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RSPO3 is a marker candidate for predicting tumor aggressiveness
in ovarian cancer
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Background: Ovarian cancer, a highly aggressive and heterogeneous gynecological malignancy that has
long been difficult for physicians to identify and treat, requires more effective and precise molecular targets.
R-spondin 3 (RSPO3) is a secreted protein that plays a tumorigenic role in several human cancers. However,
the functional contribution and prognostic role of RSPO3 in ovarian cancer remain unclear.

Methods: RSPO3 expression in ovarian cancer tissues was assessed using western blotting, quantitative
real-time polymerase chain reaction (QRT-PCR), and immunohistochemistry, and its relationships to
clinicopathological parameters were investigated using the data of 179 ovarian cancer patients. RSPO3’s
biological function was evaluated using Cell Counting Kit-8, colony formation, wound healing, and
Matrigel transwell assay in RSPO3-knockdown and RSPO3-overexpression ovarian cancer cell lines
SKOV3 and OVCAR3. The possible biological processes associated with RSPO3 were identified using
functional enrichment analysis based on the transcriptome sequencing data from The Cancer Genome Atlas
(TCGA) ovarian cancer cohort and our experimental cells, and further verified using western blotting and
immunofluorescence in the ovarian cancer cell model.

Results: The RSPO3 mRNA and protein levels were both upregulated in ovarian cancer tissues. High
RSPO3 expression was correlated with lymphovascular space invasion (LVSI), lymph node metastasis, distant
metastasis, and advanced tumor stage. Survival analysis showed that RSPO3 is an independent prognostic
marker in ovarian cancer. Moreover, in vitro RSPO3 knockdown significantly inhibited the invasion ability
of ovarian cancer cells, while overexpression significantly promoted it. Using transcriptome sequencing and
pathway validation experiments, we demonstrated for the first time that RSPO3 promotes ovarian cancer
invasiveness through activation of the PI3K/AKT pathway and modulation of epithelial-mesenchymal
transition (EMT), while the common Wnt/B-catenin signaling pathway was not involved.

Conclusions: RSPO3 plays a definite oncogenic role and promotes tumor aggressiveness in ovarian cancer,

which may serve as a potential prognostic marker and therapeutic target for this disease.
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Introduction

Ovarian cancer is the third most common malignant tumor
of the female reproductive system, and the leading cause of
cancer-related death among all gynecologic malignancies
worldwide. In 2019, it was estimated that 22,530 new cases
were diagnosed and 13,980 women died of the disease in
the United States (1). The corresponding figures in China
from 2015 were 52,100 and 22,500, respectively (2). The
histological type and clinical features of ovarian cancer
are quite heterogeneous. Despite the great efforts made
to promote early detection of ovarian cancer, only about
30% of patients can be diagnosed at early stages. For those
patients with advanced diseases, such as International
Federation of Gynecology and Obstetrics (FIGO) stage III
and IV, the standard of care includes cytoreductive surgery
and platinum-based chemotherapy, which are associated
with significant complications and toxicity. Yet, the
prognosis of these patients remains poor, with an estimated
five-year survival rate of 40% (3). The high potential
for peritoneal spreading and lymphatic metastasis is a
major cause of treatment failure, and contributes to poor
prognosis. However, there is a lack of effective biomarkers
for early diagnosis, and the biomolecular mechanisms of
aggressive tumor behavior are not well understood.
R-spondin 3 (RSPO3) is a secreted protein belonging to
the RSPO family (RSPO1-4), which shares the common
structure of a thrombospondin type 1 domain and an
N-terminal cysteine-rich region (4,5). The RSPO family
is expressed in human normal placenta, lung, and muscle
tissues (6,7). This family participates in the regulation
of cell proliferation and differentiation by activating and
cooperating with the Wnt/B-catenin signaling pathway, and
plays an important role in the growth of bones, muscles,
blood vessels, and other tissues, as well as the formation
of limbs and gonadal glands. Recent studies have shown
that the RSPO family, especially RSPO3, is involved in the
development of several human cancers. Theodorou et 4.
first identified RSPO3 as an oncogene based on the fact that
transfected RSPO3 could induce carcinogenesis in a p53-
deficient mammary epithelial cell line (8). Other authors
reported that RSPO3 gene mutation or abnormal expression
exists in various tumors, including colorectal cancer, lung
adenocarcinoma, bladder cancer, and prostate cancer,
which may affect tumor proliferation, invasion, metastasis,
and stem cell characteristics; RSPO3 is also related to
clinical stage and prognosis in cancer patients (9-12).
Moreover, preliminary studies have demonstrated the
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therapeutic effect of targeting RSPO3-related signaling
to treat colorectal cancer (13-15). Taken together, these
findings suggest a tumor-promoting role and a potential
therapeutic target for RSPO3 in certain types of human
cancers. However, RSPO3 expression and its biological
function in ovarian cancer have not been previously
elucidated.

In this study, we investigated the expression and
functional role of RSPO3 in ovarian cancer. Our findings
suggested that RSPO3 is overexpressed in ovarian
cancer, and is correlated with advanced stage and poor
prognosis. RSPO3 could promote cell growth as well as
aggressiveness in ovarian cancer cells. Since the activation
of the common Wnt/B-catenin signaling pathway was not
observed, RSPO3 is more likely to promote ovarian cancer
invasiveness through activation of the PI3K/AKT pathway
and modulation of the epithelial-mesenchymal transition
(EMT) process. We present this study in accordance with
the Materials Design Analysis Reporting (MDAR) reporting
checklist (available at http://dx.doi.org/10.21037/atm-20-
3731).

Methods
Patient specimens and clinical data

A total of 179 patients with high grade ovarian serous
cancer (HGOSC) who received comprehensive staging or
cytoreductive surgery in Sun Yat-sen University Cancer
Center (SYSUCC) between 2008 and 2016 were enrolled
in this study. Clinical specimens and follow-up data were
obtained for all patients. All patients were female, with
a mean age of 49.90 years. The fresh specimens were
collected within 30 min after surgical removal and stored at
-80 °C [for quantitative real-time polymerase chain reaction
(qRT-PCR)] or liquid nitrogen [for western blotting
(WB)] in SYSUCC’s cancer resource bank. The formalin-
fixed and paraffin-embedded specimens were made into
tissue arrays and used for immunohistochemistry (IHC)
staining. Clinical and follow-up data were extracted from
medical records. The clinical stages of these patients
were determined under the 2013 FIGO staging system
for ovarian, fallopian tube, and primary peritoneal
cancer. The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
was approved by the institutional ethical committee of
SYSUCC (No.: GZR2020-075) and informed consent
was obtained from all involved patients.
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Cell lines and cell culture

Ovarian cancer cell lines SKOV3 (ATCC, Cat.# HTB-77,
RRID:CVCL_0532, USA) and OVCAR3 (ATCC, Cat.#
HTB-161, RRID:CVCL_0465, USA) were maintained
at 37 °C in an incubator with 5% CO, in their respective
mediums: Dulbecco’s Modified Eagle’s Medium (DMEM,
Gibco, USA) supplemented with 10% fetal bovine serum
(FBS, Gibco, USA) for SKOV3 and Roswell Park Memorial
Medium 1640 (RPMI 1640, Gibco, USA) supplemented
with 20% FBS for OVCAR3. The culture medium was
replaced daily and cells were passaged when they reached
approximately 80% confluency to maintain good growth
characteristics.

Plasmids, lentiviral infection, and transfection

Human RSPO3 ¢cDNA was amplified with PCR and
ligated to pLenti6/V5 lentiviral vector (Invitrogen, USA).
The ligation product was transferred into the prepared
TOP10 E. coli competent cells (TransGen Biotech, China)
and selected through Luria-Bertani (LB) solid medium
containing chloramphenicol antibiotic. The amplified and
purified plasmids were packaged with lentiviral particles,
and then infected with SKOV3 and OVCAR3 cells. Three
different siRNA segments for RSPO3 were synthesized
(GenePharma, China) and transiently transfected into cells
using Lipofectamine 2000 (Invitrogen, USA), two of which
successfully knocked down RSPO3 expression in SKOV3
and OVCAR3 cells.

RNA extraction and qRT-PCR

Total RNA from tissues or cells was extracted using Trizol
(Invitrogen, USA) and reverse transcription PCR was
performed using HiScript Reverse Transcriptase (Vazyme,
China) as per the manufacturer’s instructions. The mRINA
expression was quantified using Green qPCR SuperMix kit
(TransStart, China) on the StepOnePlus Real-time PCR
system. A three-step PCR reaction was used (94 °C x 15 s,
55°Cx30s,70°Cx30s,45 cycles), and mRNA expression
level was calculated using the comparative Ct method with
GAPDH as an internal control. The following forward
and reverse primer sequences were used: GAPDH (internal
control), (F) AAGGAGT AAGACCCCTGGACCA,
(R) GCAACTGTGAGCAGGGGAGATT; RSPO3,
(F) TG TCAGTATTGTGCACTGTGAGGT, (R)
TCGGACCCGTGTTTCAGTCC.
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Western blotting

The tissues and cells were lysed with RIPA buffer plus
protease inhibitors as per the manufacturer’s instructions.
The extracted protein was quantified and subjected to
SDS-PAGE (10%) gel for WB analysis. After transfer
to PVDF membranes, blots were incubated with the
following primary antibodies: anti-RSPO3 (Abcam,
Cat.#ab233113, RRID:AB_2848140, USA), anti-p-Akt (Cell
Signaling Technology, Cat.#4060, RRID:AB_2315049,
USA), anti-t-Akt (Cell Signaling Technology, Cat.#4691,
RRID:AB_915783, USA), anti-B-catenin (Cell Signaling
Technology, Cat.#8480, RRID:AB_11127855, USA), anti-
E-cadherin (Abcam, Cat.#ab40772, RRID:AB_731493,
USA) and anti-GAPDH (Proteintech, Cat.#60004-1-
Ig, RRID:AB_2107436, USA). Following washing with
Tris Buffered Saline with Tween (TBST), blots were then
incubated with polyclonal secondary antibody and imaged.
The antibodies used are shown in Tuble 1.

Immunobistochemistry

Tissue arrays of HGOSC primary tumors were
deparaffinized and hydrated. After citrate antigen repair
and blocking, the sections were immunostained with anti-
RSPO3 primary antibody (Abcam, Cat.#ab233113, RRID:
AB_2848140, USA, shown in Tible 1) and then incubated
with secondary antibodies conjugated to peroxidase-
labeled polymers (PV6000, Zsbio, China). The samples
were finally stained with DAB and hematoxylin (Zsbio,
China) and imaged under a photomicroscope. Pictures
were captured and analyzed quantitatively using an
automatic digital pathology system (KFBIO, China). The
immunohistochemical staining intensity of RSPO3 was
evaluated by three experienced pathologists independently,
and scored as follows: 0, negative; 1, weak; 2, moderate;
and 3, strong. Disagreement was solved by consensus
conference. Normal fallopian tube tissues were treated with
the same procedure and used as the normal control.

Immzmoﬂuores cence

Appropriate numbers of cells were planted on glass
coverslips in a 12-well plate. After being washed with
PBS, fixed in 4% paraformaldehyde, permeabilized with
0.3% TritonX-100, and blocked with 3% BSA, cells were
incubated with B-catenin primary antibody (Cell Signaling
Technology, Cat.#8480, RRID:AB_11127855, USA, shown
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Table 1 Primary antibodies used
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Antigen Description of immunogen

Source, host species, catalog no.

RRIDs Concentration used

Anti-RSPO3

Anti-p-Catenin
corresponding to residues surrounding
Pro714 of human B-catenin protein

Anti-Phospho-Akt Immunizing animals with a synthetic
(Serd73) phosphopeptide corresponding to residues
around Ser473 of human Akt

Anti-total-Akt
corresponding to residues in the carboxy-
terminal sequence of mouse Akt

Anti-E-cadherin
aa 600-700

Anti-GAPDH GAPDH fusion protein within 1-335 aa

encoded by BC004109

Recombinant full length protein (His-T7-tag) Abcam, rabbit polyclonal
corresponding to Human RSPO3 aa 22-272 antibody, ab233113

Immunizing animals with a synthetic peptide Cell Signaling Technology, rabbit

Immunizing animals with a synthetic peptide Cell Signaling Technology, rabbit

Synthetic peptide within Human E Cadherin  Abcam, rabbit monoclonal

AB_2848140 1:1,000 for WB,

1:200 for IHC
AB_11127855 1:1,000 for WB,

monoclonal antibody, 8480 1:100 for IF
Cell Signaling Technology, rabbit ~AB_2315049  1:500 for WB
monoclonal antibody,4060

AB_915783 1:1,000 for WB
monoclonal antibody, 4691

AB_731493 1:1,000 for WB
antibody, ab40772
Proteintech, mouse monoclonal AB_2107436 1:10,000 for WB

antibody, 60004-1-Ig

RSPOS3, R-spondin 3; Akt, also known as Protein Kinase B; GAPDH, glyceraldehydes-3-phosphate dehydrogenase; RRIDs, research
resource identifiers; WB, Western blotting; IHC, immunohistochemistry; IF, immunofluorescence.

in Table 1), followed by incubation with Donkey anti-Rabbit
IgG (H+L) Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor Plus 488 (Thermo Fisher, USA). Finally, the
glass coverslips were stained with DAPI and photographed
under a fluorescence microscope.

Cell Counting Kit-8 (CCK-8) assay

CCK-8 assay was used to detect cell proliferation activity.
Appropriate numbers of cells were seeded in a 96-well plate.
After the plate was incubated for a specific length of time (1,
2, 3, or 4 days), CCK-8 solution (Yeasen, China) was added
and incubated. Cell viability was determined by measuring
absorbance at 450 nm using a microplate reader.

Colony formation assay

Cells were planted in a six-well plate in a complete medium.
After 14 days of culturing to form colonies, the cells were
fixed and stained with crystal violet. The colonies were
photographed with a digital camera and counted using

Image ] software (NIH, USA).
Wound bealing assay

A wound healing assay was applied to detect the capacity
for cell migration. Cells were seeded in a six-well plate and

© Annals of Translational Medicine. All rights reserved.

incubated in a complete medium until 90% confluence was
reached. The confluent cell monolayer was scratched using
a pipette tip, and then incubated for 24 hours in serum-free
medium. The scratch area (SA) was measured using Image
J software (NIH, USA) and the wound healing rate was
calculated using the following formula: wound healing rate
= (SA before - SA after)/SA before.

Matrigel transwell assay

The Matrigel transwell assay was conducted to detect
the capacity for cell invasion using a transwell chamber
(Corning, USA). Cells were starved overnight and then
seeded in the upper Matrigel (BD, USA) pre-coated
chamber with serum-free medium. The lower chamber
was filled with complete medium at a higher concentration
as a chemoattractant. After incubation for 24 hours, cells
that had invaded through the membrane were fixed and
stained with crystal violet. The cells were imaged under
a photomicroscope and counted using Image J software

(NTH, USA).

Data downloading and bioinformatics analysis

"To explore the potential mechanism of RSPO3 functioning,
we obtained the publicly available RNA-Seq data of ovarian
cancer patients from The Cancer Genome Atlas (TCGA,

Ann Transl Med 2020;8(21):1351 | http://dx.doi.org/10.21037/atm-20-3731



Annals of Translational Medicine, Vol 8, No 21 November 2020

RRID: SCR_003193, https://cancergenome.nih.gov, study
ID: ov_tcga_pan_can_atlas_2018, 379 samples) with the
help of R software (R Project for Statistical Computing,
RRID: SCR_001905, https://www.R-project.org). The
possible biological processes associated with RSPO3 were
identified using the Gene Set Enrichment Analysis software
(GSEA 4.0.3, RRID: SCR_003199, https://www.gsea-
msigdb.org) (16,17).

Transcriptome sequencing and functional envichment
analysis

The RSPO3 overexpression OVCAR3 cell group and
control group were sent to undergo standard transcriptome
next-generation sequencing at the HaploX Genomics
Center (HGC, Shenzhen, China). Each group had three
independent samples. RNA samples were quantified
using a Qubit 3.0 Fluorometer (Life Technologies, CA,
USA), and RNA integrity was assessed using a 4200
TapeStation (Agilent Technologies, CA, USA). The RNA
sequencing library was constructed and sequenced using
the Illumina PE150 platform. Gene Ontology (GO), Kyoto
Encyclopedia of Genes and Genomes (KEGGQG) enrichment
analysis, and visualization of differentially-expressed genes
was implemented by the cluster Profiler R package, which
is a simple-to-use tool to analyze high-throughput data
obtained from transcriptomics or proteomics. Genes with
adjusted P values less than 0.05 were considered significantly
enriched by differentially-expressed genes. The raw RINA
sequencing data were deposited to Sequenced Read Archive
(SRA) under accession number PRJNA655466.

Statistical analysis

All experiments were repeated three times unless otherwise
stated. Statistical analysis was carried out using SPSS version
16.0 (SPSS, RRID: SCR_002865, USA) and GraphPad
Prism 5 (GraphPad Software, RRID: SCR_002798, USA).
The mean differences between two groups were compared
using Student’s 7 test, one-way ANOVA was used to
compare three or more groups, and two-way ANOVA was
used for data with a time variable. The relationship between
RSPO3 expression and clinicopathological characteristics
was analyzed using the chi-square test or Fisher’s exact test.
Univariate survival analyses were plotted using the Kaplan-
Meier survival method and analyzed with the log-rank test.
A Cox proportional hazard model was used for multivariate
survival analyses. Data are presented as mean values with
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standard deviation (SD). A two-sided P value <0.05 was
used to define statistical significance.

Results

RSPO3 is upregulated in ovarian cancer tissues and
correlated with aggressive clinicopathological characteristics

We explored the expression level of RSPO3 in six ovarian
cancer tissues and their matched normal fallopian tube tissues
with WB and qRT-PCR. Both results showed that RSPO3
was expressed at a significantly higher level in ovarian cancer
tissues compared with normal control tissues (Figure 14,B),
which indicated RSPO3’s potential function in promoting
ovarian cancer. Next, we performed qRT-PCR to analyze 40
ovarian cancer samples, and found that RSPO3 expression
was positively correlated with advanced tumor stage (P<0.05
between groups, P<0.01 in summary, Figure 1C).

In order to further investigate the role of RSPO3 in
ovarian cancer, the specimens from 133 HGOSC patients, as
well as their clinical data, were collected. Through scoring
IHC staining intensity, RSPO3 expression was evaluated in
both tumor and corresponding normal tissues with three
representatives shown (Figure 24). A staining score of
0-2 was defined as low expression, while 3 was defined as
high expression. The correlation analysis between RSPO3
expression and the clinicopathological characteristics of
ovarian cancer patients showed that high RSPO3 expression
was associated with lymphovascular space invasion (LVSI),
lymph node metastasis, distant metastasis, and advanced
tumor stage (Table 2), which revealed that RSPO3 may play
an active role in the tumor invasion and progression of
ovarian cancer.

RSPO3 is an independent prognostic factor for ovarian
cancer patients

To determine whether RSPO3 expression had an impact
on survival of ovarian cancer patients, we performed
Kaplan-Meier curves for progression-free survival (PFS)
and overall survival (OS), and found that high RSPO3
expression was significantly correlated with poor survival
in ovarian cancer patients (P<0.001 for both PFS and OS,
Figure 2B,C). In univariate and multivariate analysis using
the Cox proportional hazards model, RSPO3 was found to
be a strong prognostic factor for ovarian cancer patients,
independent of age, menopausal status, tumor size, ascites,

residual tumor, FIGO stage, or LVSI (HR =1.628, 95% CI:
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Figure 1 RSPO3 is highly expressed in ovarian cancer tissue and correlates with advanced tumor stage. (A,B) The protein and mRNA

expression levels of RSPO3 in six pairs of ovarian cancer tissues (T) and matched normal fallopian tube tissues (N). (C) The column chart of

RSPO3 mRNA expression level of 40 ovarian cancer tissues in different stages. *, P<0.05; **, P<0.01.

1.092-2.427, P=0.017, Tuble 3).

RSPO3 increases cell proliferation and colony formation of
ovarian cancer in vitro

To investigate the biological function of RSPO3 in ovarian
cancer, we successfully constructed the RSPO3-knockdown
and RSPO3-overexpression cell model in SKOV3 and
OVCAR3 cell lines (Figure 34). CCK-8 and colony
formation assays were conducted iz vitro to determine
the proliferation and clonogenic abilities of transfected
ovarian cancer cells. The results showed that knockdown or
overexpression of RSPO3 significantly decreased or increased
the proliferation rate (Figure 3B,C,D,E) and colony numbers
(Figure 3FQ), respectively, in both SKOV3 and OVCAR3
cells, which indicated that RSPO3 could play an important
role in the formation and development of ovarian cancer.

RSPO3 promotes cell migration and invasion of ovarian

cancer in vitro

The results from our clinical specimens showed that high
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RSPO3 expression was correlated with LVSIL, lymph node
metastasis, distant metastasis, and advanced tumor stage in
ovarian cancer (Figure 1C and Tuble 2). To further investigate
whether RSPO3 contributed to the metastasis process,
a wound healing assay and transwell experiment were
carried out in transfected ovarian cancer cells to explore the
migration and invasion abilities, respectively. The results
illustrated that RSPO3 knockdown remarkably suppressed
cancer cell migration and invasion in SKOV3 and OVCAR3
cells, while RSPO3 overexpression significantly enhanced
these abilities (Figure 44,B,C,D), revealing that RSPO3 may

be crucial to the aggressiveness of ovarian cancer.

PIBK/AKT pathway and EMT are involved in RSPO3
signaling

To explore the potential mechanism through which
RSPO3 promotes tumor aggressiveness in ovarian cancer,
we extracted the RNA-Seq data from TCGA’s ovarian
cancer cohort (study ID: ov_tcga_pan_can_atlas_2018,
379 samples) and identified possible biological processes
associated with RSPO3 using the GSEA method. We found
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Figure 2 The representative immunohistochemical staining of RSPO3 in ovarian cancer and Kaplan-Meier survival curves stratified by
RSPO3 expression level. (A) Images in the upper panel are representative staining of RSPO3 in normal fallopian tube tissue, early-stage, and
advanced-stage ovarian cancer, respectively; images in the lower panel are magnified from the red box area of the corresponding images in
the upper panel. (B,C) Kaplan-Meier survival curves of ovarian cancer patients with high vs. low RSPO3 expression: (B) for progression-free
survival, P<0.001; (C) for overall survival, P<0.001.

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2020;8(21):1351 | http://dx.doi.org/10.21037/atm-20-3731



Page 8 of 16

Table 2 Relationship between RSPO3 expression and the
clinicopathological parameters of ovarian cancer

Clinicopathological RSPO3 expression

parameters : Low High P

Age (y) 0.415
>60 30 14 16
<60 103 57 46

Menopausal status 0.857
Yes 84 44 40
No 49 27 22

Tumor size (cm) 0.523
>5 105 58 47
<5 28 13 15

Ascites 0.422
Yes 100 51 49
No 33 20 13

Lymph node metastasis 0.023
Yes 40 15 25
No 93 56 37

Distant metastasis 0.040
Yes 17 5 12
No 116 66 50

FIGO stage 0.020
-1V 96 45 51
-1l 37 26 11

LvsSI <0.001
Yes 21 3 18
No 112 68 44

FIGO, International Federation of Gynecology and Obstetrics;
LVSI, lymphovascular space invasion.

that high RSPO3 expression was significantly correlated
with activation of the PI3K/AKT pathway and the EMT
phenomenon (Figure 54,B), both of which have been
reported to play important roles in tumor progression and
metastasis (18-20). Since previous studies have stated that
RSPO3 may act through Wnt/B-catenin signaling (9,11,21),
we also analyzed this pathway in our study. However, the
results did not show a significant connection between

RSPO3 expression and Wnt/B-catenin signaling (Figure 5C),
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which indicated that other novel functioning pathways were
involved in RSPO3’s regulation of ovarian cancer.

"To directly observe RSPO3’s regulation process in ovarian
cancer, the RSPO3 overexpression group of OVCAR3 cells
and the control group were sent to undergo transcriptome
next-generation sequencing. The differentially expressed
genes between the groups were detected, and the pathways
correlated with RSPO3 overexpression were enriched
by GO and KEGG functional analysis. Overall, 113 GO
items and seven KEGG items were found to be statistically
significant (P<0.05 and gene counts >5). The top 11 GO
items and top 10 KEGG items (ranked by gene ratio)
are shown in Figure 5D and E, respectively. The results
showed that RSPO3 had a significant influence on cell
growth and migration abilities (Figure 5D), which was
consistent with our previous observations in cell models.
Moreover, the PI3K/AKT pathway and cell adhesion,
a key biological feature involved in EMT, were shown
to be significantly affected by RSPO3 overexpression
(Figure 5D,E). Additionally, Wnt signaling did not
appear to be involved in RSPO3 functioning (Figure 5D),
a finding that was similar to the results from TCGA’s
ovarian cancer cohort.

Based on the above findings, we detected several key
molecules involved in the PI3K/AKT pathway and EMT
in ovarian cancer cells and assessed the effect of RSPO3 on
the subcellular localization of B-catenin in order to further
determine the underlying mechanism of RSPO3 function.
As shown in Figure 64 and B, RSPO3 overexpression
greatly enhanced AKT phosphorylation (which is a key
process in PI3K/AKT activation) and decreased E-cadherin
expression (which is a marker of reduced cellular adhesion
and EMT promotion), while RSPO3 knockdown showed
the opposite effects in ovarian cancer cells. Additionally,
RSPO3 expression did not induce significant changes in
B-catenin nucleus transportation (which is an important
aspect of Wnt/p-catenin signaling, Figure 6C). Taken
together, the results indicated that RSPO3 may promote
ovarian cancer aggressiveness primarily through the PI3K/

AKT pathway and EMT modulation.

Discussion

Metastasis plays a crucial role in promoting ovarian cancer
progression and significantly impairs patient survival.
Ovarian cancer often metastasizes throughout the peritoneal
cavity, and the omentum is the most common metastatic
site (22). The process of ovarian cancer metastasis is usually
explained by the “seed and soil hypothesis,” which states
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Table 3 Univariate and multivariate survival analysis for ovarian cancer patients
Univariate analysis Multivariate analysis

Variable

HR 95% ClI P HR 95% ClI P
Age (>60 vs. <60 y) 1.173 0.756-1.822 0.477 - - -
Menopausal status (yes vs. no) 0.678 0.463-0.992 0.045 0.741 0.503-1.092 0.129
Tumor size (>5 vs. <5 cm) 0.825 0.521-1.307 0.412 - - -
Ascites (yes vs. no) 1.344 0.870-2.076 0.183 - - -
Residual tumor (>1 vs. <1 cm) 2.960 1.675-5.232 <0.001 2.128 1.193-3.796 0.011
FIGO stage (llI-IV vs. I-lI) 5.103 2.989-8.713 <0.001 4.328 2.508-7.467 <0.001
LVSI (yes vs. no) 1.545 0.964-2.474 0.070 - - -
RSPO3 expression (high vs. low) 2.114 1.443-3.096 <0.001 1.628 1.092-2.427 0.017

FIGO, International Federation of Gynecology and Obstetrics; LVSI, lymphovascular space invasion.

that cancer cells (seeds) are washed away passively from
primary ovarian tumor via physiological ascites circulation,
then adhere to and proliferate on the preferential metastatic
site (soil, usually omentum) to form new lesions (23,24).
In addition, metastasis via the hematogenous route was
recently proposed by scholars and initially verified in a
parabiosis animal model (25). However, both patterns of
metastasis involve highly complex intercellular interactions
and molecular regulatory networks, and the underlying
mechanisms are not yet well understood. Clarifying the
molecular mechanisms underlying ovarian cancer metastasis
is pivotal for its prevention, diagnosis, and prognosis, as
well as clinical therapy (23).

RSPO3 is a member of the RSPO family, which includes
RSPO1-4 and was originally found to be an agonist of
Wnt/B-catenin signaling with critical roles in normal
development and stem cell function. The involvement of
RSPO3 in inducing carcinogenesis after being transfected
into p53-deficient mammary epithelial cells was reported (8),
indicating a potential role for RSPO3 in malignant tumor
behavior. Recent studies have identified recurrent gene
fusions of RSPO2 and RSPO3 in a subset of colorectal
cancer (CRC), which results in overexpression of tumor-
cell derived RSPO2 and RSPO3 (12). The Wnt activation
of RSPO3 fusion protein was obviously correlated with
tumorigenesis, and tumors harboring RSPO3 fusion
were found to be highly sensitive to RSPO3-blocking
antibodies (13-15). OMP-131R0 (rosmantuzumab), one
of the RSPO3-neutralizing antibodies, has been a clinical-
stage therapeutic agent, which has shown significant effect
in inhibiting the growth rate of tumors derived from CRC

© Annals of Translational Medicine. All rights reserved.

patients with RSPO3 fusion (15). These findings suggested
a tumor-promoting role of RSPO3 and its great potential as
a therapeutic target. Although the genomic rearrangement
of RSPO3 seems to be specific to CRC, the aberrant
expression of RSPO3 and its contribution to human cancer
have been reported in other cancer types. Gong et al.
found that RSPO3 is highly expressed in a subset of lung
adenocarcinoma and showed a capacity for promoting
tumor growth and aggressiveness in vitro and in vivo, which
may account for its significant correlation with poor survival
in lung cancer patients (11). Moreover, Chen et /. reported
that RSPO3 upregulation in bladder cancer patients also
resulted in a survival detriment (9). However, there is a
study suggesting that RSPO3 has the opposite effect in
prostate cancer. RSPO3 was found to be downregulated
in prostate cancer and its lower expression associated with
poorer survival, while loss of RSPO3 function increased
invasiveness in vitro (10). These contradictory findings
indicated that RSPO3 may play a dual tumor-promoting
and inhibiting role in cancer overall. The complex
regulation mechanism of RSPO3 in malignancy has not
yet been identified, and more studies are needed to explore
this valuable molecular target for human cancer. The
relationship between RSPO3 and ovarian cancer has not
been previously elucidated.

In this study, we demonstrated for the first time that
RSPO3 is highly expressed in ovarian cancer and that
its expression level is positively correlated with tumor
metastasis and disease progression. We also reported a
significant trend of decreased PFS and OS in ovarian
cancer patients with a higher RSPO3 expression level,
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Figure 3 RSPO3 regulates the cell growth and colony formation abilities of ovarian cancer cells. (A) Western blotting verifying the
construction of RSPO3-knockdown and RSPO3-overexpression ovarian cancer cell models of SKOV3 and OVCAR3 cells. (B,C,D,E) Cell
proliferation rates evaluated by Cell Counting Kit-8 assay in RSPO3-knockdown (B,C) and RSPO3-overexpression (D,E) cells vs. RSPO3
wild-type cells. (F,G) Colony formation abilities evaluated by colony formation assay in RSPO3-knockdown (F) and RSPO3-overexpression

(G) cells vs. RSPO3 wild-type cells. The clones were stained with crystal violet and photographed under camera (x1). Data are shown as

mean = SD. *, P<0.05; **, P<0.01.

indicating that RSPO3 may serve as a novel prognostic
factor in ovarian cancer. These findings in clinical samples
were in accordance with our observations in cell models,
which showed that RSPO3 could enhance the migration
and invasion abilities of ovarian cancer in vitro. Thus,
this preclinical study verified the prognostic value and
tumor-promoting role of RSPO3 in ovarian cancer, and
demonstrated that RSPO3 may be a potential therapeutic

© Annals of Translational Medicine. All rights reserved.

target to further improve ovarian cancer treatment.

For several decades, biological omics technologies
have revolutionized cancer research. Omics technologies
include comprehensive detection of genes (genomics),
RNAs (transcriptomics), proteins (proteomics), metabolites
(metabolomics), and quantitative features of medical
imaging (radiomics) (26). Omics technologies have been
widely applied in basic research and clinical practice to
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help accelerate the predictive, preventive, and personalized
medicine (PPPM) promoted in modern medical practice
(27-29). Transcriptomics is the quantitative study of whole
intracellular transcripts, addressing genome function and
improving discovery of differentially-expressed genes
and signaling pathways correlated with tumor initiation
and development. To further explore the underlying
mechanisms through which RSPO3 promotes ovarian
cancer metastasis, this study used the transcriptome
sequencing data from TCGA’s ovarian cancer cohort as well
as our own experimental cell model, and applied functional
enrichment analysis to identify significant RSPO3-related

© Annals of Translational Medicine. All rights reserved.

pathways. We found that the PI3K/AKT pathway and
EMT process were associated with RSPO3 expression, and
may thus be involved in the mechanism through which
RSPO3 promotes ovarian cancer aggressiveness. The PI3K/
AKT pathway has been identified as the most frequently
altered pathway in ovarian cancer, and its activation has
found to be associated with decreased survival of ovarian
cancer patients (20,22). A previous study reported that
the PI3K/AKT pathway is involved with tumor EMT,
which is a crucial cellular process occurring during tumor
progression, through which cancer cells lose their polarity
and adhesion (epithelial phenotype) while gaining migration
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and invasion capabilities (mesenchymal phenotype) to including both the canonical (Wnt/B-catenin pathway) and
promote metastasis (19,30). In agreement herewith, we the commonly defined non-canonical Wnt signaling (Wnt/
found that overexpression of RSPO3 significantly increased, PCP/JNK pathway and Wnt/Ca**/PKC/ERK pathway),
while knockdown of RSPO3 diminished the expression level were not found to be significantly correlated with RSPO3 in
of the key molecules in PI3K/AKT signaling and EMT ovarian cancer, and interfering with RSPO3 expression did

in ovarian cancer cells. Thus, we speculated that RSPO3 not affect B-catenin activity in ovarian cancer cells. These
may mediate EMT via the PI3K/AKT signaling pathway observations indicate that RSPO3 may promote ovarian
to promote ovarian cancer aggressiveness. Although our cancer aggressiveness through a distinct signaling pathway
study provided the preliminary evidence supporting the not related to Wnt. Thus, based on the aforementioned
association between RSPO3 and the PI3K/AKT pathway preliminary evidence in our study, we put forward a novel
as well as EMT, the regulation mechanism of RSPO3 significant pathway, the PI3K/AKT pathway, that may be
in ovarian cancer metastasis still needs further detailed involved in RSPO3 regulation in ovarian cancer.
clarification. Since RSPO3 is a type of secreted protein and needs to
Previously, it was reported that RSPO3 regulates act on cell membrane receptors, it is worthwhile to discuss
through potentiating canonical Wnt/B-catenin signaling the related ligand-receptor system of RSPO3 regulation,
in stem cell function as well as tumor progression (6,7,12), which may provide a possible explanation for the complex
but recent accumulating evidence has shown that RSPO3 downstream pathways involved, as well as the contradictory
may also act through a B-catenin-independent non- roles of RSPO3 in human cancer. The type I leucine-rich
canonical Wnt signaling pathway (31-33). Intriguingly, repeat-containing G protein-coupled receptors (LGRs),

in our experiments, Wnt-associated signaling pathways, including LGR4, LGRS, and LGRG6, have been identified
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as the specific receptors for the RSPO family in Wnt
signaling activation (34). Although LGR belongs to the
G protein-coupled receptor (GPCR) superfamily, the way
it participates in potentiating Wnt signaling seems to be
independent of the traditional GPCR activation mechanism,
given the fact that LGR is neither coupled to heterotrimeric
G proteins nor to B-arrestin when stimulated by RSPOs (35).
RSPOs and LGRs were shown to act through simultaneous
binding to two E3 ligases, RNF43 and ZNRF3, which
affected the level of Wnt-related FZD receptors on the cell
membrane, thus consequently regulating Wnt signaling
activity (36-38). However, some interesting findings have
suggested that there is a complicated interaction between
RSPOs and these associated receptors. For instance,
recent studies showed that some RSPO proteins, including
RSPO3, may potentiate Wnt signaling through an LGR-
independent mechanism (4,39), indicating that there
may still remain some undetected receptors involved
with RSPO3 regulation, as well as the great potential of
RSPO3 to modulate a distinct pathway other than Wnt
signaling. Furthermore, some studies have pointed out
that many of the downstream gene products are common
molecules between the canonical and non-canonical
Whnt signaling, and these molecules simultaneously have
multiple interactions with other signaling pathways
(21,40), and thus form a complicated regulation network
and mechanistic basis for RSPO3 action. Taken together,
the still unclear ligand-receptor system and the complex
interactive regulation network of RSPO3 signaling could
explain the complexity of RSPO3 function in human cancer
and its context-specific roles in different cancer types.
Future studies are needed to further explore and clarify the
regulation mechanisms of the RSPO family.

This study is a preliminary exploration of the role of
RSPO3 in ovarian cancer, which adds new knowledge about
the molecular regulatory mechanisms involved in tumor
progression. Given that RSPO3 monoclonal antibody has
already been proven effective in the patient-derived tumor
xenograft (PDX) models of colon cancer and acute myeloid
leukemia (15,41), our study provides an initial theoretical
basis for the preclinical use of this promising drug in ovarian
cancer. However, a few limitations of this study must be
addressed. First, tumor formation experiments in animal
models are still needed to verify the tumor-promoting
effect of RSPO3 in vive. Second, the prognostic value of
RSPO3 in ovarian cancer patients was based on analysis
of retrospective cohorts and should be further validated in
prospective studies. In addition, the regulatory mechanism
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of RSPO3 in ovarian cancer metastasis still needs further
detailed clarification. Since RSPO3 is a secreted protein,
the key molecules on the cell membrane with which RSPO3
binds to activate the downstream PI3K/AKT pathway, and
the exact signaling molecules involved in the RSPO3/PI3K/
AKT pathway remain unclear and warrant further research.

Conclusions

RSPO3 is upregulated in ovarian cancer, and its high
expression is correlated with tumor metastasis and poor
survival. Using transcriptome analysis, we provided
preliminary evidence that RSPO3 can mediate EMT via the
PI3K/AKT signaling pathway to promote ovarian cancer
aggressiveness. However, future studies are still required to
further clarify the tumor-promoting mechanism of RSPO3
in ovarian cancer. Given that targeting RSPO3 may serve
as an alternative therapeutic strategy, it is worthy of further
exploration in experimental animal models as well as in
well-designed clinical trials. Currently, there is no ideal
biomarker for ovarian cancer. The use of modern multi-
omics technology may be an effective approach to discover
the molecular mechanisms of carcinogenesis on multiple
biological levels, and thus, this approach deserves more
attention from clinicians and medical researchers.
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