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Abstract. Accumulating evidence has indicated that circular 
RNAs (circRNAs) serve crucial roles in the progression of a 
diverse range of different types of cancer, including osteo-
sarcoma (OS). The present study determined the expression 
pattern and function of circRNA homeodomain interacting 
protein kinase 3 (circHIPK3), a novel circular RNA, in OS. It 
was revealed that circHIPK3 expression was upregulated in OS 
tissue samples and OS cell lines. A localization assay revealed 
that circHIPK3 was primarily located in the cytoplasm. Using 
loss-of-function proliferation and Transwell assays, the present 
study revealed that circHIPK3-knockdown suppressed OS cell 
proliferation, migration and invasion. Furthermore, the present 
study screened potential microRNAs that may interact with 
circHIPK3. It was revealed that microRNA-637 (miR-637) 
expression was downregulated in OS according to a Gene 
Expression Omnibus data analysis. In addition, the present 
study demonstrated that miR-637 expression was downregu-
lated in OS cell lines. A fluorescence in situ hybridization assay 
revealed that both miR-637 and circHIPK3 were located in 
the cytoplasm. An in-depth mechanism investigation demon-
strated that circHIPK3 expression was inversely correlated 
with miR-637 expression, and that circHIPK3 was a target of 
miR-637. In addition, it was revealed that histone deacetylase 
4 (HDAC4) was another downstream target gene of miR-637, 
as demonstrated using a luciferase assay. It was revealed that 
miR-637 suppressed OS cell proliferation, migration and 
invasion via targeting of HDAC4. Finally, the present study 
demonstrated that circHIPK3 sponged miR-637 to promote 

HDAC4 expression and OS cell proliferation, migration and 
invasion. In conclusion, the present study uncovered the role of 
the circHIPK3/miR-637/HDAC4 axis in OS cell proliferation, 
migration and invasion. It was demonstrated that circHIPK3 
promoted OS cell proliferation, migration and invasion by 
modulating miR-637/HDAC4 signaling.

Introduction

Osteosarcoma (OS) is the most prevalent primary malignant 
bone tumor in young adolescents (1). According to an epide-
miology study of osteosarcoma in 2009, the incidence rate of 
OS is ~4 cases per million individuals in young children and 
adolescents in the United States (2). The prognosis of OS is 
usually unfavorable due to its aggressive nature (3). There is 
a high rate of disability and mortality among patients with 
OS (4). Due to the lack of effective biomarkers for an early 
diagnosis of OS, the majority of patients with OS are diag-
nosed at an advanced stage at their first visit (5,6). Therefore, 
identification of novel targets for the molecular treatment of 
OS is urgently required.

Circular (circ) RNAs are a type of endogenously-expressed 
covalently closed RNA transcripts with limited protein coding 
ability. Increasing evidence has indicated that circRNAs 
are intensively associated with cancer progression and 
metastasis (7,8). circRNA homeodomain interacting protein 
kinase 3 (circHIPK3) was first identified by ribominus RNA 
sequencing data from six human normal tissues and seven 
types of human cancer (9). circHIPK3 acts as an oncogene 
in various types of malignant tumor (10-13). Zheng et al (9) 
reported that circHIPK3 increases the expression levels of 
miR-7-targeting proto-oncogenes (protein tyrosine kinase 2, 
insulin like growth factor 1 receptor, EGFR and YY1 tran-
scription factor), and promotes colorectal cancer growth and 
metastasis. Chen et al (14) revealed that circHIPK3 serves 
as a miR-124 sponge and regulates aquaporin 3 (Gill blood 
group)-mediated proliferation and migration in hepatocellular 
carcinoma. To the best of our knowledge, the role of circHIPK3 
in OS remains to be elucidated.

Histone deacetylase 4 (HDAC4) is a key member of 
class IIa HDACs, and HDAC4 performs a wide variety of 
functions. Additionally, HDAC4 is post-transcriptionally 
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regulated by several microRNAs (miRNAs/miRs), such as 
miR-1, miR-29, miR-140, mir-155, miR-200a, miR-206 and 
miR-365, in various cells (15). Our previous study demon-
strated that HDAC4 is a target of miR-140-5p, and HDAC4 was 
closely associated with proliferation and apoptosis in OS (16). 
Zeng et al (17) demonstrated that HDAC4 is upregulated in 
esophageal carcinoma (EC), and HDAC4 promotes migra-
tion of EC cells by enhancing the epithelial-to-mesenchymal 
transition. Currently, to the best of our knowledge, research on 
circRNAs and HDAC4 is limited.

The present study focused on the expression and function 
of circHIPK3 in OS. It was revealed that circHIPK3 served as 
an oncogene, and circHIPK3 promoted OS cell proliferation, 
migration and invasion through modulation of HDAC4 via 
sponging of microRNA 637 (miR-637).

Materials and methods

Patients and tissue samples. A total of 12 chondroma (8 males 
and 4 females; age range, 17-49 years; mean age, 28.4 years) 
and 12 OS (6 males and 6 females; age range, 6-16 years; mean 
age, 11.5 years) samples were obtained from Shengjing Hospital 
(Shenyang, China) during tumorectomy between September 
2014 and February 2019. All tissue specimens were histologically 
diagnosed by two pathologists according to the criteria defined 
by the World Health Organization (18). Written informed signed 
consent was obtained from each patient or the parents of the 
patients who were minors for the use of tissue specimens in the 
present study. The Institute Research Medical Ethics Committee 
of Shengjing Hospital approved the present study.

Cell culture. The human osteoblast hFOB 1.19 cell line was 
cultured in DMEM/F12 (Gibco; Thermo Fisher Scientific, 
Inc.). The four human OS cell lines (HOS, MG-63, U2OS 
and SJSA) were cultured in DMEM (Gibco; Thermo Fisher 
Scientific, Inc.). All cell lines were purchased from The Cell 
Bank of Type Culture Collection of the Chinese Academy 
of Sciences. Media were supplemented with 10% (v/v) FBS 
(Invitrogen; Thermo Fisher Scientific, Inc.), 100 IU/ml peni-
cillin and 100 mg/ml streptomycin (Baomanbio). hFOB 1.19 
cells were maintained at 34˚C with 5% CO2. OS cell lines were 
maintained in a humidified atmosphere containing 5% CO2 
at 37˚C.

GEO database reanalysis and bioinformatics RNA‑RNA 
interaction prediction. The differentially expressed miRNA 
data in OS were downloaded from the GEO database 
(https://www.ncbi.nlm.nih.gov/geo/) GSE70415 (19) and 
GSE28423 (20). Differentially expressed miRNAs between 18 
ccRCC tissues and 18 paired ccRCC normal tissues were rean-
alyzed using the online software GEO2R (21). The expression 
levels of miR-508-3p in 18 ccRCC tissues and 18 paired ccRCC 
normal tissues were also reanalyzed in GSE116251 (22). To 
predict the potential circRNA-miRNA and mRNA-miRNA 
interactions, circBank (23), RegRNA (version 2.0) (24) and 
circularRNA interactome (25) were used according to the 
corresponding instructions.

RNase R treatment. The stability of circHIPK3 was determined 
by an Rnase R assay as previously described (26). Briefly, 2 mg 

total RNA was incubated for 30 min at 37˚C with or without 
5 U/µg RNase R (Epicentre; Illumina, Inc.) and subsequently 
purified using an RNeasy MinElute Cleaning kit (Qiagen 
GmBH), followed by analysis by reverse transcription (RT)-PCR.

Actinomycin D assay. The actinomycin D assay was performed 
as previously described (26). HOS and U2OS cells were 
exposed to 2 µg/ml actinomycin D for 30 min (Sigma-Aldrich; 
Merck KGaA) at 37˚C at different time points (4, 8, 12 and 
24 h). Total RNA was extracted at different time points and the 
expression levels of circHIPK3 and linear HIPK3 mRNA were 
determined by RT-quantitative (q)PCR.

Reverse transcription‑quantitative PCR (RT‑qPCR). 
RT-qPCR was performed as previously described (27), and 
the 2-∆∆Cq method was used for quantification (28). Total 
RNA from tissue specimens and cultured cells was extracted 
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol. RT reactions 
were performed at 44˚C for 1 h followed by 92˚C for 10 min 
to synthesize cDNA with the PrimeScript RT Master Mix 
(Takara Bio, Inc.) from 500 ng RNA. Stem-loop reverse 
transcription reactions were performed for miR-637 using the 
TaqMan MicroRNA detection kit (Thermo Fisher Scientific, 
Inc.).The qPCR analyses were performed using SYBR Premix 
Ex Taq II (Takara Bio, Inc.). β-actin and U6 were employed as 
endogenous controls for mRNAs and miR-637, respectively. 
PCR amplification conditions were as follows: 2 min at 95˚C 
for one cycle, followed by denaturation for 15 sec at 95˚C and 
extension for 60 sec at 60˚C for 38 cycles. Primer sequences 
are listed in Table I.

RNA fluorescence in situ hybridization (FISH). FISH was 
performed as previously described (27). Specific probes 
targeting circHIPK3 or miR-637 were synthesized by 
Guangzhou RiboBio Co., Ltd. The RNA FISH assay was 
performed using a FISH kit (Guangzhou RiboBio Co., Ltd.) 
according to the manufacturer's protocols. In brief, HOS and 
U2OS cells were seeded onto glass coverslips (0.8x0.8 cm) and 
cultured to 80‑95% confluence. The coverslips were rinsed 
twice with PBS, fixed with 4% paraformaldehyde for 10 min at 
room temperature and blocked with 5% BSA (Sigma-Aldrich; 
Merck KGaA) for 1 h at room temperature. Then, the coverslips 
were permeabilized with 0.3% Triton X-100 (Sigma-Aldrich; 
Merck KGaA) for 15 min and incubated in a hybridization 
solution containing 1 µM Cy3-labeled circHIPK3 probes 
and 1 µM Dig-labeled locked nucleic acid miR-637 probes 
(Guangzhou RiboBio Co., Ltd.) supplemented with 1% BSA in 
a humid chamber at 37˚C overnight. The next day, the coverslips 
were rinsed with a solution of 0.1% Tween-20 (Sigma-Aldrich; 
Merck KGaA) in 4X sodium citrate buffer (SSC; Sigma-Aldrich; 
Merck KGaA) for 5 min, a solution of 0.1% Tween-20 in 
2X SSC for 5 min and a solution of 0.1% Tween-20 in 1X SSC 
for 5 min at 42˚C in dark. Lastly, the coverslips were washed 
three times with 1X PBS for 5 min at room temperature. The 
signals of circHIPK3 probes or miR-637 probes were detected 
using Cy5‑Streptavidin (Thermo Fisher Scientific, Inc.) or 
a tyramide-conjugated Alexa 488 fluorochrome TSA kit 
(Thermo Fisher Scientific, Inc.). Nuclei were counterstained 
with 4,6-diamidino-2-phenylindole at room temperature for 
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10 min. The images were acquired on a Leica SP5 confocal 
microscope (Leica Micosystems GmbH).

Oligonucleotide transfection. miR-637 mimics and nega-
tive control (NC mimic), miR-637 inhibitors and negative 
control (NC inhibitor), effective siRNA oligonucleotides 
that targeted the splicing sites of circHIPK3 (designed using 
circPrimer; version 1.2.0.5) (29) or targeted HDAC4 and 
scrambled control siRNAs were synthesized by Guangzhou 
RiboBio Co., Ltd. When the OS cells reached 80% conflu-
ence, the oligonucleotides (100 nM) were transfected using 
Lipofectamine® RNAiMax (Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocol. After 48 h of 
transfection, the OS cells were used for further detection. The 
sequences of the oligonucleotides are listed in Table I.

Cell Counting Kit 8 (CCK8) assay. The CCK8 assay was 
performed as previously described (30). HOS and U2OS cells 
were seeded in 96-well plates (2x103 cells/well) in 200 µl 
culture medium and conditioned at 37˚C with 5% CO2. At 
days 1, 2, 3, 4 and 5, 10 µl CCK8 solution (Dojindo Molecular 
Technologies, Inc.) was added into each well and incubated 
at 37˚C for 2 h according to the manufacturer's protocol. The 
absorbance was measured at an optical density of 450 nm 
using a microplate reader (Bio-Rad Laboratories, Inc.). The 
experiments were performed in triplicate.

Transwell assay. The transwell assay was performed as previ-
ously described (31). First, upper chambers (Corning Inc.) were 

pre-coated with (for the invasion assay; precoating for 1 h at 
room temperature) or without (for the migration assay) 20 µg 
Matrigel (BD Biosciences). HOS and U2OS cells (at a density 
of 1x105) were then seeded into the upper chambers. Culture 
medium without serum and medium with 10% FBS was added 
into the upper and lower chambers, respectively. Following 
incubation at 37˚C for 24 h, the migrated or invaded OS cells 
were fixed with 4% paraformaldehyde at room temperature 
for 30 min, stained with crystal violet at 25˚C for 1 min and 
counted under a light microscope (Olympus Corporation).

Wound healing assay. The wound healing assay was 
performed as previously described (32). HOS and U2OS cells 
were seeded and transfected with target plasmids in 6-well 
plates supplemented with culture medium with 10% FBS, and 
allowed to reach 70‑80% confluence. A 200‑µl pipette tip was 
used to scratch the artificial wound across the diameter of 
the wells and the culture medium was changed to serum-free 
medium. Wound closure was observed at 0 and 24 h, and 
images were captured under a phase contrast light microscope 
(magnification, x200) at 0 and 24 h after wound incision. Each 
experiment was repeated three times.

Western blot analysis. The procedure was performed as 
previously described (33). Total proteins were extracted using 
RIPA lysis buffer (Sigma-Aldrich; Merck KGaA) and subse-
quently quantified using a bicinchoninic acid protein assay 
kit (Santa Cruz Biotechnology, Inc.). Samples (20 µg/lane) 
were separated via 10% SDS-PAGE and transferred onto a 

Table I. Primer and oligonucleotide sequences used in the present study.

Primers/oligonucleotides Sequence (5'-3')

circHIPK3 forward TATGTTGGTGGATCCTGTTCGGCA
circHIPK3 reverse  TGGTGGGTAGACCAAGACTTGTGA
HIPK3 forward  TGGAGACTGGGGGAAGATGA
HIPK3 reverse  CACACTAACTGGCTGAGGGG
HDAC4 forward  TCAGACATCTTTGGGAAGGG
HDAC4 reverse  CAACCTCCATCTTGCCTTGT
GAPDH forward GTCAAGGCTGAGAACGGGAA
GAPDH reverse AAATGAGCCCCAGCCTTCTC
miR-637 forward ACUGGGGGCUUUCGGGCUCUGCGU
miR-637 reverse ACGCAGAGCCCGAAAGCCCCCAGU
U6 forward primer CTCGCTTCGGCAGCACA
U6 reverse primer AACGCTTCACGAATTTGCGT
sicircHIPK3_1 sense UGGCCUCACAAGUCUUGGU
sicircHIPK3_1 antisense ACCAAGACUUGUGAGGCCAUA
sicircHIPK3_2 sense GGUACUACAGGUAUGGCCUTT
sicircHIPK3_2 antisense AGGCCAUACCUGUAGUACCGA
siHDAC4 sense GAAAAGGUUUUACAGCAAATT
siHDAC4 antisense UUUGCUGUAAAACCUUUUCTG
miR-637 mimic ACUGGGGGCUUUCGGGCUCUGCGU
miR-637 inhibitor ACGCAGAGCCCGAAAGCCCCCAGU

circ, circular RNA; HDAC4, histone deacetylase 4; HIPK3, homeodomain interacting protein kinase 3; miR-637, microRNA-637; si, small 
interfering RNA.
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PVDF membrane (Amresco, LLC). Membranes were blocked 
with 5% BSA (Sigma-Aldrich; Merck KGaA) for 1 h at room 
temperature. Primary antibodies against HDAC4 (dilution, 
1:500; cat. no. ab234084; Abcam) and GAPDH (dilution, 1:500; 
cat. no. ab8245; Abcam) were incubated with the membranes 
at 4˚C overnight. The subsequent day, the membranes were 
incubated with secondary antibody (goat anti-mouse immu-
noglobulin G HRP-conjugated; cat. no. ab205719; dilution, 
1:2,000; Abcam). Signals of targeted proteins were detected 
using an ECL Western Blotting Substrate kit (cat. no. ab65623; 
Abcam) and bands were analyzed with ImageJ software 
version 2 (National Institutes of Health).

Dual‑luciferase reporter assay. The dual-luciferase reporter 
assay was performed as previously described (16). Wild-type 
(WT) and mutant (MUT) circHIPK3 (LUC-circHIPK3-WT 
and LUC-circHIPK3-MUT) or HDAC4 (LUC-HDAC4-WT 
and LUC-HDAC4-MUT) reporter plasmids that contained 
WT or MUT miR-637 seed sequences were synthesized by 
Shanghai GenePharma Co., Ltd. The constructed reporter 
plasmids and miR-637 mimic were co-transfected into HOS 
and U2OS cells using Lipofectamine® 3000 (Invitrogen; 
Thermo Fisher Scientific, Inc.). After 48 h, luciferase activity 
was measured and compared with Renilla luciferase activity 
using the Dual-Luciferase Reporter Assay system (Promega 
Corporation) according to the manufacturer's protocol.

Statistical analysis. All experiments were performed in 
triplicate and all data from three independent experiments 
are presented as the mean ± standard deviation. Statistical 
analyses were performed using GraphPad Prism 5 software 
(GraphPad Software, Inc.). Survival curves were estimated by 
the Kaplan-Meier method and a log-rank test was performed 
to assess overall survival rate of patients with OS. A receiver 
operating characteristic curve (ROC) analysis was used to 
evaluate the clinical value of circHIPK3. The relationship 
between circHIPK3 and miR-637 was assessed by Pearson's 
correlation analysis. For comparisons, unpaired Student's 
t-test, Mann-Whitney U test and one-way ANOVA followed by 
Dunnett's post hoc test were performed, as appropriate. P<0.05 
was considered to indicate a statistically significant difference.

Results

circHIPK3 is relatively highly expressed in OS cells, 
and predominantly localized in the cytoplasm. First, the 
present study demonstrated that circHIPK3 was derived 
from exon 2 of HIPK mRNA, as previously reported (26) 
(Fig. 1A and Fig. S1). The expression levels of circHIPK3 
were then detected in 12 OS tissues and 12 paired chondroma 
tissues using RT-qPCR. As the data presented in Fig. 1B 
shows, circHIPK3 expression was significantly upregulated in 
OS tissues. In addition, the present study measured circHIPK3 
expression in OS cells. RT-qPCR (Fig. 1C) demonstrated that 
circHIPK3 expression was upregulated in four OS cell lines 
(HOS, MG63, U2OS and SJSA) compared with in the normal 
osteoblast hFOB1.19 cell line. Furthermore, the present study 
revealed that circHIPK3 was mainly located in the cytoplasm 
of HOS and U2OS cells (Fig. 1D). A previous study consid-
ered circRNAs to be stable nucleic acids (34). Therefore, an 

RNase R assay was performed in the present study to evaluate 
the stability of circHIPK3. As shown in Fig. 1E and F, compared 
with the Mock group, RNase R led to a significant decrease in 
HIPK3 mRNA, while the expression of circHIPK3 was not 
markedly changed. Additionally, an actinomycin D assay indi-
cated that circHIPK3 was more stable than the linear HIPK3 
mRNA (Fig. 1G and H). Finally, the present study analyzed the 
clinical value of circHIPK3 in the collected cases. ROC curve 
and Kaplan-Meier analyses demonstrated that circHIPK3 had 
clinical value in OS (area under the curve, 0.8750; P<0.0001; 
Fig. 1I) and high circHIPK3 expression was closely associated 
with shorter overall survival of patients with OS (Fig. 1J).

Knockdown of circHIPK3 suppresses proliferation, migration 
and invasion in OS cells. In order to investigate the role of 
circHIPK3 in OS, the present study performed loss-of-function 
assays. Two specific siRNAs that targeted the junction sites were 
designed to knock down circHIPK3 in OS cells. As demonstrated 
by RT-qPCR (Fig. 2A and B), sicircHIPK3#1 presented higher 
silencing efficacy. Therefore, this was selected as the RNA 
interference (RNAi) tool in the following RNAi experiments. 
Subsequently, the present study used a CCK8 assay to determine 
the proliferation ability of OS cells. As the data presented in 
Fig. 2C and D show, knockdown of circHIPK3 suppressed 
proliferation in HOS and U2OS cells. Finally, the present study 
performed a Transwell migration/invasion assay and a wound 
healing assay to detect the role of circHIPK3 in OS cell metas-
tasis. As shown in the representative images in Fig. 2E and F, 
knockdown of circHIPK3 inhibited OS cell metastasis.

circHIPK3 sponges miR‑637 in OS cells. Accumulating 
evidence has indicated that circRNAs serve as miRNA 
sponges by harboring multiple miRNAs, and thereby function 
as miRNA inhibitors (7,35). The present study demonstrated 
that circHIPK3 was mainly located in the cytoplasm (Fig. 1D). 
Therefore, it was assumed that circHIPK2 may work via a similar 
mechanism in OS. The present study screened the miRNAs that 
may interact with circHIPK3 using the online tools circBank, 
RegRNA and circularRNA interactome. As demonstrated by 
a Venn diagram (Fig. 3A), only miR‑637 was identified in all 
three databases. Therefore, the present study further investi-
gated the expression levels of miR-637 in OS. By analyzing 
Gene Expression Omnibus (GEO) datasets GSE70415, it was 
revealed that miR-637 was expressed at low levels in OS cells 
(Fig. 3B). Using another non‑coding RNA profiling array dataset 
(GSE28423), it was identified that miR‑637 was expressed at 
low levels in 9 OS cell line compared with in 4 normal human 
bone samples (Fig. 3C). In the present study, it was revealed 
that miR-637 was downregulated in OS cell lines compared 
with in hFOB1.19 cells (Fig. 3D). Furthermore, using a FISH 
assay, it was revealed that both miR-637 and circHIPK3 were 
co-located in the cytoplasm (Fig. 3E). To further investigate the 
association between miR-637 and circHIPK3, the present study 
performed Spearman's correlation analysis. As shown in Fig. 3F, 
circHIPK3 expression was negatively correlated with miR-637 
expression. In addition, it was demonstrated that upregulation 
and downregulation of miR-637 inversely regulated circHIPK3 
expression (Fig. 3G and H). Conversely, miR-637 expression 
was inversely regulated by circHIPK3 upregulation and down-
regulation (Fig. 3I and J). These results indicated that miR-637 
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Figure 1. circHIPK3 is relatively highly expressed in OS cells, and predominantly localized in the cytoplasm. (A) circHIPK3 was derived from exon 2 of linear 
HIPK3 mRNA as illustrated. (B) circHIPK3 expression in 12 pairs of OS and chondroma tissue samples was determined using RT-qPCR. (C) circHIPK3 
expression in four OS cell lines and in the normal osteoblast hFOB1.19 cell line was measured using RT-qPCR. **P<0.01 and ***P<0.001 vs. hFOB1.19. 
(D) circHIPK3 was mainly located in the cytoplasm according to a fluorescence in situ hybridization assay. Magnification, x400; scale bar, 20 µm. An RNase R 
assay was performed to determine the stability of circHIPK3 in (E) HOS and (F) U2OS cells. **P<0.01. An actinomycin D assay was performed to check the 
stability of circHIPK3 in (G) HOS and (H) U2OS cells. **P<0.01. (I) Clinical values of circHIPK3 in OS were analyzed using an ROC curve (AUC, 0.8750; 
P<0.0001). (J) High expression levels of circHIPK3 were associated with shorter overall survival of patients with OS. n=6 for each group. P=0.0035. All data 
are presented as the mean ± SD of three independent experiments. AUC, area under the curve; circ, circular RNA; HIPK3, homeodomain interacting protein 
kinase 3; n.s, not significant (P>0.05); OS, osteosarcoma; ROC, receiver operating characteristic; RT‑qPCR, reverse transcription‑quantitative PCR.
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interacted with circHIPK3 in a reciprocal suppressive manner. 
Finally, a luciferase assay revealed that miR-637 targeted 
circHIPK3 via direct binding (Fig. 3K-M).

miR‑637 suppresses proliferation, migration and invasion 
partially via targeting of HDAC4 in OS cells. miRNAs are 
well-known to regulate their downstream genes via direct 
targeting. Our previous study indicated that HDAC4 serves as 
an oncogene in OS (16). The present study hypothesized that 
HDAC4 was also a target of miR-637. First, it was revealed 
that miR-637 had limited effects on the mRNA expression 
levels of HDAC4 (Fig. 4A). Furthermore, miR-637 inversely 
regulated HDAC4 protein expression (Fig. 4B), indicating that 

miR-637 regulated HDAC4 at the post-transcriptional level. 
HDAC4‑specific small interfering RNAs (siHDAC4) and over-
expression plasmids (oeHDAC4) were used to determine the 
role of HDAC4 in miR-637-mediated proliferation and motility 
changes. The silencing and overexpression efficacy of siHDAC4 
and oeHDAC4 were demonstrated (Fig. S2). Secondly, the 
present study demonstrated that upregulation of miR-637 
suppressed OS cell proliferation, migration and invasion, and 
the suppressive effect was reversed by upregulation of HDAC4 
(transfection of HDAC4 overexpression plasmid oeHDAC4; 
Fig. 4C). Conversely, knockdown of miR-637 promoted OS cell 
proliferation, migration and invasion, and the effect was attenu-
ated by knockdown of HDAC4 (transfection with siHDAC4; 

Figure 2. Knockdown of circHIPK3 suppresses proliferation, migration and invasion in OS cells. Expression levels of circHIPK3 and HIPK3 mRNA in 
(A) HOS and (B) U2OS cells after transfection of specific circHIPK3 siRNAs were measured by reverse transcription‑quantitative PCR. A Cell Counting Kit 8 
assay was performed to investigate the proliferation ability of (C) HOS and (D) U2OS cells. (E) A Transwell assay was used to evaluate the metastatic ability 
of HOS and U2OS cells. Magnification, x20; scale bar, 200 µm. (F) A wound healing assay was performed to determine the migration ability of HOS and 
U2OS cells. Magnification, x4; scale bar, 500 µm. *P<0.05 and **P<0.01 vs. NC siRNA group. All data are presented as the mean ± SD of three independent 
experiments. circ, circular RNA; HIPK3, homeodomain interacting protein kinase 3; NC, negative control; n.s, not significant (P>0.05); OD, optical density; 
siRNA, small interfering RNA.
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Fig. 4D). Subsequently, the present study demonstrated that 
HDAC4 was a downstream target of miR-637 using a luciferase 
assay (Fig. 4E and F). The aforementioned results indicated 
that miR-637 suppressed OS cell proliferation, migration and 
invasion partially by directly targeting HDAC4.

circHIPK3 promotes proliferation, migration and inva‑
sion by modulating the miR‑637/HDAC4 axis in OS. 
The present study investigated the association among 
circHIPK3, miR-637 and HDAC4. Transwell and CCK8 
assays were performed to investigate the role of miR-637 

Figure 3. circHIPK3 sponges miR-637 in OS cells. (A) Potential miRNAs that may interact with circHIPK3 were predicted by circBank (http://www.circbank.
cn/), RegRNA 2.0 (http://regrna2.mbc.nctu.edu.tw/) and circularRNA interactome (https://circinteractome.nia.nih.gov/). miR-637 expression in GEO data-
sets (B) GSE70415 and (C) GSE28423 was analyzed using GEO2R. *P<0.05 and **P<0.01 vs. GSM1725897 group. (D) An RT-qPCR assay was used to 
determine the expression levels of miR-637 in OS cell lines. **P<0.01 and ***P<0.001 vs. hFOB1.19 group. (E) circHIPK3 and miR-637 were colocalized in 
the cytoplasm of HOS and U2OS cells as demonstrated by a fluorescence in situ hybridization assay. Magnification, x400; scale bar, 20 µm. (F) Spearman's 
correlation analysis revealed that miR-637 expression was inversely correlated with circHIPK3 expression. (G) miR-637 and (H) circHIPK3 expression 
after different miR-637 interventions was investigated by RT-qPCR. (I) circHIPK3 and (J) miR-637 expression after different circHIPK3 interventions was 
measured by RT-qPCR. (K) Diagram of constructed luciferase reporter plasmids. miR-637 could directly target circHIPK3 in (L) HOS and (M) U2OS cells, 
as demonstrated by a luciferase assay. n.sP>0.05 and **P<0.01 vs. NC mimic group. All data are presented as the mean ± SD of three independent experiments. 
circ, circular RNA; GEO, Gene Expression Omnibus; HIPK3, homeodomain interacting protein kinase 3; LUC, luciferase; miR-637, microRNA-637; MUT, 
mutant; NC, negative control; n.s, not significant (P>0.05); oe, overexpression; OS, osteosarcoma; RT‑qPCR, reverse transcription‑quantitative PCR; siRNA, 
small interfering RNA; WT, wild-type.
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in circHIPK3-induced proliferation, migration and invasion. 
As shown in Fig. 5A, overexpression of circHIPK3 promoted 

OS cell proliferation, migration and invasion. The facilita-
tive effect was reversed by miR-637 mimics (upregulation of 

Figure 4. miR-637 suppresses proliferation, migration and invasion partially via HDAC4 modulation in osteosarcoma cells. (A) HDAC4 mRNA expression in 
HOS and U2OS cells was measured by reverse transcription-quantitative PCR. (B) HDAC4 protein expression was investigated by western blotting. Metastatic 
and proliferation abilities of (C) HOS and (D) U2OS cells were determined by Transwell and Cell Counting Kit 8 assays. Magnification, x20; scale bar, 200 µm. 
A luciferase assay was used to demonstrate the targeted binding effect between miR-637 and HDAC4 in (E) HOS and (F) U2OS cells. **P<0.01. All data are 
presented as the mean ± SD of three independent experiments. HDAC4, histone deacetylase 4; LUC, luciferase; miR-637, microRNA-637; MUT, mutant; NC, 
negative control; n.s, not significant (P>0.05); OD, optical density; oe, overexpression; siRNA, small interfering RNA; WT, wild‑type.
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miR-637). Conversely, inhibition of circHIPK3 suppressed 
OS cell proliferation, migration and invasion, and the 
suppressive effect was attenuated by inhibition of miR-637 
(transfection of miR-637 inhibitor; Fig. 5B). In addition, 
similar to the proliferation and metastatic assays, overex-
pression of circHIPK3 promoted HDAC4 protein expression, 
and the facilitative effect was attenuated by miR-637 
(Fig. 5C). On the other hand, suppression of cirHIPK3 
inhibited HDAC4 expression, while the suppressive effect 
was reversed by knockdown of miR-637 (Fig. 5D). In 
summary, all findings suggested that circHIPK3 promoted 
proliferation, migration and invasion via modulation of the 
miR-637/HDAC4 axis in OS.

Discussion

circRNAs are a type of RNA molecule with closed 
single-stranded structure. The formation of circRNAs primarily 
occurs through back-splicing of precursor mRNA or skipping 
events of thousands of genes in eukaryotes as covalently closed 
continuous loops (36). circRNAs function via multiple mecha-
nisms, including modulation of transcription, miRNA sponging 
and associating with protein binding (37). circHIPK3 was first 
identified by ribominus RNA sequencing data from six human 
normal tissues and seven types of human cancer (9). circHIPK3 
serves as an oncogene in various types of cancer, including 
gastric cancer, CRC, lung cancer and prostate cancer (38-41). 

Figure 5. circHIPK3 promotes proliferation and metastasis via modulation of the miR-637/HDAC4 axis in osteosarcoma. Metastatic and proliferation abilities 
of (A) HOS and (B) U2OS cells were investigated using Transwell and Cell Counting Kit 8 assays. Magnification, x20; scale bar, 200 µm. (C) HDAC4 protein 
expression after different circHIPK3 and miR-637 interventions was investigated by western blotting. **P<0.01. (D) Knockdown of circHIPK3 suppressed 
HDAC4 protein expression, while the suppressive effect was abolished by a further downregulation of miR-637, as determined by a western blotting assay. 
**P<0.01. All data are presented as the mean ± SD of three independent experiments. circ, circular RNA; HDAC4, histone deacetylase 4; HIPK3, homeodomain 
interacting protein kinase 3; miR‑637, microRNA‑637; NC, negative control; OD, optical density; n.s, not significant (P>0.05); siRNA, small interfering RNA.
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In the present study, the expression and function of circHIPK3 
in OS were determined. Using RT-qPCR, it was revealed that 
circHIPK3 expression was upregulated in OS tissue samples 
and in OS cells. In addition, the present study demonstrated 
that high levels of circHIPK3 were closely associated with 
shorter overall survival of patients with OS. Previous studies 
have demonstrated that circRNAs are abundantly enriched 
in the cytoplasm and serve as miRNAs sponges (42-44). 
Therefore, the present study performed a localization FISH 
assay to demonstrate the distribution of circHIPK3. A specific 
probe was designed to target circHIPK3, and it was revealed 
that circHIPK3 was prominently located in OS cell cytoplasm. 
Functionally, the present study revealed that circHIPK3 
promoted OS cell proliferation, migration and invasion using 
loss-of-function CCK8 and Transwell assays.

circRNAs serve as miRNAs sponges by acting as 
competing endogenous RNAs (42). Since circHIPK3 was 
primarily located in the OS cell cytoplasm, the present study 
inferred that circHIPK3 may interact with certain miRNAs. 
miR-637 has been reported as a tumor suppressor in several 
types of cancer (45,46). In a melanoma-associated study, 
Zhang et al (47) revealed that overexpression of miR-637 
suppresses proliferation and cell cycle G1-S transition, and 
induces apoptosis in melanoma cells. Du et al (45) reported 
that miR-637 is expressed at low levels in hepatoma, and 
miR-637 inhibits proliferation and invasion of hepatoma cells 
by targeted degradation of AKT1. By analyzing GEO datasets 
GSE70415 and GSE28423 and RT-qPCR, the present study 
demonstrated that miR-637 expression was downregulated 
in OS. Furthermore, it was revealed that both miR-637 and 
circHIPK3 were co-localized in the cytoplasm, and they inter-
acted with each other in a reciprocal suppressive manner. These 
results demonstrated that miR-637 and circHIPK3 may interact 
on a biological basis. Furthermore, the results of the luciferase 
assay indicated that miR-637 could bind to circHIPK3 directly. 
Finally, the present study investigated the association between 
miR-637 and HDAC4, a well-known oncogene in various 
malignancies, including OS (15). In our previous study (16), the 
oncogenic role of HDAC4 in OS was observed. In the present 
study, it was revealed that HDAC4 was inversely regulated 
by miR-637 at the post-transcriptional level. In addition, the 
present study demonstrated that miR-637 targeted HDAC4 
via direct binding. The functional Transwell and CCK8 assays 
suggested that miR-637 inhibited OS cell proliferation, migra-
tion and invasion partially via the HDAC4 signaling pathway.

In summary, the results of the present study suggested 
that circHIPK3 exerted a regulatory function by sponging 
miR-637 and promoting OS cell proliferation, migration 
and invasion partially via the HDAC4 signaling pathway. 
circHIPK3/miR-637/HDAC4 signaling may be a novel target 
in the treatment of OS.
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