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1  | INTRODUC TION

As the most common malignancies of bones in children and young 
adults, the incidence of osteosarcoma (OS) is about 0.5 cases per 
100 000 per year annually.1 It is reported that approximately 15%-
20% of patients combined with metastases at diagnosis, mostly in 
the lungs. The prognosis of patients with lung metastasis appears 
to be depressing, with about less than 20%-30% of long-term 

survivors.2 Although the progress of polychemotherapy and surgical 
resection significantly improved the total survival rates, the progno-
sis is still of frustration for most patients with metastatic or recur-
rent OS.3 Therefore, seek out new metastatic molecules and deeper 
elucidation of their working mechanisms remain great importance 
for targeting treatment of OS.

Circular RNAs (circRNAs) are a class of RNA transcripts that are thought 
to arise from non-canonical splicing of linear pre-mRNAs.4,5 Mounting 
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Abstract
As a class of covalently closed non-coding RNAs, circular RNAs (circRNAs) are key 
regulators in various malignancies including osteosarcoma (OS). In the present study, 
we found that circular RNA PVT1 (circPVT1) was up-regulated in OS and correlated 
with poor prognosis of patients with OS. Functionally, we showed that knockdown 
of circPVT1 suppressed OS cells metastasis. In addition, we found that (forkhead box 
C2) FOXC2 was a downstream gene in circPVT1-mediated metastasis in OS cells. We 
demonstrated that circPVT1 promoted OS cells metastasis via post-transcriptionally 
regulating of FOXC2. Furthermore, we revealed that microRNA 526b (miR-526b) was 
a key bridge which connected circPVT1 and FOXC2. We showed that miR-526b was 
down-regulated in OS tissue and cell lines. Through a transwell assay, we found that 
miR-526b suppressed OS cells metastasis by targeting of FOXC2. We also showed 
that miR-526b targeted circPVT1 via similar mircoRNA response elements (MREs) 
as it did for FOXC2. Finally, we proved that circPVT1 decoyed miR-526b to promote 
FOXC2-mediated metastasis in OS cells. In brief, our current study demonstrated 
that circPVT1, functioning as an oncogene, promotes OS cells metastasis via regula-
tion of FOXC2 by acting as a ceRNA of miR-526b. CircPVT1/miR-526b/FOXC2 axis 
might be a novel target in molecular treatment of OS.
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evidence indicates that circRNAs are comprehensively involved in multi-
ple malignant tumours like bladder carcinoma, hepatocellular carcinoma 
(HCC), non-small cell lung cancer (NSCLC), colon cancer, gastric cancer and 
OS.6-12 Circular RNA PVT1 (circPVT1) is located at chromosome 8q24 and 
is commonly reported as deriving from one exon of its host gene PVT1.13 
CircPVT1 flanks two long introns (35 269 bp and 41 466 bp), which harbour 
many Alu repeats and may facilitate circPVT1 formation.14 Qin S found that 
circPVT1 was up-regulated in NSCLC tissues and cell lines, and circPVT1 
promoted NSCLC progression via acting as a competing endogenous RNA 
(ceRNA) for miR-497.15 Wang Z reported that circPVT1 was overexpressed 
and facilitated colorectal cancers (CRC) metastasis via sponging of miR-
145.16 Presently, the role of circPVT1 in OS remains unclear.

Forkhead box C2 (FOXC2) is a transcription factor belongs to large 
family of protein, forkhead box. FOXC2 plays crucial roles in multi-
ple cancers and is often highly expressed in malignancies like breast 
cancer, gastric cancer, cervical cancer and OS.17-20 Cui YM found that 
FOXC2 was highly expressed in CRC, and FOXC2 enhanced the in-
vasive abilities of CRC cells in vitro and promoted local invasion and 
distant metastasis in an orthotopic mouse metastatic model of CRC.21 
Gozo MC reported that FOXC2 was frequently overexpressed and 
augmented tumour propagation and metastasis in OS.22 Zhu KP found 
that FOXC2 was up-regulated in OS, and FOXC2 interacted with ln-
cRNA ENST00000563280 and promoted tumour angiogenesis and 
epithelial-to-mesenchymal transition (EMT) in OS.23 Up to present, 
whether FOXC2 can cowork with any circRNAs keeps obscure.

In the current study, we found that circPVT1 was overexpressed 
in OS tissues and cell lines. We functionally illustrated that circPVT1 
was a key regulator for metastasis in OS cells. We demonstrated that 
circPVT1 promoted OS cells metastasis via regulation of FOXC2 by 
working as a ceRNA for miR-526b. Our finds presented a new molec-
ular axis in targeting treatment of OS.

2  | MATERIAL S AND METHODS

2.1 | Patients and tissue samples

A total of 48 cases of osteosarcoma tissue samples and paired para-
tumour tissue samples were obtained from patients undergoing re-
section of tumour at The First Hospital of Jilin University between 
January 2009 and November 2018. All samples were histopatholog-
ically confirmed and obtained with informed consent. No patient re-
ceived preoperative local or systemic anticancer treatment. Tumour 
stage was classified according to the guidelines of the 7th Edition 
of the AJCC (American Joint Committee on Cancer) Cancer Staging 
Manual of TNM. The study was approved by the Institutional Ethics 
Committee of The First Hospital of Jilin University.

2.2 | Cell culture

A human osteoblast cell line hFOB 1.19 was cultured in DMEM/F12 
(Gibco). Four human osteosarcoma cell lines MG-63, U2OS, HOS and 

143B were cultured in Dulbecco's modified Eagle's medium (DMEM) 
(Gibco), and all medium were supplemented with 10% (v/v) foetal 
bovine serum (FBS, Sigma, St. Louis, MO, USA), 100 IU/mL penicillin 
and 100 mg/mL streptomycin (Baomanbio). All cell lines were cul-
tured at 37°C in a humidified atmosphere containing 5% CO2.

2.3 | RNase R treatment

The procedure was carried out as previously described.24 Two mg 
of total RNA was incubated for 30 minutes at 37°C with or without 
5 U/μg RNase R (Epicentre Technologies), and subsequently purified 
by a RNeasy MinElute Cleaning Kit (Qiagen, Valencia, CA, USA), then 
analysed by RT-PCR.

2.4 | Quantitative real-time PCR (qRT-PCR)

All the procedures were carried out as previously described.25 Total 
RNAs were extracted by using of TRIzol reagent (Invitrogen). Total 
RNA was reverse transcribed to cDNA, and then qPCR was con-
ducted by using a SYBR Green PCR Kit (Takara) and using GAPDH 
as an internal control. Expression of miR-526b was determined by 
stem-loop primer SYBR Green quantitative real-time PCR (RiboBio, 
Co., Ltd. Guangzhou, China) via applying of U6 as an internal con-
trol. Expression of targeted genes was calculated by 2−ΔΔCt method. 
Specific primers were synthesized by RiboBio as listed in Table S1.

2.5 | Nucleic acid electrophoresis

The cDNA and gDNA PCR products were investigated using 2% aga-
rose gel electrophoresis with TAE running buffer. DNA was sepa-
rated by electrophoresis at 120 V for 30 minutes. The DNA marker 
used was Super DNA Marker (CWBIO). The bands were examined 
by UV irradiation.

2.6 | Oligonucleotides and plasmids transfection

Scramble small interfering RNA (siSCR) and specific small interfer-
ing RNAs targeted circPVT1 (sicircPVT1-1 and sicircPVT1-2), wild 
and mutant circPVT1 overexpression plasmids containing wild 
(oecircPVT1-wt) or mutant (oecircPVT1-mut) miR-526b binding 
sites were synthesized by GenePharma (Shanghai, China). FOXC2 
overexpression plasmids (oeFOXC2) and FOXC2 silencing plasmids 
(siFOXC2) were also synthesized by GenePharma and were used 
to increase or decrease the expression level of FOXC2. To up- and 
down-regulation of miR-526b, miR-526b mimics, negative control 
mimic (NC mimic), miR-526b inhibitors and negative control inhibi-
tors (NC inhibitor) were purchased from RiboBio. All the oligonu-
cleotides and plasmids were transfected into OS cells according to 
different requirements by using a Lipofectamine 2000 (Invitrogen) 
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according to the manufacturer's protocols. The sequences of small 
interfering RNAs were listed in Table S1.

2.7 | In situ hybridizations (ISH) assay

The procedures were carried out as previously described.26 Fresh 
OS sections were permeabilized with 0.3% Triton X-100 for 15 min-
utes and then incubated in a hybridization solution containing special 
probes (RiboBio) targeting of circPVT1 or miR-526b supplemented 
with 1% blocking solution in a humid chamber at 37°C overnight. The 
next day, the sections were rinsed with a solution of 0.1% Tween-20 
in 4 × sodium citrate buffer (SSC) for 5 minutes, a solution of 0.1% 
Tween-20 in 2 × SSC for 5min and a solution of 0.1% Tween-20 in 
1 × SSC for 5 min at 42°C in dark. Lastly, the sections were triply 
washed with 1 × PBS for 5 min at room temperature and were coun-
terstained by DAPI. All sections were observed and photographed 
under a microscope (Leica).

2.8 | Transwell assay

The procedure was carried out as previously described.26 HOS and 
143B cells were seeded in a 6-well plate after designated treatments 
and incubated for 72 hours. The upper chambers were pre-coated 
with (for invasion assay) or without (for migration assay) Matrigel 
(1:20, BD Biosciences, New Jersey, USA) 2 hours before plating the 
cells. Cells were cultured with serum-free media and seeded into the 
upper chambers at a concentration of 1 × 105/mL. Culture medium 
supplemented with 10% FBS was placed in the lower chambers. 
After incubation for 12 h, the invaded or migrated cells were per-
meabilized by methanol for 20 min at room temperature and stained 
with 0.1% (w/v) crystal violet in a dark room and then be counted.

2.9 | Western blot assay

Total proteins were harvested by using radio immunoprecipitation 
assay (RIPA) lysis buffer (Sigma) and qualified by a BCA detecting kit 
(Keygen) according to the manufactures’ instructions. Proteins sam-
ples were electrophoretically transferred onto PVDF membranes 
(Millipore, Billerica, MA). Then, the membranes were blocked by 
Bovine Serum Albumin (Sigma-Aldrich, St. Louis, MO) and bred with 
primary antibodies at 4°C overnight. Thereafter, the membranes 
were incubated with secondary antibodies at room temperature for 
1 hour. Bands were visualized by an ECL chemiluminescent detec-
tion system (Thermo Fisher Scientific).

2.10 | Dual-luciferase reporter assay

The procedure was carried out as previously described.26 Reporter 
plasmids containing wild and mutant sequence of circPVT1 

(circPVT1-luc-wt and circPVT1-luc-mut) or FOXC2 (FOXC2-luc-wt 
and FOXC2-luc-mut) were designed and chemically synthesized by 
GenePharma, respectively. The reporter plasmids were cotrans-
fected with miR-526b mimics or NC mimic and incubated for 
48 hours, individually. Luciferase activity was measured with Dual-
Luciferase Reporter Assay System (Promega) according to the manu-
facturer's protocol.

2.11 | RNA-pull down assay

The procedure was carried out as previously described.27 In brief, 
cells were quantitated and treated with 1 mL of cell lysis buffer 
for 72 hours. Then, cells were rotated overnight at 4°C after add-
ing 1.5 μL of RNase inhibitor, 10 μL of streptavidin agarose beads 
and 500 pmol/L antisense oligos. Beads were washed 5 times by 
cell lysis buffer. Total RNAs were subjected to qRT-PCR analysis.

2.12 | Statistical analysis

All data were collected from three independent repeated experi-
ments and were expressed as mean ± SD. Statistical analysis was 
evaluated by using a GraphPad Prism V5.0 (GraphPad Software 
Inc.) software and SPSS 19.0 statistical software (IBM). Overall 
survival (OS) was evaluated by Kaplan-Meier survival curves and 
compared by log-rank test. Pearson's chi-squared test was used 
to analyse the correlation between circPVT1 and clinicopathologi-
cal features of patients with OS. Differences between two groups 
were analysed by the Student's t-test. One-way analysis of vari-
ance was used for analysing of differences among multiple sets of 
data. Differences were considered significant if *P < .05, **P < .01, 
***P < .0001, respectively.

3  | RESULTS

3.1 | CircPVT1 is up-regulated in OS and correlated 
with poor outcomes

We performed qRT-PCR to measure the expression of circPVT1 
in collected 48 OS tissue samples. As the data presented in 
Figure 1A, circPVT1 was up-regulated in most (42/48, 87.50%) 
OS tissue samples. In addition, we measured the expression of 
circPVT1 in 3 fresh OS tissue samples by an ISH assay. As the 
representative photos displayed in Figure 1B, circPVT1 was signif-
icantly highly expressed in OS tissue samples than that of para-tu-
mour tissue samples. Further, we checked expression of circPVT1 
at cellular level. As the findings showed in Figure 1C, compared 
to a normal human osteoblast cell line hFOB1.19, circPVT1 was 
overexpressed in four osteosarcoma cell lines MG-63, U2OS, 
HOS and 143B. Even more, we found that up-regulated circPVT1 
was more commonly presented in OS tissue samples with lung 
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metastasis (Figure 1D). Meanwhile, we evaluated the clinical 
value of circPVT1 in patients with OS. As shown in Figure 1E and 
Table 1, up-regulated circPVT1 was closely correlated with ad-
vanced clinical stage (P = .008), distant metastasis (P = .009) and 
shorter survival rate (P = .0053, Figure 1E). Even more, we pre-
sented that circPVT1 was derived from exon 2 of PVT1 oncogene, 
and the head-to-tail splicing was confirmed via Sanger sequencing 
(Figure 1F). Even further, cDNA and gDNA were extracted sep-
arately from HOS and 143B cells and subjected to nucleic acid 
electrophoresis detection. As the results displayed in Figure 1G, 
circPVT1 could be detected in only cDNA, as no products were 
detected in the extracted gDNA. Finally, by an RNase R assay, we 
verified that circPVT1 was more stable than PVT1 after an RNase 
R treatment (Figure 1H).

3.2 | Down-regulation of circPVT1 suppressed 
metastasis in HOS and 143B cells

To explore whether circPVT1 play a role in OS cells metastasis, 
we constructed in vitro loss of function assays. We transfected 
circPVT1 specific siRNAs (sicircPVT1-1 and sicircPVT1-2) into HOS 
and 143B cells, and the expression of circPVT1 as well as lncRNA 
PVT1 was measured by a qRT-PCR assay. As the outcomes displayed 
in Figure 2A, B and Figure S1A, B, compared to a scramble control 
(siSCR), circPVT1 was significantly knocked down by sicircPVT1-1 
and sicircPVT1-2. However, the changes of lncRNA were not sig-
nificant. Further, a transwell assay (Figure 2C, D) and a wound heal-
ing assay (Figure 2E, F) indicated that down-regulation of circPVT1 
suppressed migration and invasion in HOS and 143B cells.

F I G U R E  1   CircPVT1 is up-regulated in OS and correlated with poor outcomes. A, CircPVT1 expression in 48 paired OS tissue samples 
was qualified by using a qRT-PCR analysis via applying of log2 (2−△△Ct) method. B, CircPVT1 expression in OS tissue samples and paired 
para-tumour tissue samples was determined by an ISH assay. Scale bar, 50 µm; magnification, 40×. C, qRT-PCR was used to measure the 
expression of circPVT1 in 4 OS cell lines MG-63, U2OS, HOS and 143B and in a normal human osteoblast cell line hFOB1.19. D, Expression 
of circPVT1 was higher in patients with lymph node metastasis (N1 and N2, than that in patients without lymph node metastasis (N0). 
E, Association of circPVT1 expression with overall survival analysis of 48 OS patients, detected by a Kaplan-Meier analysis, P = .0053. F, 
Sanger sequencing was used to verify the head-to-tail splicing of circPVT1. G, RT-PCR validated the existence of circPVT1 in HOS and 
143B cell lines. CircPVT1 in cDNA, instead of genomic DNA, was amplified by divergent primers. GAPDH was used as a negative control. 
H, Expression of circPVT1 and PVT1 in HOS and 143B cells were determined by RT-PCR or qRT-PCR with or without the effect of RNase R. 
Data were shown as mean ± SD from three independent experiments. ***P < .001 compared to controls
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3.3 | CircPVT1 promoted metastasis via up-
regulation of FOXC2 in HOS and 143B cells

FOXC2 is a key regulator in several cancers metastasis including 
OS.21-22,28,29 We attempted to investigate the relationship between 
circPVT1 and FOXC2. We firstly constructed cell models with dif-
ferent circPVT1 expression level in HOS and 143B cells via trans-
fection of a circPVT1 overexpression plasmid (oecircPVT1) and 
a specific circPVT1 siRNA, individually. As the data presented in 
Figure 3A, circPVT1 was significantly overexpressed and knock-
down in OS cells, correspondingly. We then determined the effect 
of circPVT1 working on FOXC2. As the result of Western blot dis-
played in Figure 3B, FOXC2 is positively regulated by circPVT1. 
Functionally, as the representative figures of transwell assay dis-
played in Figure 3C, D, we found that up-regulation of circPVT1 
promoted OS cells migration and invasion, and the facilitative ef-
fect was abolished by a suppression of FOXC2, and vice versa. Also, 
a similar tendency was displayed by using of a wound healing assay 
(Figure 3E, F).

3.4 | CircPVT1 regulated FOXC2 partially via miR-
526b

We have showed that circPVT1 regulated FOXC2-mediated metas-
tasis in OS cells. We then tried to explore how circPVT1 regulate 
FOXC2. We found that the mRNA levels of FOXC2 only changes a 
little after up- and down-regulation of circPVT1 (Figure 4A). This 
phenomenon indicated that some non-coding RNAs might involve 
in this process at a post-transcriptional level. It is well known that 
circular RNAs regulate their downstream genes via a mechanism 
of ceRNA post-transcriptionally. We used 3 online prediction 
software circBank (http://www.circb ank.cn/index.html), circular 
RNA interactome30 and Targetscan (http://www.targe tscan.org/
vert_72/) to infiltrate potential miRNAs that might interacted 
with circPVT1 and FOXC2. 2 miRNAs (miR-526b and miR-513a-5p) 
were overlapped in the aforementioned 3 databases (Figure 4B 
and 4C). We selected miR-526b for a further study as it was down-
regulated in OS through analysing of GEO datasets GSE28423 
(Figure 4D ; Figure S2A, B). In addition, we found that miR-526b 
was down-regulated and was closely correlated with poor prog-
nosis in patients with OS (Figure 4E, F). A further cellular level of 
detection also indicated a similar result (Figure 4G). Even more, 
we showed that low expression of miR-526b was closely corre-
lated with shorter overall survival of patients with OS (Figure 4H). 
Subsequently, we demonstrated that up- and down-regulation of 
circPVT1 negatively regulated miR-526b expression (Figure 4I). 
Meanwhile, we illustrated that there was an inverse correlation 
(r = −.5141, P = .0002) between circPVT1 and miR-526b in col-
lected 48 OS tissue samples (Figure 4J). Finally, we illustrated that 
the facilitative effect of oecircPVT1 on FOXC2 protein was abol-
ished by up-regulation of miR-526 (transfection of miR-526 mimic), 
and vice versa (Figure 4K, L).

3.5 | MiR-526b suppressed metastasis via directly 
targeting of FOXC2 in HOS and 143B cells

In this section, we further illustrated the role of miR-526b in OS 
cells metastasis. We firstly revealed that miR-526b was down-
regulated in OS tissue samples by an ISH assay (Figure 5A). We 
then demonstrated that up- and down-regulation of miR-526b 
negatively regulated FOXC2 protein but not mRNA expression 
(Figure 5B, C). Functionally, we found that up-regulation of miR-
526b suppressed OS cells migration and invasion, and the sup-
pressive effect was reversed by an overexpression of FOXC2 
(miR-526b mimic + oeFOXC2). By contrast, down-regulation of 
miR-526b promoted OS cells migration and invasion, and the facil-
itative effect was abolished by a knockdown of FOXC2 (miR-526b 
inhibitor+siFOXC2) (Figure 5D). Even more, a similar tendency 
was found by a wound healing assay (Figure 5E, F). Lastly, through 
a luciferase assay, we showed that FOXC2 was a direct target of 
miR-526b (Figure 5G, H).

TA B L E  1   Association of circPVT1 expression with 
clinicopathological features of osteosarcoma

Features No. of cases

CircPVT1

P-valuea High Low

Age at diagnosis    .745

＜18 35 18 17  

≥18 13 6 7  

Gender    .771

Female 27 13 14  

Male 21 11 10  

Histological subtype    .849

Osteoblastic 9 6 8  

Chondroblastic 18 5 6  

Fibroblastic 38 7 5  

Mixed 30 6 5  

Clinical stage    .008

I+IIA 19 5 14  

IIB/III 29 19 10  

Distant metastasis    .009

Absent 21 6 15  

Present 27 18 9  

Tumour size (cm)    .149

<5 39 10 11  

≥5 56 14 13  

Anatomic location    .505

Tibia/femur 36 19 17  

Elsewhere 12 5 7  

aP-value obtained from Pearson Chi-Square test. 

http://www.circbank.cn/index.html
http://www.targetscan.org/vert_72/
http://www.targetscan.org/vert_72/
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3.6 | CircPVT1 decoyed miR-526b to promote 
FOXC2-mediated metastasis in HOS and 143B cells

Circular RNAs are reported as working as ceRNAs to regulate their 
downstream mRNAs via miRNAs sponging. Therefore, we won-
dered the ceRNA network among circPVT1, miR-526b and FOXC2 
do exist. We firstly constructed luciferase assay to elucidate the 
directly binding effect between circPVT1 and miR-526b. As the 
findings presented in Figure 6A, B, cotransfection of miR-526b 
mimic and wild-type of reporter plasmids (circPVT1-luc-wt) that 
containing wild-type of miR-526b binding sites, the luminance 
was significantly decreased. When the theoretical binding sites 
of miR-526b in circPVT1 was mutated (cotransfection of miR-526 
mimic and circPVT1-luc-mut), the luminance was re-enhanced. 
Subsequently, we performed a RNA-pull down assay to further 
conform the interaction between miR-526b and circPVT1/FOXC2. 
We added circPVT1 overexpression plasmids oecircPVT1 and 

specific siRNAs (sicircPVT1) into HOS and 143B cells. Specific 
biotinylated antisense oligos were used to isolate circPVT1 and 
FOXC2 from the above OS cells, individually. A qRT-PCR assay 
was then applied to analyse the abundance of miR-526b that was 
pulled down by circPVT1 or FOXC2 mRNA. As the data showed 
in Figure 6C, comparing with vector, overexpression of circPVT1 
resulted to an increased abundance of miR-526b that were pulled 
down by circPVT1 but a decreased abundance of miR-526b that 
were pulled down by FOXC2. By contrast, when circPVT1 was 
knocked down by sicircPVT1, the pulled-down miR-526b by 
circPVT1 was decreased but increased by FOXC2 (Figure 6D). 
Functionally, we performed a transwell assay and a wound heal-
ing assay to illustrate the role of circPVT1/miR-526b/FOXC2 axial 
working on OC cells migration and invasion. As the representa-
tive photographs showed in Figure 6E-H, a wild circPVT1 overex-
pression plasmid (oecircPVT1) who contained miR-526b response 
elements (MRE-526b) promoted OS cells migration and invasion. 

F I G U R E  2   Down-regulation of circPVT1 suppressed metastasis in HOS and 143B cells. A and B, CircPVT1 was knocked down by specific 
siRNAs sicircPVT1-1 and sicircPVT1-2 as confirmed by a qRT-PCR assay. C and D, Transwell assays were performed after knocking down 
of circPVT1 in HOS and 143B cells. The migrated or invaded cells were counted in 10 randomly chosen microscopic fields (200×) of each 
experiment and pooled. E and F, Migration ability of HOS and 143B cells were checked by a wound healing assay. Data were shown as 
mean ± SD from three independent experiments. **P < .01 as normalizing and comparing with siSCR group
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When the theoretical binding sites that circPVT1 provided for 
miR-526b was mutated (transfection of oecircPVT1-mut), the fa-
cilitative effect t was abolished. Additionally, we found that the 
promotive effect of oecircPVT1-wt on OS cells migration and inva-
sion was attenuated by an up-regulation of miR-526b (cotransfec-
tion of oecircPVT1-wt and miR-526b mimics).

4  | DISCUSSION

Circular RNAs (circRNAs) are a class of endogenous non-coding RNAs 
that can form between a downstream 3’ splice site and an upstream 
5’ splice site in a linear precursor mRNA (pre-mRNA).31 For lack-
ing of 3’ termini and being resistant to degradation by exonuclease 

F I G U R E  3   CircPVT1 promoted metastasis via up-regulation of FOXC2 in HOS and 143B cells. A, CircPVT1 was overexpressed and 
knocked down by transfection of oecircPVT1 and sicircPVT1 as measured by a qRT-PCR, respectively. B, Expression of FOXC2 after up- and 
down-regulation of circPVT1 was measured by a Western blot. C, A transwell migration assay was performed in HOS cells with three groups 
(vector, oecircPVT1 and oecircPVT1+siFOXC2), and in 143B cells with another three groups (siSCR, sicircPVT1 and sicircPVT1+oeFOXC2) 
D, A transwell invasion assay was also applied in HOS cells with three groups (siSCR, sicircPVT1 and sicircPVT1+oeFOXC2), and in 143B 
cells with another three groups (vector, oecircPVT1 and oecircPVT1+siFOXC2). The migrated or invaded cells were counted in 10 randomly 
chosen microscopic fields (100×) of each experiment and pooled. E and F, Migration ability of HOS (E) and 143B (F) cells was determined 
by a wound healing assay. Each sample was run in triplicate and in multiple experiments for mean ± SD. **P < .01 compared to controls, 
respectively
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RNase R, circRNAs are more stable than associated linear mRNAs.32 
CircPVT1 is located at chromosome 8q24.21 and is generated by 
circularization of an exon of the PVT1 pre-lncRNA.25 CircPVT1 is 
more commonly working as an oncogene in various cancers. Zhu 
PK reported that circPVT1 was overexpressed in osteosarcoma and 
facilitated to doxorubicin and cisplatin resistance of osteosarcoma 
cells via regulating the expression of classical drug resistance-related 
gene ATP binding cassette subfamily B member 1 (ABCB1).33 Li X 
found that circPVT1 promoted NSCLC cells proliferation and inva-
sion via regulation of E2F transcription factor 2 (E2F2) signalling 
through miR-125b sponging.34 In the present study, we found that 
circPVT1 was up-regulated in OS tissue samples and cell lines. In 

addition, we showed that circPVT1 had remarkable clinical value in 
OS for its closed correlation with OS patients’ clinicopathological 
features as clinical staging, TNM staging and survival rate. A fur-
ther loss of function assay presented that a knockdown of circPVT1 
suppressed OS cells migration and invasion, and this phenotype test 
indicated that circPVT1 was involved in OS cells metastasis.

As a member of FOX proteins, FOXC2 who also termed mes-
enchyme forkhead 1, is known as winged-helices owing to the 
butterfly-like appearance of the loops in the protein structures.35 
FOXC2 is composed of a single exon located on the chromosomal 
band 16p24.1, structurally.36 FOXC2 is widely accepted as an onco-
gene via interacting with cadherin family, protein kinases and other 

F I G U R E  4   CircPVT1 regulated FOXC2 partially via miR-526b. A, Expression of FOXC2 mRNA after up- and down-regulation of 
circPVT1 was evaluated by a qRT-PCR assay. B, MiRNAs targeted circPVT1 and FOXC2 were predicted by using of circBank, circular RNA 
interactome and Targetscan. MiR-526b and miR-513a-5p were overlapped in the aforementioned 3 databases. C, A diagram presented the 
seeding sequences of miR-526b in circPVT1 and FOXC2. D, Expression of miR-526b was significantly lower in OS than that of in normal 
bone according to an analysis of GEO database GSE28423. E and F, Expression of miR-526 in collected 48 OS samples was measured by a 
qRT-PCR assay. (g) Expression of miR-526b at cellular level was determined by a qRT-PCR assay. H, A Kaplan-Meier analysis indicated that 
lower miR-526b was correlated with shorter overall survival in 48 OS patients. I, Expression of miR-526b after up- and down-regulation of 
circPVT1 was determined by a qRT-PCR assay, either. J, Correlation between circPVT1 and miR-526b as measured by Pearson's correlation 
coefficient. K and L, Expression level of FOXC2 protein after cotransfection of oecircPVT1 and miR-526b mimics (K) or sicircPVT1 and miR-
526b inhibitor (L) was measured by a Western blot. Each sample was run in triplicate and in multiple experiments for mean ± SD. n.sP > .05, 
**P < .01 and ***P < .001 compared to controls, individually
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molecules to promote cell proliferation and metastasis in cancers.37 
In the present study, we also concentrated on the relationship be-
tween circPVT1 and FOXC2. We found that circPVT1 positively 
regulated FOXC2 protein expression, and a block of FOXC2 re-
versed the facilitative effect of circPVT1 working on OS cells me-
tastasis. These findings strongly indicated that FOXC2 was a key 
downstream metastasis-related gene of circPVT1 in OS. A further 

qRT-PCR assay demonstrated that circPVT1 had no significant ef-
fect on FOXC2 mRNA expression. This phenomenon suggested that 
circPVT1 regulated FOXC2 at post-transcriptional level. It is well 
known that RNA transcripts communicate through the language of 
ceRNA which is mediated by microRNAs (miRNAs).38 Thereby, we 
hypothesis that circPVT1 might cowork with any miRNAs to regu-
late FOXC2.

F I G U R E  5   MiR-526b suppressed metastasis via directly targeting of FOXC2 in HOS and 143B cells. A, MiR-526b expression in OS tissue 
samples was qualified by using an ISH assay. B and C, Expression of FOXC2 was determined by a qRT-PCR assay (B) and a Western blot assay 
(C) after up- and down-regulation of miR-526b. D, A transwell migration assay was performed in HOS cells with three groups (NC mimic, 
miR-526b mimic and miR-526b mimic+oeFOXC2), and a transwell invasion assay was performed in 143B cells with another three groups (NC 
inhibitor, miR-526b inhibitor and miR-526b inhibitor+siFOXC2). E and F, Migration ability changes of HOS (E) and 143B (F) cells was checked 
by a wound healing assay. G and H, Cotransfection of wild or mutant reporter plasmids (FOXC2-luc-wt or FOXC2-luc-mut) and miR-526b 
mimic in HOS (G) and 143B (H) cells, separately. Luciferase reporter assay was applied to detect the luciferase activities. Each sample was 
run in triplicate and in multiple experiments for mean ± SD. n.sP > .05, *P < .05, **P < .01 and ***P < .001 compared to controls, respectively
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MiRNAs, length of 20-22 nucleotides, are a great amount of 
small RNAs with non-protein coding abilities. MiRNAs negative 
regulate gene expression via decreasing the stability of target RNAs 
or limiting their translation.39 An online prediction draws our atten-
tion to microRNA-526b (miR-526) for the similar MREs it provided 

for both circPVT1 and FOXC2. MiR-526b is located at human chro-
mosome 19q13.42 and contains one exon. MiR-526b was reported 
as a tumour suppressor in various cancers including cervical cancer, 
hepatocellular carcinoma, colon cancer and glioma.40-43 In the cur-
rent research, we checked the expression level of miR-526b in OS. 

F I G U R E  6   CircPVT1 decoyed miR-526b to promote FOXC2-mediated metastasis in HOS and 143B cells. A and B, Wild or mutant 
reporter plasmids (circPVT1-luc-wt or circPVT1-luc-mut) and miR-526b mimic were cotransfected into HOS (A) and 143B (B) cells, and 
a luciferase reporter assay was applied to detect the luciferase activities, individually. C and D, A RNA-pull down assay was performed 
by biotinylated antisense oligos specific targeting of circPVT1 and FOXC2 after transfecting with oecircPVT1 or sicircPVT1 in HOS (C) 
and 143B (D) cells. Relative miR-526b pulled down by circPVT1 or FOXC2 mRNA was measured by a qRT-PCR assay. E and F, A transwell 
migration assay was performed in HOS cells (E) with four groups (vector, oecircPVT1, oecircPVT1-mut and oecircPVT1+miR-526b mimic), 
and a transwell invasion assay was performed in 143B cells (F) with four groups (vector, oecircPVT1, oecircPVT1-mut and oecircPVT1+miR-
526b mimic), either. G and H, Migration ability of HOS (G) and 143B (H) cells was determined by a wound healing assay. Each sample was run 
in triplicate and in multiple experiments for mean ± SD. n.sP > .05 and **P < .01 compared to controls, respectively
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As expected, we showed that miR-526b was down-regulated in OS. 
We also found that miR-526b negatively correlated with FOXC2, 
and up- and down-regulation of miR-526b inversely affected the 
regulative effect of circPVT1 on FOXC2, and these findings indi-
cated that miR-526b was a key molecule connecting circPVT1 and 
FOXC2. To functionally verify the role of miR-526b on OS cells 
metastasis, we performed a transwell assay as well as a luciferase 
assay and found that miR-526b suppressed OS cells metastasis via 
targeting of FOXC2. Taking all, as the diagram explained in Figure 7, 
our findings of the present research uncovered that circPVT1 pro-
moted metastasis via regulating of miR-526b/FOXC2 signals in OS 
cells.

Metastasis of OS is an intricate biological process drawing 
various molecules. Our findings firstly demonstrated the role of 
circPVT1/miR-52b/FOXC2 axis playing in OS metastasis. Our find-
ings might provide a novel therapeutic target in molecular treat-
ment of OS.
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