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Abstract 

Background: CircRNAs are a novel class of evolutionarily conserved noncoding RNA molecules that form covalently 
closed continuous loop structures without 5′ caps and 3′ poly(A) tails. Accumulating evidence suggests that circRNAs 
play important regulatory roles in cancer and are promising biomarkers for cancer diagnosis and prognosis, as well 
as targets for cancer therapy. In this study, we identify and explore the role of a novel circRNA, circFBXO7, in ovarian 
cancer.

Methods: rRNA-depleted RNA-sequencing was performed to identify differentially expressed circRNAs between 
ovarian cancerous and normal tissues. qRT-PCR and single-molecule RNA in-situ hybridization was used to quantify 
circFBXO7 expression in tumor tissues. The association of circFBXO7 expression with patient prognosis was evaluated 
by Kaplan–Meier survival analysis. The biological function of circFBXO7 was also investigated using loss-of-function 
and gain-of-function assays in vivo and in vitro. Luciferase reporter and TOP/FOP-Flash reporter assays were then 
conducted together with RNA immunoprecipitation and western blot to assess the circFBXO7/miR-96-5p/MTSS1/
Wnt/β-catenin axis.

Results: circFBXO7 was downregulated in ovarian cancer which was associated with poor prognosis. Biologically, 
circFBXO7 overexpression significantly suppressed ovarian cancer cell proliferation, migration, and invasion in vitro, 
and inhibited tumor growth and metastasis in vivo, whereas its knockdown exerted an opposite role. Mechanisti-
cally, circFBXO7 functioned as a competing endogenous RNA for miR-96-5p to regulate the expression of MTSS1. 
Consequently, downregulation of MTSS1 led to excessive accumulation of β-catenin and increased phosphorylation 
of GSK3β, leading to the translocation of β-catenin to the nucleus, thereby activating the Wnt/β-catenin signaling 
pathway and ultimately promoting ovarian cancer progression.
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Background
Circular RNAs (circRNAs) are a newly discovered class of 
non-coding RNA that are widely expressed and abundant 
in eukaryotes. In contrast to traditional linear mRNAs, 
circRNAs lack 5′ caps and 3′ poly (A) tails, where the 
5′ and 3′ ends are formed into continuous closed loop 
structure by cyclic covalent bonds [1, 2]. Due to this spe-
cialized structure, circRNAs escape the deadenylation, 
decapping and degradation normally caused by miRNA 
regulation, and are therefore highly stable and con-
servative [3]. With the development of high-throughput 
sequencing technology twinned with various bioinfor-
matics methods, increasing numbers of circRNA mole-
cules are now being discovered and described. According 
to their origins, current classification techniques divide 
circRNAs into three categories, exonic circRNA (ecir-
cRNA), intronic circRNA (ciRNA), and exon-intron cir-
cRNA (EIciRNA) [4, 5].

Three main types of circRNA mechanisms have also 
been identified where they either act as microRNA 
(miRNA) molecular sponges to regulate gene expression 
[6], or to bind RNA-binding proteins (RBPs) [7], or are 
themselves translated into proteins [8]. Many such func-
tions have been linked to cancer regulation. circMAT2B, 
for example, has been reported to act as a sponge for 
miR-338-3p to promote glycolysis and hepatocellular 
carcinoma progression by activating the circMAT2B/
miR-338-3p/PKM2 axis under hypoxia [9]. circTP63 
competitively binds to miR-873-3p and prevents miR-
873-3p from degrading FOXM1, thereby upregulating 
CENPA and CENPB, and ultimately promoting lung 
squamous cell carcinoma progression [10]. circHuR 
interacts with CCHC-type zinc finger nucleic acid bind-
ing protein (CNBP) and inhibits CNBP binding to HuR 
promoter, thereby suppressing gastric cancer progression 
by inhibiting CNBP transactivation [11]. circZNF609 
is formed by the circularization of the second exon of 
the ZNF609 gene and binds to polyribosomes, suggest-
ing that it has the potential to encode proteins. In one 
study, by constructing a circZNF609 overexpression vec-
tor a 3xFLAG coding sequence was added upstream of 
the stop codon enabling the transfected cells produced 
a marker protein. This was used to demonstrate that 
circZNF609 has a translation function [12]. circSMO, 
formed from exons 3–6 of the G protein-coupled-like 
receptor smoothened (SMO) gene, is also reported to 

encode a novel protein SMO-193aa, that is critical for 
Hedgehog signaling and drive glioblastoma tumorigene-
sis [13]. These and many other studies have demonstrated 
circRNAs as a significant new class of biomarkers which 
have aspects of clinical importance for disease diagnosis, 
prognosis and treatment [14, 15]. However, the molecu-
lar mechanisms of circRNAs, particularly those relating 
to carcinogenesis, require further investigation.

Ovarian cancer is one of the most common malignant 
tumors, ranking fifth for overall female cancer deaths, 
and with the second highest incidence rate and the high-
est mortality rate for cancers of the female reproductive 
system [16]. Early symptoms of ovarian cancer are not 
obvious and there is a clear lack of reliable early diagnos-
tic biomarkers resulting in most patients being diagnosed 
at an advanced stage for this cancer. Unlike other types 
of tumors, ovarian cancer is prone to extensive metasta-
sis in the pelvic and abdominal cavity [17]. Identification 
of early diagnostic and therapeutic biomarkers critically 
involved in ovarian cancer is, therefore, of great clinical 
significance.

In this study, we performed differential expression 
analysis of circRNAs between ovarian cancerous and 
normal tissues using rRNA-depleted deep sequenc-
ing, and identified a novel circFBXO7 in ovarian cancer, 
which is produced by back-splicing of exons 2, 3, and 4 of 
pre-mRNA FBXO7. FBXO7 encodes an adaptor protein 
in the ubiquitin protein ligase complex called SCF (SKP1-
cullin-F-box) that recognizes and mediates phosphoryla-
tion-dependent substrate ubiquitination. FBXO7 protein 
can regulate several key cellular processes by interacting 
with multiple target proteins, including synapse neu-
roplasticity [18], cell proliferation regulation [19] and 
circadian rhythm maintenance [20]. Mutations within 
FBXO7 have been found to cause Parkinson’s disease and 
multiple system atrophy [21]. However, FBXO7 exhibited 
no differential expression between ovarian tumors and 
normal tissues and was not associated with patient prog-
nosis, whereas circFBXO7 was significantly downregu-
lated in ovarian cancer tissues and positively correlated 
with better prognosis. Our mechanistic analysis further 
revealed that circFBXO7 acts as a competing endogenous 
RNA (ceRNA) of miR-96-5p to regulate the expression 
of MTSS I-BAR domain containing 1 (MTSS1) and then 
inhibit the activity of Wnt/β-catenin signaling pathways, 
thereby suppressing the progression of ovarian cancer.

Conclusions: Our findings indicate that circFBXO7 acts as a bone fide tumor suppressor in ovarian cancer and that 
the circFBXO7/miR-96-5p/MTSS1 axis is an important regulator in the Wnt/β-catenin signaling pathway which may 
provide a promising target for ovarian cancer therapy.
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Materials and methods
rRNA‑depleted RNA‑seq for detecting circRNAs in ovarian 
cancerous and normal tissues
This study was reviewed and approved by the Ethnics 
Committees of Women’s Hospital of Zhejiang University 
School of Medicine (Hangzhou, China). 27 tumor tis-
sues from ovarian cancer patients and 26 normal ovar-
ian tissues from patients with benign gynaecological 
diseases were collected with permission (Table S1). Total 
RNA was extracted using the Trizol reagent (Invitrogen, 
Carlsbad, CA, USA). RNA integrity was assessed using 
the Agilent 2100 Bioanalyzer System (Agilent Technolo-
gies, Palo Alto, CA, USA). Before constructing the com-
plementary DNA library, approximately 1 μg total RNA 
was treated with a NEBNext rRNA Depletion Kit (NEB, 
Ipswich, MA, USA, Cat# E6318) to remove ribosomal 
RNA (rRNA). Subsequently, strand-specific RNA-seq 
libraries were prepared using the NEBNext Ultra RNA 
Library Prep Kit (NEB, Cat# E7420) and were sequenced 
using a HiSeq X10 sequencer (Illumina, San Diego, 
CA, USA) with paired-end reads of length 2 × 150 bp. 
Approximately, 129 million reads were generated for each 
sequencing library (Table S2).

Identification of circRNAs
The output RNA-Seq sequence reads were pre-pro-
cessed using Trim Galore (http:// www. bioin forma tics. 
babra ham. ac. uk/ proje cts/ trim_ galore/). Adapters and 
sequences with low quality (base quality < 20) were 
removed before analysis. The trimmed sequence reads 
were mapped to the human genome (hg19) and the gene 
annotation database (Ensembl genes v75, www. ensem 
bl. org) using TopHat2 (v 2.0.13) [22]. All the unmapped 
reads were then used to identify circRNAs using CIRC-
explorer2 [23]. The expression level of circRNA was esti-
mated as the ratio of the number of back-spliced junction 
reads to the maximum number of reads spanning the lin-
ear-spliced junction of the same exon(s) in each library. 
Any expression differences in circRNAs between tumor 
and normal samples was examined using Students’ 
t-test in the R statistical package. To identify circRNAs 
expressed independently of their parental genes, only 
circRNAs with no significant correlation (P-value > 0.05) 
with their parental genes were selected.

Cell culture
Four human ovarian cancer cells (A2780, MDAH2774, 
OV90 and SKOV3) and HEK 293 T cells were cultured 
at 37 °C in 5%  CO2. A2780 was cultured in RPMI-1640 
media (GIBCO, Carlsbad, CA, USA) supplemented with 
10% FBS (GIBCO), penicillin (100 U/ml) and streptomy-
cin (100 ng/ml). MDAH2774 and 293 T were cultured 
in DMEM media (GIBCO) supplemented with 10% 

FBS (GIBCO), penicillin (100 U/ml) and streptomycin 
(100 ng/ml). OV90 was grown in 1:1 mixture of MCDB 
105 medium and 199 medium (GIBCO) supplemented 
with 15% FBS, penicillin (100 U/ml) and streptomycin 
(100 ng/ml). SKOV3 was cultured in McCoy’s 5A media 
(BI) supplemented with 10% FBS (GIBCO), penicillin 
(100 U/ml) and streptomycin (100 ng/ml).

Cell transfection
The pLO5-circFBXO7 overexpression vector and pLO5-
ciR control vector were purchased from GENESEED 
(Guangzhou, China). Lentivirus particles were generated 
in 293 T cells which had been co-transfected with the 
envelope plasmid pCMV-VSVG, the packaging plasmids 
psPAX2, and pLO5-circFBXO7 overexpression or pLO5-
ciR control plasmids, using lipofectamine 3000 (Invitro-
gen, Carlsbad, CA, USA). Cells were infected with filtered 
lentivirus plus 8 μg/mL polybrene (Sigma-Aldrich, St. 
Louis, MO, USA) for 48 hours and then treated with 5 μg/
mL puromycin (InvivoGen, San Diego, CA, USA) for 
more than 7 days to obtain stably transfected cells. The 
whole CDS sequence of MTSS1 was then cloned into a 
pcDNA3.1 vector to construct an MTSS1 overexpres-
sion vector. Small interference RNAs (siRNAs) that tar-
get the junction sequence of circFBXO7 and MTSS1 were 
designed and synthesized by GenePharma (Shanghai, 
China). Cells were transfected with these siRNAs using 
GeneMute™ reagent (SignaGen Laboratories, Rockville, 
MD, USA). Information on siRNAs used the study is 
shown in Table S3.

RNA‑seq for circFBXO7 overexpression and control cells
Total RNAs of three repeated experiments were 
extracted from A2780 and MDAH2774 ovarian cancer 
cells transfected with circFBXO7 overexpression plas-
mid or control plasmid. mRNA sequencing libraries of 
these transfected cells  (Table S4) were prepared using a 
TruSeq RNA Sample Preparation Kit from Illumina as 
we described previously [24]. Sequencing data were pre-
processed and mapped (as before) to the human genome 
(hg19) using TopHat2 (v 2.0.13) [22]. Transcripts were 
then constructed and identified using Stringtie2 (v2.1.0) 
[25]. Differentially expressed genes (DEGs) (adjusted 
P-values < 0.05) between circFBXO7 overexpression and 
mock cells were detected using Cuffdiff2 (v2.2.1) [26].

CCK‑8 assay and colony formation
For CCK-8 cell viability assays, an equal number of cells 
were plated into 96-well plates using 5 wells for repli-
cates. These were then incubated at 37 °C/5% CO2 for 0 h, 
24 h, 48 h, 72 h, 96 h or 120 h, respectively. Absorbance 
was measured at a wavelength of 450 nm after adding 

http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.ensembl.org
http://www.ensembl.org
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CCK-8 (Dojindo Laboratories, Kumamoto, Japan) for 2 h 
using a microplate reader (Bio-Rad, Model 680, Hercules, 
CA, USA). For colony formation assays, ovarian cancer 
cells were plated into 12-well plates with 2000 cells/well. 
The cells were cultured for 1 week, and then fixed with 
methanol and stained with crystal violet.

Cell migration assay
The ovarian cancer cells (1 ×  105 cells for A2780, and 
3 ×  104 cells for MDAH2774/SKOV3/OV90) were trans-
fected with siRNA or overexpression plasmids for 24 h, 
and then cultured with serum-free medium for 24 h. The 
starved cells were plated with 300 μL cell suspension 
into the upper transwells and placed in the above 500 uL 
media containing 10% FBS in 24-well plates. Plates were 
incubated at 5% CO2 and 37 °C for 24 h. Cells that had 
migrated into the bottom chamber were then fixed with 
methanol and stained with 0.1% crystal violet. Images 
were captured from each membrane and the number of 
migratory cells was counted under a microscope.

Real‑time quantitative RT‑PCR
Total RNA was extracted using Trizol (Invitrogen) and 
1 μg total RNA was reverse transcribed into cDNA in a 
reaction volume of 20 μL using SuperScript II (Vazyme, 
Nanjing, China). The amplification reaction volume 
was 10 μL containing SYBR Green PCR Master Mix 
(Vazyme), 1 μL cDNA, and amplification primers. Infor-
mation of primers is shown in Table S3.

Western blot
Cells were suspended in RIPA with PMSF, and the cel-
lular lysates were then centrifuged at 14,000 rpm for 
30 min. The protein concentration of the supernatant 
was determined using the BCA assay (Thermo Fisher 
Scientific, Waltham, MA, USA). Equal amount of pro-
teins (40 μg) was added to 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel. The 
proteins were then transferred onto a polyvinylidene flu-
oride (PVDF) membrane (300 mA, 2 h). The membrane 
was blocked with 5% skim milk and incubated with the 
primary antibodies overnight. Membranes treated with 
primary antibodies were then washed three times with 
TBST and incubated with an anti-rabbit or anti-mouse 
HRP-linked antibody at a 1:2000 dilutions for 1 h at 
room temperature. After washing three times with TBST 
the proteins were detected by western blot using ECL. 
The signal was visualized using ECL reagent and pho-
tographed using the ChemiDoc Touch Imaging System 
(Bio-Rad, Hercules, CA, USA). Information of antibodies 
for VIM, snail, β-catenin, p-GSK3β, MTSS1, β-actin and 
GAPDH is shown in Table S5.

Single‑molecule RNA in‑situ hybridization
The expression of circFBXO7 in ovarian cancer tis-
sues was evaluated using a BaseScope Assay (Advanced 
Cell Diagnostics (ACD), Newark, CA, USA). A 1ZZ 
BaseScope probe targeting the junction sequences of 
circFBXO7 was then designed. Formalin-fixed, paraffin-
embedded (FFPE) tissue samples from ovarian cancer 
patients from Women’s Hospital of Zhejiang University 
School of Medicine were prepared (Table S1). BaseScope 
assays were performed using a BaseScope Reagent Kit 
V2-RED (ACD, Cat# 323900) following the manufac-
turer’s protocol. Chromogenic detection was performed 
using BaseScope Fast RED followed by counterstaining 
with hematoxylin (American MasterTech Scientific, Lodi, 
CA). At 20× magnification, the number of visible red 
dots in 10 randomly scanned regions of each image was 
used to measure the expression of circFBXO7 in each 
FFPE tissue.

Survival analysis
The expression of FBXO7 (in format of FPKM) from 
ovarian cancer RNA-seq data in The Cancer Genome 
Atlas (TCGA) was downloaded using the GDC data por-
tal (https:// portal. gdc. cancer. gov/) [27]. Prior to survival 
analysis, the FBXO7 expression was normalized using 
log2 transformed FPKM value. The expression of circF-
BXO7 in FFPE tissues from patients with ovarian cancer 
was scored by Basescope assay (Table S1).

The event of overall survival was defined as death, 
while the relapse-free survival was ended by any dis-
ease recurrence or death. The median overall survival 
time of patients in TCGA is 46 months, ranging from 
1 to 183 months, and the median relapse-free survival 
time is 18 months, ranging from 1 to 183 months. The 
median overall survival time of patients in our cohort 
is 83 months, ranging from 6 to 177 months, and the 
median relapse-free survival time is 38 months, ranging 
from 1 to 177 months. Patient samples were collected 
from 1992 to 2009 in the TCGA cohort, of which 88.14% 
were Caucasian. While in our cohort, samples were col-
lected from 2006 to 2012, and all patients were Asian. 
The median age at diagnosis for the TCGA and our 
cohort was 59 and 53 years, respectively. 90.23% patients 
were diagnosed with advanced stages (Stage III or IV) in 
the TCGA cohort, compared with 61.43% in our cohort. 
As for the treatment represented by adjuvant paclitaxel 
therapy, there was no significant difference between two 
cohorts (P = 0.78, Chi-squared test).

Patients with ovarian cancer were divided into low- 
and high-risk groups according to the median expres-
sion levels of FBX7 or circFBXO7. Survival distributions 
in different groups were visualized using Kaplan-Meier 
curves, and the significance was assessed by a log-rank 

https://portal.gdc.cancer.gov/
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test. Survival analysis was performed using the R package 
“survival.”

Animal experiments
Five-week-old female athymic nude mice (BALB/c Nude) 
and NOD/SCID mice were used (5 mice per group). For 
the local model, MDAH2774 cells with stable circFBXO7 
overexpression and negative control (8 ×  106 cells) were 
suspended in 0.1 ml PBS and subcutaneously inoculated 
into the flanks of the nude mice. Tumor growth was 
monitored every 2 days and tumor volumes were meas-
ured using a caliper and calculated using the following 
formula: Volume  (cm3) = (length ×  width2)/2. Four weeks 
after inoculation, the mice were euthanized adhering to 
the policy on the humane treatment of tumor-bearing 
animals. Tumor weights were then measured. For the 
systemic model, MDAH2774 cells with stable circF-
BXO7 overexpression and negative control (2 ×  106 cells) 
suspended in 0.1 ml PBS were intraperitoneal injected 
to NOD/SCID mice. 1.5 mg luciferin (Gold Biotech, St 
Louis, MO, USA) was administered once a week for 5 
weeks, to monitor tumor cell metastases using an IVIS@ 
Lumina II system (Caliper Life Sciences, Hopkinton, MA, 
USA). Tumor data were presented as the mean ± stand-
ard deviation of five mice at each time point. Differ-
ences in tumor weight, volume, and metastasis between 
circFBXO7 overexpression and negative control groups 
were examined using a two-tailed Student’s t test. Differ-
ences were considered statistically significant at P < 0.05. 
All experiments were performed in accordance with the 
Guide for the Care and Use of Laboratory Animals (NIH 
publication 80–23, revised 1996) of Zhejiang University, 
Hangzhou, China.

Luciferase report assay
The sequence of circFBXO7 (or the 3′ UTR of MTSS1) 
was subcloned into the psiCHECK2 vector (Promega, 
Madison, WI, USA, Cat# C8021). In the mutant vectors, 
the miR-96-5p binding sites in circFBXO7 or the 3’UTR 
of MTSS1 were mutated on psiCHECK2 vectors. For the 
TOP/FOP flash assay, the ovarian cancer cells were trans-
fected with 0.5 μg TOP/FOP plasmid and 12.5 ng Renilla 
per well using Lipofectamine 3000 in 24-well plates. At 
the same time, ovarian cancer cells were transfected with 
circFBXO7 overexpression plasmids or MTSS1 siRNA. 
The ovarian cancer cells were then transfected with 0.5 μg 
reporter vector and miR-96-5p mimic per well using 
Lipofectamine 3000 in 24-well plates. After 24 hours 
transfection, the cells were lysed with passive lysis buffer 
(Promega, Cat# E1910), and reporter gene expression 
was assessed using a Dual Luciferase reporter assay sys-
tem (Promega, Cat# E1910).

Cytoplasmic & nuclear fractionation
The nuclear and cytoplasmic fraction of cells was iso-
lated using the PARIS™ kit (Ambion, Austin, TX, USA, 
Cat#AM1921). Approximately  107 cells were washed 
with cold PBS, and then resuspended in 600 μL cell frac-
tionation buffer for 5 min on ice. The lysates were then 
centrifuged at 500×g for 5 min at 4 °C. The resulting 
supernatant was collected as the cytoplasmic fraction. 
Precipitation was added with 600 μL cell fractionation 
buffer for 3 min on ice, the lysates were centrifuged at 
500×g for 3 min at 4 °C. After removing the supernatant, 
500 μL cell disruption buffer was added to resuspend the 
pellet to obtain the nuclear fraction.

RNA immunoprecipitation
An RNA immunoprecipitation (RIP) assay was per-
formed using the Magna RIP™ RNA-Binding Protein 
Immunoprecipitation Kit (EMD Millipore, Darmstadt, 
Germany, Cat# 17–700). 2 ×  107 cells were lysed in 
100 μL RIP lysis buffer with the addition of 0.5 μL of pro-
tease inhibitor cocktail and 0.25 μL RNase inhibitor, and 
then lysed on ice for 5 min. Meanwhile, IgG and AGO2 
antibody with protein A/G magnetic beads were incu-
bated at room temperature for an hour. The mixture was 
incubated with lysates at 4 °C overnight. The beads were 
washed six times with wash buffer, and then resuspended 
in protein K buffer for 30 min at 55 °C. After extracting 
RNA, the abundance of circFBXO7 was measured using 
qPCR.

Statistical analysis
All experiments were repeated at least 3 times. Repre-
sentative experiments are shown. Protein abundances 
from western blots were quantified using ImageJ (https:// 
imagej. nih. gov/ ij/). Data are presented as mean ± stand-
ard deviation of three independent experiments. For 
comparison of two groups, a two-tailed Student’s t test 
was used. Comparison of multiple groups was made 
using a one- or two-way ANOVA. Differences were con-
sidered statistically significant at P < 0.05.

Results
CircFBXO7 is downregulated in ovarian cancer 
and associated with poor prognosis
To identify the role of circRNAs in ovarian cancer, we 
analyzed the rRNA-depleted RNA-seq data from 27 
tumor tissues from ovarian cancer patients and 26 nor-
mal ovarian tissues from patients with gynaecological 
diseases. Volcano plots (Fig.  1A) display the log2-fold 
change in circRNA expression between ovarian tumor 
and normal tissues versus its associated -log10 of the 
P-values. CircFBXO7 was identified as one of the most 
significantly downregulated circRNAs in ovarian cancer, 

https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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Fig. 1 circFBXO7 is downregulated in ovarian cancer and is associated with poor prognosis. A Volcano plot showing the relative expression of 
circRNA in ovarian cancer and normal ovarian tissue. circFBXO7 is marked as a red circle. Expression of circFBXO7 and its parental gene FBXO7 in 
tumor and normal tissue is shown in the right panel. B Schematic diagram of the formation of circFBXO7. circFBXO7 was back-spliced from 3 exons 
of FBXO7 and its full-length sequence was confirmed by Sanger sequencing. C Agarose gel electrophoresis showed circFBXO7 as amplified by 
divergent primers in cDNA but not in gDNA of A2780 and MDAH2774. D The full length of circFBXO7 obtained by two different primers. E Relative 
abundance of circFBXO7 and linear-FBXO7 in TOV21G and A2780 cells treated with RNase R, as determined by qRT-PCR. F qRT-PCR analysis of the 
expression of circFBXO7 in an independent cohort including 12 tumor tissues from ovarian cancer patients and 12 normal tissues from patients 
with benign gynaecological diseases. G Kaplan-Meier survival curve of circFBXO7 expression level in 70 FFPE tissues from ovarian cancer patients. 
The expression level of circFBXO7 was evaluated using the BaseScope assay. H BaseScope images (20× magnification) showing the signal points 
which measure the expression of circFBXO7. The two upper panels represent the better the prognosis with higher the expressions of circFBXO7, 
and the two lower panels represent the worse the prognosis with lower expressions of circFBXO7. I Kaplan-Meier survival curve of linear FBXO7 
expression level of ovarian cancer patients from TCGA. *** P < 0.001, ** P < 0.01, * P < 0.05
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while its parental gene FBXO7 lacked any significant dif-
ferential expression between ovarian tumors and normal 
ovarian tissues. circFBXO7 is spliced from exons 2, 3 
and 4 of FBXO7 on the sense strand of chromosome 22 
(from 32,874,967 to 328,81,196 bp, hg19 genome build). 
To verify the existence of circFBXO7, divergent primers 
were designed to amplify circFBXO7 in different ovarian 
cancer cells (Fig. 1B). Agarose gel electrophoresis showed 
that whilst circFBXO7 was amplified by divergent prim-
ers only in the cDNA of A2780 and MDAH2774, FBXO7 
was detected in both cDNA and genomic DNA (Fig. 1C). 
Two pairs of different primers, in which the first base of 
the forward and reverse primers occur next to each other, 
were then designed to confirm the full length of circF-
BXO7 (Fig. 1D). CircFBXO7 contains 665 nucleotides and 
its full-length sequences are given in Fig. S1. As expected, 
circFBXO7 displayed increased tolerance against RNase 
R exonuclease digestion, as compared to FBXO7, sug-
gesting that circFBXO7 bears a circular structure lack-
ing a 5′ cap and 3′ tail (Fig. 1E). Furthermore, qRT-PCR 
results from 12 independent ovarian cancer tissue sam-
ples confirmed the downregulation of circFBXO7 in 
tumor tissues compared to 12 corresponding normal 
ovarian tissue samples (Fig.  1F). Basescope assays using 
an 1ZZ BaseScope probe were used to assess circFBXO7 
expression in FFPE tissues from ovarian cancer patients 
with known clinical outcomes. Kaplan–Meier survival 
analysis indicated that the lower expression of circFBXO7 
was associated with shorter overall survival and relapse–
free survival in ovarian cancer patients (Fig. 1G and H). 
However, the expression of FBXO7 was not significantly 
corelated with patient prognosis (Fig. 1I). Taken together, 
these experiments validated the existence of circFBXO7 
detected by rRNA-depleted RNA-seq in ovarian tumor 
tissues and demonstrated the clinical significance of 
circFBXO7 as a potential diagnostic and prognostic bio-
marker for ovarian cancer patients.

CircFBXO7 acts as a tumor suppressor in ovarian cancer
As described above, circFBXO7 expression is signifi-
cantly downregulated in cancer tissues and its down-
regulation is associated with a poor prognosis in ovarian 

cancer, suggesting that circFBXO7 may act as a tumor 
suppressor in ovarian cancer. To test this hypothesis, we 
evaluated its potential tumor suppressing role in  vitro 
and in vivo. Firstly, we examined the expression level of 
circFBXO7 in several ovarian cancer cells (Fig. 2A). We 
chose A2780 and MDAH2774, with lower expression of 
circFBXO7, to transfect lentiviral overexpression vec-
tors, while SKOV3 and OV90, with higher expression 
of circFBXO7, were transfected with siRNAs targeting 
spliced junctions. circFBXO7 was significantly upregu-
lated after transfection of the overexpression vector in 
A2780 and MDAH2274 cells, whereas the FBXO7 mRNA 
levels showed no obvious changes (Fig. 2B). Conversely, 
circFBXO7 was significantly reduced after transfect-
ing the siRNAs in SKOV3 and OV90 cells, whereas the 
FBXO7 mRNA levels showed no significant changes 
(Fig. S2A). Consequently, the upregulation of circF-
BXO7 significantly inhibited proliferation (Fig.  2C and 
D), migration (Fig.  2E) and invasion (Fig.  2F), whereas 
the depletion of circFBXO7 significantly promoted all 
three of these aspects, in ovarian cancer cells (Fig. S2B-
D). Overexpression of circFBXO7 decreased the expres-
sion of SNAIL1 and vimentin (Fig.  2G), indicating that 
epithelial-mesenchymal transitions (EMT) is repressed 
upon the upregulation of circFBXO7. To further confirm 
the function of circFBXO7 in  vivo, we subcutaneously 
injected MDAH2774 cells with stable overexpression 
of circFBXO7, or mock controls, into the nude mice. 
We observed that the tumor volumes and weights of 
the circFBXO7 overexpression group were significantly 
smaller than those of the control groups, suggesting that 
circFBXO7 can suppress the growth of ovarian cancer 
cells in vivo (Fig. 2H). Additionally, we conducted intra-
peritoneal injection of cells with stable circFBXO7 over-
expression or mock controls into NOD/SCID mice and 
monitored the photon flux of metastases by injecting 
luciferin. It was observed that overexpression of circF-
BXO7 could inhibit the metastasis of ovarian cancer cells 
in vivo (Fig. 2I). Taken together, these results suggest that 
circFBXO7 plays a tumor-suppressive role in ovarian 
cancer in vitro and in vivo.

Fig. 2 circFBXO7 acts as a tumor suppressor and inhibits the proliferation, migration and invasion of ovarian cancer cells. A circFBXO7 expression 
in different ovarian cancer cell lines, assessed by qRT-PCR. B The expression of circFBXO7 and linear-FBXO7 in A2780 and MDAH2774 cells 
transfected with circFBXO7 or mock plasmids, as assessed by qRT-PCR. C Growth curve of A2780 and MDAH2774 cells transfected with circFBXO7 
or mock plasmids as measured using CCK-8 assays. D Proliferation of A2780 and MDAH2774 cells transfected with circFBXO7 or mock plasmids as 
determined by colony formation assay. E Migration ability of A2780 and MDAH2774 cells transfected with circFBXO7 or mock plasmids. F Invasion 
ability of A2780 and MDAH2774 cells transfected with circFBXO7 or mock plasmids. G Western blot analysis of the expression of VIM and snail in 
A2780 and MDAH2774 cells transfected with circFBXO7 or mock plasmids. H Tumor volume and weight of nude mice injected with circFBXO7 
and mock plasmids in right and left side, respectively. I Intraperitoneal injection of circFBXO7 overexpression cells into nude mice. *** P < 0.001, ** 
P < 0.01, * P < 0.05

(See figure on next page.)



Page 8 of 19Wu et al. Molecular Cancer          (2022) 21:137 

Fig. 2 (See legend on previous page.)
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circFBXO7 sponges miR‑96‑5p and suppresses miR‑96‑5p 
activity
Previous studies have shown that known circRNAs can 
affect the biogenesis of cancers in diverse ways. These 
include circRNAs functioning as miRNA sponges, bind-
ing with RBPs, working as transcription factors, or trans-
lating into proteins. To gain a deeper understanding of 
molecular mechanisms of circFBXO7 in ovarian car-
cinogenesis, we firstly checked the cellular localization 
of circFBXO7. Both cytoplasmic & nuclear fractionation 
and FISH assays revealed that circFBXO7 is predomi-
nantly localized in the cytoplasm of ovarian cancer cells 
(Fig.  3A and B). In addition, an anti-Ago2 RIP assay 
showed that endogenous circFBXO7 was enriched in 
the IP fraction compared with IgG, indicating that circF-
BXO7 can bind to AGO2 protein (Fig.  3C). The results 
of these assays collectively suggest that circFBXO7 may 
play a role as a molecular sponge of miRNAs in ovarian 
cells. Therefore, we investigated the potential of miRNA 
binding to circFBXO7. Using bioinformatics analysis, 
we found that circFBXO7 possessed a complementary 
sequence to the miR-96-5p seed region (Fig. 3D). Lucif-
erase reporter assays showed that only miR-96-5p mim-
ics could remarkably suppress pSICHECK2-circFBXO7 
luciferase activity, whereas the luciferase activity was 
not significantly changed when the binding site of miR-
96-5p was mutated (Fig. 3E). The co-localization results 
from the FISH assay also confirmed a physical interaction 
between circFBXO7 and miR-96-5p (Fig.  3B). Several 
previous studies have shown that miR-96-5p promotes 
cell proliferation and migration in ovarian cancer [28], 
non-small cell lung carcinomas [29] and head and neck 
squamous cell carcinomas [30]. Circulating miR-96-5p 
was also noted as highly expressed in the plasma of 
breast cancer patients and this could be used as an effec-
tive diagnostic biomarker [31]. In our study, upregulation 
of circFBXO7 decreased the expression level of miR-
96-5p in A2780 and MDAH2774 cells (Fig. 3F). To inves-
tigate whether the binding of miR-96-5p and circFBXO7 
regulates the function of cancer cells, we co-transfected 
A2780 and MDAH2774 cells with circFBXO7 overex-
pression vectors and miR-96-5p mimics. Compared to 

the controls, transfection of miR-96-5p mimics signifi-
cantly rescued the decreased cell proliferation and migra-
tion caused by circFBXO7 overexpression (Fig.  3G and 
H). Collectively, these results strongly support the sug-
gestion that circFBXO7 binds directly to miR-96-5p and 
suppresses the activity of miR-96-5p in ovarian cancer 
cells.

MTSS1 is a target of miR‑96‑5p and is indirectly regulated 
by circFBXO7
To investigate novel downstream molecules, three bio-
informatics databases (miRTarBase, TargetScan and 
miRDB) were used to predict the potential targets of 
miR-96-5p [32–34]. Seventeen genes were consistently 
predicted as potential targets of miR-96-5p by all these 
three databases (Fig.  4A). We evaluated the expres-
sion alteration of these genes in A2780 and MDAH2774 
cells transfected with circFBXO7 or mock plasmids by 
qRT-PCR. We observed that MTSS1 had the most con-
sistent significant expression changes upon circFBXO7 
overexpression for both cell lines (Fig.  4B). The 3’UTR 
sequence of MTSS1 was blasted in the miRbase database 
(v20, http:// www. mirba se. org/) to find the binding sites 
with miR-96-5p. Interestingly, the identical sequence 
on the miR-96-5p seed region binds to either MTSS1 or 
circFBXO7 with a seven or six base-pairing, respectively 
(Fig. 4C and D). Luciferase reporter assays demonstrated 
that only miR-96-5p mimics could significantly decrease 
luciferase activity, whereas the luciferase activity was not 
significantly changed when the binding site was mutated 
(Fig.  4D). Moreover, transfecting the miR-96-5p mimic 
significantly decreased the MTSS1 protein level, whereas 
transfecting the miR-96-5p inhibitor led to its increase 
(Fig.  4E). In addition, overexpressing circFBXO7 in 
A2780 and MDAH2774 cells significantly increased both 
MTSS1 mRNA and protein levels (Fig. 4B and F). Taken 
together, these findings demonstrate that circFBXO7 
can act as a ceRNA for miR-96-5p to regulate MTSS1 
expression.

(See figure on next page.)
Fig. 3 circFBXO7 targets miR-96-5p. A circFBXO7 expression in nuclear and cytosolic fractions of ovarian cancer cells assessed by qRT-PCR. U6 
was served as a positive control for the nuclear fractions; GAPDH and β-actin as positive control for the cytoplasmic fraction. B FISH images of the 
subcellular localization and expression of miR-96-5p (green) and circFBXO7(red). Nuclei were counterstained with DAPI (blue). C RIP experiments 
were performed in ovarian cancer cells and the coprecipitated RNA was used to quantify circFBXO7 expression using qRT-PCR. D Luciferase report 
vector of wild-type and mutant circFBXO7. E Luciferase activity of circFBXO7 wild-type and mutant transfected with miR-96-5p mimics or negative 
control mimics. F miR-96-5p expression by qRT-PCR in A2780 and MDAH2774 cells transfected with circFBXO7 or mock plasmids. G Growth curve 
performed for circFBXO7 overexpression A2780 and MDAH2774 cells transfected with miR-96-5p mimics or negative control mimics. H Migration 
assays performed for circFBXO7 overexpression A2780 and MDAH2774 cells transfected with miR-96-5p mimics or negative control mimics. 
Migration rates were summarized by histogram in the lower panel. *** P < 0.001, ** P < 0.01, * P < 0.05

http://www.mirbase.org/
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Fig. 3 (See legend on previous page.)
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Fig. 4 MTSS1 is a target of miR-96-5p. A Venn diagram of miR-96-5p targets predicted by miRDB, TarBase and TargetScan. B qRT-PCR analysis of 
potential miR-96-5p target genes that were predicted by all three miRNA target databases (miRTarBase, TargetScan and miRDB) in A2780 and 
MDAH2774 cells transfected with circFBXO7 and mock plasmids. C Luciferase report vector of wild-type and mutant MTSS1. D Luciferase activity of 
MTSS1 wild-type and mutant cells transfected with miR-96-5p mimics and negative control mimics. E Western blot analysis of MTSS1 expression in 
A2780 and MDAH2774 cells transfected with miR-96-5p mimics or negative control mimics, and miR-96-5p inhibitors or negative control inhibitors. 
F Western blot analysis of the expression of MTSS1 in A2780 and MDAH2774 cells transfected with circFBXO7 or mock plasmids. *** P < 0.001, ** 
P < 0.01, * P < 0.05
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MTSS1 suppresses the proliferation and migration 
of ovarian cancer cells
MTSS1 has been characterized as a tumor suppressor in 
breast cancer [35] and chronic myeloid leukemia [36], 
however overexpression of MTSS1 has been observed in 
melanomas and hepatocellular carcinomas [37–39]. To 
explore the role of MTSS1 in ovarian cancer, we knocked 
down MTSS1 by siRNA and overexpressed it by over-
expression plasmids in A2780 and MDAH2774 ovarian 
cancer cells (Fig.  5A, B, and Fig. S3A, B). Knockdown 
of MTSS1 promoted cell proliferation (Fig.  5C), colony 
formation (Fig.  5D), migration (Fig.  5E) and invasion 
(Fig.  5F). Conversely, overexpression of MTSS1 inhib-
ited cell proliferation (Fig. S3C), colony formation (Fig. 
S3D) and migration (Fig. S3E). Furthermore, western 
blot showed that MTSS1 knockdown or overexpression 
increased or decreased the expressions of both SNAIL1 
and vimentin, respectively (Fig. 5B and Fig. S3F), indicat-
ing that MTSS1 is involved in EMT.

As described above, circFBXO7 acts as a ceRNA for 
miR-96-5p to regulate the expression of MTSS1. MTSS1 
in turn, is a target of miR-96-5p, and plays a tumor sup-
pressive role in ovarian cancer. This suggests that circF-
BXO7 may regulate the occurrence and development 
of ovarian cancer through the circFBXO7/miR-96-5p/
MTSS1 axis. To test this hypothesis, we knocked down 
MTSS1 by siRNA in the circFBXO7-overpressing A2780 
and MDAH2774 cells. As a result, MTSS1 knockdown 
significantly rescued the decreased cell proliferation and 
migration caused by circFBXO7 overexpression (Fig. 5G 
and H). These results confirmed our hypothesis that 
circFBXO7 suppress the proliferation and migration of 
ovarian cancer cells through sponging miR-96-5p to reg-
ulate MTSS1.

circFBXO7 regulates ovarian cancer 
through the miR‑96‑5p/MTSS1/wnt/β‑catenin signaling 
pathway
To investigate the potential signaling pathways regu-
lated by circFBXO7 in ovarian cancer cells, RNA-seq 
analysis was performed on circFBXO7 overexpressing 
and control cells. Differentially expressed genes (DEGs) 
between circFBXO7 overexpressing and control cells 

were detected from these RNA-seq data (Fig. S4). Regu-
lation of Wnt/β-catenin signaling pathway was the most 
significant pathway that was enriched for DEGs upon 
overexpression of circFBXO7 (Fig. 6A). A growing body 
of literature has reported that WNTs, and their down-
stream effectors, regulate various important processes 
associated with cancer including tumor initiation, tumor 
growth, cell senescence, cell death, differentiation, and 
metastasis [40–42]. TOP/FOP-Flash reporter assays are 
often used to detect activity of the Wnt/β-catenin sign-
aling pathway. Thus, we co-transfected circFBXO7 over-
expression vector together with TOP flash or the control 
FOP flash, and MTSS1 siRNA together with TOP flash 
or the control FOP flash in A2780 and MDAH2774 cells, 
respectively. As a result, overexpression of circFBXO7 
inhibited Wnt/β-catenin signaling activation, and knock-
down of MTSS1 could activated Wnt/β-catenin signaling 
pathways in both cell lines (Fig. 6B and C). Western blot 
showed that overexpressing circFBXO7 or MTSS1 could 
consistently downregulate the expression of β-catenin 
and p-GSK3β (Fig.  6D and Fig. S5A), while miR-96-5p 
mimics or MTSS1 knockdown led to the upregulation 
of β-catenin and p-GSK3β (Fig. 6E and F). Furthermore, 
circFBXO7 knockdown also increased the protein level 
of β-catenin and p-GSK3β (Fig. S5B). In agreement with 
the western blot results, confocal immunostaining results 
for β-catenin showed that more β-catenin translocated to 
the nucleus upon knockdown of circFBXO7 or MTSS1 
(Fig. 6I).

Then, we carried out rescue experiments to further 
evaluate the regulatory effect of the circFBXO7/miR-
96-5p/MTSS1 axis on the Wnt/β-catenin signaling path-
way. As expected, miR-96-5p mimics or MTSS1 siRNA 
could rescue the drop in β-catenin and p-GSK3β protein 
levels due to circFBXO7 overexpression (Fig. 6G and H). 
Lithium chloride (LiCl) is a potent agonist of the Wnt 
signaling pathway which can inhibit GSK3β activity and 
lead to stabilization of β-catenin, thereby promoting the 
Wnt signaling pathway [43, 44]. Therefore, LiCl was used 
to counteract MTSS1 effects on the Wnt signaling in our 
rescue experiment. We found that LiCl could restore 
β-catenin and p-GSK3β protein levels that were dropped 
by MTSS1 overexpression (Fig. S5C). Consistently, LiCl 

(See figure on next page.)
Fig. 5 MTSS1 exerts tumor-suppressive effects in ovarian cancer cells. A qRT-PCR analysis of the expression of MTSS1 in A2780 and MDAH2774 cells 
transfected with MTSS1 siRNA or negative controls. B Western blot analysis of the expression of MTSS1, VIM, and Snail in A2780 and MDAH2774 
cells transfected with MTSS1 siRNA or negative controls. C Growth curve of A2780 and MDAH2774 cells transfected with MTSS1 siRNA or negative 
controls as assessed using CCK-8 assays. D Proliferation of A2780 and MDAH2774 cells transfected with MTSS1 siRNA or negative controls as 
determined by colony formation assays. E Migration ability of A2780 and MDAH2774 cells transfected with MTSS1 siRNA or negative controls. F 
Invasion ability of A2780 and MDAH2774 cells transfected with MTSS1 siRNA or negative controls. G Growth curve of circFBXO7 overexpression 
A2780 and MDAH2774 cells transfected with MTSS1 siRNA or negative control siRNA. H Migration assays performed in circFBXO7 overexpression 
A2780 and MDAH2774 cells transfected with MTSS1 siRNA or negative control siRNA. *** P < 0.001, ** P < 0.01, * P < 0.05
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Fig. 5 (See legend on previous page.)
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could also enhance nuclear translocation of β-catenin 
that were blocked by MTSS1 overexpression (Fig. S5D). 
Taken together, our data revealed a working model that 
circFBXO7 inactivates Wnt/β-catenin signaling pathway 
by regulating the miR-96-5p/MTSS1 axis in ovarian can-
cer cells (Fig. 7).

Discussion
A growing body of evidence suggests that circRNAs play 
an important role in the development and progression of 
cancer. In this study, we performed deep rRNA-depleted 
RNA-seq for 27 tumor tissues from ovarian cancer 
patients and 26 normal ovarian tissues from patients 
with gynaecological diseases and identified circFBXO7 
as one of the most significantly downregulated circR-
NAs in ovarian cancer. CircFBXO7 is a novel circRNA 
and its clinical significance and functional role in ovar-
ian cancer has not yet been explored. Using BaseScope 
assays, an RNA in situ hybridization technique that uti-
lizes z-type probes to increase detection sensitivity while 
reducing background noise by signal amplification [45, 
46], we assessed the expression of circFBXO7 in FFPE tis-
sues from ovarian cancer patients with long-term follow-
up. BaseScope assay results showed that although there 
was no significant difference in circFBXO7 expression 
between high-grade and low-grade ovarian tumors (Fig. 
S6), low circFBXO7 expression was highly predictive of 
a poor prognosis, suggesting circFBXO7 as a potential 
prognostic biomarker for ovarian cancer.

Both in  vitro and in  vivo assays demonstrated that 
the overexpression of circFBXO7 inhibits the prolif-
eration, migration, and invasion of ovarian cancer cells, 
and decreases both EMT and its corresponding promo-
tion of tumor metastasis. Conversely, the knockdown of 
circFBXO7 has the opposite effect. Increasing evidence 
suggests that circRNA can function as transcriptional 
regulators [47], miRNA sponges [6], protein decoys 
[7] or protein translation templates [8] to regulate gene 

expression at transcriptional or post-transcriptional 
levels where circRNAs in different subcellular compart-
ments can execute different regulatory functions [48] . In 
this study, we found that circFBXO7 is mainly localized 
in the cytoplasm of ovarian cancer cells and possesses a 
complementary sequence to the miR-96-5p seed region. 
Luciferase reporter, FISH and RIP assays consistently 
revealed that circFBXO7 shows direct binding to miR-
96-5p which itself has been suggested as an oncogene 
active in almost all studied cancers (e.g., ovarian, lung, 
head and neck, and breast cancer) [28–31]. In addition, 
transfecting miR-96-5p mimics significantly rescued the 
inhibitory effects of circFBXO7 overexpression on cell 
proliferation and migration. All such results indicated 
that circFBXO7 and miR-96-5p physically bind and inter-
act with each other and are involved in regulating the 
proliferation, migration and invasion of ovarian cancer 
cells.

Three miRNA databases were used to find the com-
mon target genes of miR-96-5p. MTSS1 was identi-
fied as the strongest target gene as directly regulated 
by miR-96-5p. It has been reported that miR-96-5p 
may bind to MTSS1. MiR-96 was upregulated in chol-
angiocarcinoma and positively associated with poor 
prognosis; its upregulation may promote cholangio-
carcinoma cell proliferation, migration and invasion by 
targeting MTSS1 [49]. miR-96 has also been reported 
to be increased in breast cancer; its overexpression may 
suppress breast cancer cell migration by downregulat-
ing the expression of MTSS1 [50]. MTSS1 had been 
previously considered a potential tumor suppressor 
in various cancers [35, 36, 51], but as an oncogene in 
hepatocellular carcinomas [37]. Meanwhile, some stud-
ies have shown that MTSS1 may be a scaffold protein 
that interacts with actin-associated proteins to modu-
late lamellipodia formation [52–55], or inhibit the Src-
dependent phosphorylation of cortactin to promote 
dermal cilia regulation [56]. In our study, depletion 
of MTSS1 promoted cell proliferation and metastasis 

Fig. 6 circFBXO7 regulates Wnt/β-catenin signaling pathway in ovarian cancer. A Enrichment analysis of signaling pathway after circFBXO7 
overexpression using RNA-seq data. B Topflash/Fopflash assays performed in MDAH2774 and A2780 cells with circFBXO7 overexpression plasmid 
transfection. C Topflash/Fopflash assays performed in MDAH2774 and A2780 cells with MTSS1 siRNA transfection. D Western blot analysis of 
the expression of Wnt/β-catenin and p-GSK3β in A2780 and MDAH2774 cells transfected with circFBXO7 or mock plasmids, miR-96-5p mimics 
or negative control mimics, MTSS1 siRNA or negative controls. E Western blot analysis of the expression of Wnt/β-catenin and p-GSK3β in 
circFBXO7 overexpression A2780 and MDAH2774 cells transfected with miR-96-5p mimics or negative control mimics. F Western blot analysis 
of the expression of Wnt/β-catenin and p-GSK3β in circFBXO7 overexpression A2780 and MDAH2774 cells transfected with MTSS1 siRNA or 
negative controls. G Western blot analysis of the expression of Wnt/β-catenin and p-GSK3β in circFBXO7 overexpression A2780 and MDAH2774 
cells transfected with miR-96-5p mimics or negative control mimics. H Western blot analysis of the expression of Wnt/β-catenin and p-GSK3β 
in circFBXO7 overexpression A2780 and MDAH2774 cells transfected with MTSS1 siRNA or negative control siRNA. i Representative images of IF 
micrographs of the subcellular localization and expression of β-catenin (green) in MDAH2774 cells transfected with circFBXO7 siRNA, MTSS1 siRNA, 
or negative control siRNA. Nuclei were counterstained with DAPI (blue). LiCl (Lithium chloride) is a Wnt activator which acts directly on GSK3β. *** 
P < 0.001, ** P < 0.01, * P < 0.05

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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while overexpression of MTSS1 exerted the opposite 
role. Further rescue experiments revealed that circF-
BXO7 can modulate MTSS1 by competitively sponging 
miR-96-5p to inhibit ovarian cancer cell proliferation 
and metastasis.

RNA-seq analysis of circFBXO7 overexpression cells 
revealed Wnt signaling as one of the top targeted path-
ways upon circFBXO7 overexpression in ovarian cancer 
cells. The Wnt signaling pathway plays an important role 
in various cancers where β-catenin, as the core molecule 
in the Wnt signaling pathway, is involved in the tran-
scriptional regulation of many genes [57]. Abnormal 
activation of Wnt signaling pathway is noted as one of 
the main contributors to the occurrence and develop-
ment of many cancers, with the excessive accumulation 
of β-catenin as one of the key inducing factors for abnor-
mal activation of Wnt signaling pathway [58]. GSK3β 
is the upstream regulator of β-catenin [59]. When Wnt 
signal is activated it can increase the phosphorylation of 
GSK3β, decrease the activity of GSK3β, and subsequently 
promote the accumulation of β-catenin. It could be that 
upregulation of circFBXO7 acts to reduce the protein 
levels of β-catenin and p-GSK3β, whilst the transfection 
with  miR-96-5p or knocking down of MTSS1 results in 
their increase. Furthermore, transfection with miR-96-5p 

mimics or MTSS1 siRNA in ovarian cancer cells with 
circFBXO7 overexpression was able to dramatically res-
cue the suppressed Wnt signaling activation caused by 
overexpression of circFBXO7. Similarly, the suppres-
sion of β-catenin and p-GSK3β protein levels caused by 
MTSS1 overexpression could be rescued by the addition 
of LiCl.

It is worth noting that an interesting study has just 
been published recently, that is, MTSS1/Src2 shows the 
stimulatory effect of the Wnt/β-catenin on mouse osteo-
blast differentiation and bone homeostasis [60]. MTSS1 
is a well-recognized antagonist of Src family of tyrosine 
kinases in multiple cellular processes [56, 61]. It has been 
reported that Src exhibits either stimulatory or inhibi-
tory effects on canonical Wnt signaling, depending on 
the cellular context. In tumor cells, Src promotes tumor 
progression at least in part by enhancing Wnt signaling 
[62, 63]. Src functions as a positive regulator of β-catenin 
by docking to and being activated by Dishevelled-2 [64], 
resulting in increased β-catenin translocation into the 
nucleus [65]. In contrast, Src exhibits inhibitory effects 
on Wnt signaling in non-tumor cells, such as mouse 
osteoblast [60] and embryonic fibroblasts [66]. For exam-
ple, Src phosphorylates LRP6 at conserved tyrosine resi-
dues, resulting in LRP6 removal from the cell surface and 

Fig. 7 Potential molecular mechanism of circFBXO7 in ovarian cancer. circFBXO7 regulates ovarian cancer cell proliferation, migration and invasion 
through the miR-96-5p/MTSS1/wnt/β-catenin signaling pathway
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disruption of LRP6 signalosome formation, ultimately 
blocking Wnt signaling [66]. These results appear to 
explain why MTSS1 plays an apparently opposite role in 
ovarian cancer cells compared to non-cancer cells.

Several study caveats should be also acknowledged. 
Firstly, due to the polyA-enriched RNA-seq preparation 
protocol used in TCGA projects, TCGA has only linear 
FBXO7 expression data, but no circFBXO7 expression. 
Therefore, to evaluate the prognostic value of circFBXO7, 
we collected FFPE tissues from patients diagnosed with 
ovarian cancer in the Women’s Hospital of Zhejiang Uni-
versity from 2006 to 2012, with complete clinical and fol-
low-up information. Approximately 30% of patients were 
collected after 2006 in the TCGA cohort, compared to 
100% in our cohort. Due to improved diagnostic meth-
ods, patients in our cohort were diagnosed at an earlier 
age and had earlier tumor stage and better clinical out-
come compared to the TCGA cohort. Considering that 
the FXBO7 expression was not significantly different 
between low-grade and high-grade ovarian cancer sam-
ples (P = 0.39, Student’s t-test) (Fig. S6), the results of 
survival analysis of FXBO7 in the TCGA dataset were not 
biased by tumor stage difference and remained informa-
tive. These results also indicated that the expression 
change of circFBXO7 likely occurred at a relatively early 
stage. Secondly, under circFBXO7/MTSS1 inhibition, 
the increase in phosphorylated GSK3β was generally less 
pronounced than nuclear translocated β-catenin. GSK3β 
is the upstream regulator of β-catenin. Simulated by Wnt 
signaling, GSK3β can increase the phosphorylation of 
GSK3β and reduce the activity of GSK3β, resulting in the 
release of β-catenin from β-catenin destruction complex 
[67]. In addition to the partial regulation of β-catenin by 
phosphorylated GSK3β, there may be other downstream 
factors regulated by circFBXO7/MTSS1 to regulate 
β-catenin expression or promote β-catenin nuclear trans-
location in ovarian cancer cells. This warrants further 
investigation in the future.

Conclusions
In summary, circFBXO7 is downregulated in ovarian can-
cer. Patients with lower circFBXO7 expression have worse 
prognosis. circFBXO7 acts as a bone fide tumor suppres-
sor in ovarian cancer. Downregulation of circFBXO7 
releases its spongy miR-96-5p that then induces the deg-
radation of MTSS1. The circFBXO7/miR-96-5p/MTSS1 
axis is revealed as an important regulator in the Wnt 
signaling pathway. Targeting this axis may be a promising 
strategy for ovarian cancer treatment.
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(A) Western blot analysis of the expression of wnt/β-catenin and p-GSK3β 
in A2780 and MDAH2774 cells transfected with MTSS1 overexpression and 
mock plasmids. (B) Western blot analysis of the expression of β-catenin 
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images of IF micrographs of the subcellular localization and expression 
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two-sided t tests were used. *** P < 0.001, ** P < 0.01, * P < 0.05. Figure S6. 
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(A) CircFBXO7 expression in our FFPE cohort. (B) FBXO7 expression in the 
TCGA cohort.
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