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Circular RNA circ_001422 promotes the
progression and metastasis of
osteosarcoma via the miR-195-5p/FGF2/
PI3K/Akt axis
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Abstract

Background: Circular RNAs (circRNAs) are involved in diverse processes that drive cancer development. However,
the expression landscape and mechanistic function of circRNAs in osteosarcoma (OS) remain to be studied.

Methods: Bioinformatic analysis and high-throughput RNA sequencing tools were employed to identify differentially
expressed circRNAs between OS and adjacent noncancerous tissues. The expression level of circ_001422 in clinical
specimens and cell lines was measured using qRT-PCR. The association of circ_001422 expression with the
clinicopathologic features of 55 recruited patients with OS was analyzed. Loss- and gain-of-function experiments were
conducted to explore the role of circ_001422 in OS cells. RNA immunoprecipitation, fluorescence in situ hybridization,
bioinformatics database analysis, RNA pulldown assays, dual-luciferase reporter assays, mRNA sequencing, and rescue
experiments were conducted to decipher the competitive endogenous RNA regulatory network controlled by circ_001422.

Results: We characterized a novel and abundant circRNA, circ_001422, that promoted OS progression. Circ_001422
expression was dramatically increased in OS cell lines and tissues compared with noncancerous samples. Higher circ_
001422 expression correlated with more advanced clinical stage, larger tumor size, higher incidence of distant metastases
and poorer overall survival in OS patients. Circ_001422 knockdown markedly repressed the proliferation and metastasis and
promoted the apoptosis of OS cells in vivo and in vitro, whereas circ_001422 overexpression exerted the opposite effects.
Mechanistically, competitive interactions between circ_001422 and miR-195-5p elevated FGF2 expression while also
initiating PI3K/Akt signaling. These events enhanced the malignant characteristics of OS cells.

Conclusions: Circ_001422 accelerates OS tumorigenesis and metastasis by modulating the miR-195-5p/FGF2/PI3K/Akt axis,
implying that circ_001422 can be therapeutically targeted to treat OS.
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Background
Osteosarcoma (OS) is the most prevalent primary malig-
nant bone neoplasm causing substantial morbidity in ad-
olescents and children [1]. It originates from
mesenchymal cells and is characterized by rapid infiltrat-
ing growth, early lung metastasis and a high recurrence
rate [2]. Studies have shown that the overall 5-year sur-
vival rate of patients with localized OS ranges between
65 and 75% and is only 20% for those with recurrent
and metastatic tumors [3]. Despite advances in OS
treatment approaches such as adjuvant chemotherapy
and surgical resection, the survival rates have plateaued
in the last 3 decades and are less than satisfactory [4].
Indeed, no specific diagnostic and prognostic biomarkers
for OS have been found. Consequently, molecular
studies aiming to identify promising therapeutic targets
for OS are urgently needed.
Circular RNAs (circRNAs) regulate various functions

of eukaryotic cells [5]. Based on the order of splicing
events and different intermediates, two mechanisms exist
for the biogenesis of circRNAs: canonical spliceosome-
induced splicing and noncanonical lariat splicing [6, 7].
Accumulating studies have shown that circRNAs modulate
diverse physiological and pathophysiological processes by
sponging microRNAs (miRNAs), interacting with RNA-
binding proteins, and modulating epigenetic, transcrip-
tional, or translational alterations in target genes [8–11].
Abnormal circRNA expression has been found to correlate
with the pathogenesis of various cancers and to exert essen-
tial regulatory effects on gene expression, cell invasion, cell
cycle progression, migration, apoptosis, and proliferation
[12–14]. Moreover, circRNAs are thought to possess high
diagnostic and therapeutic potential given their structural
stability, evolutionary conservation, abundance and organ
specificity [15, 16]. However, to date, the roles of circRNAs
in OS are not clearly known.
This study evaluated the expression profiles of cir-

cRNAs in OS tissues and adjacent noncancerous tissues
using high-throughput sequencing. We found a novel
circRNA, designated circ_001422, that regulates the pro-
gression of OS. Higher expression of circ_001422 was
markedly associated with more advanced clinical stage,
large tumor size, higher incidence of metastases and
poorer prognosis. Experimental results indicated that
circ_001422 exerted pro-oncogenic effects on OS prolif-
eration and metastasis by targeting the miR-195-5p/
FGF2/PI3K/Akt axis. Our findings revealed that circ_
001422 is a potential therapeutic target for OS.

Methods
Collection of patient samples
This study was approved by the Ethics Committee of the
Affiliated Zhujiang Hospital of Southern Medical Univer-
sity (approval no. 2018-GJGBWK-002) and conducted in

accordance with the Declaration of Helsinki. A total of 55
patients with OS were enrolled in the study between May
2018 and April 2020. All participants underwent diagnos-
tic core needle biopsy using a disposable sterile biopsy in-
strument (Trauson Medical Instrument Corporation,
China). Histological diagnosis was performed independ-
ently by two experienced pathologists. Written informed
consent was obtained from all participants and, for
minors, from their legal guardian. Surgically removed OS
tissues and adjacent noncancerous tissues were collected
from these patients before the commencement of chemo-
therapy, radiotherapy or immunotherapy. Morphologically
normal muscle tissues that were more than 5 cm from the
cancerous tissues were used as adjacent noncancerous
tissues. Upon resection, tissues were immediately frozen
in liquid nitrogen and stored at − 80 °C. Table 1 shows the
patients’ clinical characteristics.

Cell culture
A human osteoblast cell line (hFOB1.19) and OS cell
lines (143B, U-2 OS, MG-63, MNNG and Saos-2) were
purchased from Jennio (Guangzhou, China). Osteo-
blastic hFOB1.19 cells were cultured in DMEM/F-12

Table 1 Correlations between circ_001422 expression and
clinicopathological characteristics of patients with OS

Parameters Group Cases RQ value of
circ_001422

P value

Age (years) 0.520

≤ 18 30 3.108 ± 1.529

> 18 25 3.373 ± 1.494

Gender 0.150

Male 32 3.477 ± 1.579

Female 23 2.882 ± 1.354

Clinical stage 0.019

I 19 2.801 ± 1.528

II 20 2.938 ± 1.067

III-IV 16 4.098 ± 1.661

Tumor size (cm) 0.003

≤ 5 24 2.557 ± 0.881

> 5 31 3.748 ± 1.686

Distant metastasis 0.005

Absent 39 2.871 ± 1.296

Present 16 4.098 ± 1.661

Primary tumor
location

0.818

Arm/hand 20 3.381 ± 1.591

Leg/foot 31 3.168 ± 1.539

Others 4 2.929 ± 0.850

Relative quantification (RQ) values of circ_001422 are presented as means ±
standard deviations
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(Gibco, USA) supplemented with 10% fetal bovine serum
(FBS) (BI, Israel), 2.5 mM L-glutamine (Invitrogen, USA)
and 0.3 mg/ml geneticin (Gibco, USA). OS cells were
maintained in DMEM supplemented with 1% penicillin/
streptomycin (Invitrogen, USA) and 10% FBS in a hu-
midified incubator at 37 °C in 5% CO2.

RNA sequencing (RNA-seq)
High-throughput sequencing was performed to identify
circRNAs through the following steps. Total cellular
RNA was isolated from 3 matched OS tissues and adja-
cent noncancerous tissues with an RNAiso Plus Reagent
Kit (TaKaRa, Japan). Ribosomal RNA was removed with
a Ribo-Zero Magnetic Kit (Epicentre, USA), whereas lin-
ear RNA was digested with RNase R (Epicentre, USA).
Ribosomal RNA depletion and total RNA quality were
assessed using a TapeStation 2200 system (Agilent Tech-
nologies, USA) and a Qubit RNA high-sensitivity fluor-
imeter (Thermo Fisher Scientific, USA). Fragmentation
was carried out using divalent cations in an Ambion
proprietary fragmentation buffer at 94 °C for 5 min and
was followed by ethanol precipitation. The RNA frag-
ments were resuspended in nuclease-free water and
purified using Agencourt RNA Clean XP Beads (Beck-
man Coulter, USA). First-strand complementary DNA
(cDNA) was synthesized using random hexamer primers
and SuperScript II reverse transcriptase (Thermo Fisher
Scientific, USA) with the following thermal cycling con-
ditions: 25 °C for 10 min, 42 °C for 15 min, and 70 °C for
15 min. Subsequently, second-strand cDNA synthesis
was performed at 16 °C for 1 h after the addition of
second-strand synthesis reaction buffer, dNTPs, RNase
H, and DNA polymerase I. Double-stranded cDNA was
purified using 1.8× Agencourt AMPure XP Beads
(Beckman Coulter, USA) and was then subjected to end
repair, 3′ adenylation and adaptor ligation by using an
NEBNext Ultra II DNA Library Prep Kit for Illumina
(New England Biolabs, USA). To select cDNA fragments
of the preferred length (200–300 bp), the ligation reac-
tion product was treated with USERTM enzyme at 37 °C
for 15 min and purified using Agencourt AMPure XP
Beads. PCR was carried out by an initial denaturation
step for 30 s at 98 °C followed by 12 cycles of denatur-
ation for 10 s at 98 °C, annealing for 75 s at 65 °C, and
extension for 5 min at 65 °C. PCR products were purified
with 1× Agencourt AMPure XP beads and subjected to
quality control using a High Sensitivity DNA Assay Kit
(Agilent Technologies, USA). After quantification and
pooling in a StepOnePlus Real-Time PCR System
(Applied Biosystems, USA), the cDNA libraries were se-
quenced on the Illumina HiSeq 2500 platform by Gene
Denovo Biotechnology (Guangzhou, China) according to
the manufacturer’s instructions. Raw reads in FASTQ
format were analyzed and preprocessed using fastp

software [17] (version 0.19.1) to remove reads containing
adaptors with more than 10% unknown nucleotides or
more than 50% low-quality (Q-value ≤10) bases. The
remaining high-quality clean reads were aligned to the
Homo sapiens ribosomal RNA database and the human
GRCh38 reference genome using Bowtie2 [18] (version
2.2.8) and TopHat2 [19] (version 2.1.1). The unmapped
reads were extracted and processed with find_circ [20]
(version 1) for circRNA identification. To quantify the
expression levels of the circRNAs, the back-spliced junc-
tion reads were scaled to reads per million mapped reads
(RPM). Differentially expressed circRNAs with | fold
change | ≥ 2 and P value < 0.05 were identified using the
limma package (version 3.42.0) (bioconductor.org/
packages/release/bioc/html/limma.html).

Measurement of RNA expression
Total RNA was extracted from cultured cells or clinical tis-
sues using an RNAiso Plus Reagent Kit (TaKaRa, Japan) ac-
cording to the manufacturer’s instructions. RNA integrity
was confirmed through agarose gel electrophoresis, and
RNA concentration and purity were determined with a
Nanodrop 2000 spectrophotometer (Thermo Fisher Scien-
tific, USA). Final RNA quality was assessed in an Agilent
2100 Bioanalyzer (Agilent Technologies, USA), and a min-
imal RNA integrity number (RIN) of 8 was required. For
quantitative analysis of circRNAs and mRNAs, cDNA was
synthesized with a PrimeScript RT Reagent Kit (TaKaRa,
Japan). Real-time amplification was conducted using SYBR
Premix Ex Taq II (TaKaRa, Japan) in a LightCycler 96 Sys-
tem (Roche, Germany). For miRNA analysis, reverse tran-
scription was performed using stem-loop RT primers
specific for the miRNA of interest (GeneChem, China)
based on an Evo M-MLV RT Kit (Accurate Biology, China),
and qPCR was then performed with a SYBR Green Premix
Pro Taq HS qPCR Kit (Accurate Biology, China). The fol-
lowing thermal cycling program was used for qPCR of all
RNAs: denaturation at 95 °C for 30 s followed by 45 cycles
of denaturation at 95 °C for 5 s, annealing at 55 °C for 30 s,
and extension at 72 °C for 30 s. GAPDH (for circRNAs and
mRNAs) and U6 (for miRNAs) were used as the endogen-
ous controls. Relative quantification (RQ) values were cal-
culated using the following equation: RQ= 2−ΔΔCt, where
ΔΔCt = [Ct (gene of interest, sample) - Ct (GAPDH or U6,
sample)] - [Ct (gene of interest, calibrator) - Ct (GAPDH or
U6, calibrator)]. All experiments were performed independ-
ently at least three times, and all samples were analyzed in
triplicate. Primer sequences are provided in Additional file 1:
Table S1.

RNase R digestion, nucleic acid electrophoresis and
Sanger sequencing
Total RNA (2 μg) was extracted and digested with RNase
R (3 U/μg) for 15 min at 37 °C. The control samples were
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processed in the same way as the experimental samples
except that RNase R was not added. cDNA synthesis
and real-time PCR were performed as described above.
Additionally, circular and linear transcripts were ampli-
fied using specific divergent and convergent primers
with or without RNase R. The PCR products amplified
from cDNA or genomic DNA (gDNA) templates were
added to 6× loading buffer with the nucleic acid dye
GelRed (Biotium, USA). DNA fragments were separated
by agarose gel (2%) electrophoresis at 100 V for 30 min
and visualized with UV transillumination. For Sanger
sequencing, PCR amplification products were excised
from the agarose gel and purified using a GeneJET Gel
Purification Kit (Thermo Fisher Scientific, USA). The
nucleotide sequences of the purified fragments were de-
termined by Sanger sequencing using standard approaches
[21] by Geneseed (Guangzhou, China).

Transcriptional inhibition assay with actinomycin D
In brief, OS cells were cultured in six-well plates for 24
h, and fresh medium supplemented with 2 μg/ml actino-
mycin D (Sigma-Aldrich, USA) was then added. Total
cellular RNA was extracted 0, 4, 8, 12 and 24 h after ac-
tinomycin D treatment for qRT-PCR analysis.

Nucleocytoplasmic fractionation
Extraction and purification of cytoplasmic and nuclear
RNAs were performed with a PARIS kit (Life Technolo-
gies, USA) in accordance with the manufacturer’s proto-
cols. Next, qRT-PCR was performed to quantify the
expression of linear RNAs and circRNAs, with U6 and
GAPDH as the internal references for nuclear and cyto-
plasmic RNAs, respectively.

Fluorescence in situ hybridization (FISH)
RNA-FISH was performed to determine the subcellular
localization of circ_001422. The Cy3-labeled circ_
001422 probe was constructed by RiboBio (Guangzhou,
China). Fluorescence signals were generated using a
Fluorescence In Situ Hybridization Kit (RiboBio, China),
and a Nikon A1 confocal laser scanning microscope
(Nikon, Japan) was utilized to take pictures.

Oligonucleotides, plasmids, cell transfection and lentiviral
transduction
The miR-195-5p mimic/inhibitor, miR-195-5p agomir/
antagomir and their corresponding negative controls
(NC) were purchased from RiboBio (Guangzhou, China).
For construction of knockdown plasmids expressing
short hairpin RNAs (shRNAs) against circ_001422 or
FGF2, the pLshRNA-NC and pLKO.1 vectors were con-
structed by Geneseed (Guangzhou, China), and the
annealed shRNA oligonucleotides targeting circ_001422
or FGF2, respectively, were ligated into these vectors.

Additionally, the full-length cDNA sequences of circ_
001422 and FGF2 were PCR amplified and cloned into
the pLC5-ciR vector (Geneseed, China) or pcDNA3.1
vector (Geneseed, China), respectively, to construct the
circ_001422 and FGF2 overexpression plasmids. The
nontargeting pLC5-ciR and pcDNA empty vectors were
used as the corresponding negative controls. 293 T pack-
aging cells were transiently transfected with the above-
mentioned plasmids using EndoFectin Max reagent
(GeneCopoeia, USA) for production of lentiviral parti-
cles. The viral supernatants were collected and concen-
trated using a Lenti-X Concentrator Kit (Clontech,
USA). All lentiviral particles in this study had a titer of
1 × 109 transducing units/ml and were stored at − 80 °C.
Finally, the concentrated lentivirus was used to trans-
duce 143B and Saos-2 cell lines in logarithmic growth
phase. At 48 h post lentiviral transduction, OS cells were
selected with puromycin (2 μg/ml, Invitrogen, USA) or
geneticin (500 μg/ml, Gibco, USA) for 2 weeks to obtain
stable cell lines. The knockdown or overexpression effi-
ciency was verified using qRT-PCR. Notably, the OS
cells transduced with sh-circ_001422#2 or sh-FGF2#1
showed the lowest transcription level of the correspond-
ing target gene, and were therefore used in subsequent
experiments.

Cell proliferation assays
The viability of 143B and Saos-2 cells after transfection
was assessed using 5-ethynyl-2′-deoxyuridine (EdU) in-
corporation and colony formation assays. An EdU
Apollo 488 Kit (RiboBio, China) was utilized to conduct
the EdU incorporation assay. For evaluation with a
Nikon inverted fluorescence microscope, EdU-positive
cells were stained green, and nuclei were stained blue.
To evaluate the colony-forming ability of cells, trans-

fected cells were counted and seeded into 6-well plates
at 550 cells/well. Cells were cultured in complete
DMEM supplemented with 10% FBS at 37 °C and 5%
CO2. The culture medium was replaced at 2-day inter-
vals. After 10 days of incubation, the colonies were
washed twice with phosphate-buffered saline (PBS) and
fixed with 4% paraformaldehyde for 20 min. Then, the
stationary liquid was removed, and 0.1% crystal violet
(Solarbio, China) was added for 20 min of staining. The
6-well plates were gently rinsed with water, and colonies
with > 50 cells were counted under an optical micro-
scope (Olympus, Japan).

Flow cytometry
The cell cycle distribution of transfected cells was
assessed by the following procedure. In brief, cultured
cells were harvested, washed twice in PBS and fixed
overnight at 4 °C with precooled 75% ethanol. After
staining with propidium iodide, the cell cycle
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distribution was analyzed with a BD flow cytometer. 4′,
6-Diamidino-2-phenylindole (DAPI) and Annexin-V-
allophycocyanin (APC) double staining kits (BestBio,
China) were used for apoptosis analyses.

Transwell assays
The migration and invasion abilities of OS cell lines
were evaluated using Transwell migration chambers
(Costar, USA) and Transwell invasion chambers precoated
with 50 μl of 2 mg/ml Matrigel (BD Biosciences, USA), re-
spectively. In brief, transfected cells (4 × 104 cells/well for
the migration assay, 8 × 104 cells/well for the invasion
assay) suspended in 200 μl of serum-free DMEM were
seeded into the upper chambers. A 600 μl volume of
DMEM supplemented with 10% FBS was used as the at-
tractant and was added into the lower chambers. After
culture for 24 h, cells adhering to the lower surface of the
membrane were fixed with paraformaldehyde (4%) and
stained using crystal violet (0.1%), whereas cells on the
upper surface of the membrane were removed by wiping
with cotton swabs. At least three random fields of view
containing cells that had migrated or invaded to the lower
surface were imaged under an inverted light microscope.

Western blot analysis
Total protein from homogenized tissues or cell lysates was
extracted using ice-cold RIPA solution (Fudebio, China)
and protease inhibitors (Fudebio, China). The protein sam-
ples were diluted to equal concentrations, denatured in a
boiling water bath, separated by SDS-PAGE and transferred
onto polyvinylidene difluoride membranes. Membranes
were blocked with 5% nonfat milk in Tris-buffered saline-
Tween (TBST) buffer and were then incubated overnight at
4 °C with primary antibodies against cleaved CASP3 (1:
1000) (Affinity Biosciences, USA), CCND1 (1:1200)
(Proteintech, China), CDK4 (1:2000) (Abcam, USA), BAX
(1:1000) (Abcam, USA), BCL2 (1:800) (Abcam, USA), E-
cadherin (1:2000) (Proteintech, China), N-cadherin (1:2000)
(Proteintech, China), Vimentin (1:3000) (Proteintech,
China), FGF2 (1:200) (Santa Cruz Biotechnology, USA),
PI3K (1:1000) (Cell Signaling Technology, USA), phosphor-
ylated PI3K (p-PI3K, 1:1000) (Cell Signaling Technology,
USA), Akt (1:1000) (Cell Signaling Technology, USA),
phosphorylated Akt (p-Akt, 1:1000) (Cell Signaling Tech-
nology, USA) and GAPDH (1:10000) (Proteintech, China).
After four washes with TBST buffer, membranes were in-
cubated for 60min at 25 °C with horseradish peroxidase
(HRP)-conjugated secondary antibodies (1:10000) (Bioss,
China). Protein bands were visualized with a chemilumines-
cence imaging system (Bio-Rad, USA).

Animal models
The protocols for animal experiments were approved by
the Medical Ethics Committee of Southern Medical

University. Four-week-old female BALB/c athymic nude
mice were purchased from Guangdong Medical Labora-
tory Animal Center (Guangdong, China) and reared in a
pathogen-free facility with access to adequate standard
food and water. The subcutaneous xenograft model was
established by subcutaneous injection of 5 × 106

stable 143B cells suspended in 100 μl of PBS into the
right limbs of nude mice (n = 5 mice per group). Tumors
were measured every 3 days, and tumor volumes were
calculated using the following equation: volume = length
× width2 × 0.5. To establish the lung metastasis model,
the abovementioned cells were injected into nude mice
via the tail vein (2 × 106 143B cells in 200 μl of PBS per
mouse, n = 5 mice per group) to mimic tumor metasta-
sis. To evaluate the effect of miR-195-5p in vivo, the
miR-195-5p antagomir/agomir or corresponding nega-
tive control was injected intratumorally (for the subcuta-
neous xenograft tumor model) or intravenously via the
tail vein (for the lung metastasis model) twice weekly for
2 weeks in accordance with the manufacturer’s recom-
mendations (RiboBio, China). Tumor tissues were ex-
tracted from sacrificed mice 4 weeks after inoculation.
All mice were euthanized by CO2 asphyxiation in ac-
cordance with the American Veterinary Medical Associ-
ation (AVMA) Guidelines for the Euthanasia of Animals
(2013 Report of the AVMA Panel of Euthanasia).

Hematoxylin and eosin (H&E) staining
Paraffin-embedded thin (4-μm) lung sections containing
metastatic nodules were dewaxed using xylene and were
then rehydrated through an alcohol gradient. Then, sec-
tions were stained using H&E for general histological
examination by standard procedures.

Assessment of tissue expression of target proteins
The expression of target proteins in tissue samples from
OS patients or animal xenograft models was determined
using immunohistochemistry (IHC) as previously de-
scribed [22]. Tissues were incubated with primary
antibodies against FGF2 (1:100), Ki-67 (1:200), PCNA (1:
300), N-cadherin (1:200), E-cadherin (1:200), and
Vimentin (1:300). Except for the anti-FGF2 antibody
(Santa Cruz Biotechnology, USA), all antibodies were
purchased from Proteintech (China). After washing, the
tissue sections were incubated with HRP-conjugated sec-
ondary antibodies (1:200) (Servicebio, China) and were
then stained with diaminobenzidine (Zhongshan Golden
Bridge, China). The tissues were observed and imaged
using an optical microscope (Olympus, Japan).

TUNEL assay
To assess apoptotic DNA fragmentation, xenograft
tumor tissues were first fixed for 24 h with 4% parafor-
maldehyde and were then embedded in paraffin.
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(See figure on previous page.)
Fig. 1 Identification and characterization of circ_001422 in OS. a. Cluster heatmap showing the top ten most upregulated and downregulated
circRNAs identified by high-throughput sequencing in 3 paired OS tissues and adjacent noncancerous tissues. The rows show circRNAs, while the
columns show samples. The red and green strips indicate upregulated and downregulated circRNAs, respectively. The list of the circRNAs is presented
as Chr:5′ nt position-3′ nt position and the type of the strand (positive or negative). b. Schematic illustration of circ_001422 formation and the results of
Sanger sequencing. c. Relative quantification (RQ) value of circ_001422 in OS cells and normal osteoblasts. d. RQ values of circ_001422 and NSD2
mRNA in OS cells under RNase R treatment. e. The linear and back-splicing products were amplified with convergent and divergent primers, treated
with and without RNase R, and subjected to PCR. f. RQ values of circ_001422 and NSD2 mRNA after treatment with actinomycin D at the indicated
time points. g & h. Nucleocytoplasmic fractionation and FISH revealed the subcellular localization of circ_001422 in OS cells. Nuclei were stained with
DAPI, and circ_001422 probes were labeled with Cy3. Scale bar, 50 μm. n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001
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Apoptosis in situ was evaluated with a TUNEL Apoptosis
Assay Kit (Alexa Fluor 488) (Yeasen, China). Correspond-
ing images of the apoptotic cells were acquired using a
fluorescence microscope. Analyses were performed with
at least three random fields of view per sample.

Bioinformatic analysis
To predict the potential miRNAs binding with circ_
001422, five online bioinformatics tools were used: star-
Base (http://starbase.sysu.edu.cn/), miRanda (http://
www.microrna.org/), TargetScan (http://www.targetscan.
org/vert_72/), RNAhybrid (http://bibiserv.techfak.uni-
bielefeld.de/rnahybrid/), and RNA22 (https://cm.
jefferson.edu/rna22/). The potential downstream target
mRNAs of miR-195-5p were predicted after analysis
with the miRanda, RNAhybrid, TargetScan and miRTar-
Base (http://mirtarbase.mbc.nctu.edu.tw/) databases.

RNA immunoprecipitation (RIP)
Transfected cells were washed twice in ice-cold PBS and
were then lysed in RIP lysis solution containing RNase
and protease inhibitors. Cell lysates (200 μl) were incu-
bated overnight at 4 °C with immunoprecipitation buffer
containing anti-Argonaute2 (anti-Ago2)-conjugated
magnetic beads (Millipore, USA) or negative control
anti-IgG (Millipore, USA). Subsequently, the immuno-
precipitated RNAs were extracted and purified to deter-
mine the abundances of the target RNAs by qRT-PCR.

RNA pulldown assay
A control probe and a biotinylated circ_001422 probe
were constructed by RiboBio (Guangzhou, China). The
probes were coated with C-1 magnetic beads (Life
Technologies, USA) after incubation for 2 h at room
temperature with the abovementioned beads. Transfected
cells were harvested and treated with ice-cold lysis solu-
tion and were then incubated overnight at 4 °C with the
circ_001422 or oligo probes. Finally, the precipitates were
extracted and purified using an RNeasy Mini Kit (Qiagen,
USA). The abundances of circ_001422 and miRNAs in the
RNA complexes were evaluated by qRT-PCR.

Luciferase reporter assay
The circ_001422 or FGF2 fragments with the mutant
(MUT) or wild-type (WT) miR-195-5p binding sites

were subcloned downstream of the Renilla gene in the
psiCHECK-2 dual-luciferase reporter vector (Geneseed,
China). 143B and Saos-2 cells in logarithmic growth
phase were cotransfected with the reporter vectors and
the miR-195-5p mimic or NC mimic. After 48 h of incu-
bation, a Dual-Luciferase Reporter Assay System (Pro-
mega, USA) was utilized to measure luciferase activity.

Statistical analysis
Data for continuous variables are presented as means ±
standard deviations. All analyses were performed using
SPSS 20.0 software (IBM, USA). All experiments were
performed with three technical replicates, and at least
three biological replicates were performed. Differences
between groups were analyzed using unpaired Student’s
t-test or one-way analysis of variance (ANOVA) with
Tukey’s test. Survival was analyzed by the Kaplan-Meier
method and the log-rank test. Correlations among the
levels of circ_001422, miR-195-5p and FGF2 were evalu-
ated using Pearson correlation analysis. P < 0.05 was
considered to indicate a significant difference.

Results
Identification and characterization of circ_001422 in OS
To investigate the potential involvement of circRNAs in
OS, three matched OS samples and adjacent noncancer-
ous tissues were subjected to high-throughput sequencing
analysis. Based on criteria of a P-value < 0.05 and | fold
change | ≥ 2, 374 differentially expressed candidate cir-
cRNAs were identified: 192 upregulated and 182 downreg-
ulated circRNAs in OS tissues relative to the matched
noncancerous tissues. The top ten most upregulated and
downregulated circRNAs are presented in the cluster
heatmap (Fig. 1a). By combining these results with the cir-
cRNA annotation in the circBase database (http://www.
circbase.org/), we found that circ_001422 is located on
chromosome 4 (chr4: 1900626–1,935,262), has a length of
1703 bp and is generated by circularization of exons 2–7
of the host gene NSD2. The existence and structure of
circ_001422 were validated through primer-specific
amplification and Sanger sequencing of the PCR products
(Fig. 1b). In addition, qRT-PCR further demonstrated up-
regulated expression of circ_001422 in OS cells relative to
normal osteoblasts (Fig. 1c). Thus, circ_001422 was
selected for further analyses.

(See figure on previous page.)
Fig. 2 Correlation of circ_001422 expression with clinical characteristics. a. The relative quantification (RQ) value of circ_001422 was determined
by qRT-PCR in 55 paired OS tissues and adjacent noncancerous tissues. b. Fold changes (log2) in circ_001422 expression in each paired sample,
arranged in descending order. c. Correlation between circ_001422 expression and clinical stage. d. Correlation between circ_001422 expression
and tumor size. e. Correlation between circ_001422 expression and distant metastasis. f. Correlation between circ_001422 expression and primary
tumor location. g. Patients with OS were divided into two groups according to the median level of circ_001422 expression. Overall survival was
analyzed by the Kaplan-Meier method with the log-rank test. h. ROC curve showing the diagnostic sensitivity and specificity of circ_001422 for
OS. n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001
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CircRNAs are noncoding RNAs (ncRNAs) and are char-
acterized by their stable structure due to the absence of a
5′ cap and a 3′ polyadenylated tail. Herein, circ_001422
and NSD2 mRNA were amplified using divergent and
convergent primers, respectively. After RNase R treat-
ment, the level of linear NSD2 mRNA decreased sharply,
whereas that of circ_001422 remained stable (Fig. 1d).
When both cDNA and gDNA were used as templates,
NSD2 mRNA was amplified by convergent primers from
both cDNA and gDNA, whereas circ_001422 was ampli-
fied by divergent primers only from cDNA (Fig. 1e). In
addition, the actinomycin D-based transcriptional inhib-
ition assay revealed that circ_001422 had a longer half-life
than NSD2 mRNA (Fig. 1f). Nucleocytoplasmic fraction-
ation and FISH further revealed that circ_001422 was lo-
calized predominantly in the cytoplasm (Fig. 1g and h).

Correlations of circ_001422 expression with clinical
characteristics
The upregulated expression of circ_001422 was validated
after analysis of OS tissues and matched noncancerous tis-
sues from the patient cohort (n = 55) (Fig. 2a). In particu-
lar, overexpression of circ_001422 was observed in 40
(72.7%) of the 55 OS tissues relative to their matched non-
cancerous tissues (Fig. 2b). Further analyses revealed that
overexpression of circ_001422 in OS tissues correlated
positively with advanced clinical stage (I vs. III-IV, P =
0.026; II vs. III-IV, P = 0.048, Fig. 2c), large tumor size
(P = 0.003, Fig. 2d) and distant metastasis (P = 0.005,
Fig. 2e). No significant relationship was found for other
parameters, including age (P = 0.520), sex (P = 0.150)
and primary tumor location (P = 0.818, Fig. 2f) (Table 1).
Kaplan-Meier survival analysis with the log-rank test was
performed on OS patients in the high and low circ_
001422 expression groups (based on the median circ_
001422 expression level) and revealed that patients with
higher circ_001422 expression levels exhibited worse over-
all survival rates (Fig. 2g). Moreover, receiver operating
characteristic (ROC) analysis was used to determine the
diagnostic potential of circ_001422 based on the 55 paired
tissue samples. As shown in Fig. 2h, the area under the
ROC curve (AUC) was 0.752, implying that circ_001422 is
a relatively accurate diagnostic marker for OS.

Circ_001422 promotes the proliferation and metastasis of
OS cells
Loss-of-function experiments were first performed by
transducing 143B and Saos-2 cells with three
shRNAs designed to specifically target the junction
site of circ_001422. Among the shRNAs, sh-circ_
001422#2 (hereafter denoted sh-circ_001422) showed
the highest knockdown efficiency and was used in
further analyses (Additional file 2: Fig. S1a). After
knockdown of circ_001422, both the DNA synthesis
and colony-forming abilities of 143B and Saos-2 cells
were dramatically reduced (Fig. 3a and b). Flow cyto-
metric analyses further revealed that circ_001422
knockdown induced G0/G1 phase arrest (Fig. 3c)
and enhanced OS cell apoptosis (Fig. 3d). Moreover,
the results of Transwell assays showed that circ_
001422-knockdown cells had greatly decreased mi-
gration and invasion capacities (Fig. 3e). By western
blot analysis (Fig. 3f), we found that circ_001422 si-
lencing decreased the protein levels of CCND1,
CDK4, BCL2, N-cadherin and Vimentin but upregu-
lated the protein levels of cleaved CASP3, BAX and
E-cadherin. Given the physiological role of these
proteins, these findings suggest that circ_001422 reg-
ulates cell cycle progression, apoptosis and
epithelial-mesenchymal transition (EMT), all of
which impact OS development. For in vivo experi-
ments, 143B cells transduced with stable sh-circ_
001422 lentivirus or control lentivirus were injected
subcutaneously (for the subcutaneous xenograft
tumor model) or intravenously via the tail vein (for
the lung metastasis model) into nude mice. Com-
pared with mice in the control group, mice injected
with circ_001422-knockdown cells exhibited signifi-
cantly decreased tumor volumes and tumor weights
(Fig. 3g-i) and a decreased number of metastatic pul-
monary colonies (Fig. 3j and k). Immunohistochemi-
cal analysis further revealed that circ_001422
knockdown reduced the protein expression levels of
Ki-67, PCNA, Vimentin and N-cadherin, but in-
creased that of E-cadherin (Fig. 3l). Moreover, in the
TUNEL assay more apoptotic cells were detected in

(See figure on previous page.)
Fig. 3 Knockdown of circ_001422 inhibits the proliferation and metastasis of OS cells. a & b. EdU incorporation (scale bar, 100 μm) and colony
formation assays were performed to evaluate the effect of circ_001422 knockdown on the cell proliferation ability. c & d. Flow cytometry was
performed to evaluate the effect of circ_001422 knockdown on the cell cycle distribution and apoptosis. e. Transwell migration and Matrigel
invasion assays were performed to evaluate the effect of circ_001422 knockdown on cell migration and invasion. Scale bar, 100 μm. f. Western
blot analysis was performed to evaluate the effect of circ_001422 knockdown on the expression of cell cycle-, apoptosis-, and EMT-associated
marker proteins. g. Representative images of xenograft tumors in nude mice after subcutaneous implantation of 143B cells stably transduced with
circ_001422 knockdown or control lentiviral vectors. h & i. Effect of circ_001422 knockdown on tumor growth and tumor weight in nude mice. j
& k. Representative images of lung tissues and lung sections stained with H&E in the lung metastasis mouse model. Scale bar, 1000 μm. l. Tumor
tissues were sectioned and subjected to immunohistochemical staining for Ki-67, PCNA, E-cadherin, N-cadherin and Vimentin. Scale bar, 100 μm.
n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001
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the circ_001422-knockdown tumors than in the con-
trol tumors (Additional file 2: Fig. S1b).
In addition, OS cell lines were transduced with the

circ_001422 overexpression vector or control vector, and
the overexpression efficiency was validated using qRT-
PCR (Additional file 3: Fig. S2a). The results of gain-of-
function experiments consistently showed that overex-
pression of circ_001422 markedly suppressed the apop-
tosis but promoted the proliferation and metastasis of
OS cells (Fig. 4, Additional file 3: Fig. S2b). Collectively,
these findings demonstrate that circ_001422 regulates
the oncogenic and metastatic properties of OS cells.

Circ_001422 sponges miR-195-5p
Accumulating studies have revealed that circRNAs con-
tain abundant binding sites for miRNAs and thus may
act as miRNA sponges. Given that circ_001422 was lo-
calized primarily and stably in the cytoplasm, we specu-
lated that circ_001422 might be a competitive
endogenous RNA. An anti-Ago2 RIP assay was per-
formed by transfecting 143B cells with the Ago2 overex-
pression plasmid or the control vector. The qRT-PCR
results demonstrated that endogenous circ_001422 was
immunoprecipitated more effectively from the 143B cell
clones with Ago2 overexpression than from the corre-
sponding control cells (Fig. 5a). This finding suggested
that circ_001422 might bind to miRNAs via the Ago2
protein. Next, 4 candidate miRNAs were identified by
determining the overlap of the prediction results from 5
bioinformatics databases (TargetScan, miRanda, star-
Base, RNAhybrid and RNA22) (Fig. 5b). To validate our
findings, we performed a pulldown assay using a bio-
tinylated probe specific for circ_001422. As shown in
Fig. 5c and d, overexpression of circ_001422 markedly
enhanced the pulldown efficiency, and only miR-195-5p
was substantially pulled down by the biotinylated circ_
001422 probe in both Saos-2 and 143B cells. After valid-
ating the transfection efficiencies of the miR-195-5p
mimic and inhibitor (Additional file 4: Fig. S3), we per-
formed a dual-luciferase reporter assay, which demon-
strated that the miR-195-5p mimic suppressed the
luciferase activity of the WT circ_001422 reporter vector
(circ_001422-WT vector) but not the MUT reporter

vector (circ_001422-MUT vector) (Fig. 5e and f). In
addition, the results of an anti-Ago2 RIP assay revealed
that Ago2, circ_001422 and miR-195-5p were efficiently
immunoprecipitated in the presence of anti-Ago2 but
not anti-IgG antibodies. Moreover, circ_001422 and
miR-195-5p were significantly enriched in 143B and
Saos-2 cells transfected with the miR-195-5p mimic
compared to those transfected with the NC mimic
(Fig. 5g-i). qRT-PCR further revealed exceptionally
low levels of miR-195-5p in the 55 OS samples rela-
tive to the corresponding paired noncancerous tissues,
and miR-195-5p expression was inversely related to
circ_001422 expression (Fig. 5j and k). Furthermore,
miR-195-5p expression was downregulated in OS cells
compared to normal osteoblasts (Fig. 5l).

The pro-oncogenic effect of circ_001422 depends on miR-
195-5p
To determine whether circ_001422 promotes the malig-
nant phenotype of OS cells by targeting miR-195-5p,
functional rescue experiments were performed. The
miR-195-5p inhibitor was first transfected into circ_
001422-knockdown cells. In the EdU incorporation and
colony formation assays, circ_001422 knockdown dra-
matically decreased the number of EdU-positive cells
and inhibited colony formation in both 143B and Saos-2
cells, whereas miR-195-5p silencing reversed these ef-
fects (Fig. 6a and b). Flow cytometric analyses revealed
that reintroduction of the miR-195-5p inhibitor
abolished the circ_001422 knockdown-induced increases
in the proportions of G0/G1 phase and apoptotic cells
(Fig. 6c and d). The suppressive effects of circ_001422
knockdown on the migration and invasion of OS cells
were effectively weakened by exogenous inhibition of
miR-195-5p expression (Fig. 6e and f). Western blot ana-
lysis further validated the downregulated expression of
cell cycle-associated proteins (CCND1 and CDK4), an
antiapoptotic protein (BCL2) and mesenchymal proteins
(N-cadherin and Vimentin) after circ_001422 knock-
down, but miR-195-5p inhibition restored the normal
expression of these proteins. In contrast, miR-195-5p
knockdown markedly reversed the sh-circ_001422-medi-
ated upregulation of proapoptotic proteins (cleaved

(See figure on previous page.)
Fig. 4 Overexpression of circ_001422 promotes the proliferation and metastasis of OS cells. a & b. EdU incorporation (scale bar, 100 μm) and
colony formation assays were performed to evaluate the effect of circ_001422 overexpression on the cell proliferation ability. c & d. Flow
cytometry was performed to evaluate the effect of circ_001422 overexpression on the cell cycle distribution and apoptosis. e. Transwell migration
and Matrigel invasion assays were performed to evaluate the effect of circ_001422 overexpression on cell migration and invasion. Scale bar,
100 μm. f. Western blot analysis was performed to evaluate the effect of circ_001422 overexpression on the expression of cell cycle-, apoptosis-,
and EMT-associated marker proteins. g. Representative images of xenograft tumors in nude mice after subcutaneous implantation of 143B cells
stably transduced with circ_001422 overexpression or control lentiviral vectors. h & i. Effect of circ_001422 overexpression on tumor growth and
tumor weight in nude mice. j & k. Representative images of lung tissues and lung sections stained with H&E in the lung metastasis mouse
model. Scale bar, 1000 μm. l. Tumor tissues were sectioned and subjected to immunohistochemical staining for Ki-67, PCNA, E-cadherin, N-
cadherin and Vimentin. Scale bar, 100 μm. n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001
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CASP3 and BAX) and an epithelial cell marker (E-cad-
herin) (Fig. 6g). Furthermore, the results of functional
rescue experiments revealed that the miR-195-5p
mimic markedly attenuated the promotive effects of
circ_001422 on cell proliferation and metastasis
(Additional file 5: Fig. S4). Collectively, these findings
demonstrate that circ_001422 enhances the malignant
phenotypes of OS cells at least partially by sponging
miR-195-5p.

Circ_001422 positively regulates FGF2 expression in OS
cells by sponging miR-195-5p
Given the above results, we further explored probable
downstream molecules regulated by the circ_001422/
miR-195-5p axis. Prior evidence demonstrates that
circRNAs function as miRNA sponges to terminate the
regulatory effects of miRNAs on target genes. In
addition, the interaction between a miRNA and its target
mRNA usually leads to degradation of the mRNA or
posttranslational inhibition of gene expression. Thus, we
hypothesized that the expression of circ_001422 is posi-
tively related to that of its target genes. To test this
hypothesis, we first analyzed mRNA expression profiles
by sequencing the differentially expressed genes (DEGs)
in 143B cells with or without circ_001422 knockdown. A
total of 2758 downregulated DEGs were identified based
on a P-value < 0.05 and fold change ≤ − 2 (Fig. 7a). Fur-
ther bioinformatic analysis of four databases (TargetS-
can, miRanda, RNAhybrid and miRTarBase) revealed
466 potential miR-195-5p target genes (Fig. 7b). After
determining the overlap of the downregulated genes
identified by mRNA-seq (n = 2758) and the potential
miR-195-5p target genes predicted by the bioinformatics
databases (n = 466), we identified 71 overlapping genes
and further subjected these genes to Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment
analysis. As shown in Fig. 7c, “PI3K/Akt signaling path-
way” was the most enriched pathway after “MicroRNAs
in cancer”. All genes included in “PI3K/Akt signaling
pathway” (CCND2, ITGA2, PRKAA1, FGF2, LAMC1
and GNB1) were considered candidate mRNAs poten-
tially regulated by the circ_001422/miR-195-5p axis.

Subsequently, the levels of these 6 candidate mRNAs
in 143B and Saos-2 cells were determined using qRT-
PCR. Circ_001422 knockdown markedly altered the
mRNA levels of FGF2 and LAMC1 in both 143B and
Saos-2 cells compared to the corresponding control cells
(Fig. 7d and e). After introduction of exogenous circ_
001422, both 143B and Saos-2 OS cells exhibited a sig-
nificant increase in FGF2 mRNA, whereas no significant
change in LAMC1 mRNA was detected in 143B cells
(Fig. 7f and g). Interestingly, FGF2 has been widely iden-
tified as an oncogene that participates in tumorigenesis
and metastasis in multiple cancer types [23–25]. Thus,
we presumed that circ_001422 might contribute to the
malignant progression of OS by protecting FGF2 against
degradation induced by miR-195-5p.
The western blot analysis results indicated that circ_

001422 silencing effectively reduced the FGF2 protein
level and inhibited the phosphorylation of PI3K and Akt
(Fig. 7h). In contrast, overexpression of circ_001422
significantly enhanced FGF2 expression and PI3K/Akt
signaling pathway activity (Fig. 7i). Additionally, intro-
duction of the exogenous miR-195-5p mimic into 143B
and Saos-2 cells decreased the protein levels of FGF2, p-
PI3K and p-Akt. Conversely, miR-195-5p silencing
exerted the opposite effects in both cell lines (Fig. 7j and
k). As expected, the circ_001422-mediated promotive ef-
fect on FGF2/PI3K/Akt axis activity was attenuated after
introduction of miR-195-5p (Fig. 7l and m). Next, the
putative miR-195-5p binding sites in FGF2 were identi-
fied (Fig. 7n). Transfection of the FGF2-WT reporter
vector with the miR-195-5p mimic but not the scram-
bled oligonucleotide sequence dramatically decreased lu-
ciferase activity. Mutation of the binding sequence,
however, abolished the disruption of luciferase activity
(Fig. 7o). The expression levels of FGF2 mRNA and the
corresponding protein were increased in OS tissues
compared with the corresponding noncancerous tissues
(Fig. 7p and q, Additional file 6: Fig. S5a). In addition,
FGF2 expression showed significant positive and negative
correlations with circ_001422 expression and miR-195-5p
expression, respectively, in OS tissues (Additional file 6:
Fig. S5b and S5c).

(See figure on previous page.)
Fig. 5 Circ_001422 sponges miR-195-5p. a. A RIP assay was performed to assess the circ_001422 level in 143B cells transfected with Ago2
overexpression vectors or control vectors. b. Schematic illustration showing the overlapping target miRNAs of circ_001422 predicted by
TargetScan, miRanda, starBase, RNAhybrid and RNA22. c. Lysates prepared from OS cells transfected with circ_001422 overexpression vectors or
control vectors were subjected to an RNA pulldown assay, and the pulldown efficiency was confirmed by qRT-PCR. d. The relative quantification
(RQ) values of 4 candidate miRNAs in OS cell lysates were examined by qRT-PCR. e. The putative binding sites between miR-195-5p and
circ_001422. f. Luciferase activity was assessed in OS cells after cotransfection with circ_001422-WT or circ_001422-MUT and the miR-195-5p
mimic or NC mimic. g-i. An anti-Ago2 RIP assay was conducted in OS cells after transfection with the miR-195-5p mimic or NC mimic prior to
western blot and qRT-PCR analyses to measure the expression levels of Ago2, circ_001422 and miR-195-5p. j. The RQ value of miR-195-5p was
determined by qRT-PCR in 55 paired OS tissues and adjacent noncancerous tissues. k. Pearson correlation analysis of circ_001422 and miR-195-5p
expression in the 55 OS tissues. l. RQ value of miR-195-5p in OS cells and normal osteoblasts. n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001
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Circ_001422 performs its function via the miR-195-5p/
FGF2 axis
We performed rescue experiments to explore whether
circ_001422 promotes the malignant phenotypes of OS
cells by competitively interacting with miR-195-5p and
then upregulating the expression of FGF2. The FGF2
overexpression and knockdown efficiencies were verified
by qRT-PCR (Additional file 7: Fig. S6a and S6b). First,
cells with stable circ_001422 silencing were transfected
with the miR-195-5p inhibitor alone or in combination
with sh-FGF2. The results of the EdU assay were
consistent with previous data showing that the reduced
proliferation ability of stable sh-circ_001422 cells was
significantly attenuated by the miR-195-5p inhibitor but
this rescue effect of the miR-195-5p inhibitor on stable
sh-circ_001422 cells was effectively reversed by cotrans-
fection with sh-FGF2 (Fig. 8a). Additionally, miR-195-5p
silencing abolished circ_001422 knockdown-induced cell
cycle arrest and apoptosis, while reintroduction of sh-
FGF2 successfully attenuated these effects of miR-195-
5p silencing (Additional file 7: Fig. S6c and S6d). The
Transwell assay results revealed that the inhibitory ef-
fects of circ_001422 depletion on the cell migration and
invasion capacities were dramatically weakened through
exogenous inhibition of miR-195-5p. However, in cells
with stable circ_001422 silencing, the suppressive effects
of sh-circ_001422 on cell motility were restored after
cotransfection with the miR-195-5p inhibitor and sh-
FGF2 (Fig. 8b, Additional file 7: Fig. S6e). Similar trends
were observed for the regulatory effects of the circ_
001422/miR-195-5p/FGF2 axis on the expression of cell
cycle-, apoptosis-, EMT- and PI3K/Akt signaling
pathway-associated proteins (Fig. 8c). In the in vivo ex-
periments, circ_001422 deficiency decreased subcutane-
ous tumor formation and lung metastases relative to
those in mice injected with control cells. In addition, ad-
ministration of the miR-195-5p antagomir abolished the
effects of circ_001422 silencing and accelerated the
growth and metastasis of OS cells, while knockdown of
FGF2 reversed the pro-oncogenic role of the miR-195-
5p antagomir (Fig. 8d-h). The results of immunohisto-
chemical analysis (Fig. 8i) and TUNEL assays (Additional
file 7: Fig. S6f) further validated the role of the circ_
001422/miR-195-5p/FGF2 axis in OS. Moreover,

functional rescue experiments were performed in cell
lines with stable circ_001422 overexpression. The re-
sults, as shown in Fig. 9 and Additional file 8: Fig. S7, re-
vealed that circ_001422 competitively interacted with
miR-195-5p to upregulate FGF2 expression and activate
the PI3K/Akt signaling pathway, thus facilitating the
metastatic and proliferative abilities of OS cells. A sche-
matic diagram was generated to visualize the role of the
circ_001422/miR-195-5p/FGF2 axis in OS (Fig. 10).

Discussion
OS is the most prevalent malignant bone tumor. It is
highly metastatic, resulting in a very poor survival rate [2].
Approximately 80% of OS patients exhibit subclinical pul-
monary micrometastases at the time of diagnosis [26].
The lack of accurate biomarkers has further hindered ef-
forts to improve the clinical outcome of OS. Recently, the
dysregulation of ncRNAs in OS has generated significant
interest from the scientific community. Using global
miRNA microarrays, Duan et al. analyzed the miRNA ex-
pression profiles of drug-resistant and non-drug-resistant
OS cells and revealed that miR-15b inhibitors might
contribute to the treatment of drug-resistant OS when
coadministered with doxorubicin [27]. A separate study
showed that upregulation of the long noncoding RNA
(lncRNA) TP73-AS1 was closely related to advanced
Enneking stage, adverse pathological features and distant
metastasis in OS [28]. Unlike these two kinds of ncRNAs,
circRNAs have emerged as more reliable and promising
tumor biomarkers owing to their exceptionally stable
structure. Advanced genome sequencing techniques have
validated the roles of circRNAs in multiple cancers, in-
cluding hepatocellular carcinoma [29], gastric cancer [30],
colorectal cancer [31] and lung squamous cell carcinoma
[32]. However, to date, the expression profiles and roles of
circRNAs in OS are not well understood.
This study provides the first evidence that circ_001422

contributes to the malignant progression of OS. Cir-
cRNAs are widely accepted to be an unorthodox RNA
species generated by alternative splicing of pre-mRNAs
[33]. There are three main classes of circRNAs: exonic
circRNAs, exon-intron circRNAs and intronic circRNAs
[34]. Sanger sequencing revealed that circ_001422 is
generated via back-splicing and covalent bonding of the

(See figure on previous page.)
Fig. 6 Knockdown of miR-195-5p rescues the sh-circ_001422-mediated inhibitory effects on OS cell proliferation and metastasis. a & b. OS cells
were transfected with sh-circ_001422-NC or sh-circ_001422 or were cotransfected with sh-circ_001422 and the miR-195-5p inhibitor. EdU
incorporation (scale bar, 100 μm) and colony formation assays were performed to evaluate the proliferation ability of OS cells in each group. c &
d. Flow cytometry was used to evaluate the effect of miR-195-5p silencing on the sh-circ_001422-mediated effects on the cell cycle distribution
and apoptosis. e & f. Transwell migration and Matrigel invasion assays were performed to evaluate the effect of miR-195-5p silencing on the sh-
circ_001422-mediated reductions in the migration and invasion abilities. Scale bar, 100 μm. g. The protein levels of CCND1, CDK4, cleaved CASP3,
BAX, BCL2, E-cadherin, N-cadherin and Vimentin were analyzed by western blotting and normalized to the level of GAPDH. n.s., not significant;
*P < 0.05; **P < 0.01; ***P < 0.001

Yang et al. Journal of Experimental & Clinical Cancer Research          (2021) 40:235 Page 16 of 24



−2

−1

0

1

2
Group

sh-circ_001422-NC

a

d e f g

h

l

o p q

m n

i j k

b c
sh-circ_001422

RNAhybrid

miRTarBase

Targetscan

miRanda

4499

14

0

466

18

24

4416

447

27

0

50

9

0

651

308

Downregulated mRNAs

miR-195-5p target mRNAs

2687

71

395

MicroRNAs in cancer

PI3K-Akt signaling pathway

FoxO signaling pathway

Proteoglycans in cancer

HTLV-1 infection

Cell cycle

Gastric cancer

Cellular senescence

Melanoma

p53 signaling pathway

0.125 0.175 0.225
Gene ratio

0.010

0.015

4

6 Count

p.adjust

CCND2
ITGA2
PRKAA1
FGF2
LAMC1
GNB1

KEGG

CCND2

IT
GA2

PRKAA1
FGF2

LAMC1

GNB1

0.0

0.5

1.0

1.5

R
Q

va
lu

e
of

m
R

N
A

s

sh-circ_001422-NC
sh-circ_001422

**

143B

*

n.s. n.s.

***

*

CCND2

IT
GA2

PRKAA1
FGF2

LAMC1

GNB1

0.0

0.5

1.0

1.5

R
Q

va
lu

e
of

m
R

N
A

s

sh-circ_001422-NC
sh-circ_001422

**

Saos-2

*

n.s.

n.s.

*
n.s.

CCND2

IT
GA2

PRKAA1
FGF2

LAMC1

GNB1

0.0

0.5

1.0

1.5

2.0

R
Q

va
lu

e
of

m
R

N
A

s

OE-circ_001422-NC
OE-circ_001422

**

143B

*
n.s.

n.s.

*
n.s.

CCND2

IT
GA2

PRKAA1
FGF2

LAMC1

GNB1

0.0

0.5

1.0

1.5

2.0

R
Q

va
lu

e
of

m
R

N
A

s

OE-circ_001422-NC
OE-circ_001422

**

Saos-2

n.s.
n.s.

*
n.s.

n.s.

sh-circ_001422-NC

sh-circ_001422

sh-circ_001422-NC

sh-circ_001422

143B Saos-2

FGF2

p-PI3K

t-PI3K

p-Akt

t-Akt

GAPDH

OE-circ_001422-NC

OE-circ_001422

OE-circ_001422-NC

OE-circ_001422

143B Saos-2

NC mimic

miR-195-5p mimic

NC inhibitor

miR-195-5p inhibitor

143B Saos-2

FGF2

p-PI3K

t-PI3K

p-Akt

t-Akt

GAPDH

NC mimic

miR-195-5p mimic

NC inhibitor

miR-195-5p inhibitor

FGF2

p-PI3K

t-PI3K

p-Akt

t-Akt

GAPDH

FGF2

p-PI3K

t-PI3K

p-Akt

t-Akt

GAPDH

sh
-c

irc
_0

01
42

2-
NC

sh
-c

irc
_0

01
42

2

sh
-c

irc
_0

01
42

2+

m
iR

-1
95

-5
p 

inh
ibi

to
r

FGF2

p-PI3K

t-PI3K

p-Akt

t-Akt

GAPDH

143B Saos-2

sh
-c

irc
_0

01
42

2-
NC

sh
-c

irc
_0

01
42

2

sh
-c

irc
_0

01
42

2+

m
iR

-1
95

-5
p 

inh
ibi

to
r

143B

FGF2

p-PI3K

t-PI3K

p-Akt

t-Akt

GAPDH

OE-c
irc

_0
01

42
2-

NC

OE-c
irc

_0
01

42
2

OE-c
irc

_0
01

42
2+

m
iR

-1
95

-5
p 

m
im

ic

Saos-2

OE-c
irc

_0
01

42
2-

NC

OE-c
irc

_0
01

42
2

OE-c
irc

_0
01

42
2+

m
iR

-1
95

-5
p 

m
im

ic

hRluc FGF2 hluc+5’ 3’

WT 5’ UCCAGGAUUUGUGUGCUGUUG 3’

5’ UCGUGGUAAAGACACGACUAG 3’

3’ CGGUUAUAAAGACACGACGAU 5’miR-195-5p

MUT

O
st

eo
sa

rc
om

a
A

dj
ac

en
t t

is
su

e

FGF2

#1 #2 N T N T N T N T N T N T

#1 #2 #3 #4 #5 #6

N T N T N T N T N T N T

#7 #8 #9 #10 #11 #12

FGF2

GAPDH

FGF2

GAPDH

FGF2-
W

T

FGF2-
MUT

FGF2-
W

T

FGF2-
MUT

0.0

0.5

1.0

1.5

R
el

at
iv

e
lu

ci
fe

ra
se

ac
tiv

it y

NC mimic
miR-195-5p mimic

**

143B Saos-2

n.s.

**

n.s.

Fig. 7 (See legend on next page.)

Yang et al. Journal of Experimental & Clinical Cancer Research          (2021) 40:235 Page 17 of 24



3′ and 5′ ends of exons 2–7 of NSD2. Interestingly, re-
search has shown that NSD2 is an important oncogene
that drives the development of multiple cancers by
catalyzing histone-lysine methylation and disrupting
chromatin integrity [35–37]. Additionally, linear NSD2
regulates EMT and the protein expression of BCL2 and
SOX2, which facilitates cell survival, metastasis, and che-
moresistance in OS [38, 39]. Herein, we revealed upreg-
ulated expression of circ_001422 in OS tissues and cells
using high-throughput sequencing and qRT-PCR. Ana-
lysis of the clinicopathological characteristics of 55 OS
patients revealed that circ_001422 expression positively
correlated with advanced clinical stage, tumor size and
distant metastasis. Functional analyses further validated
the role of circ_001422 in not only promoting the prolif-
eration and metastasis of OS cells but also modulating
the apoptosis of these cells both in vivo and in vitro.
These findings highlight the significant relationship be-
tween the alternatively spliced forms of the NSD2 tran-
script and undesirable aspects of OS.
The subcellular distribution of RNAs is intimately tied

to their biological functions [40]. Accumulating evidence
shows that cytoplasmic circRNAs sponge miRNAs,
which represses the translation or induces the degrad-
ation of the target mRNAs after binding of the Ago2
protein [41, 42]. Herein, we found that circ_001422 is
mainly a cytoplasmic RNA in OS cells. In addition, circ_
001422 can recognize and bind the Ago2 protein,
suggesting that circ_001422 might exert its regulatory
functions via the classical method of binding to miRNAs.
Among the 4 candidate miRNAs predicted by the bio-
informatics databases, only miR-195-5p was further vali-
dated to exhibit a high binding capacity for circ_001422.
Despite this new finding, the involvement of miR-195-5p
in the pathogenesis of multiple tumors is not a new
phenomenon [43, 44]. Reports on the interactions be-
tween miR-195-5p and circRNAs in cancer are scarce.
Herein, we found that miR-195-5p expression was
markedly decreased in clinical OS tissue samples and

was inversely correlated with circ_001422 expression.
Functional rescue experiments further revealed that the
miR-195-5p inhibitor substantially reversed the suppressive
effects of circ_001422 depletion on OS cell proliferation
and metastasis, whereas the miR-195-5p mimic abolished
the promotive effects of circ_001422 overexpression.
Moreover, we found that FGF2 is a downstream target

of miR-195-5p in OS cells. Consistent with the compet-
ing endogenous RNA theory, our current study revealed
a positive correlation of FGF2 expression with circ_
001422 expression and a negative correlation of FGF2
expression with miR-195-5p expression in clinical OS
tissues. In addition, bioinformatic analysis and functional
experiments revealed that circ_001422 upregulated
FGF2 expression by sponging miR-195-5p. This event
also triggered PI3K/Akt pathway activation to accelerate
OS progression via mechanisms including suppression
of apoptosis and promotion of cell proliferation, migra-
tion and invasion. FGF2, also called bFGF, was among
the first angiogenic factors identified [45]. Evidence
indicates that FGF2 is implicated in diverse biological
processes, including neurodevelopment, immune
homeostasis, angiogenesis and neoplastic transformation
[46]. Although the role of FGF2 in malignancies remains
controversial, FGF2 has been proposed to act as a pro-onco-
genic regulator during the development of OS [47–49]. In
the present study, abnormally elevated levels of FGF2
mRNA and protein were consistently observed in OS tissues
and cells. Furthermore, the PI3K/Akt pathway was verified
to be involved in carcinogenesis mediated by the circ_
001422/miR-195-5p/FGF2 axis in OS. The PI3K/Akt
cascade controls basic intracellular processes, and abnormal
activation of this pathway is quite prevalent in diverse
neoplasms [50, 51].
Our study has several limitations. First, the subcutane-

ous xenograft and lung metastasis models used in this
study may not fully mimic the natural OS microenviron-
ment. Thus, some of our findings may not be reprodu-
cible in the natural disease state. Second, less invasive or

(See figure on previous page.)
Fig. 7 Circ_001422 positively regulates FGF2 expression in OS cells by sponging miR-195-5p. a. Cluster heatmap showing the significantly
differentially expressed mRNAs between 143B cells transfected with sh-circ_001422 and 143B cells transfected with sh-circ_001422-NC. b. Venn
diagram showing the overlapping target mRNAs of miR-195-5p predicted by TargetScan, miRanda, RNAhybrid and miRTarBase. c. The overlapping
mRNAs between the downregulated mRNAs and miR-195-5p target mRNAs were subjected to KEGG enrichment analysis. d & e. qRT-PCR showed
the relative quantification (RQ) values of 6 candidate genes in OS cells transfected with sh-circ_001422 or sh-circ_001422-NC. f & g. qRT-PCR
showed the RQ values of 6 candidate genes in OS cells transfected with OE-circ_001422 or OE-circ_001422-NC. h & i. Western blot analysis
showed the protein levels of FGF2, p-PI3K, total PI3K (t-PI3K), p-Akt and total Akt (t-Akt) in OS cells transfected with sh-circ_001422 or OE-
circ_001422 or the corresponding negative control. j & k. Western blot analysis showed the protein levels of FGF2, p-PI3K, t-PI3K, p-Akt and t-Akt
in OS cells transfected with the miR-195-5p mimic or miR-195-5p inhibitor or the corresponding negative control. l & m. Western blot analysis
was performed to evaluate the effect of miR-195-5p silencing (or miR-195-5p overexpression) on sh-circ_001422 (or OE-circ_001422)-mediated
changes in the protein levels of FGF2, p-PI3K, t-PI3K, p-Akt and t-Akt. n. The putative binding sites between miR-195-5p and FGF2. o. Luciferase
activity was assessed in OS cells after cotransfection with FGF2-WT or FGF2-MUT and the miR-195-5p mimic or NC mimic. p. Representative
images of immunohistochemical staining of FGF2 in OS tissues and paired noncancerous tissues. Scale bar, 100 μm. q. FGF2 protein expression in
12 OS tissues (T) and paired noncancerous tissues (N). n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 8 Loss-of-function experiments confirm the involvement of the circ_001422/miR-195-5p/FGF2 axis in OS progression and metastasis. a.
Stable sh-circ_001422 OS cells were transfected with the miR-195-5p inhibitor (inh) or cotransfected with the miR-195-5p inhibitor and sh-FGF2.
An EdU incorporation (scale bar, 100 μm) assay was used to evaluate the effect of circ_001422/miR-195-5p/FGF2 axis modulation on cell
proliferation. b. Transwell migration and Matrigel invasion assays were performed to evaluate the effect of circ_001422/miR-195-5p/FGF2 axis
modulation on the migration and invasion abilities of 143B cells. Scale bar, 100 μm. c. The protein levels of CCND1, CDK4, cleaved CASP3, BAX,
BCL2, E-cadherin, N-cadherin, Vimentin, p-PI3K, t-PI3K, p-Akt and t-Akt were analyzed by western blotting and normalized to the level of GAPDH.
d. Nude mice were distributed into 4 groups: control, sh-circ_001422, sh-circ_001422 +miR-195-5p antagomir (anta), and sh-circ_001422 +miR-
195-5p antagomir + sh-FGF2. Representative images of xenograft tumors in the 4 groups are shown. e & f. Effect of circ_001422/miR-195-5p/FGF2
axis modulation on tumor growth and tumor weight in nude mice. g & h. Representative images of lung tissues and lung sections stained with
H&E in the lung metastasis mouse model. Scale bar, 1000 μm. i. Detection of Ki-67, PCNA, E-cadherin, N-cadherin and Vimentin expression in
tumor samples from nude mice in the 4 groups by IHC. Scale bar, 100 μm. n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 9 (See legend on next page.)
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noninvasive methods for detection of highly specific
biomarkers in body fluids are more convenient and
acceptable than current approaches. Indeed, previous
evidence has demonstrated that some circRNAs may
be stably detected by liquid biopsy [52, 53]. Thus, the
expression profiles of circ_001422 in body fluids such
as serum, plasma and urine warrant further investiga-
tion. Finally, we focused only on the roles of circ_
001422 in tumor proliferation and metastasis. More
detailed studies are necessary to explore the impact
of circ_001422 on other malignant biological behav-

iors of OS cells, including chemoresistance, angiogen-
esis and immune escape.

Conclusions
In summary, this research showed that circ_001422 pro-
motes the progression and metastasis of OS via the miR-
195-5p/FGF2/PI3K/Akt axis. Our findings elucidate a
novel regulatory network that may offer new insight into
the identification of potential biomarkers or therapeutic
targets for OS.
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Fig. 10 Schematic illustrating the biological role of the circ_001422/miR-195-5p/FGF2 axis in OS progression and metastasis

(See figure on previous page.)
Fig. 9 Gain-of-function experiments confirm the involvement of the circ_001422/miR-195-5p/FGF2 axis in OS progression and metastasis. a.
Stable OE-circ_001422 OS cells were transfected with the miR-195-5p mimic (mim) or cotransfected with the miR-195-5p mimic and OE-FGF2. An
EdU incorporation (scale bar, 100 μm) assay was used to evaluate the effect of circ_001422/miR-195-5p/FGF2 axis modulation on cell proliferation.
b. Transwell migration and Matrigel invasion assays were performed to evaluate the effect of circ_001422/miR-195-5p/FGF2 axis modulation on
the migration and invasion abilities of 143B cells. Scale bar, 100 μm. c. The protein levels of CCND1, CDK4, cleaved CASP3, BAX, BCL2, E-cadherin,
N-cadherin, Vimentin, p-PI3K, t-PI3K, p-Akt and t-Akt were analyzed by western blotting and normalized to the level of GAPDH. d. Nude mice
were distributed into 4 groups: control, OE-circ_001422, OE-circ_001422 +miR-195-5p agomir (ago), and OE-circ_001422 +miR-195-5p agomir +
OE-FGF2. Representative images of xenograft tumors in the 4 groups are shown. e & f. Effect of circ_001422/miR-195-5p/FGF2 axis modulation on
tumor growth and tumor weight in nude mice. g & h. Representative images of lung tissues and lung sections stained with H&E in the lung
modulation mouse model. Scale bar, 1000 μm. i. Detection of Ki-67, PCNA, E-cadherin, N-cadherin and Vimentin expression in tumor samples
from nude mice in the 4 groups by IHC. Scale bar, 100 μm. n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001
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Additional file 1: Table S1. Primer sequences used for qRT-PCR in this
study.

Additional file 2: Figure S1. Knockdown of circ_001422 inhibits the
proliferation and metastasis of OS cells. a. The circ_001422 knockdown
efficiency was verified by qRT-PCR. b. A TUNEL assay was performed to
evaluate the effect of circ_001422 knockdown on apoptosis in vivo. Scale
bar, 100 μm. n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001.

Additional file 3: Figure S2. Overexpression of circ_001422 promotes
the proliferation and metastasis of OS cells. a. The circ_001422
overexpression efficiency was verified by qRT-PCR. b. A TUNEL assay was
performed to evaluate the effect of circ_001422 overexpression on apop-
tosis in vivo. Scale bar, 100 μm. n.s., not significant; *P < 0.05; **P < 0.01;
***P < 0.001.

Additional file 4: Figure S3. Circ_001422 sponges miR-195-5p. a & b
The transfection efficiencies of the miR-195-5p mimic and inhibitor in OS
cells were verified by qRT-PCR. n.s., not significant; *P < 0.05; **P < 0.01;
***P < 0.001.

Additional file 5: Figure S4. Overexpression of miR-195-5p rescues the
OE-circ_001422-mediated promotive effects on OS cell proliferation and
metastasis. a & b. OS cells were transfected with OE-circ_001422-NC or
OE-circ_001422 or were cotransfected with OE-circ_001422 and the miR-
195-5p mimic. EdU incorporation (scale bar, 100 μm) and colony forma-
tion assays were performed to evaluate the proliferation ability of OS cells
in each group. c & d. Flow cytometry was performed to evaluate the ef-
fect of miR-195-5p overexpression on the OE-circ_001422-mediated ef-
fects on the cell cycle distribution and apoptosis. e & f. Transwell
migration and Matrigel invasion assays were performed to evaluate the
effect of miR-195-5p overexpression on the OE-circ_001422-mediated en-
hancement of the migration and invasion abilities. Scale bar, 100 μm. g.
The protein levels of CCND1, CDK4, cleaved CASP3, BAX, BCL2, E-
cadherin, N-cadherin and Vimentin were analyzed by western blotting
and normalized to the level of GAPDH. n.s., not significant; *P < 0.05; **P <
0.01; ***P < 0.001.

Additional file 6: Figure S5. Circ_001422 positively regulates FGF2
expression in OS cells by sponging miR-195-5p. a. The relative quantifica-
tion (RQ) value of FGF2 in 55 paired OS tissues and adjacent noncancer-
ous tissues was determined by qRT-PCR. b. Pearson correlation analysis of
circ_001422 and FGF2 expression in the 55 OS tissues. c. Pearson correl-
ation analysis of miR-195-5p and FGF2 expression in the 55 OS tissues.
n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001.

Additional file 7: Figure S6. Loss-of-function experiments confirm the
involvement of the circ_001422/miR-195-5p/FGF2 axis in OS progression
and metastasis. a & b. The FGF2 knockdown and overexpression efficien-
cies were verified by qRT-PCR. c & d. Flow cytometry was used to evalu-
ate the effect of circ_001422/miR-195-5p/FGF2 axis modulation on the
cell cycle distribution and apoptosis. e. Transwell migration and Matrigel
invasion assays were performed to evaluate the effect of circ_001422/
miR-195-5p/FGF2 axis modulation on the migration and invasion abilities
of Saos-2 cells. Scale bar, 100 μm. f. A TUNEL assay was performed to
evaluate the effect of circ_001422/miR-195-5p/FGF2 axis modulation on
apoptosis in vivo. Scale bar, 100 μm. n.s., not significant; *P < 0.05; **P <
0.01; ***P < 0.001.

Additional file 8: Figure S7. Gain-of-function experiments confirm the
involvement the of circ_001422/miR-195-5p/FGF2 axis in OS progression
and metastasis. a & b. Flow cytometry was used to evaluate the effect of
circ_001422/miR-195-5p/FGF2 axis modulation on cell cycle distribution
and apoptosis. c. Transwell migration and Matrigel invasion assays were
performed to evaluate the effect of circ_001422/miR-195-5p/FGF2 axis
modulation on the migration and invasion abilities of Saos-2 cells. Scale
bar, 100 μm. d. A TUNEL assay was performed to evaluate the effect of
circ_001422/miR-195-5p/FGF2 axis modulation on apoptosis in vivo. Scale
bar, 100 μm. n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001.

Acknowledgments
Not applicable.

Authors’ contributions
LJL and QZL conceived and designed the experiments. BSY, LTL and GT
performed most of the experiments and data analysis. BSY and LTL drafted
the manuscript. ZRZ, JYT, ZXS, ZWL and JZL performed the bioinformatic
analysis and revised the work critically for important intellectual content.
WWG, JPC and SSZ helped with the in vivo experiments. GFW, LL and SZ
collected the clinical samples and information. All authors read and
approved the final manuscript.

Funding
The present study was supported by the Science and Technology Program
of Guangzhou, China (grant no. 201704020129; 202102020157) and the
National Natural Science Foundation of China (grant no. 81801210).

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All experimental protocols were approved by the Ethics Committee of the
Affiliated Zhujiang Hospital of Southern Medical University and conducted in
accordance with the principles of the World Medical Association Declaration
of Helsinki. Written informed consent was obtained from all participants or
their legal guardians prior to sample collection. All animal experiments were
approved by the Medical Ethics Committee of Southern Medical University
and conducted according to the Guidelines for the Care and Use of Animals
for Scientific Research.

Consent for publication
All authors have read and agreed to publish this manuscript.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Joint and Orthopedics, Zhujiang Hospital, Southern Medical
University, Guangzhou 510282, China. 2Department of Medical Ultrasonics,
Guangdong Province Key Laboratory of Hepatology Research, The Third
Affiliated Hospital of Sun Yat-Sen University, Guangzhou 510630, China.
3Guizhou Provincial Key Laboratory of Pathogenesis & Drug Research on
Common Chronic Diseases, Department of Physiology, School of Basic
Medicine, Guizhou Medical University, Guiyang 550009, China. 4Department

Yang et al. Journal of Experimental & Clinical Cancer Research          (2021) 40:235 Page 22 of 24

https://doi.org/10.1186/s13046-021-02027-0
https://doi.org/10.1186/s13046-021-02027-0


of Musculoskeletal Oncology, The First Affiliated Hospital of Sun Yat-Sen
University, Guangzhou 510080, China. 5Department of Spinal Surgery,
Zhujiang Hospital, Southern Medical University, Guangzhou 510282, China.
6Guangdong Provincial Key Laboratory of Cancer Immunotherapy,
Guangzhou Key Laboratory of Tumor Immunology Research, Cancer
Research Institute, School of Basic Medical Sciences, Southern Medical
University, Guangzhou 510515, China.

Received: 28 January 2021 Accepted: 23 June 2021

References
1. Ritter J, Bielack SS. Osteosarcoma. Ann Oncol. 2010;21(Suppl 7):i320–5.
2. Ottaviani G, Jaffe N. The epidemiology of osteosarcoma. Cancer Treat Res.

2009;152:3–13. https://doi.org/10.1007/978-1-4419-0284-9_1.
3. Miwa S, Shirai T, Yamamoto N, Hayashi K, Takeuchi A, Igarashi K, et al.

Current and emerging targets in immunotherapy for osteosarcoma. J Oncol.
2019;2019:7035045.

4. Bielack SS, Kempf-Bielack B, Delling G, Exner GU, Flege S, Helmke K, et al.
Prognostic factors in high-grade osteosarcoma of the extremities or trunk:
an analysis of 1,702 patients treated on neoadjuvant cooperative
osteosarcoma study group protocols. J Clin Oncol. 2002;20(3):776–90.
https://doi.org/10.1200/JCO.2002.20.3.776.

5. Meng S, Zhou H, Feng Z, Xu Z, Tang Y, Li P, et al. CircRNA: functions and
properties of a novel potential biomarker for cancer. Mol Cancer. 2017;16(1):
94. https://doi.org/10.1186/s12943-017-0663-2.

6. Chen LL, Yang L. Regulation of circRNA biogenesis. RNA Biol. 2015;12(4):
381–8. https://doi.org/10.1080/15476286.2015.1020271.

7. Zhou WY, Cai ZR, Liu J, Wang DS, Ju HQ, Xu RH. Circular RNA: metabolism,
functions and interactions with proteins. Mol Cancer. 2020;19(1):172. https://
doi.org/10.1186/s12943-020-01286-3.

8. Ashwal-Fluss R, Meyer M, Pamudurti NR, Ivanov A, Bartok O, Hanan M, et al.
Kadener S: circRNA biogenesis competes with pre-mRNA splicing. Mol Cell.
2014;56(1):55–66. https://doi.org/10.1016/j.molcel.2014.08.019.

9. Du WW, Yang W, Liu E, Yang Z, Dhaliwal P, Yang BB. Foxo3 circular RNA retards
cell cycle progression via forming ternary complexes with p21 and CDK2. Nucleic
Acids Res. 2016;44(6):2846–58. https://doi.org/10.1093/nar/gkw027.

10. Su M, Xiao Y, Ma J, Tang Y, Tian B, Zhang Y, et al. Circular RNAs in Cancer:
emerging functions in hallmarks, stemness, resistance and roles as potential
biomarkers. Mol Cancer. 2019;18(1):90. https://doi.org/10.1186/s12943-019-1
002-6.

11. Li Z, Huang C, Bao C, Chen L, Lin M, Wang X, et al. Exon-intron circular
RNAs regulate transcription in the nucleus. Nat Struct Mol Biol. 2015;22(3):
256–64. https://doi.org/10.1038/nsmb.2959.

12. Wang D, Yang S, Wang H, Wang J, Zhang Q, Zhou S, et al. The progress of
circular RNAs in various tumors. Am J Transl Res. 2018;10(6):1571–82.

13. Li Z, Yanfang W, Li J, Jiang P, Peng T, Chen K, et al. Tumor-released
exosomal circular RNA PDE8A promotes invasive growth via the miR-338/
MACC1/MET pathway in pancreatic cancer. Cancer Lett. 2018;432:237–50.
https://doi.org/10.1016/j.canlet.2018.04.035.

14. Zhao ZJ, Shen J. Circular RNA participates in the carcinogenesis and the
malignant behavior of cancer. RNA Biol. 2017;14(5):514–21. https://doi.org/1
0.1080/15476286.2015.1122162.

15. Rybak-Wolf A, Stottmeister C, Glažar P, Jens M, Pino N, Giusti S, et al. Circular
RNAs in the mammalian brain are highly abundant, conserved, and
dynamically expressed. Mol Cell. 2015;58(5):870–85. https://doi.org/10.1016/j.
molcel.2015.03.027.

16. Cui X, Wang J, Guo Z, Li M, Li M, Liu S, et al. Emerging function and
potential diagnostic value of circular RNAs in cancer. Mol Cancer. 2018;17(1):
123. https://doi.org/10.1186/s12943-018-0877-y.

17. Chen S, Zhou Y, Chen Y. Gu J: fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics. 2018;34(17):i884–90. https://doi.org/10.1093/
bioinformatics/bty560.

18. Langmead B, Salzberg SL. Fast gapped-read alignment with bowtie 2. Nat
Methods. 2012;9(4):357–9. https://doi.org/10.1038/nmeth.1923.

19. Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. TopHat2:
accurate alignment of transcriptomes in the presence of insertions,
deletions and gene fusions. Genome Biol. 2013;14(4):R36. https://doi.org/1
0.1186/gb-2013-14-4-r36.

20. Memczak S, Jens M, Elefsinioti A, Torti F, Krueger J, Rybak A, et al. Circular
RNAs are a large class of animal RNAs with regulatory potency. Nature.
2013;495(7441):333–8. https://doi.org/10.1038/nature11928.

21. Sanger F, Nicklen S, Coulson AR. DNA sequencing with chain-terminating
inhibitors. Proc Natl Acad Sci U S A. 1977;74(12):5463–7. https://doi.org/10.1
073/pnas.74.12.5463.

22. Su Z, Yang B, Zeng Z, Zhu S, Wang C, Lei S, et al. Metastasis-associated
gene MAPK15 promotes the migration and invasion of osteosarcoma cells
via the c-Jun/MMPs pathway. Oncol Lett. 2020;20(1):99–112. https://doi.
org/10.3892/ol.2020.11544.

23. Giulianelli S, Riggio M, Guillardoy T, Pérez PC, Gorostiaga MA, Sequeira G, et al.
FGF2 induces breast cancer growth through ligand-independent activation
and recruitment of ERα and PRBΔ4 isoform to MYC regulatory sequences. Int J
Cancer. 2019;145(7):1874–88. https://doi.org/10.1002/ijc.32252.

24. Coleman SJ, Chioni AM, Ghallab M, Anderson RK, Lemoine NR, Kocher HM,
et al. Nuclear translocation of FGFR1 and FGF2 in pancreatic stellate cells
facilitates pancreatic cancer cell invasion. Embo Mol Med. 2014;6(4):467–81.
https://doi.org/10.1002/emmm.201302698.

25. de Aguiar RB, Parise CB, Souza CR, Braggion C, Quintilio W, Moro AM, et al.
Blocking FGF2 with a new specific monoclonal antibody impairs
angiogenesis and experimental metastatic melanoma, suggesting a
potential role in adjuvant settings. Cancer Lett. 2016;371(2):151–60. https://
doi.org/10.1016/j.canlet.2015.11.030.

26. Jaffe N. Osteosarcoma: review of the past, impact on the future. The
American experience. Cancer Treat Res. 2009;152:239–62. https://doi.org/1
0.1007/978-1-4419-0284-9_12.

27. Duan Z, Gao Y, Shen J, Choy E, Cote G, Harmon D, et al. miR-15b modulates
multidrug resistance in human osteosarcoma in vitro and in vivo. Mol
Oncol. 2017;11(2):151–66. https://doi.org/10.1002/1878-0261.12015.

28. Chen X, Zhou Y, Liu S, Zhang D, Yang X, Zhou Q, et al. LncRNA TP73-AS1
predicts poor prognosis and functions AS oncogenic lncRNA in
osteosarcoma. J Cell Biochem. 2018.

29. Xu J, Ji L, Liang Y, Wan Z, Zheng W, Song X, et al. CircRNA-SORE mediates
sorafenib resistance in hepatocellular carcinoma by stabilizing YBX1. Signal
Transduct Target Ther. 2020;5(1):298. https://doi.org/10.1038/s41392-020-00375-5.

30. Niu Q, Dong Z, Liang M, Luo Y, Lin H, Lin M, et al. Circular RNA hsa_circ_0001829
promotes gastric cancer progression through miR-155-5p/SMAD2 axis. J Exp Clin
Cancer Res. 2020;39(1):280. https://doi.org/10.1186/s13046-020-01790-w.

31. Wu M, Kong C, Cai M, Huang W, Chen Y, Wang B, et al. Hsa_circRNA_
002144 promotes growth and metastasis of colorectal cancer through
regulating miR-615-5p/LARP1/mTOR pathway. Carcinogenesis. 2020.

32. Harrison EB, Porrello A, Bowman BM, Belanger AR, Yacovone G, Azam SH,
et al. A circle RNA regulatory Axis promotes lung squamous metastasis via
CDR1-mediated regulation of Golgi trafficking. Cancer Res. 2020;80(22):
4972–85. https://doi.org/10.1158/0008-5472.CAN-20-1162.

33. Jia GY, Wang DL, Xue MZ, Liu YW, Pei YC, Yang YQ, et al. CircRNAFisher: a
systematic computational approach for de novo circular RNA identification.
Acta Pharmacol Sin. 2019;40(1):55–63. https://doi.org/10.1038/s41401-018-
0063-1.

34. Ruan Y, Li Z, Shen Y, Li T, Zhang H, Guo J. Functions of circular RNAs and
their potential applications in gastric cancer. Expert Rev Gastroenterol
Hepatol. 2020;14(2):85–92. https://doi.org/10.1080/17474124.2020.1715211.

35. Aytes A, Giacobbe A, Mitrofanova A, Ruggero K, Cyrta J, Arriaga J, et al.
NSD2 is a conserved driver of metastatic prostate cancer progression. Nat
Commun. 2018;9(1):5201. https://doi.org/10.1038/s41467-018-07511-4.

36. Bennett RL, Swaroop A, Troche C, Licht JD. The role of nuclear receptor-
binding SET domain family histone lysine Methyltransferases in Cancer. Cold
Spring Harb Perspect Med. 2017;7(6). https://doi.org/10.1101/cshperspect.a
026708.

37. Wang JJ, Zou JX, Wang H, Duan ZJ, Wang HB, Chen P, et al. Histone
methyltransferase NSD2 mediates the survival and invasion of triple-
negative breast cancer cells via stimulating ADAM9-EGFR-AKT signaling.
Acta Pharmacol Sin. 2019;40(8):1067–75. https://doi.org/10.1038/s41401-018-
0199-z.

38. Lu MH, Fan MF, Yu XD. NSD2 promotes osteosarcoma cell proliferation and
metastasis by inhibiting E-cadherin expression. Eur Rev Med Pharmacol Sci.
2017;21(5):928–36.

39. He C, Liu C, Wang L, Sun Y, Jiang Y, Hao Y. Histone methyltransferase NSD2
regulates apoptosis and chemosensitivity in osteosarcoma. Cell Death Dis.
2019;10(2):65. https://doi.org/10.1038/s41419-019-1347-1.

Yang et al. Journal of Experimental & Clinical Cancer Research          (2021) 40:235 Page 23 of 24

https://doi.org/10.1007/978-1-4419-0284-9_1
https://doi.org/10.1200/JCO.2002.20.3.776
https://doi.org/10.1186/s12943-017-0663-2
https://doi.org/10.1080/15476286.2015.1020271
https://doi.org/10.1186/s12943-020-01286-3
https://doi.org/10.1186/s12943-020-01286-3
https://doi.org/10.1016/j.molcel.2014.08.019
https://doi.org/10.1093/nar/gkw027
https://doi.org/10.1186/s12943-019-1002-6
https://doi.org/10.1186/s12943-019-1002-6
https://doi.org/10.1038/nsmb.2959
https://doi.org/10.1016/j.canlet.2018.04.035
https://doi.org/10.1080/15476286.2015.1122162
https://doi.org/10.1080/15476286.2015.1122162
https://doi.org/10.1016/j.molcel.2015.03.027
https://doi.org/10.1016/j.molcel.2015.03.027
https://doi.org/10.1186/s12943-018-0877-y
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1186/gb-2013-14-4-r36
https://doi.org/10.1186/gb-2013-14-4-r36
https://doi.org/10.1038/nature11928
https://doi.org/10.1073/pnas.74.12.5463
https://doi.org/10.1073/pnas.74.12.5463
https://doi.org/10.3892/ol.2020.11544
https://doi.org/10.3892/ol.2020.11544
https://doi.org/10.1002/ijc.32252
https://doi.org/10.1002/emmm.201302698
https://doi.org/10.1016/j.canlet.2015.11.030
https://doi.org/10.1016/j.canlet.2015.11.030
https://doi.org/10.1007/978-1-4419-0284-9_12
https://doi.org/10.1007/978-1-4419-0284-9_12
https://doi.org/10.1002/1878-0261.12015
https://doi.org/10.1038/s41392-020-00375-5
https://doi.org/10.1186/s13046-020-01790-w
https://doi.org/10.1158/0008-5472.CAN-20-1162
https://doi.org/10.1038/s41401-018-0063-1
https://doi.org/10.1038/s41401-018-0063-1
https://doi.org/10.1080/17474124.2020.1715211
https://doi.org/10.1038/s41467-018-07511-4
https://doi.org/10.1101/cshperspect.a026708
https://doi.org/10.1101/cshperspect.a026708
https://doi.org/10.1038/s41401-018-0199-z
https://doi.org/10.1038/s41401-018-0199-z
https://doi.org/10.1038/s41419-019-1347-1


40. Buxbaum AR, Haimovich G, Singer RH. In the right place at the right time:
visualizing and understanding mRNA localization. Nat Rev Mol Cell Biol.
2015;16(2):95–109. https://doi.org/10.1038/nrm3918.

41. Dai X, Guo X, Liu J, Cheng A, Peng X, Zha L, et al. Circular RNA
circGRAMD1B inhibits gastric cancer progression by sponging miR-130a-3p
and regulating PTEN and p21 expression. Aging (Albany NY). 2019;11(21):
9689–708. https://doi.org/10.18632/aging.102414.

42. Dragomir MP, Knutsen E, Calin GA. SnapShot: unconventional miRNA
functions. Cell. 2018;174(4):1038–1038.e1. https://doi.org/10.1016/j.cell.2018.
07.040.

43. Lin X, Wang S, Sun M, Zhang C, Wei C, Yang C, et al. Xiong B: miR-195-5p/
NOTCH2-mediated EMT modulates IL-4 secretion in colorectal cancer to
affect M2-like TAM polarization. J Hematol Oncol. 2019;12(1):20. https://doi.
org/10.1186/s13045-019-0708-7.

44. Shen S, Li K, Liu Y, Liu X, Liu B, Ba Y, et al. Silencing lncRNA AGAP2-AS1
Upregulates miR-195-5p to repress migration and invasion of EC cells via
the decrease of FOSL1 expression. Mol Ther Nucleic Acids. 2020;20:331–44.
https://doi.org/10.1016/j.omtn.2019.12.036.

45. Powers CJ, McLeskey SW, Wellstein A. Fibroblast growth factors, their
receptors and signaling. Endocr Relat Cancer. 2000;7(3):165–97. https://doi.
org/10.1677/erc.0.0070165.

46. Kwabi-Addo B, Ozen M, Ittmann M. The role of fibroblast growth factors
and their receptors in prostate cancer. Endocr Relat Cancer. 2004;11(4):709–
24. https://doi.org/10.1677/erc.1.00535.

47. Maloof P, Wang Q, Wang H, Stein D, Denny TN, Yahalom J, et al.
Overexpression of basic fibroblast growth factor (FGF-2) downregulates
Bcl-2 and promotes apoptosis in MCF-7 human breast cancer cells.
Breast Cancer Res Treat. 1999;56(2):153–67. https://doi.org/10.1023/a:1
006258510381.

48. Cheng Y, Lin KH, Young TH, Cheng NC. The influence of fibroblast growth
factor 2 on the senescence of human adipose-derived mesenchymal stem
cells during long-term culture. Stem Cells Transl Med. 2020;9(4):518–30.
https://doi.org/10.1002/sctm.19-0234.

49. Shimizu T, Ishikawa T, Iwai S, Ueki A, Sugihara E, Onishi N, et al. Fibroblast
growth factor-2 is an important factor that maintains cellular immaturity
and contributes to aggressiveness of osteosarcoma. Mol Cancer Res. 2012;
10(3):454–68. https://doi.org/10.1158/1541-7786.MCR-11-0347.

50. Ediriweera MK, Tennekoon KH, Samarakoon SR. Role of the PI3K/AKT/mTOR
signaling pathway in ovarian cancer: biological and therapeutic significance.
Semin Cancer Biol. 2019;59:147–60. https://doi.org/10.1016/j.semcancer.2019.
05.012.

51. Alzahrani AS. PI3K/Akt/mTOR inhibitors in cancer: at the bench and bedside.
Semin Cancer Biol. 2019;59:125–32. https://doi.org/10.1016/j.semcancer.2019.
07.009.

52. Necula L, Matei L, Dragu D, Neagu AI, Mambet C, Nedeianu S, et al. Recent
advances in gastric cancer early diagnosis. World J Gastroenterol. 2019;
25(17):2029–44. https://doi.org/10.3748/wjg.v25.i17.2029.

53. Pardini B, Sabo AA, Birolo G, Calin GA. Noncoding RNAs in extracellular
fluids as Cancer biomarkers: the new frontier of liquid biopsies. Cancers
(Basel). 2019;11(8). https://doi.org/10.3390/cancers11081170.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Yang et al. Journal of Experimental & Clinical Cancer Research          (2021) 40:235 Page 24 of 24

https://doi.org/10.1038/nrm3918
https://doi.org/10.18632/aging.102414
https://doi.org/10.1016/j.cell.2018.07.040
https://doi.org/10.1016/j.cell.2018.07.040
https://doi.org/10.1186/s13045-019-0708-7
https://doi.org/10.1186/s13045-019-0708-7
https://doi.org/10.1016/j.omtn.2019.12.036
https://doi.org/10.1677/erc.0.0070165
https://doi.org/10.1677/erc.0.0070165
https://doi.org/10.1677/erc.1.00535
https://doi.org/10.1023/a:1006258510381
https://doi.org/10.1023/a:1006258510381
https://doi.org/10.1002/sctm.19-0234
https://doi.org/10.1158/1541-7786.MCR-11-0347
https://doi.org/10.1016/j.semcancer.2019.05.012
https://doi.org/10.1016/j.semcancer.2019.05.012
https://doi.org/10.1016/j.semcancer.2019.07.009
https://doi.org/10.1016/j.semcancer.2019.07.009
https://doi.org/10.3748/wjg.v25.i17.2029
https://doi.org/10.3390/cancers11081170

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Collection of patient samples
	Cell culture
	RNA sequencing (RNA-seq)
	Measurement of RNA expression
	RNase R digestion, nucleic acid electrophoresis and Sanger sequencing
	Transcriptional inhibition assay with actinomycin D
	Nucleocytoplasmic fractionation
	Fluorescence in situ hybridization (FISH)
	Oligonucleotides, plasmids, cell transfection and lentiviral transduction
	Cell proliferation assays
	Flow cytometry
	Transwell assays
	Western blot analysis
	Animal models
	Hematoxylin and eosin (H&E) staining
	Assessment of tissue expression of target proteins
	TUNEL assay
	Bioinformatic analysis
	RNA immunoprecipitation (RIP)
	RNA pulldown assay
	Luciferase reporter assay
	Statistical analysis

	Results
	Identification and characterization of circ_001422 in OS
	Correlations of circ_001422 expression with clinical characteristics
	Circ_001422 promotes the proliferation and metastasis of OS cells
	Circ_001422 sponges miR-195-5p
	The pro-oncogenic effect of circ_001422 depends on miR-195-5p
	Circ_001422 positively regulates FGF2 expression in OS cells by sponging miR-195-5p
	Circ_001422 performs its function via the miR-195-5p/FGF2 axis

	Discussion
	Conclusions
	Abbreviations
	Supplementary Information
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

