were acquired from the American Type Culture
Collection. All cells were cultured in RPMI 1640 medium
with 10% FBS in a cell culture incubator with 5% CO, and
100% humidity at 37 °C. STR DNA profiling analysis was
used for cell line authentication, and mycoplasma detec-
tion kit (Solarbio, CA1080) was used for routine testing of
mycoplasma contamination.

GEO data sets analysis

Gene expression data (GSE40595) was downloaded as raw
signals from GEO datasets (www.ncbi.nlm.nih.gov/geo),
and analyzed and log2-scaled using the GEO2R online
analysis tool (www.ncbi.nlm.nih.gov/geo/geo2r).
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Isolation of NFs and CAFs

The study was approved by the Independent Ethics
Committee of the Fifth Peoples’ Hospital of Shanghai
Fudan University, and the study was conducted in accor-
dance with the Declaration of Helsinki. Written informed
consent was obtained from all patients. Fibroblasts were
isolated from ovarian tissue samples from patients with
uterine fibroids (normal fibroblasts, NFs) and ovarian can-
cer (cancer-associated fibroblasts, CAFs) during operation
at the Fifth Peoples’
University. In brief, the tissues were dissected and imme-

Hospital of Shanghai, Fudan

diately rinsed in sterilized phosphate buffered saline
(PBS). Then, the tissues were cutted into small pieces in
RPMI 1640 medium with 20% FBS. When cells were
propagated to 70-80% confluence, fibroblasts were puri-
fied by trypsin digestion to exclude the epithelial cells. The
fibroblasts were used at low passage number.

Immunofluorescence

Fibroblasts were seeded on the cover slides in a 24-well plate
and cultured in a humidified incubator with 5% CO, at 37 °C
overnight. On the next day, cells were fixed in pre-chilled
methanol for 5 min, rinsed in PBS thrice, and blocked with
5% BSA for 1 h. Then cells were incubated with primary
antibodies against 0-SMA, vimentin, or STC1 at 4 °C over-
night. Cells were rinsed in PBST for 15 min thrice and
incubated with the secondary antibodies at 37 °C for
45 min in the dark. Cells were again washed in PBST for
15 min thrice. The slides were sealed with Mounting
Medium with DAPI.
a fluorescence microscope (Leica) and the quantification of

Images were captured under

fluorescence intensity was analyzed using Image J software.

Establishment of STCI-overexpression
cell line and collection of conditioned

medium

Plasmid construction and lentivirus production were per-
formed according to the Lenti-X™ Tet-On® Advanced
Inducible Expression System User Manual (Clontech).
Ovarian cancer cells (SKOV3) were infected with pLVX-
STC1 virus and screened using puromycin. Once treated
with doxycycline, the established cells can express and
secrete STC1-HA into the culture supernatant. In this
study, cells were plated in 10-cm dishes in RPMI 1640
medium with 10% FBS and were maintained overnight.
Then the supernatant was removed and replaced with
RPMI 1640 without FBS, and 2 pg/mL doxycycline was

added into the medium. After incubation for 48 h, the
culture supernatant was collected and centrifuged to
remove cell debris. The collected conditioned medium
(CM) was stored at 4 °C for future use and the cell culture
medium without doxycycline treatment (NM) was used as
the control.

Western blot analysis

Whole cell extracts were generated using RIPA lysis buf-
fer. Protein concentrations of the lysates were determined
using Thermo Scientific™ Pierce™ BCA Protein Assay
Kit. Samples were separated in sodium dodecyl sulfate
polyacrylamide gel -electrophoresis (SDS-PAGE) and
transferred onto a polyvinylidene fluoride (PVDF) mem-
brane. Then, the membrane was blocked with 5% nonfat
milk for 1 h and incubated with a primary antibody at 4 °C
overnight with shaking. After washing in TBST for 15 min
thrice, the membrane was incubated with HRP-conjugated
secondary antibody for 1 h. Protein bands were detected
using an enhanced chemiluminescence substrate kit
(Millipore) and visualized using FluorChem E system.

Cell proliferation assay

Cells were washed with PBS and detached by trypsiniza-
tion. Cells (5x10° per well) were seeded in Corning®
96-well culture plates in 100 pL medium with 10% FBS
and maintained overnight. On the next day, the medium
was replaced with the desired medium without FBS and
incubated for another 24 h and 48 h. Cell proliferation was
detected using 5 mg/mL MTT solution according to the
manufacturer’s instruction. The optical density (OD) at
490 nm was measured using a multi-well plate reader
(Infinite 200 PRO). The assay was repeated three times
independently.

Cell migration assay

Cells were seeded in the upper chamber of Corning® trans-
well inserts in 100 pL serum-free medium. Conditioned
medium or medium with rthSTCI and STCIl Ab was
added into the lower chamber. After incubation for 48 h,
the migrated cells were fixed with methanol and stained by
crystal violet. The stained cells were counted and photo-
graphed in five randomly selected microscopic fields.

Cell invasion assay

60 pl diluted Matrigel matrix were added to the upper
chamber of Corning® transwell inserts, and allow them
fully condense in the cell incubator. Then cells were
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seeded in the upper chamber in 100 pL serum-free med-
ium. Serum-free medium with thSTC1 and STC1 Ab was
added into the lower chamber. After incubation for 48 h,
the invaded cells were fixed with methanol and stained by
crystal violet. The stained cells were counted and photo-
graphed under a microscope

Statistics

All the data were presented as mean + SEM. Statistical
analyses were carried out using GraphPad PRISM.
Differences between two groups were analyzed using
Student’s t-test. Comparisons between multiple groups
were performed by analysis of variance (ANOVA) fol-
lowed by Tukey’s test. p<0.05 was considered statistically
significant. *p<0.05, **p<0.01, ***p<0.0001.

Results
STCI expression was upregulated in

ovarian cancer stroma

To examine the expression pattern of STC1, we analyzed
the expression of S7C/ mRNA in a GEO dataset
(GSE40595) including the microdissected normal ovarian
stroma (n=8) and the microdissected ovarian cancer
stroma (n=31). The results showed that STC/ mRNA
level was significantly higher in the tumor stroma than in
the normal stroma (Figure 1A). The tumor stroma also
showed higher expression of vimentin and o-SMA
(Figure 1B and C), which were usually considered as
CAFs markers. As CAFs are the most prominent cell
type existing in the tumor stroma, we isolated NFs and
CAFs from the patients with uterine fibroids and ovarian
cancer, respectively, and propagated them in RPMI 1640
medium with 20% FBS. Then, we investigated the protein
expression of STC1 in NFs and CAFs using immunofluor-
escence. We found that STC1 expression was higher in
CAFs than in NFs (Figure 1D and E); vimentin expression
was positive in both NFs and CAFs, but was relatively
higher in CAFs; and a-SMA was hardly detected in NFs,
but showed higher expression in CAFs (Figure 1D and E).
Taken together, these results showed that STC1 was more
highly expressed in a cancer-associated microenvironment.

STCI in the tumor microenvironment

promoted metastasis of ovarian cancer
To investigate the role of STC1 in the tumor microenvir-
onment, ovarian cancer cell lines (SKOV3 and HEY) were

treated with rhSTC1 and STC1 Ab. As shown in

Figure 2A, addition of rhSTC1 in the culture medium of
ovarian cancer cell lines promoted cell proliferation. These
with
STCl-stimulated proliferation.'* Furthermore, we found

findings  coincide previous  reports  on
that treatment with thSTC1 significantly promoted metas-
tasis of ovarian cancer cells, while the pro-metastatic
effect was abolished by treatment with STC1 Ab
(Figure 2B and C). To explore the molecular mechanism
of STCl-regulated metastasis, we collected SKOV3 and
HEY cells that were treated with thSTC1 (200 ng/mL) for
western blot. We found that treatment with rhSTC1
enhanced the expression of mesenchymal markers includ-
ing fibronectin, vimentin and slug, and reduced the expres-
sion of epithelial marker ZO-1 (Figure 2D), while
treatment with STC1Ab (250 ng/mL and 500 ng/mL)
downregulated these mesenchymal markers and upregu-
lated epithelial marker in both SKOV3 and HEY cells
(Figure 2E). These results indicated that STC1 promoted

metastasis of ovarian cancer cells through EMT.

Secretory STC| promoted metastasis and
was implicated in the conversion of NFs
into CAFs

To further investigate the effect of STC1 in the tumor micro-
environment on the metastasis of ovarian cancer, we utilized
a Tet-inducible system to establish STC1-overexpressing cells,
in which addition of doxycycline can induce endogenous
STC1-HA expression. Then, we collected the cell culture
medium and examined the STC1 protein level in the induced
(CM) and non-induced medium (NM). The results showed
that overexpression of STC1 increased the secretion of STCI
into the cultured medium; CM contained higher STC1 protein
than NM (Figure 3A). To investigate the function of the
secreted STC1, we co-cultured the ovarian cancer cell lines
with either CM or NM. The results showed that the secreted
STCI1 promoted cellular proliferation (Figure 3B) and metas-
tasis (Figure 3C and D) in both SKOV3 and HEY cells.
Moreover, the EMT markers fibronectin, vimentin, and slug
were more highly expressed in SKOV3 and HEY cells co-
cultured with CM (Figure 3E). These results were consistent
with the results we obtained from the exogenous addition of
rhSTCI, confirming that the STC1 in the tumor microenvir-
onment promoted metastasis in ovarian cancer.

Moreover, we found that NFs co-cultured with CM
showed higher expression of o-SMA, vimentin, and
STC1 than those cultured with NM (Figure 3F). The
results indicated that STC1 in the tumor microenvironment

submit your manuscript

2792

Dove

OncoTargets and Therapy 2019:12


http://www.dovepress.com
http://www.dovepress.com

Dove

Yang et al

>
vy}

P<0.0001

-1

P=0.003

P=0.0234

=
— T

—

STC1 levels (Log2)
o
Vimentin levels (Log2)
(=]

a-SMA levels (Log2)
(=]

Normal
Stroma

Cancer
Stroma

Normal
Stroma

D NFs

Cancer
Stroma

Normal
Stroma

Cancer
Stroma

CAFs

] ) )

%
K .
E

=1

107 . 201 -
T, 2

g 3 15+

£ 6 E

3] S 104

G 4 &

2 2

] o 54

& 21 5]

= =

w pd w pd

NFs CAFs NFs
STCA1

Vimentin

B
I %

*

- |

NFs CAFs
a-SMA

[=]
1

Fluorescence Intensity

CAFs
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Abbreviations: NFs, normal fibroblasts; CAFs, cancer-associated fibroblasts.

could activate fibroblasts and promote the conversion of
NFs to CAF-like cells; Moreover, the upregulated STC1
expression may facilitate the maintenance of the CAF
state. Taken together, STC1 was implicated in the conver-
sion of NFs into CAFs.

STCI activated the phosphorylation of
Akt at Ser473

Growing evidence suggests that Akt signaling pathway is
vital to the induction of EMT, so we investigated whether
the activation of Akt was involved in STCIl-mediated

metastasis. The result showed that rhSTC1 enhanced the
phosphorylation of Akt at Ser473 (Figure 4A), while the
phosphorylation decreased when STC1 Ab was added
(Figure 4B). Previous studies have reported that the activa-
tion of Akt via phosphorylation at Ser473 promoted metas-
tasis by up-regulating the expression of several EMT
proteins, including fibronectin, vimentin and slug, we uti-
lized LY294002 to inhibit the phosphorylation of Akt, and
found that STCl-stimulated metastasis was suppressed
(Figure 4C and D). Taken together, our results suggest that
STC1 promotes metastasis through Akt-mediated EMT.
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Discussion

Recent studies have shown that targeting the tumor
microenvironment could be an effective strategy for
cancer treatment.>> Fibroblasts that existed in the
tumor stroma are called CAFs, they are the major com-
ponent of the tumor microenvironment. These cells pro-
mote tumorigenesis by secreting pro-inflammatory
cytokines, such as IL-6 and CXCL1,"® as well as
exosomes.'? Identification of novel secretory cytokines,
especially those that could be specific markers for

CAFs, will facilitate the development of new strategies
for anti-cancer treatment.

In our study, we analyzed the different expression profiles
of normal ovarian stroma and ovarian cancer stroma in a GEO
dataset and found that S7C/ mRNA was more highly
expressed in cancer stroma than in normal stroma. We also
confirmed that STC1 protein expression was higher in CAFs
than in NFs, which we isolated from ovarian tissues of patients
with either ovarian cancer or uterine fibroids, respectively, and
cultured in vitro. The results demonstrated that STC1, a known
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secretory protein, was upregulated in the tumor microenviron-
ment of ovarian cancer. Then, we investigated the effect of
STC1 on tumor progression. The results showed that addition
of thSTC1 in the culture medium promoted proliferation and
metastasis in ovarian cancer, while STC1 Ab in the culture
medium suppressed metastasis. Further investigation demon-
strated that rhSTC1 enhanced the expression of several
mesenchymal markers, including fibronectin, vimentin and
slug, and inhibited the expression of epithelial marker ZO-1,
treatment with STC1Ab attenuated the expression of these
mesenchymal markers and upregulated epithelial marker.

These results suggested that STC1 promoted metastasis
through EMT. We also found that STC1 secreted by endogen-
ous overexpression model promoted metastasis and EMT.
Furthermore, NFs treated with CM, the medium collected
from STC1 overexpression cells, showed CAF-like character-
istics; CAF markers including a-SMA and vimentin were
significantly upregulated, suggesting that STCl1 may be
involved in the conversion of NFs to CAFs. Finally, we showed
that STC1 promoted metastasis through the Akt signaling
pathway. Phosphorylation of Akt at Ser473 was enhanced
with thSTCI treatment, but was suppressed upon treatment
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with STC1Ab. Previous studies have demonstrated that the
Akt signaling pathway could upregulate the expression of
fibronectin,”’vimentin,”’ and slug.**** Thus, we proposed
that the Akt pathway may be involved in STCI-mediated
metastasis. Further study showed that LY294002, a potent
inhibitor of Akt activation, inhibited STC1-induced metastasis.
Taken together, our results demonstrated that STC1 in the
tumor microenvironment promoted metastasis in ovarian can-
cer by regulating Akt-mediated EMT (Figure 4E).

Since STCI is a secretory protein, the mechanism of
how STCI transduced signaling into the cells, caused the
phosphorylation of Akt and induced the downstream
effects needs further research; we speculate that certain
receptors located on the cell membrane may be involved in
the process, but these receptors remain to be identified.

According to other research, STCI is also highly
expressed in ovarian cancer cells. As a paracrine protein,
STC1 may be a crucial factor in the interaction between
tumor epithelial and stromal cells. STCI in the tumor
microenvironment can promote the metastasis of tumor
epithelial cells, as well as facilitate the conversion of
NFs into CAFs, which in turn secrete more STCI to
further enhance metastasis. Thus, tumor epithelial cells
and stromal cells co-evolve and communicate with each
other to synergistically create a tumor microenvironment
that promotes tumor progression.

In conclusion, we demonstrated that STC1 in tumor
microenvironment stimulated tumor metastasis via the
Akt-mediated EMT and may be implicated in the con-
version of NFs to CAFs. Our results indicated that
STCI, as a potential biomarker and a therapeutic target,
should be taken into account in the treatment of ovarian
cancer.
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