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circ‑PTK2 (hsa_circ_0008305) regulates 
the pathogenic processes of ovarian cancer 
via miR‑639 and FOXC1 regulatory cascade
San‑Gang Wu1†, Ping Zhou1†, Jian‑Xian Chen2†, Jian Lei3, Li Hua3, Yong Dong4, Min Hu3, Chen‑Lu Lian1, 
Li‑Chao Yang5* and Juan Zhou3*   

Abstract 

Background:  Precise quantification of microRNA is challenging since circulating mRNA and rRNA in the blood are 
usually degraded. Therefore, it is necessary to identify specific biomarkers for ovarian cancer. This study aimed to 
investigate candidate circular RNAs (circRNAs) involved in the pathogenic process of ovarian cancer after inhibition of 
chromodomain helicase DNA binding protein 1-like (CHD1L) and the corresponding mechanism.

Methods:  CHD1L mRNA-targeted siRNA was designed and induced a decreased level of CHD1L function in SK-OV-3 
and OVCAR-3 cells observed via transwell and wound healing assays and assessment of epithelial–mesenchymal 
transition (EMT)-related protein expression by immunofluorescence (IF) and western blotting (WB). After decreasing 
the level of CHD1L, RNA-seq was conducted, and the circRNA expression profiles were obtained. cirRNAs were then 
selected and validated by PCR together with Sanger sequencing, fluorescent in situ hybridization (FISH), and reverse 
transcriptase-quantitative PCR (RT-qPCR). Selected circRNA function in vitro was adjusted via interference and overex‑
pression and assessed via transwell assay, tube formation, and EMT-related protein assay by IF and WB; tumor forma‑
tion in vivo was followed via hematoxylin and eosin (HE) staining and immunohistochemistry of EMT-related proteins. 
Based on the competing endogenous RNA prediction of circRNA targets, candidate miRNAs were found, and their 
downstream mRNAs targeted by the selected miRNA were identified and validated by luciferase assay. The functions 
of these selected miRNA and mRNA were then further investigated through transwell and WB assay of EMT-related 
proteins.

Results:  CHD1L was significantly upregulated in ovarian cancer tissues and patients with higher expression of CHD1L 
had a shorter relapse-free survival (P < 0.001) and overall survival (P < 0.001). Inhibiting the level of CHD1L significantly 
decreased cell migration and invasion (P < 0.05), increased the expression of epithelial markers, and decreased the 
expression of mesenchymal markers. Following inhibition of CHD1L expression, RNA-seq was conducted and 82 cir‑
cRNAs had significantly upregulated expression, while 247 had significantly downregulated expression. The circRNAs 
were validated by PCR, and hsa_circ_0008305 (circ-PTK2) was selected and further validated by Sanger sequencing, 
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Background
Ovarian cancer is a malignancy with a 45% 5-year sur-
vival rate that significantly affects patient health globally 
[1]. Following improvements and developments in the 
diagnosis and treatment of this disease, the overall sur-
vival of patients has been controlled. Based on current 
studies, 70% of patients are diagnosed at a late stage of 
ovarian cancer and consequently only have a 25% survival 
rate, whereas the 5-year survival rate is higher for those 
diagnosed at an earlier stage [2, 3]. Specific biomarkers 
can be used to screen for the disease and therefore limit 
the high rate of ovarian cancer recurrence [4]. CA125 is 
a common diagnostic biomarker used for ovarian cancer 
screening [5] but has poor specificity and can only help 
to screen half of the patients at early disease stages and 
70–90% at later stages [6]. Another biomarker, human 
epididymis protein 4 (HE4), presents similar sensitivity 
and specificity for ovarian cancer compared with CA125. 
However, both biomarkers show contradicting accuracy 
of diagnosis [7]. Other biomarkers such as microRNA 
have also been considered as biomarkers and have poten-
tial clinical utility for prognosis prediction in ovarian 
cancer. However, precise quantification of microRNA 
is challenging since circulating mRNA and rRNA in the 
blood are usually degraded [8]. Therefore, it is necessary 
to identify specific biomarkers for ovarian cancer.

Circular RNAs (circRNAs) are a class of noncoding 
RNAs reported as indicators in several cellular activi-
ties [9–11]. circRNAs can be generated by backsplicing 
of introns and exons and are expressed in the cytoplasm, 
where the circRNA loop structure prevents degrada-
tion from RNA exonucleases [10]. Several reports have 
indicated that circRNAs might have important regula-
tory roles in specific processes. Evidence has suggested 
that circRNAs act as miRNA sponges, which perform 
functions by interacting with miRNAs [12]. The expres-
sion profiles of circRNAs also showed that circRNAs 
are highly specific for certain tissues and pathological 
conditions [13, 14]. Therefore, circRNAs can potentially 

be used as disease biomarkers and therapeutic targets. 
Recently, studies have indicated that circRNAs might 
participate in the development and progression of can-
cer [15–17]. Salzman et  al. reported that expression of 
circRNAs in cancerous and non-cancerous cell lines and 
tissues correlated to the presence of acute lymphoblastic 
leukemia [14]. Dysregulation of circRNA has been found 
in several human cancers, such as bladder cancer, breast 
cancer, hepatocellular carcinoma, gastric cancer, and 
prostate adenocarcinoma [18]. In addition, circ-001567 
has been reported to promote ovarian cancer cell prolif-
eration and invasion [19].

In this study, we attempted to suppress chromodomain 
helicase DNA binding protein 1-like (CHD1L) expres-
sion, which is reported to be highly expressed in ovarian 
carcinoma and correlated to metastasis [20], and screen 
potential circRNAs by sequencing. Furthermore, cell 
assays were conducted to demonstrate the functions of 
the circRNAs in carcinogenesis leading to ovarian can-
cer. The corresponding regulatory pathways and miRNAs 
and mRNAs were predicted and validated. This under-
standing of circRNAs may enable their use for diagnosis 
and treatment of ovarian cancer.

Materials and methods
Human samples
Twenty-six ovarian cancer tissue and 11 normal ovary 
tissue were obtained at the Department of Obstetrics and 
Gynecology, the First Affiliated Hospital of Xiamen Uni-
versity (Xiamen, China). No patients receiving chemo-
therapy or radiotherapy before surgery. All the enrolled 
patients provided informed consents. Our study was 
approved by the Ethics Committee of the First Affiliated 
Hospital of Xiamen University.

Reverse transcriptase‑quantitative PCR (RT‑qPCR)
RNA was isolated using TRIzol reagent (ThermoFisher). 
cDNA was reversed transcribed using M-MLV reverse 
transcriptase (ThermoFisher). qPCR was conducted 

FISH, and RT-qPCR. Circ-PTK2 expression was significantly higher in the ovarian cancer tissues compared with normal 
ovary tissues (P < 0.001). By regulating the level of circ-PTK2 with siRNA and an overexpression vector, expression of 
circ-PTK2 was found to be positively correlated to cell migration and invasion. Overexpression of circ-PTK2 enhanced 
tumor formation and was correlated to expression of EMT pathway markers. Prediction of the target of circ-PTK2 was 
validated with dual luciferase assay and identified miR-639 and FOXC1 as the valid target of circ-PTK2 and miR-639, 
respectively. The RNA level of miR-639 was negatively correlated to cell proliferation and migration, whereas the 
mRNA level of FOXC1 was positively correlated to those processes. miR-639 mimics reversed the function of circ-PTK2 
overexpression; however, interference of FOXC1 mRNA also reversed the function of circ-PTK2.

Conclusions:  circ-PTK2 is an important molecule in regulating the pathogenic processes of ovarian cancer via the 
miR-639 and FOXC1 regulatory cascade.

Keywords:  Ovarian cancer, Circ-PTK2, miR-639, FOXC1, Epithelial–mesenchymal transition
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using GoTaq qPCR kit (Promega, Madison, WI, USA). 
U6 was used as internal reference for miRNA expres-
sion, whereas GAPDH was used as an internal reference 
for circRNA and mRNA expression. Specific primers are 
shown in Table 1.

Cell culture
SK-OV-3 and OVCAR-3 cell lines were purchased from 
Cellcook Biotech Co., Ltd (Guangzhou, China). SK-OV-3 
cells were cultured in McCoy’s 5A media (Sigma-Aldrich, 
St. Louis, MO, USA), adding NaHCO3 to 2.2  g/L, with 
10% fetal bovine serum (FBS, Gibco, Grand Island, NY, 
USA). OVCAR-3 cells were cultured in RPMI 1640 
(Gibco) with 20% FBS and 10 μg/mL insulin (Cellcook). 
Both cell lines were cultured in 5% carbon dioxide at 
37 ℃.

Cell transfection
siRNAs targeted to CHD1L mRNA and circ-PTK were 
synthesized by GenePharma (Shanghai, China). The 
specific interference fragment sequences are shown 
in Table  2. For transfection, cells were seeded in 6-well 
plates and incubated in medium. When the cell den-
sity reached 80% confluence, medium was removed and 
refreshed with 2 mL complete growth medium with 10% 
FBS (ThermoFisher, USA). siRNA (200 pmol) dissolved in 
150 μL opti-MEM (GIBCO) was mixed with EndoFectin-
Max (GeneCopoeia, USA) transfection reagent diluted in 
150 μL opti-MEM; the mix was incubated at room tem-
perature for 20 min and then added to the 6-well plates. 
Cells were then incubated as above and collected at the 
designated time for subsequent detection.

Transwell assay to detect cell migration and invasion
Cells were digested and adjusted to 1 × 106 cells/mL in 
culture medium without serum. For the cell migration 
assay, 100 μL of cell suspension was added to the upper 
chamber, and 600  μL of cell culture medium with FBS 
was added to the bottom chamber. For the cell invasion 
assay, Matrigel (BD Biosciences, San Jose, CA, USA) was 
added to the upper chamber and incubated at 37 ℃ for 

Table 1  Specific primers sequence

Primer name Primer sequence (5ʹ-3ʹ)

hsa_circ_0005265 divergent-F ACG​GAT​GCC​AGA​ACA​GAA​CC

hsa_circ_0005265 divergent-R GTT​GCC​AGT​GAG​AGA​AAT​CAGC​

hsa_circ_0005265 convergent-F GGC​CAA​AAC​TTC​AAA​TCC​AA

hsa_circ_0005265 convergent-R GCT​GTT​CTT​GTG​GTC​CCA​TT

hsa_circ_0008305 divergent-F CGT​CTC​TGT​GTC​AGA​AAA​GATGT​

hsa_circ_0008305 divergent-R AGG​TTG​GCA​AAT​TGT​CTA​AATGT​

hsa_circ_0008305 convergent-F GGA​TTC​TGT​CAA​GGC​CAA​AA

hsa_circ_0008305 convergent-R CAG​CTT​GAA​CCA​AGA​GCA​CA

hsa_circ_0003171 divergent-F CCT​CAG​CTA​GTG​ACG​TAT​GGA​

hsa_circ_0003171 divergent-R ACT​GAC​GCA​TTG​TTA​AGG​CT

hsa_circ_0003171 convergent-F TGT​ACT​TCG​GAC​AGC​GTG​AG

hsa_circ_0003171 convergent-R GTG​TGC​ACA​GCT​CCA​TGA​TT

hsa_circ_0005990 divergent-F AGC​AGG​ATG​GTG​GGA​CTC​AA

hsa_circ_0005990 divergent-R TCT​GGT​TCA​TGG​CTG​TTA​AGGA​

hsa_circ_0005990 convergent-F CAG​CAA​CTG​CAG​ATG​GAG​AA

hsa_circ_0005990 convergent-R TGG​ATT​TTG​AGT​CCC​ACC​AT

hsa_circ_0037002 divergent-F CAG​AAG​CCT​CAT​TTG​CCT​GC

hsa_circ_0037002 divergent-R CTT​TAA​TTT​GGC​CTG​CAT​TAC​TGA​

hsa_circ_0037002 convergent-F AAG​TGA​ACC​TGT​CCC​CAT​TG

hsa_circ_0037002 convergent-R TTG​TCA​GGT​TTG​TCG​AGC​TG

GAPDH convergent-F GAG​TCA​ACG​GAT​TTG​GTC​GT

GAPDH convergent-R GAG​TCA​ACG​GAT​TTG​GTC​GT

GAPDH divergent-F TCC​TCA​CAG​TTG​CCA​TGT​AGA​CCC​

GAPDH divergent-R TGC​GGG​CTC​AAT​TTA​TAG​AAA​CCG​GG

Chd1l-F GAC​CTG​AGT​TTG​GGT​GAT​G

Chd1l-R CGG​ATA​AGT​CGT​TCG​GTA​

E-cadherin-F GAG​AAA​CAG​GAT​GGC​TGA​AGG​

E-cadherin-R TGA​GGA​TGG​TGT​AAG​CGA​TGG​

N-cadherin-F ATG​AAA​GAC​CCA​TCC​ACG​C

N-cadherin-R CCT​GCT​CAC​CAC​CAC​TAC​

Snail-F ACC​ACT​ATG​CCG​CGC​TCT​T

Snail-R GGT​CGT​AGG​GCT​GCT​GGA​A

Vimentin-F AGT​CCA​CTG​AGT​ACC​GGA​GAC​

Vimentin-R CAT​TTC​ACG​CAT​CTG​GCG​TTC​

FOXC1-F TCG​GCT​TGA​ACA​ACT​CTC​CAG​

FOXC1-R ACA​GTC​GTA​GAC​GAA​AGC​TCC​

hsa-miR-639-RT GTC​GTA​TCC​AGT​GCA​GGG​TCC​GAG​
GTA​TTC​GCA​CTG​GAT​ACG​ACA​
CAG​CG

hsa-miR-639-F GCC​GAG​ATC​GCT​GCG​GTT​GCGAG​

Universe R GTG​CAG​GGT​CCG​AGGT​

hsa-U6-F CTC​GCT​TCG​GCA​GCACA​

hsa-U6-R AAC​GCT​TCA​CGA​ATT​TGC​GT

Table 2  The specific interference fragment sequence

Name Sequence (5ʹ-3ʹ)

CHD1L-1 sense UAU​UGG​ACA​UGC​CAC​GAA​A

CHD1L-1 anUisense UUU​CGU​GGC​AUG​UCC​AAU​A

CHD1L-2 sense GGA​GAC​UCA​UAG​AGG​AGA​A

CHD1L-2 anUisense UUC​UCC​UCU​AUG​AGU​CUC​C

circ-PUK2 sense GUC​AGA​AAA​GAU​GUU​GGU​UUA​

circ-PUK2 anUisense UAA​ACC​AAC​AUC​UUU​UCU​GAC​

si-NC sense UUC​UCC​GAA​CGU​GUC​ACG​U

si-NC anUisense ACG​UGA​CAC​GUU​CGG​AGA​A

miR-639 mimics sense AUC​GCU​GCG​GUU​GCG​AGC​GCUGU​

miR-639 mimics anUisense ACA​GCG​CUC​GCA​ACC​GCA​GCGAU​

miR-639 inhibiUor ACA​GCG​CUC​GCA​ACC​GCA​GCGAU​

inhibiUor NC CAG​UAC​UUU​UGU​GUA​GUA​CAA​
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2  h. Then, 100  μL and 600  μL of culture medium was 
added to the upper and bottom chambers, respectively, 
and incubation continued at 37 ℃ overnight. The culture 
medium was removed and 100 μL of cell suspension was 
added to the upper chamber, and 600 μL of cell culture 
medium with FBS was added to the bottom chamber.

For both assays, cells were incubated at 37 ℃ and 5% 
CO2 environment for 24 h. The upper chamber was iso-
lated, and the cells were removed and fixed with 4% para-
formaldehyde. Cells were washed with phosphate buffer 
saline (PBS) and stained with crystal violet. The stained 
cells were observed by microscopy (Olympus, Tokyo, 
Japan).

Wound healing assay
SK-OV-3 and OVCAR-3 cells were seeded to 6-well plates 
at 1 × 106 cells per well. After cells had adhered, 1 μg/mL 
of mitomycin C was added to the cells to inhibit cell pro-
liferation. A 200 μL tip was used to generate a wound on 
the cell layer. Cells were washed by PBS to remove loose 
cells from the plate and cell culture medium added to the 
wells. The cells were cultured at 37 ℃ and photographed 
at 0, 12, 24, and 48 h.

Tube formation assay
SK-OV-3 and OVCAR-3 cells were transfected with 
siRNA and cultured for 48  h. Cells were then washed 
twice with PBS and refreshed with non-serum culture 
medium. After 24  h of incubation, the supernatant was 
collected for the tube formation assay. HUVEC cells were 
seeded and cultured with the HUVEC culture medium 
mixed with the collected supernatant at 1:1 ratio. 
Matrigel (100 μL) was added to a 48-well plate. After the 
gel had set, 50 μL of HUVEC cell suspension was added 
at 8 × 105 cell/mL. The HUVEC cells were incubated at 
37 ℃ and photographed at 6 h. The amounts and length 
of the notches were analyzed by ImageJ software 1.8 
(National Institutes of Health, Bethesda, MD, USA).

Immunofluorescent (IF) staining
Cells were fixated with 4% Paraformaldehyde and incu-
bated at 4  ℃ for 10  min. PFA was removed, and cells 
were permeabilized with 0.1% Tyrion X-100 for 5  min. 
Cells were blocked with 3% FBS (Gibco) for 1  h. Cells 
were then washed by PBS three times and incubated 
with primary antibody (E-cadherin, CST 14472; N-cad-
herin, CST 4061P). After incubating for 1 h in the dark, 
cells were washed by PBS three times and incubated with 
secondary antibody (Alexa Flour 488 Don anti-Ms IgG, 
H+L: A21202, Invitrogen) for 1 h in the dark. Cells were 
washed by PBS three times and stained with 1× Hoechst 
(Invitrogen) for 10 min in the dark. Cells were washed by 
PBS three times and blocked by mounting medium.

Western blotting
Cells were lysed with RIPA reagent (Beyotime Bio-
technology, Shanghai, China). The lysate was centri-
fuged, and supernatant collected. The protein was 
quantified by BCA method and then separated on 8% 
SDS-PAGE followed by transfer to PVDF membrane. 
The membrane was blocked by non-fat milk and incu-
bated with primary antibody, E-cadherin (CST, 14472; 
1:1000), N-cadherin (CST, 4061P; 1:1000), vimen-
tin (Santa, 6260; 1:1000), or GAPDH (Proteintech, 
60004-1-lg; 1:8000). The membrane was washed twice 
by Tris-Buffered Saline and Tween 20 and incubated 
with secondary antibody for 2  h (Forevergen; 1:1000). 
The membrane was incubated with ECL (Forevergen, 
Guangzhou, China) after washing with TBST, and the 
bands observed.

RNA‑seq
Total RNA from the cells was purified using RNeasy 
Mini Kit (QIAGEN, Dusseldorf, Germany). RNA integ-
rity was evaluated based on the RIN value using Agilent 
bioanalyzer 2100 (Agilent, CA, USA). RNA was cleaned 
with the RNA Clean XP Kit (Beckman Coulter, CA, UA), 
and the DNA residue was removed by RNase-free DNase 
Set (Qiagen). The quality and concentration of the RNA 
were determined by NanoDrop 2000 (ThermoFisher). 
The rRNA was removed by NEBNext rRNA Depletion 
Kit (NEB, USA). Total RNA (1  μg) was used for library 
preparation using the VAHTSTM mRNA-seq v2 library 
Prep Kit (Vazyme, Nanjing, China). The RNA was frag-
mented, and cDNA was synthesized. End polishing was 
performed and the cDNA fragments were ligated with 
adapters. The ligated cDNA was amplified with univer-
sal PCR primers to obtain sufficient library for sequenc-
ing. Agilent bioanalyzer 2100 (Agilent, Santa Clara, CA, 
USA) was used to evaluate the quality of the library. 
Illumina Hiseq 4000 (Illumina) was used for the RNA 
sequencing. The data was then assembled and annotated 
with corresponding symbol of transcripts. The differen-
tially expressed circRNAs were screened using R soft-
ware according to P-value ≤ 0.05, |log2Ratio|≥ 1.

Luciferase reporter assay
The circ-PTK2 wild-type (WT) sequence and mutated 
(Mut) sequence and the FOXC1 WT sequence and Mut 
sequence were cloned into PmirGLO vector, synthe-
sized by General Biol (Anhui, China). miR-639 mim-
ics and miRNA negative control were synthesized by 
GenePharma. The reporter and miR-639 mimics and 
miRNA negative control were transfected to 293T cells 
using Lipofectamine 2000 transfection reagent (Thermo 
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Fisher), and dual luciferase reporter assays conducted 
(Promega).

Fluorescent in situ hybridization (FISH)
The circ-PTK2 probe (5′-CTT​TAA​ACC​AAC​ATC​TTT​
TC TGA​CAC​AGA​GAC​GGC​GTG​T-3′) was provided by 
GenePharma. FISH was conducted (GenePharma), and 
probe signal on cells was observed under fluorescent 
microscopy (Carl Zeiss, Jena, Germany).

Tumor formation assay
Female nude 4–5-week-old mice were used for the assay. 
After transfection of circ-PTK2 plasmids or control plas-
mids for 48  h, SK-OV-3 cells (5 × 106 in 100  μL) were 
injected to the abdomen. The mice were euthanized and 
the number of nodules was counted. The volume of the 
tumor was calculated following (L × W2)/2. The tumor 
was further assessed with hematoxylin and eosin (HE) 
staining and immunohistochemistry. All experiments 
and procedures were reviewed and approved by the Eth-
ics Committee of the First Affiliated Hospital of Sun Yat-
sen University (Guangzhou, China).

HE staining
HE staining according to the Intruduction of kit (Beyo-
time Biotechnology, Shanghai, China).

Immunohistochemical (IHC) staining
The slides were deparaffinized by incubating in xylene 
for 15 min and were then washed with 100% ethanol for 
5 min, 95% ethanol for 5 min, and 75% ethanol for 5 min. 
The slides were washed with water followed by 0.01  M 
sodium citrate buffer (pH 6.0) and 100 ℃ for 3 min; the 
slides were then cooled at room temperature for 30 min 
and washed with water. The slides were blocked with 3% 
H2O2 for 15 min and washed by PBS three times; slides 
were then blocked with 5% BSA for 15 min at room tem-
perature. Primary antibody was added, and the slides 
were incubated at 4 ℃ overnight; the slides were washed 
with PBS three times. Secondary IgG antibody with HRP 
label was added, and the slides were incubated at room 
temperature for 1 h; the slides were washed by PBS three 
times. DAB was added and incubated for 10  min to 
develop color. The reaction was stopped by washing the 
slides with water. The slides were stained with hematoxy-
lin for 1 min, washed by water and 1% hydrochloric acid 
alcohol, and rinsed with water until they turned blue. The 
slides were incubated in 75%, 95%, and finally 100% eth-
anol. The slides were then incubated in 100% xylene for 
10 min and then blocked. The slides were observed and 
photographed by microscopy. The primary antibodies 
used were E-cadherin (CST, 14472, 1:1000) and N-cad-
herin (CST, 4061P, 1:1000).

Statistical analysis
Normally distributed data were compared using inde-
pendent t-tests, one-way and two-way ANOVA. ALL 
data are presented as mean ± standard deviation (SD) 
of three independent experiments. A P-value < 0.05 was 
taken as indicating significant difference. SPSS 22.0 soft-
ware (SPSS Inc, Chicago) and GraphPad Prism, version 
8.0 (GraphPad Software) were used for the statistical 
analysis.

Results
CHD1L is highly expressed in ovarian cancer and affects 
patient survival
In our previous study, we have found that the expression 
of CHD1L was significantly higher in metastatic lesions 
of ovarian cancer compared to the primary lesions 
(P < 0.05) [20]. In addition, the level of CHD1L expres-
sion was significantly higher in serous subtype compared 
to mucinous subtype (P = 0.029) [20]. Moreover, higher 
expression of CHD1L was significantly associated with 
inferior patient survival [20]. In the present study, to 
evaluate changes in CHD1L expression in ovarian can-
cer tissues and normal ovarian tissues, we analyzed the 
transcriptional levels of CHD1L through several inde-
pendent bioinformatics databases. Using the Oncomine 
database (http://​www.​oncom​ine.​org) [21], we also found 
that CHD1L expression was significantly increased in 
ovarian serous cystadenocarcinoma compared to normal 
ovarian tissue (P < 0.001) (Fig. 1A). After stratification by 
tumor grade, CHD1L mRNA expression in grade II and 
grade III ovarian serous cystadenocarcinoma were sig-
nificantly higher than normal ovarian tissue or grade I 
ovarian serous cystadenocarcinoma (Fig.  1B). Using the 
database of Human Protein Atlas (https://​www.​prote​inatl​
as.​org), the protein of CHD1L expression was also signifi-
cantly increased in ovarian serous cystadenocarcinoma 
compared to normal ovarian tissue (Fig.  1C, D). Using 
the KM plotter (http://​kmplot.​com/​analy​sis/) [22], we 
found that patients with higher expression of CHD1L had 
a shorter relapse-free survival (RFS) (P < 0.001) (Fig. 1E) 
and overall survival (OS) (P < 0.001) (Fig. 1F) than those 
with lower expression of CHD1L. In conclusion, CHD1L 
was significantly upregulated in ovarian cancer tissues 
and impacted the survival of ovarian cancer patients, 
suggesting its oncogenic role.

CHD1L regulates cell migration and invasion
To validate the functions of CHD1L in ovarian can-
cer, a specific siRNA was designed and transfected into 
SK-OV-3 and OVCAR-3 cells. si-CHDIL treatment 
decreased the relative CHD1L level to 20% in SK-OV-3 
cells (P < 0.001) and to 40% in OVCAR-3 cells (P < 0.001) 
compared with that of control group, transfected with 

http://www.oncomine.org
https://www.proteinatlas.org
https://www.proteinatlas.org
http://kmplot.com/analysis/
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Fig. 1  CHD1L is highly expressed in ovarian cancer tissues and affects patient survival. A CHD1L mRNA expression in ovarian serous 
cystadenocarcinoma was significantly higher than normal ovarian tissue (Oncomine analysis). B CHD1L mRNA expression in grade II and grade III 
ovarian serous cystadenocarcinoma were significantly higher than normal ovarian tissue or grade I ovarian serous cystadenocarcinoma (Oncomine 
analysis). C, D The protein expression of CHD1L in ovarian serous cystadenocarcinoma (D) was higher than normal ovarian tissue (C) (Human 
Protein Atlas analysis). E Increased CHD1L expression was related to an inferior relapse-free survival in ovarian cancer patients. F Increased CHD1L 
expression was related to an inferior overall survival in ovarian cancer patients



Page 7 of 20Wu et al. Cancer Cell Int          (2021) 21:277 	

siRNA negative control (si-NC) (Fig. 2A). This indicated 
that the siRNA has been successfully transfected into the 
cells and that significantly downregulated the expression 
of CHD1L mRNA. SK-OV-3 and OVCAR-3 cells trans-
fected with si-CHD1L and si-NC were tested in tran-
swell assays to determine the capacity of cell migration 
and invasion. Cell numbers for migrating and invasive 
cells decreased < 50% for both the transfected SK-OV-3 
(Fig. 2B) and OVCAR-3 (Fig. 2C) cell lines than those in 
the si-NC group. After 12 h, there was a significant dif-
ference in the size of the scratched area in both the si-
CHD1L transfected cell lines than that in the si-NC 
group (Fig.  2D, E), indicating that the cell migration 
capacity was suppressed when the expression of CHD1L 
was inhibited.

FISH was conducted to validate whether the cell migra-
tion and invasion correlated to expression of markers in 
the epithelial–mesenchymal transition (EMT) pathway. 
The majority of si-CHDIL-transfected SK-OV-3 and 
OVCAR-3 cells expressed E-cadherin, but fewer cells 
expressed N-cadherin, compared with those of the si-NC 
group (Fig. 3A, B). WB was performed to further validate 
the protein level of the corresponding EMT genes. This 
demonstrated that inhibition of CHD1L mRNA expres-
sion by siRNA increased the protein level of E-cadherin 
but decreased the protein level of N-cadherin and vimen-
tin in both SK-OV-3 and OVCAR-3 cells, indicating that 
the EMT pathway was suppressed. Therefore, we showed 
that the expression of CHD1L is positively correlated to 
ovarian cell migration and invasion.

Candidate circRNAs involves in the regulation 
of CHD1L‑related functions
The total RNA from SK-OV-3 cells transfected with 
siCHD1L or si-NC was purified and then analyzed by 
RNA-seq to verify the circRNAs involved in the regula-
tion; the expression profiles were summarized in the 
cluster plot (Fig.  4A) and dot plot (Fig.  4B). Based on 
the analysis, there was upregulated expression of 82 
circRNAs and downregulated expression of 247 circR-
NAs in the siCHD1L-treated group than those in the 
si-NC-treated group. Among these circRNAs, we chose 
those that correlated to the cancerous process and were 
highly expressed in PCR validation using divergent and 
convergent primers on cDNA and gDNA. circRNAs 

can be amplified from cDNA but cannot be amplified 
from gDNA due to their circular structure. The can-
didate circRNAs that reached this criteria included 
hsa_circ_0003171 and hsa_circ_0008305 (also known as 
circ-PTK2) (Fig.  4C). We chose circ-PTK2 for further 
study as the expression of this circRNA was higher than 
that of hsa_circ_0003171. The circular structure was vali-
dated using Sanger sequencing, which showed that the 
junction sequences were clearly detected from products 
of the hsa_circ_0008305 convergent primer (Fig. 4C). We 
then designed a probe based on the junction sequences 
of circ-PTK2 and conducted FISH. This demonstrated 
that circ-PTK2 was expressed in the cells and that signal 
was detected in both the cytoplasm and nucleus, indicat-
ing that circ-PTK2 can perform functions in both loca-
tions (Fig. 4D).

To validate the correlation between CHD1L and circ-
PTK2, the RNA level of circ-PTK2 was determined in the 
SK-OV-3 and OVCAR-3 cells after inhibition of CHD1L 
expression. The RNA level of circ-PTK2 was signifi-
cantly decreased when CHD1L was inhibited in SK-OV-3 
(P < 0.01) and OVCAR-3 cells (P < 0.01) (Fig. 4E), indicat-
ing that the expression of circ-PTK2 positively correlated 
with that of CHD1L.

Correlation of circ‑PTK2 expression with ovarian cancer
We collected 26 ovarian cancer samples and 11 normal 
ovary samples to analyze the level of circ-PTK2 between 
ovarian cancer and normal ovary samples using FISH. 
Circ-PTK2 was specifically expressed in the cytoplasm 
of the ovarian cancer tissue (Fig. 5A). Circ-PTK2 expres-
sion was significantly higher in the ovarian cancer tissues 
compared with normal ovary tissues (P < 0.001) (Fig. 5B).

Circ‑PTK2 affects migration, invasion, angiogenesis, 
and EMT process of ovarian cancer
To further verify the functions of circ-PTK2, the cor-
responding siRNA and overexpression vector were 
designed, transfected into SK-OV-3 and OVCAR-3 
cells, and then validated by RT-qPCR. The si-circ-PTK2 
inhibited the level of circ-PTK2 to ~ 50% against that of 
the si-NC group (P < 0.01) (Fig.  6A), whereas the over-
expression vector increased the level of circ-PTK2 to 
two- to fourfold higher than that of the negative control 
group (P < 0.01) (Fig.  6B), indicating that both siRNA 

Fig. 2  CHD1L regulates the cell migration and invasion in SK-OV-3 and OVCAR-3 cells. A The relative level of CHD1L was significantly decreased 
under the effect of si-CHD1L in SK-OV-3 and OVCAR-3 cells. B Cell migration and invasion was suppressed when the level of CHD1L mRNA was 
decreased by si-CHD1L in SK-OV-3 cells. C Cell migration and invasion was suppressed when the level of CHD1L mRNA was decreased by si-CHD1L 
in OVCAR-3 cells. D Cell migration affected by inhibition of CHD1L expression in SK-OV-3 cells validated by wound healing assay. E Cell migration 
affected by inhibition of CHD1L expression in OVCAR-3 cells validated by wound healing assay. Data are presented as the mean ± SD. *P < 0.05; 
**P < 0.01; ***P < 0.001

(See figure on next page.)
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and vector were designed and synthesized successfully. 
The cell migration and invasion were then investigated 
accordingly. Decreasing the level of circ-PTK2 signifi-
cantly reduced the levels of migrated and invasive cells, 
whereas increasing the level of circ-PTK2 induced larger 
amounts of migrated and invasive cells in both SK-OV-3 
and OVCAR-3 cell lines (Fig.  6C, D). A tube formation 
assay was conducted to determine the level of angio-
genesis, and the meshes were counted and summarized. 
The number of meshes decreased to ~ 50% when circ-
PTK2 was inhibited by siRNA in SK-OV-3 (P < 0.01) 
and OVCAR-3 cells (P < 0.05) cell lines (Fig.  6E). There-
fore, circ-PTK2 positively regulated cell migration and 
invasion and also suppressed angiogenesis. To further 
validate if circ-PTK2 can regulate the EMT pathway, the 
level of the relevant proteins, E-cadherin and N-cadherin, 
were determined by immunofluorescence staining. Com-
pared with cells transfected with si-NC, both SK-OV-3 
(Fig.  7A) and OVCAR-3 (Fig.  7B) cell lines transfected 
with si-circ-PTK2 had increased levels of E-cadherin but 
decreased levels of N-cadherin. The protein and mRNA 
levels for E-cadherin, N-cadherin, Snail, and vimentin 
were determined by WB and qRT-PCR, respectively. Fol-
lowing inhibition by si-circ-PTK2, western blot analysis 
showed that the level of E-cadherin protein was upreg-
ulated in both cell lines (P < 0.01). The protein levels of 
N-cadherin, Snail, and vimentin were decreased in both 
cell lines (Fig. 7C). After transfection with si-circ-PTK2, 
the level of E-cadherin mRNA was upregulated in both 
SK-OV-3 and OVCAR-3 cells (all P < 0.01), whereas the 
levels of Snail (P < 0.01) and vimentin (P < 0.01) mRNA 
were downregulated in SK-OV-3 cells, while only the 
level of Snail mRNA (P < 0.01) was downregulated in 
OVCAR3 cells (Fig.  7D). Therefore, this data indicates 
that the inhibition of circ-PTK2 can suppress the EMT 
pathway.

Effects of circ‑PTK2 on in vivo tumor growth of ovarian 
cancer
We used a tumor formation assay to investigate the func-
tions of circ-PTK2 in vivo. The SK-OV-3 cells transfected 
with circ-PTK2 overexpression vector or vector alone 
were injected into nude mice. Tumors generated by the 
SK-OV-3 with circ-PTK2 overexpression presented 
comparatively larger volumes than those generated in 
the negative control group (SK-OV-3 cells transfection 

with control plasmids) (Fig.  8A). The circ-PTK2 over-
expression group contained a larger number of nodules 
than those from the negative control group (P < 0.01) 
(Fig.  8B). The circ-PTK2 group also had a larger tumor 
volume than negative control group, which is consistent 
with the results in Fig. 6A (P < 0.05) (Fig. 8C). The tumor 
was then analyzed using HE and immunohistochemical 
staining, which showed that the cell number and den-
sity were greater in the circ-PTK2 overexpression group 
than those in the negative control group. The expression 
of E-cadherin was decreased, while that of N-cadherin 
was increased in the circ-PTK2 group compared with 
expression of these proteins in the negative control group 
(Fig. 8D). This is consistent with the results of the in vitro 
cell assays.

miR‑639 and FOXC1 cascade are targets of circ‑PTK2 
in ovarian cancer
Based on the principle of competing endogenous RNA 
(ceRNA), the interaction between circ-PTK2 and candi-
date miRNAs of circ-PTK2 was predicted and validated 
by RT-qPCR (Fig. 9A and Additional file 1: Fig. S1). We 
found that expression of miR-639 was negatively corre-
lated with the inhibition of circ-PTK2 level by siRNA with 
increasing levels of miR-639 in both transfected SK-OV-3 
(P < 0.01) and OVCAR-3 (P < 0.001) cell lines, which is 
consistent with the ceRNA principle (Fig. 9A). Based on 
the target sequences of miR-639 to circ-PTK2, a reporter 
was designed and conducted with luciferase reporter 
assay to validate if there was an interaction between circ-
PTK2 and miR-639 (Fig.  9B). Reporters with circ-PTK2 
target and mutated sequences were transfected into cells 
and assessed alongside the miR-639 mimics and miRNA 
mimic negative control (miR-NC). The luciferase activ-
ity was decreased when miR-639 mimics and circ-PTK2-
WT reporter were used, but there was no significant 
change to the luciferase activity when either circ-PTK2-
Mut or miR-NC was used, indicating that miR-639 can 
bind to circ-PTK2 (Fig.  9C). circ-PTK2 overexpression 
led to enhanced cell migration and invasion in both 
SK-OV-3 and OVCAR-3 cells; however, addition of miR-
639 mimics reversed the outcome and suppressed cell 
migration and invasion (Fig.  9D, E). In SK-OV-3 and 
OVCAR-3 cells, circ-PTK2 + miR-639 mimics increased 
the mRNA and protein expression of E-cadherin but 
decreased the mRNA and protein expression of vimentin 

(See figure on next page.)
Fig. 3  The level of CHD1L correlates to levels of proteins in the epithelial–mesenchymal transition (EMT) pathway. A Fluorescent in situ 
hybridization (FISH) to determine the protein levels of E-cadherin and N-cadherin in SK-OV-3 cells. B FISH to determine the protein levels of 
E-cadherin and N-cadherin in OVCAR-3 cells. C Western blotting to determine the protein levels of the EMT pathway-related genes, E-cadherin, 
N-cadherin, and vimentin in SK-OV-3 and OVCAR-3 cells
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Fig. 4  Circ-PTK2 was identified as the candidate circRNA involved in ovarian cancer after CHD1L was inhibited. A Cluster graph in presenting the 
expression profiles of SK-OV-3 cells with si-CHD1L or si-NC treatment. B Dot plots of differentially expressed circRNAs, with upregulated expression 
of 82 circRNAs and downregulated expression of 247 circRNA. C Divergent and convergent primers for PCR and Sanger sequencing to validate 
the circular structure of the candidate circular RNAs. D Fluorescent in situ hybridization validation of the expression level of circ-PTK2. E Reverse 
transcriptase-quantitative PCR validation of the level of circ-PTK2 in SK-OV-3 and OVCAR-3 cells after inhibition of CHD1L expression. Data are 
presented as the mean ± SD. **P < 0.01
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compared with expression in the circ-PTK2 + mimics 
NC group (Fig. 9F–I). Therefore, overexpression of miR-
639 can reverse the EMT pathway activation induced by 
circ-PTK2 overexpression.

In a similar manner, the mRNA targets of miR-639 
were predicted. We found that expression of FOXC1 
was downregulated when miR-639 mimics were trans-
fected into SK-OV-3 and OVCAR-3 cells but was sig-
nificantly upregulated when miR-639 inhibitor was 
used instead (Fig. 10A). The target sequence of miR-639 
to FOXC1 mRNA was predicted and cloned to create 
a reporter for the luciferase reporter assay (Fig.  10B). 
The luciferase activity decreased to 50% in the FOXC1-
WT + miR-639 mimic group than that in the control 
group. The luciferase activity showed no apparent change 
when either FOXC1-Mut or miR-NC was used, indicat-
ing that there is a valid interaction between miR-639 and 
FOXC1 mRNA (Fig.  10C). Furthermore, inhibition of 
FOXC1 mRNA expression by FOXC1-siRNA reversed 
circ-PTK2-enhanced cell migration and invasion in both 
SK-OV-3 and OVCAR-3 cells (all P < 0.01) (Fig. 10D, E).

Discussion
In this study, we found that circ-PTK2 performs an 
important role in regulating cell migration and invasion 
in ovarian cancer. We found that circ-PTK2 expression 
was positively correlated to the level of CHD1L mRNA 
and that circ-PTK2 interacted with miR-639 and thereby 
regulated the expression of FOXC1.

In our previous study, we found that CHD1L expres-
sion in metastatic lesions of ovarian cancer was sig-
nificantly higher than that in primary lesions of ovarian 
cancer [20]. The prognosis in patients with high CHD1L 
expression was inferior to those with low CHD1L expres-
sion [20], suggesting that CHD1L was involved in the 
development and metastasis of ovarian cancer. Simi-
lar results were found in those with breast cancer [23], 
non-small-cell lung cancer (NSCLC) [24], esophageal 
carcinoma [25], and pancreatic cancer [26]. Using the 
bioinformatics analyses, we found that the expression of 
CHD1L mRNA and protein in ovarian serous cancer was 
significantly higher than that in normal ovarian tissues, 
which was similar to our previous study based on tissue 
microarrays [20]. These results suggest that CHD1L is a 
potential oncogene for ovarian cancer, but the potential 
oncogenic mechanisms remains to be elucidated. In this 
study, we found that CHD1L can promote the migration 
and invasion of ovarian cancer cells through EMT. Using 
high-throughput sequencing, we found a circRNA circ-
PTK2 that was positively correlated with CHD1L expres-
sion, which might be a novel biomarker and therapeutic 
target for ovarian cancer.

The PTK2 gene has been reported to express two types 
of circRNAs: circ_0003221 and circ_0008305. Both circR-
NAs have been correlated with cell proliferation and migra-
tion processes of cancer. In Xu et al. research, circ_0003221 
was found highly expressed in migrated cells in meta-
static lymph nodes. Silencing of circ-PTK2 inhibited the 

Fig. 5  Correlation of circ-PTK2 expression with ovarian cancer. A The location of circ-PTK2 in ovarian cancer tissues was detected using FISH assay. B 
Differentially expressed circ-PTK2 in ovarian cancer tissues and normal ovary tissues were measured by FISH. Data are presented as the mean ± SD. 
***P < 0.001

Fig. 6  Circ-PTK2 performs functions in regulating cell migration, invasion, and angiogenesis. A Validation of the siRNA targeting on circ-PTK2 via 
reverse transcriptase-quantitative PCR (RT-qPCR) in SK-OV-3 and OVCAR-3 cells. B Validation of circ-PTK2 overexpression vector by RT-qPCR in 
SK-OV-3 and OVCAR-3 cells. C Transwell assay showing cell migration and invasion in SK-OV-3 cells after inhibition or overexpression of circ-PTK2. 
D Transwell assay showing cell migration and invasion in OVCAR-3 cells after inhibition or overexpression of circ-PTK2. E Angiogenesis was 
determined by Matrigel assay after inhibition of expression of circ-PTK2. Data are presented as the mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001

(See figure on next page.)
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processes of cell proliferation and cell migration, whereas 
overexpression promoted proliferation and migration in 
bladder cancer. The high expression of circ_0003221 has 
also been correlated to poor clinicopathologic character-
istics [27]. circ_0008305 expression has been correlated to 
inhibition of NSCLC. circ_0008305 overexpression aug-
mented TIF1-gamma expression and inhibited TGF-beta-
induced EMT and cell invasion during cancer. In NSCLC, 
circ_0008305 targeted miR-429/miR-200b-3p and inhibited 
their functions in activating the TGF-beta-induced EMT 
pathway by targeting TIF1-gamma [28]. In our study, circ-
PTK2 (circ_0008305) promoted cell migration and invasion 
and angiogenesis processes, and circ-PTK2 expression was 
positively correlated to EMT conversion. Therefore, the 
functions of circ-PTK2 may be to those of circ_0003321 
in bladder cancer, which acts as a cancer promoter. How-
ever, although it is the same circRNA, circ_0008305 is more 
likely a cancer inhibitor in NSCLC, but a cancer promoter 
in ovarian cancer. Therefore, although both circRNAs are 
derived from the same gene, their functions can vary in dif-
ferent cancer types.

In this study, we found that angiogenesis was strongly 
inhibited by knockdown of circ-PTK2, suggesting that 
circ-PTK2 also promote the progression of ovarian can-
cer by stimulating angiogenesis. The formation of a large 
number of microvessels is the basis for the development 
and metastasis of ovarian cancer [29]. Tumor blood vessels 
provide necessary oxygen and nutrients for tumor tissues, 
make them grow rapidly, and promote distant metastasis 
[30]. In recent years, anti-angiogenesis therapies are hon-
ored as one of the new treatment strategies for malignant 
tumors, especially for ovarian cancer and breast can-
cer [31, 32]. According to our study, promising therapies 
by targeting circ-PTK2 should also be investigated in the 
future to treat metastatic disease of ovarian cancer.

We validated miR-639 as the target of circ-PTK2. miR-
639 expression was negatively correlated to cell migra-
tion and invasion, and overexpression via miRNA mimics 
inhibited both processes of cell migration and invasion in 
SK-OV-3 and OVCAR-3 cells. Based on our results, miR-
639 presents as a tumor inhibitor in ovarian cancer. How-
ever, this is inconsistent with a previous report, where the 
expression of miR-639 was shown to be associated with 
the TGF-beta-induced EMT pathway, which activated 
metastasis in tongue squamous cell carcinoma by targeting 
FOXC1 [33]; this was also demonstrated in nasopharyngeal 

carcinoma. Wang et al. attempted to adjust the expression 
of miR-639 in nasopharyngeal carcinoma (NPC) C666-1 
and NPC/HK1 cell lines and proved that overexpression 
of miR-639 promoted cell proliferation and migration, 
while suppression of miR-639 inhibited proliferation and 
migration in NPC [34]. Lei et al. demonstrated that miR-
639 promoted cell proliferation and the cell cycle in human 
thyroid cancer and that the main function was performed 
by targeting CDKN1A [35]. Therefore, for most types of 
cancers so far reported, miR-639 acts as a cancer promoter. 
However, in ovarian cell lines, we increased the expression 
of miR-639 level by using corresponding miRNA mimics. 
This inhibited cell migration and invasion and altered the 
expression of EMT-relevant genes, whereby expression 
of E-cadherin was upregulated, while that of N-cadherin 
and Snail was downregulated. Therefore, a different miR-
639 mechanism may operate in ovarian cancer than other 
types of cancer. Here circ-PTK2 expression was upregu-
lated when cell migration and invasion were enhanced, 
indicating that miR-639 expression was downregulated, 
while the expression of the corresponding downstream 
target gene, FOXC1, was upregulated in ovarian cancer. 
We demonstrated that FOXC1 suppression inhibited can-
cerous cell migration and invasion and potential EMT. 
However, Wang et  al. showed that high expression of 
FOXC1 can serve as a marker of benign ovarian tumors, 
enabling favorable prognosis for ovarian cancer [36], which 
is also inconsistent with our results. We hypothesize that 
the regulatory cascade of circ-PTK2, miR-639, and FOXC1 
is valid. However, the occurrence of ovarian cancer and the 
level of miR-639 and FOXC1 may be regulated by various 
factors and not just circ-PTK2. In our study, we designed 
the experiments by adjusting the expression level of circ-
PTK2 and determined the corresponding level of miR-639 
and FOXC1 mRNA. However, ovarian cancer may be reg-
ulated by more than just the molecules described above. 
The regulatory network and underlying mechanism related 
to ovarian cancer are complicated, and various other genes 
and molecules may be involved in the network.

Conclusion
Our results demonstrated a regulatory cascade related 
to circ-PTK2 expression, which potentially correlates 
to the processes of ovarian carcinoma. However, we 
are aware of the limitation of this study that a larger 
patient cohort is required to validate the association 

(See figure on next page.)
Fig. 7  circ-PTK2 regulates the epithelial–mesenchymal transition (EMT) pathway. A FISH to determine the protein levels of E-cadherin and 
N-cadherin in SK-OV-3 cells. B FISH to determine the protein levels of E-cadherin and N-cadherin in OVCAR-3 cells. C Western blotting analysis of 
EMT pathway protein expression, including E-cadherin, N-cadherin, Snail, and vimentin. D Reverse transcriptase-quantitative PCR analysis of the 
mRNA level of E-cadherin, N-cadherin, Snail, and vimentin in SK-OV-3 and OVCAR-3 after inhibition of circ-PTK2 expression. Data are presented as 
the mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 8  In vivo tumor formation assays validate the function of circ-PTK2 in tumorigenesis. A Tumors collected from euthanized nude mice. B 
Amounts of nodules present. C Tumor volume. D Hematoxylin and eosin staining of cellular structure and immunohistochemical staining to 
determine the protein level of E-cadherin and N-cadherin. Data are presented as the mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001

(See figure on next page.)
Fig. 9  Validation of the interaction between circ-PTK2 and miR-639. A Reverse transcriptase-quantitative PCR validation of level of miR-639 following 
inhibition of circ-PTK2 expression. B Binding sequences between circ-PTK2 and miR-639 were predicted and wild-type and mutated circ-PTK2 genes 
were synthesized and cloned into luciferase vector to generate reporter. C Luciferase activity was determined to validate the interaction between 
circ-PTK2 and miR-639. D Transwell assay with SK-OV-3 cells showing enhanced cell migration and invasion due to overexpression of circ-PTK2, whereas 
overexpression of miR-639 inhibited those processes. E Transwell assay with OVCAR-3 cells showing enhanced cell migration and invasion due to 
overexpression of circ-PTK2, whereas overexpression of miR-639 inhibited those processes. F Western blot analysis of effect of overexpression of circ-PTK2 
in SK-OV-3 cells: the protein level of E-cadherin was decreased, while the protein levels of N-cadherin, Snail, and vimentin were increased, although 
overexpression of miR-639 reversed the effect. G Western blot analysis of effect of overexpression of circ-PTK2 in OVCAR-3 cells: the protein level of 
E-cadherin was decreased, while the protein levels of N-cadherin, Snail, and vimentin were increased, although overexpression of miR-639 reversed the 
effect. H Overexpression of circ-PTK2 in SK-OV-3 cells decreased the mRNA level of E-cadherin and increased the mRNA level of vimentin and Snail, while 
overexpression of miR-639 reversed the effect; adjustment of expression of circ-PTK2 and miR-639 did not significantly affect expression of N-cadherin. I 
Overexpression of circ-PTK2 in OVCAR-3 cells decreased the mRNA level of E-cadherin and increased the mRNA level of N-cadherin and Snail, while that 
of miR-639 reversed the effect; adjustment of expression of circ-PTK2 and miR-639 did not significantly affect expression of vimentin. Data are presented 
as the mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001
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between circ-PTK2 expression and patient survival. In 
future studies, clinical specimens will be tested to deter-
mine the level of circ-PTK2 and miR-639 and FOXC1 
in the disease state. In addition, more target genes and 

miRNAs of circ-PTK2 need to be assessed to enrich the 
corresponding regulatory network and help build a bet-
ter understanding of the mechanism.

Fig. 10  Validation of the interaction between miR-639 and FOXC1. A Reverse transcriptase-quantitative PCR validation of the level of FOXC1 mRNA 
when miR-639 was inhibited or overexpressed. B Binding sequences between FOXC1 mRNA and miR-639 were predicted, and wild-type and 
mutated FOXC1 genes were synthesized and cloned into luciferase vector to generate a reporter. C Luciferase activity was determined to validate 
the interaction between FOXC1 mRNA and miR-639. D Transwell assay with SK-OV-3 cells showing enhanced cell migration and invasion due to 
overexpression of circ-PTK2 while inhibition of FOXC1 mRNA expression suppressed those processes. E Transwell assay with OVCAR-3 cells showing 
enhanced cell migration and invasion due to overexpression of circ-PTK2 while inhibition of FOXC1 mRNA expression suppressed those processes. 
Data are presented as the mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001
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