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Abstract. Cancer‑associated fibroblasts (CAFs) are known to 
be essential in cancer initiation and development. However, 
the role of CAFs in promoting ovarian cancer (OC) invasion 
remains to be fully elucidated. To address this in the present 
study, 49 clinical OC specimens were used to evaluate the 
roles of CAFs in promoting ovarian tumor migration and 
invasion and disease progression. It was found that the sushi 
repeat‑containing protein, X‑linked (SRPX) and hemicentin 1 
(HMCN1) genes were significantly upregulated in CAFs 
from high‑grade serous carcinoma (HGSC) and clear cell 
carcinoma (CCC) samples, the two major histological types 
of OC with frequently poor patient survival rates. The short 
hairpin (sh)RNA‑mediated silencing of SRPX and HMCN1 
in fibroblasts significantly suppressed the Transwell inva-
sive activities of OC cells. Further experiments showed that 
SRPX and HMCN1 regulated the invasiveness of OC via the 
Ras homology family member A (RhoA) signaling pathway 
in fibroblasts. Therefore, the findings of the present study 
suggest that targeting the CAF genes, SRPX and HMCN1, can 
inhibit OC migration and invasion. These data highlight the 
importance of CAF‑OC crosstalk signaling in cancer invasion 
and demonstrate the potential for improved efficacy of OC 
treatment by targeting CAF‑SRPX/HMCN1.

Introduction

Ovarian carcinoma (OC) consists of five main, distinct histo-
morphological types: High‑grade serous carcinoma (HGSC), 

low‑grade serous carcinoma, clear cell carcinoma (CCC), 
endometrioid carcinoma and mucinous carcinoma  (1,2). 
Among these, HGSC is the most common type, accounting 
for >70% of cases of epithelial OC and portends the poorest 
prognosis (3). Surgical debulking and platinum‑based chemo-
therapy have been used as first‑line therapies for patients 
with OC for >30 years. Although the initial response is often 
positive, the disease usually recurs within 2‑5 years as the 
tumor cells develop chemoresistance (4,5). Numerous studies 
searching for prognostic indicators, via genomics, proteomics 
and metabolomics (6), and treatment approaches for OC have 
been reported, however, treatment success remains limited. 
Therefore, novel approaches for investigating factors related 
to the aggressiveness and recurrence of OC may provide 
potential targets for effective therapies.

Fibroblasts within the tumor stroma, known as 
cancer‑associated fibroblasts (CAFs), are major cells in the 
tumor microenvironment (TME) and serve crucial roles in 
tumor growth, progression, metastasis, angiogenesis and 
immune responses (7‑9). CAFs were originally described as 
a heterogeneous subpopulation of fibroblasts, which are acti-
vated by tumor cells and display specific markers that can be 
used as prognostic biomarkers (10,11). The crosstalk between 
CAFs and other cells in the TME involves a wide range of 
factors, including chemokines [e.g., stromal cell‑derived 
factor‑1α (12)], cytokines [(e.g., interleukin (IL)‑6 (13), IL‑8 
and IL‑1β (9)], exosomes [(e.g., cluster of differentiation 9+ 
exosomes (14) and growth factors (e.g., hepatocyte growth 
factor and transforming growth factor‑β) (15)], which affect 
cancer cells and facilitate cancer‑promoting processes (16). 
In addition, upon their activation, CAFs produce several 
mesenchyme‑specific proteins, such as fibroblast‑specific 
protein 1 (also referred to as S100A4) (17), a fibroblast activa-
tion protein (18,19), vimentin and α‑smooth muscle actin, a 
prototypical marker of myofibroblasts. However, it remains 
unclear how cancer cells reprogram quiescent fibroblasts to 
become CAFs.

Reports on OC indicate that ovarian CAFs upregulate 
the lipoma‑preferred partner (LPP) gene in microvascular 
endothelial cells (MECs), and the expression levels of LPP 
in intratumoral MECs are correlated with survival rate and 
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chemoresistance in patients with OC  (20). By contrast, an 
in  vivo imaging system showed that CAFs contribute to 
vascular remodeling and tumor angiogenesis in OC  (21); 
furthermore, increasing evidence shows that mutations of 
CAF genes are crucial for cancer metastasis and growth. For 
example, certain changes in the DNA copy number of clustered 
CAFs may contribute to metastasis of breast cancer cells (22). 
Despite an increasing number of studies on CAFs, the majority 
have focused on cell line‑based or animal models. OC is a 
heterogeneous group comprising different subtypes; how CAFs 
within different histological types of OC interact with cancer 
cells in the TME has not been investigated in detail.

The present study investigated the characteristics of 
fibroblasts isolated from 49 patients with various types of 
ovarian tumors and identified factors associated with cancer 
aggressiveness. The results revealed that the CAFs from 
patients with HGSC and CCC predominantly exhibited high 
invasion‑promoting activities. The gene expression profiles of 
CAFs were elucidated using complementary DNA microarray 
analysis. Among these, SRPX and HMCN1, two genes with 
relatively high invasion‑promoting activities, were upregulated 
in human HGSC CAFs. Additionally, the knockdown of SRPX 
and/or HMCN1 in WS1 fibroblasts significantly suppressed the 
migratory and invasive activities of OC cells, whereas the over-
expression of SRPX in WS1 fibroblasts significantly increased 
in vitro OC cell invasive ability. Investigation of the mecha-
nism underlying the effects of SRPX and HMCN1 knockdown 
in CAFs revealed that SRPX and/or HMCN1 induced OC cell 
migration/invasion via activation of the Ras homology family 
member A (RhoA)/Rho kinase (ROCK)/myosin II regulatory 
light chain (MLC) signaling pathway. These results demon-
strate that the importance of the TME and the significance of 
CAFs in promoting tumor invasion and aggressiveness in OC 
should not be underestimated.

Materials and methods

Isolation of ovarian CAFs and normal fibroblasts (NOFs). 
A total of 49 ovarian tumors of the major histological types 
(serous, endometrioid, clear cell and mucinous), which 
were diagnosed (reviewed by TLM) at the National Taiwan 
University Hospital during 2009‑2011 and had been subjected 
to successful CAF isolation and Transwell invasion assay, were 
included for the study. The tumors were resected from patients 
aged 28‑86 years (mean age, 50 years). Tissue samples were 
minced with a scalpel into 1‑mm3 pieces and digested with 
collagenase A (1 mg/ml) at 37˚C for 40 min. The cells were 
then seeded in a flask and cultured in Dulbecco's modified 
Eagle's medium (DMEM; Thermo Fisher Scientific, Inc.) for 
several days until confluent. For tumor samples, the tumor cells 
were isolated using the Ep‑CAM antibody (Dynal); the nega-
tive portion containing the CAFs was harvested and grown in 
DMEM. The use of tissue samples was approved by the Ethics 
Committee and Review Board of National Taiwan University 
Hospital (IRB approval no. 200812141R). All patients signed 
written informed consent prior to the collection of tissues.

Cell culture. The TOV21G OC cell line and the WS1 skin 
fibroblast cell line (purchased from American Type Culture 
Collection), were cultured in DMEM supplemented with 

10%  FBS, 10  U/ml penicillin and 10  µg/ml streptomycin 
(Thermo Fisher Scientific, Inc.) at 37˚C in an atmosphere 
containing 5% CO2.

In vitro wound healing assay. To determine the ability of cells 
to migrate, a scratch wound‑migration assay was performed. 
The TOV21G and WS1 cells (1:1) were seeded in six‑well 
culture plates. The cells were grown to a confluent monolayer 
and then scraped with a 200‑µl pipette tip to generate scratch 
wounds. Migration from the edge of the injured monolayer 
was quantified by measuring the distance between the wound 
edges. Images were acquired using an Olympus microscope 
(BX50; Olympus Corporation) under a magnification of x200. 
The experiments were performed in triplicate.

In  vitro Transwell invasion assay. Transwell chambers 
(Corning, New York, NY, USA) supplemented with growth 
factor (BD Biosciences, San Jose, CA, USA) were used for 
the invasion assays. Matrigel (15 µl of 2 mg/ml in serum‑free 
medium) was added to the upper side and allowed to polym-
erize at 37˚C for 30 min. The OC cells (2x104) in 100 µl of 
serum‑free medium were added to the upper chamber, and 
4x104 fibroblasts in 1 ml of culture medium with 0.2% FBS 
were added to the lower chamber. Following 24 h of incu-
bation at 37˚C, the invading cells that had migrated to the 
opposite side of the chamber membrane were stained with 
4',6‑diamidino‑2‑phenylindole and counted in a low‑power 
field (40x magnification). Three fields were counted and the 
mean was calculated. Images were captured using an Olympus 
microscope (BX50; Tokyo). Each experiment was performed 
in triplicate.

Oligonucleotide microarray and analysis. According to the 
Transwell invasion assay, CAFs from 10 tumors and control 
fibroblasts isolated from two normal myometrial tissue 
samples were selected for cDNA microarray analysis. The 
microarray was performed using the Agilent SurePrint G3 
Human High‑definition 60K array (Agilent Technologies, 
Inc.). RNA extraction (RNeasy mini kit, Qiagen GmbH) 
and microarray assays were performed according to stan-
dard protocols of the manufacturer. The array results were 
analyzed using Agilent GeneSpring 7.3 software. The 
signal was normalized to the 75th percentile per chip and 
to the median per gene. The genes were filtered by at least 
2‑fold changes compared with the median of all cases. 
Unsupervised clustering was then analyzed based on these 
filtered genes. Significance analysis of microarrays was used 
to identify differentially expressed genes (DEGs) between 
clustered groups.

RNA interference (RNAi). To knock down the genes of interest, 
short hairpin (sh)RNA pLKO.1 vectors (National RNAi core 
facility, Academia Sinica, Taipei, Taiwan) were transfected into 
293T cells (ATCC) using a lentiviral system, with the envelope 
plasmid, pMD.G, and the packaging plasmid, pCMVDR8.91. 
The shRNA target sequences were as follows: SRPX‑1, 5'‑CCT​
ACT​GAT​CTG​CCA​GTC​AAA‑3'; SRPX‑2, 5'‑CCC​AGA​GAA​
TGG​TTA​CAT​GAA‑3'; HMCN1‑1, 5'‑CGC​CTG​ACA​TTA​
CAT​GGC​ATA‑3' and HMCN1‑2, 5'‑GCC​CTC​AAC​ATT​CCT​
CAT​TAT‑3'. An shRNA vector against LacZ was used as a 
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scrambled control. The transduced cells were selected with 
puromycin. The RNAi reagents and shRNAs were obtained 
from the RNAi Core Facility of Academia Sinica.

In vitro overexpression of SRPX. To overexpress SRPX in 
WS1 cells, the SRPX (GenBank: NM_006307) gene was used 
in a recombinant lentivirus‑expressing vector construction: 
pLAS2w.Pbsd (Invitrogen; Thermo Fisher Scientific, Inc.). 
WS1 fibroblasts at a density of 105 cells/well were seeded into 
24‑well plates. Following 24 h of incubation, 2 ml of fresh 
media containing 8  µg/ml of polybrene (Sigma‑Aldrich; 
Merck KGaA) and the recombinant lentivirus were added. 
Obvious green fluorescent protein expression was observed 
48  h after transduction. The WS1 fibroblasts exhibiting 
SRPX overexpression were then used for the reverse‑tran-
scription‑quantitative polymerase chain reaction (RT‑qPCR), 
western blot and invasion assays.

RT‑qPCR analysis. Total RNA was extracted using TRIzol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) followed 
by the RNeasy Mini kit (Qiagen GmbHy). The selected 
DEGs between groups were verified by RT‑PCR using an 
Applied Biosystems (Thermo Fisher Scientific, Inc.) instru-
ment. The probes were designed using Primer 3  software 
(http://bioinfo.ut.ee/primer3‑0.4.0/primer3/). RT‑qPCR 
analysis was performed according to the manufacturer's 
standard protocols. Total isolated RNA (1 µg) was subjected 
to reverse transcription using PrimeScriptTM RT reagent kit 
(cat. no. RR037A, Takara Bio). qPCR was performed in trip-
licate per cDNA sample on an ABI Prism 7900 HT Sequence 
Detection System (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) using the FastStart Universal SYBR-Green 
Master (Roche) and the following running profile: 10 min 
enzyme activation at 95˚C, followed by 40 cycles of melting 
for 10 sec at 95˚C, annealing for 30 sec at 60˚C and extension 
for 30 sec at 72˚C. The PCR conditions were optimized to 
obtain similar efficiencies and calculated from slope for target 
and reference genes. The primer sequences were as follows: 
Fibronectin  1 (FN1) forward, 5'‑TGG​CCA​GTC​CTA​CAA​
CCA​GT‑3' and reverse, CGG​GAA​TCT​TCT​CTG​TCA​GC), 
SRPX, forward, 5'‑CGA​CTC​TCA​TTG​GCA​GGA​TAG​GAG‑3' 
and reverse, 5'‑ATT​CGC​AGC​AAC​AGC​CTG​AG‑3', secreted 
frizzled‑related protein 2 (SFRP2), forward, 5'‑TGT​GGG​TCA​
CAA​ACC​CTG​TTG​AG‑3' and reverse, 5'‑AGT​CTC​AGT​CTG​
GAG​CTG​ATG​AAG‑3' and hemicentin‑1, forward, 5'‑AAG​
GTG​GAT​CAT​CAG​CCG​CTT​C‑3' and reverse, 5'‑ACA​GTG​
ACT​TTG​GGT​GGT​TCT​TGC‑3'. Each sample was tested in 
triplicate, and the cycle difference was calculated using the 
2‑∆∆Cq method (23).

Western blot analysis. The parental WS1 fibroblasts, and 
the SRPX and HMCN1 shRNA‑knockdown WS1 cells 
(105 cells/well) were seeded and collected for western blotting. 
The cell lysates were prepared as previously described (24). 
Protein (30  µg) from each well was dissolved in loading 
sample buffer under reducing conditions, separated by 
12% SDS‑PAGE, and transferred to 0.2‑µm nitrocellulose 
membranes for immunolabelling with the following antibodies: 
Primary antibodies against SRPX (1:4,000, cat. co. 5473, Cell 
Signaling Technology, Inc.), RhoA (1:1,000, cat. co. 2117, Cell 

Signaling Technology, Inc.), ROCK (1:1,000, cat. co. 4035, 
Cell Signaling Technology, Inc.), cell division cycle 42 (cdc42) 
(1:1,000, cat.  co.  2466, Cell Signaling Technology, Inc.), 
MLC (1:500, cat. co. 21157, Cell Signaling Technology, Inc.) 
and β‑actin (1:10,000, cat. co. MA5‑15739, Thermo Fisher 
Scientific, Inc.) were purchased from Novus Biologicals and 
incubated at 4˚C overnight with β‑actin as a loading control. 
Appropriate secondary antibodies were used to detect proteins 
as previously described  (24). An ImageQuant LAS 4000 
analyzer (GE Healthcare Life Sciences) was used to detect 
protein expression levels.

Statistical analysis. Student's t‑test (two‑sided) was used to 
compare Transwell invasion activities between different tumor 
types. The expression levels of the genes of interest among 
CAFs with low or high invasion‑promoting activities were 
compared using one‑way analysis of variance with Tukey's 
multiple‑comparisons post hoc test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

CAFs with high invasion‑promoting activities are predomi‑
nantly from HGSC and CCC samples. In a pilot study, the 
Transwell invasion activities of several cancer cell lines, 
including SKOV3, TOV21G, P0 and P4 [P0, endome-
trioid (EM) carcinoma, and P4, aggressive cells derived from 
P0, were provided by Dr PL Torng]. Among these cell lines, 
the TOV21G line had intermediate Transwell invasion activity 
and demonstrated the highest discriminatory power in the 
Transwell invasion assay. Subsequently, the Transwell inva-
sion‑inducing activity was compared with a lower chamber 
that contained culture medium collected following 48 h of 
culturing CAFs and that with culture medium containing 
CAFs. The number of migrated TOV21G cells was higher 
when the lower chamber contained CAFs rather than medium 
collected from CAFs after 48 h of culture (data not shown). 
Although CAFs can secrete chemotactic factors that induce 
cancer cell migration, this result suggested that direct cross-
talk between cancer cells and CAFs simulating the true TME 
is important in inducing tumor cell migration. Therefore, the 
following experiments were performed using the TOV21G 
cancer cell line and a lower chamber containing CAFs isolated 
from ovarian tumor tissues.

In total, CAFs from 49 human ovarian tumors following 
successful Transwell invasion assay were collected, comprising 
25 HGSC, 12 CCC, 4 EM carcinoma and 8 mucinous (Mu) 
tumor (including 5 carcinoma and 3 borderline) samples. In 
a pilot study, the ratio of cell migration with a lower chamber 
containing 0.2% FBS to that containing 10% FBS was 1:3; 
therefore, the migration number was determined with a 
lower chamber containing 0.2% FBS as the internal control 
in each experiment. According to this definition, the inva-
sion‑promoting activities of CAFs were separated into high, 
intermediate and low according to the number of migrated 
cancer cells, designated as >1‑fold, 0.5‑1‑fold and <0.5‑fold, 
respectively, compared with the internal controls. As shown 
in Table I, the proportions of CAFs from the HGSC and CCC 
samples with high invasion‑promoting activities were rela-
tively higher compared with those of CAFs from other types 
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of tumors which exhibited either low, intermediate and/or high 
invasion activities (P=0.0085, Table I). Although CAFs with 
low and intermediate tumor invasion‑promoting activities 
were found in HGSC and CCC samples, there were fewer than 
the number with high invasion‑promoting activities. These 
results are consistent with clinical observations that aggressive 
ovarian tumors are usually of HGSC and CCC types, whereas 
EM and Mu types tend to be indolent tumors.

CAFs from different OC types have different expression 
profiles. To identify potential factors in CAFs that contribute 
to their invasion‑promoting activities, the present study 
compared the expression profiles of CAFs with high and low 
invasion‑promoting activities by microarray analysis. A total 
of 10 different CAFs were selected, including two HGSCs 
with high invasion‑promoting activity (HG+), two HGSCs 
with low invasion‑promoting activity (HG‑), two CCCs with 
high invasion‑promoting activity (CCC+), two CCCs with 
low invasion‑promoting activity (CCC‑), two EMs with low 
invasion‑promoting activity (EM‑) and two normal fibroblasts 
(NOFs) (Fig. S1B). Principal component analysis (PCA) of 
the raw array data (Fig. S1A) showed that the two NOFs had 
similar expression patterns, whereas the 10 CAFs presented 
with various expression profiles, possibly due to inherent 
tumor heterogeneity and the variations of raw flag signals at 
individual probes. However, there was a vague clustering of 
CAFs from the HGSC and EM samples, whereas the CAFs 
from CCC samples tended to have a wider range of expres-
sion profiles, suggesting that different histological types may 
contribute to different expression profiles. Following normal-
ization of the signals and filtering of the genes, 369 genes with 
at least 2‑fold changes were selected for clustering analysis. 
On comparing the DEGs between CAFs obtained from HG+ 
and HG‑ cases, 92 genes were upregulated and 52 genes were 
downregulated by at least 2‑fold. In CAFs obtained from CCC+ 
and CCC‑ cases, 69 genes were upregulated and 37 genes 
were downregulated by at least 2‑fold. Selective significantly 
upregulated and downregulated genes are listed for HGSC 
samples in Tables II and SI, respectively. Certain significantly 
DEGs found in CAFs from both HGSC and CCC samples 
were membrane‑form or secreted proteins and are reported 
to be related to the aggressiveness and/or invasiveness of 
various types of cancer, including IL‑6 (13), FN1, pleiotrophin, 
fibroblast growth factor 7, SFRP2 and neuropilin 2.

Expression of representative genes identif ied from a 
microarray in CAFs with high and low invasion‑promoting 
activities obtained from HGSC and CCC samples and 
confirmed by RT‑qPCR analysis. As HGSC is the most 
common type of OC with a poor prognosis, four DEGs were 
selected, including three upregulated genes (SRPX, HMCN1 
and FN1) and one downregulated gene (SFRP2), detected in 
CAFs from HGSC samples for further verification. Therefore, 
the expression levels of these four genes were compared 
among CAFs with different invasion‑promoting activities. 
In total, 47 CAFs were included in the RT‑qPCR analysis, 
in which 24, 14 and nine samples had high, intermediate and 
low invasion‑promoting activities, respectively. When CAFs 
from all histological types were included, a significant differ-
ence in expression was observed for SRPX between CAFs 
with high and low invasion‑promoting activities (P=0.01, 
data not shown), whereas no significant differences were 
observed for other genes. However, when comparing CAFs 
from only HGSC and CCC samples, significant differences 
in expression levels were observed for SRPX and HMCN1 
between CAFs with high low invasion‑promoting activities 
(Fig. 1A and B, P=0.02 and 0.009, respectively), whereas no 
significant difference was observed in the expression of FN1 
or SFRP2 (Fig. 1C and D).

Inhibition of OC cell migration and invasion through down‑
regulating SRPX and/or HMCN1 in WS1 fibroblast cells 
via the RhoA signaling pathway. In order to further confirm 
whether the SRPX and HMCN1 genes in CAFs affect the 
invasiveness of OC cells, SRPX and HMCN1 were knocked 
down using an shRNA approach in WS1 fibroblasts. The 
results showed that the mRNA expression levels of SRPX 
were successfully reduced by >90% (P<0.001) in WS1 cells 

Table I. Relative Transwell invasion‑promoting activity of 
cancer‑associated fibroblasts from different types of ovarian 
tumor.

Activity	 HG	 CCC	 EM	 Mu	 Total

High	 20	 7	 1	 2	 30
Intermediate	 3	 4	 1	 4	 12
Low	 2	 1	 2	 2	 7
Total	 25	 12	 4	 8	 49

HG, high‑grade serous carcinoma; CCC, clear cell carcinoma; 
EM, endometrioid carcinoma; Mu, mucinous tumor.

Table II. Upregulated genes in cancer‑associated fibroblasts 
with high Transwell invasion‑promoting activity from 
high‑grade serous carcinomas.

Gene	 Fold‑change

Loc100288985	 21.834822
GRINL1A complex locus	 19.478653
Breast carcinoma‑amplified sequence 1	 19.120928
Family with sequence similarity 150, 	 12.909669
number B
RFPL1 antisense RNA (non‑protein coding)	 8.519261
Hemicentin 1	 7.490842
Anoctamin 2	 5.058346
Sushi repeat‑containing protein, X‑linked	 4.719756
TAF9B RNA polymerase II	 4.568907
Ectonucleotide pyrophosphatase/	 4.362322
phosphodiesterase 6
Fibronectin 1	 3.948831
Transmembrane protein 155	 3.911077
Ras‑related associated with diabetes	 3.875658
Monocarboxylic acid transporter 12	 3.852940
Actin‑binding LIM protein family, member 2	 3.851354



ONCOLOGY REPORTS  42:  2706-2715,  20192710

transfected with either the shRNA‑SRPX‑1 (clone SRPX‑1) 
or shRNA‑SRPX‑2 (clone SRPX‑2). The mRNA expression 
levels of HMCN1 were also reduced with similar efficacies 
(P<0.001) using either shRNA‑HMCN1‑1 (clone HMCN1‑1) or 
shRNA‑HMCN1‑2 (clone HMCN1‑2), compared with levels in 
the untransfected WS1 cells (Fig. 2A and C). Following SRPX 
and HMCN1 silencing, the abilities of WS1 cells to promote 
TOV21G migration and invasion were elucidated using an 
in vitro wound‑healing assay and invasion assay. Compared 
with the parental WS1 cells, the downregulation of SRPX 
using either the SRPX‑1 or SRPX‑2 clone led to a significant 
decrease (P<0.001; Figs. 2B and S2) in the migration and 
Transwell invasion of TOV21G cells, which indicated that the 
invasive ability of the TOV21G cells was closely associated 
with SRPX‑expressing CAFs. Similarly, the knockdown of 
HMCN1 in WS1 cells using the HMCN1‑1 or HMCN1‑2 clone 
significantly reduced the migration and Transwell invasion of 
TOV21G cells over an incubation period of 24 h compared 
with that in the mock‑transfected and parental cells (P<0.001; 
Figs.  2D  and  S2). Of note, there was no suppression of 
Transwell invasion when the lower chamber contained medium 
collected from cultured SRPX‑ or HMCN1‑knockdown WS1 
cells (data not shown). This observation is similar to that of our 
preliminary data and reiterated the significance of the direct 
interaction between CAFs and tumor cells in the TME.

The potential mechanism of SRPX and HMCN1 in stimu-
lating TOV21G cell invasion activities were subsequently 

investigated in vitro using RT‑qPCR and western blot assays. 
The results showed that the mRNA levels of SRPX were 
significantly reduced in the SRPX‑ and HMCN1‑knockdown 
WS1 fibroblasts (P<0.001; Fig. 3A); furthermore, the mRNA 
levels of HMCN1 were significantly reduced in the SRPX‑ 
and HMCN1‑knockdown WS1 cells compared with those in 
the mock transfection and parental cells (P<0.001; Fig. 3B). 
In addition, the knockdown of SRPX or HMCN1 in WS1 
cells reduced the levels of ROCK, RhoA, cdc42 and MLC 
(Fig. 3C), suggesting that the invasiveness of OC cells is 
regulated by the RhoA/ROCK/MLC and cdc42 signaling 
pathways.

Overexpression of SRPX in WS1 fibroblasts stimulates OC 
cell invasion ability in vitro. To further investigate the role of 
SRPX‑fibroblasts involved in OC cell invasion, the effects of 
the overexpression of SRPX in WS1 cells was investigated. The 
mRNA levels of SRPX and HMCN1 (P<0.001; Fig. 4A) and 
the protein levels of SRPX, ROCK, RhoA and MLC (Fig. 4B) 
were markedly increased in WS1 fibroblasts transduced with 
the SRPX recombinant lentivirus. In the Transwell invasion 
assay, a markedly increased TOV21G invasive ability was 
observed in WS1 fibroblasts overexpressing SRPX during the 
12‑h incubation period (P<0.001; Fig. 4C) compared with that 
in the mock transduction and parental control groups. These 
results suggest that SRPX is an important factor in CAFs 
regulating the invasiveness of OC cells.

Figure 1. Expression of representative genes using RT‑qPCR analysis. (A) SRPX, (B) HMCN1, (C) fibronectin 1 and (D) SFRP2 genes identified from a micro-
array assay in CAFs with high and low invasion‑promoting activities from high‑grade serous carcinoma and clear cell carcinoma samples were compared. 
mRNA levels of SRPX and HMCN1 were significantly higher (P=0.02 and P=0.009, respectively) in CAFs with high invasion‑promoting activities as confirmed 
by an RT‑qPCR assay. CAFs, cancer‑associated fibroblasts; SRPX, sushi repeat‑containing protein, X; HMCN1, hemicentin 1; SFRP2, secreted frizzled‑related 
protein 2; RT‑qPCR, reverse‑transcription‑quantitative polymerase chain reaction; inv, invasion.
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Discussion

CAFs are important components of the TME and serve critical 
roles in cancer progression, metastasis and therapeutic resis-
tance (25). Despite their well‑known significance in tumors, 
the molecular characteristics of CAFs specifically in OC 
remain to be fully elucidated. The present study has several 
important implications although with some limitations. First, 
OCs are heterogeneous with the pathogenesis and prognosis 
differing among different histological types, therefore, the 
present study first compared the invasion‑promoting activities 
of CAFs from different histological types of OC. The results 
revealed for the first time, to the best of our knowledge, that 
CAFs from HGSC and CCC samples exhibited significantly 
higher invasion‑promoting activities compared with CAFs 
from other types of ovarian tumors. This result is consistent 
with clinical observations that aggressive ovarian tumors with 
high mortality rates are mostly HGSCs and CCCs (26,27). 
Second, the results revealed that the presence of conditioned 
medium collected from CAFs, but without CAFs, exerted no 
effect on tumor behavior, thus emphasizing the importance 
of close contact between OCs and CAFs in the TME to exert 
pathological effects. It is important to note that the Transwell 
system is a 2D rather than a 3D system, which is more akin to 

the real TME. Third, there is a limited number of studies on 
OC CAFs via a wide scale molecular approach. Two previous 
studies focused on comparing the expression profiles of 
microRNAs (28) and long non‑coding RNAs (29) between 
CAFs and normal fibroblasts. The present study was unique in 
that, in addition to the inclusion of normal fibroblasts, CAFs 
exhibiting different phenotypes were compared. The PCA 
clustering result revealed that the well‑known tumor hetero-
geneity is also observed in CAFs. This CAF heterogeneity 
phenomenon is also present in carcinomas from other sites (30) 
and has been discussed in several review articles (31,32). By 
comparing expression profiles of CAFs with high and low 
invasion‑promoting activities, the present study found that 
SRPX and HMCN1 were significantly overexpressed in CAFs 
from HGSC and CCC samples with high invasion‑promoting 
activities. In addition, SRPX and HMCN1 silencing in WS1 
cells led to reduced tumor cell invasion and a reduction in the 
expression of RhoA, likely through the RhoA/ROCK/MLC 
signaling pathway, which is reported to be involved in 
regulating cell invasion and tumor metastasis (33‑35). These 
results support that SRPX and HMCN1 can serve as potential 
therapeutic targets in CAFs for treating OC.

SRPX, also known as SRPX1  (36), ETX1  (37) and 
DRS (38), is a transmembrane protein consisting of 464 amino 

Figure 2. SRPX and HMCN1 shRNA in WS1 fibroblast cells suppress TOV21G ovarian cancer cell invasion in vitro. Compared with mock transduction and 
normal WS1 cells, SRPX shRNA‑knockdown WS1 cells (SRPX‑1 and SRPX‑2) showed (A) significantly decreased mRNA levels according to the RT‑qPCR 
assay and (B) reduced promotion of invasion in an in vitro Transwell invasion assay. HMCN1 shRNA‑knockdown WS1 cells (HMCN1‑1 and HMCN1‑2) 
also showed (C) A significantly decreased mRNA levels according to the RT‑qPCR assay and (D) significantly reduced promotion of invasion in an in vitro 
Transwell invasion assay. Data are expressed as the mean ± standard deviation (***P<0.001). Similar results were obtained from at least three independent 
experiments. P, parental (normal WS1) cells; Z, mock‑transduced; SRPX, sushi repeat‑containing protein, X; HMCN1, hemicentin 1; shRNA, short hairpin 
RNA; RT‑qPCR, reverse‑transcription‑quantitative polymerase chain reaction; ns, not significant.
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Figure 3. Knockdown of SRPX and HMCN1 in WS1 cells significantly reduced TOV21G cell invasion through the RhoA signaling pathway. Representative multi-
ples of changes in comparisons of reverse‑transcription‑quantitative polymerase chain reaction results for (A) SRPX and (B) HMCN1 (***P<0.001). (C) Images 
of western blot analysis of the expression of SRPX, HMCN1, ROCK, RhoA, cdc42 and MLC in WS1 parental, mock‑transduced, SRPX‑downregulated cells 
(SRPX‑1 and SRPX‑2) and HMCN1‑downregulated cells (HMCN1‑1 and HMCN1‑2). Similar results were obtained from at least three independent experi-
ments. Western blot analysis of HMCN1 was not performed due to no commercially available antibody. SRPX, sushi repeat‑containing protein, X; HMCN1, 
hemicentin 1; P, parental (normal WS1) cells; Z, mock‑transduced; RhoA, Ras homology family member A; ROCK, Rho kinase; cdc42, cell division cycle 42; 
MLC, myosin II regulatory light chain; ns, not significant.

Figure 4. Overexpression of SRPX in WS1 fibroblasts induces TOV21G cell invasion. Representative (A) changes of SRPX and HMCN1 detected by 
reverse‑transcription‑quantitative polymerase chain reaction analysis. (B) images of the western blots of the expression of SRPX, ROCK, RhoA and MLC in 
WS1 parental, mock‑transduced and SRPX‑overexpressing fibroblasts. (C) Overexpression of SRPX in WS1 fibroblasts increased TOV21G cell invasion abili-
ties (***P<0.001). The experiment was repeated at least three times. SRPX, sushi repeat‑containing protein, X; HMCN1, hemicentin 1; P, parental (normal WS1) 
cells; RhoA, Ras homology family member A; ROCK, Rho kinase; cdc42, cell division cycle 42; MLC, myosin II regulatory light chain; ns, not significant.
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acids and three sushi domains. It is reported to be down-
regulated in a variety of human tumor cells and tissues, and is 
thus considered to be a tumor‑suppressor gene (38). This was 
confirmed by evidence showing that ~30% of Srpx‑knockout 
mice generated various tumors, including lymphomas, lung 
cancer and hepatomas (38). SRPX was initially identified as a 
causative gene in patients with X‑linked retinitis pigmentosa, 
and a recent study revealed that SRPX is a novel disease‑asso-
ciated molecule in cerebral amyloid angiopathy (36). Although 
SRPX is known to be a tumor‑suppressor gene, the present 
study is the first, to the best of our knowledge, to reveal its 
significant upregulation in HGSC and CCC CAFs, which was 
further evidenced by the stimulation of OC invasion via SRPX 
knockdown in WS1 cells in vitro.

HMCN1 (also known as fibulin‑6) (39) was first found 
in Caenorhabditis  elegans, was named high incidence of 
males 4 and is one of the genes responsible for increased X 
chromosome loss in nematodes (40). Functionally, HMCN1 
is associated with a hemidesmosome‑type structure and is 
involved in extracellular adhesion, forming cell‑cell and 
cell‑basement membrane adhesions that hold cells together 
and maintain tissue and organ integrity (41). Therefore, the loss 
of HMCN1 leads to multinucleate cells, as previously observed 
in C. elegans germ lines which exhibited occasional fusion 
of neighboring cells, whereas HMCN1 deficiency in mice 
produced incomplete mitotic cytokinesis of mice embryonic 
cells (41). Studies in humans have shown that deficiencies of 
HMCN1 were associated with age‑related macular degenera-
tion (42), Fraser syndrome (43) and glomerular diseases (44), 
which were all correlated with the mechanisms of basement 
membrane anchorage functions of HMCN1. However, few 
studies have focused on the functions of HMCN1 in tumorigen-
esis. The present study found that HMCN1 was significantly 
upregulated in HGSC and CCC CAFs, and silencing HMCN1 
by shRNA in fibroblasts markedly reduced the invasive ability 
of TOV21G cells.

CAFs are crucial cellular components of the desmoplastic 
stroma characteristic of the TME, and various cellular path-
ways are implicated in regulating CAF functions. Among 
these, several secreted molecular regulators of CAFs have 
been shown to be involved in promoting tumor growth, 
such as platelet‑derived growth factors, epidermal growth 
factors, fibroblast growth factors and sonic hedgehog (45,46). 
CAFs also have the ability to invade through the matrix and 
are widely reported to promote the invasiveness of cancer 
cells (47), by mediating chemicals such as galectin‑1, which 
upregulates matrix metalloproteinase‑9 and thereby promotes 
breast cancer cell metastasis (48), and E‑cadherin/N‑cadherin 
activation, which enables fibroblasts to drive cancer cell inva-
sion (49). On investigating the underlying mechanisms, the 
present found that the silencing of SRPX and HMCN1 in fibro-
blasts was associated with inhibition of the RhoA/ROCK/MLC 
pathway. This is supported by evidence that the activation of 
RhoA/ROCK signaling via SMAD‑specific E3 ubiquitin ligase 
can promote OC cell migration and invasion (34). Studies 
have also shown that the RhoA/ROCK pathway is involved 
in tight junctions in different cell types, which facilitate their 
permeability and attachment functions (33,35).

In conclusion, the present study demonstrated that 
the CAF‑associated proteins, SRPX and HMCN1, were 

significantly upregulated and correlated with promoting the 
migratory activities of OC cells. The results also confirmed 
that the silencing of SRPX and HMCN1 markedly suppressed 
OC invasion via inhibiting the RhoA/ROCK/MLC signaling 
pathway. As CAFs contribute towards such a critical aspect 
essential for tumor progression, particularly tumor invasive-
ness, strategies targeting CAFs to treat OC may be effective. In 
addition to conventional treatments targeting tumor cells, these 
findings highlight the critical role of CAF‑associated SRPX 
and HMCN1 in promoting OC invasion and indicate that both 
molecules represent potential targets for OC treatment.
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