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Abstract

Chemotherapy resistance accompanied by energy metabolism abnormality functions as one of the main reasons
for treatment failure and poor prognosis. However, the function of N®-methyladenosine (m®A)-modified circular RNA
(circRNA) on osteosarcoma (OS) is still unclear. Here, present research investigated the potential role and mechanism
of circARHGAP12 on OS doxorubicin (Dox) resistance and aerobic glycolysis. Results indicated that circARHGAP12
was a novel m®A-modified circRNA, which was up-regulated in OS cells. Overexpression of circARHGAP12 promoted
the Dox resistance half-maximal inhibitory concentration (IC50) and aerobic glycolysis (glucose uptake, lactate

and ATP production) in OS cells (Saos-2/Dox, MG63/Dox). Mechanistically, m®A-modified circARHGAP12 could bind
with c-Myc mRNA through m°A-dependent manner, thereby enhancing the c-Myc mRNA stability. Thus, these find-
ings revealed the critical function of circARHGAP12 on OS Dox-resistance and aerobic glycolysis. Taken together, our
study demonstrated a critical function of circARHGAP12 on OS chemotherapy resistance and energy metabolism

abnormality, providing critical roles on OS treatment.
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Introduction

Osteosarcoma (OS) is characterized by the most frequent
primary solid malignancy in bone, with exceptional high
incidence in young individuals or children [1, 2]. Despite
the great improvements of OS therapeutic methods,
including surgery incorporated with chemoradiotherapy
[3], the five-year OS survival rate is approximate 70% (for
localized type) and approximate 30% (recurrent/meta-
static type) [4]. Thus, a better accurate target and novel
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understanding of OS molecular mechanism is critical for
OS therapeutic strategies development.

Doxorubicin (DOX) chemotherapy integrated with
cisplatin acts as the clinical standard treatment for OS
patients [5]. Nevertheless, the resistance may seriously
impair the effectiveness of DOX chemotherapy [6]. In
clinic treatment, DOX is chosen as the first-line drug
and long-term use could result in drug resistance in low
dosage [7]. Besides, the high dosage could result in toxic.
DOX is a semi-synthetic of paclitaxel, which can promote
the assembly of microtubules and inhibit their depolym-
erization, thus leading to cell cycle arrest and apoptosis.
In in vitro cellular trials, the antitumor effect of DOX has
been confirmed in OS cell lines. Therefore, investigation
for DOX resistance in OS treatment is urgent for its clini-
cal application.

Aerobic glycolysis, also known as Warburg effect, indi-
cates the significant increased glycolysis level in tumor
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cells [8]. Tumor cells preferred to use aerobic glycolysis
pathway for energy supply not only in hypoxia, but also in
aerobic environment [9]. The "metabolic reprogramming"
in tumor cells provides a new idea for tumor therapy [10].
The metabolic transformation from oxidative phospho-
rylation to glycolysis in tumor cells can affect the charac-
teristics of tumor cells and participate in the regulation of
tumor invasion and remote metastasis [11]. In OS, aero-
bic glycolysis significantly participates in the tumorigen-
esis [12]. For instance, S1IP/S1PR3 axis promotes aerobic
glycolysis in OS via inhibiting the phosphorylation of
YAP and promoting YAP nuclear translocation of, which
contributes to the YAP-c-MYC complex formation and
enhances glycolysis enzyme PGAM1 transcription [13].
Thus, these data suggest that aerobic glycolysis remark-
ably regulates the OS progression.

In the present study, the novel circRNA circARH-
GAP12 regulates the metabolic progression in
DOX-resistant OS cells. The novel circARHGAP12 (hsa_
circ_0000231) has been reported as a m®A-modified cir-
cRNA in human cancer. CircARHGAP12 was generated
from the exon-3 to exon-2 (794 bp length) of ARHGAP12
gene. Our research revealed that circARHGAP12 was
significantly up-regulated in the OS cells and participated
in the tumor chemoresistant and energetic metabolism.

Materials and methods

Cell culture and treatment

The human OS cell lines (Saos-2, MG63) and normal cells
(hFOB) were purchased from the ATCC (American Type
Culture Collection) and National Collection of Authen-
ticated Cell Culture. The Saos-2 and MG63 cells were
maintained in DMEM/F12 medium supplemented with
FBS (10%, Biological Industries) and penicillin—strepto-
mycin (1%) in a humidified incubator at 5% CO, in 37°C.
DOX-resistant OS cell lines were derived from original
parental OS cell lines by continuous DOX exposure as
previously described [14]. DOX-resistant OS cells were
constructed in a dose-escalation manner (10, 25, 50, 100,
250 and 500 nM). The acquired drug resistance process
took 7-8 months. In parallel, the parental OS cells were
exposed to DMSO in the same dose-escalation manner,
as vehicle solution.

RNA extraction and real-time fluorescent quantitative
polymerase chain reaction (RT-PCR)

Total RNA was extracted from OS cells using TRIzol
cleavage agent (Invitrogen, Carlsbad, CA, USA). The RNA
was then reversely transcribed into cDNA using the HiS-
cript 1st Strand cDNA Synthesis Kit (Cat# 04897030001,
Roche, USA). Quantitative polymerase chain reaction
(qPCR) was performed using the Real-time Fluores-
cent Quantitative PCR Kit (Vazyme, Cat# Q321) using
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ABI7900HT Fast Real-Time PCR system (Applied Biosys-
tems, CA, USA). Actin was used as endogenous control,
and the comparative 2~ AACT method was applied to cal-
culate the relative expression. These primers were used
and listed in Author contributions

Transfection

The circARHGAP12 overexpression (OV) plasmids and
human circARHGAP12 c¢DNA were synthesized and
cloned into the pLC5-ciR vector (Geneseed, Fairfield, CT,
USA). To knockdown the expression of circARHGAP12,
oligonucleotides encoding short hairpin RNAs (shRNA)
specific for circARHGAP12 were designed and syn-
thesized by RiboBio Co., Ltd. (Guangzhou, China) and
cloned into the GV112 lentivirus vector (GeneChem). In
addition, OS cells were infected by lentivirus with Poly-
brene (8 mg/mL) and screened by puromycin (2 mg/mL,
Sigma-Aldrich) for 2 weeks to obtain stable cell lines. The
sequences of shRNA used in present study are listed in
Additional file 1: Table S1.

Identification of the circRNA

Genomic DNA (gDNA) was extracted from Saos-2/DOX
and MG63/DOX cells using PureLink Genomic DNA
Mini Kit (Invitrogen). After being amplified by conver-
gent/divergent primers using cDNA and gDNA, the PCR
products of RNA were detected, including circRNA,
B-actin and ARHGAP12. In RNase R assay, the extracted
RNAs from Saos-2/DOX and MG63/DOX cells were
incubated with or without RNase R, and then, RNA was
used for detecting circARHGAP12 expression and linear
ARHGAP12 expression.

DOX sensitivity assay

The DOX resistance was determined by IC50 value (50%
maximal inhibitory concentration) using CCK-8 assay.
After the cellular transfection and DOX treatment, OS
cells (5% 10° cells/well) were seeded into 96-well plate and
their cellular viability was detected every 24 h for 4 days.
CCK-8 reagent (10 pL, Solarbio Science, Beijing, Cat no.
#CA1210) was added to each well. After incubation and
maintain for 1.5 h at 37 °C, the absorbance of each well
was measured at 450 nm using spectrophotometer.

Glucose, lactate, and ATP analysis assay

For the glucose uptake assay, the transfected cells were
harvested for measurement of glucose concentrations
using glucose assay kit (Sigma, St-Louis, MO, USA)
according to the manufacturer’s instructions. For lac-
tate production assay, the lactate concentration in the
OS cells’ lysis was detected using lactate assay kit (K627,
BioVision) according to the manufacturer’s instructions.
For ATP analysis, ATP assay kit (50026,Beyo time) was
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performed to detect intracellular ATP in cellular extracts
by detecting the luciferase activity.

Extracellular acidification assays

To detect the extracellular acidification rate (ECAR), OS
cells (1x10* cells/well) were seeded into Seahorse XF
96 cell culture microplates. After adhere overnight, cells
were washed using DMEM medium supplemented with
L-glutamine (2 mM, pH=7.4) for incubation at 37 °C in
CO,-free incubator. Then, the microplates were loaded
into the Seahorse Analyzer including mixture (4.5 min),
wait (0 min), and measure (4.5 min) for 3 cycles. OS cells
were sequentially administrated with glucose (10 mM),
the oxidative phosphorylation inhibitor oligomycin
(1.0 pM), and the glycolytic inhibitor 2-deoxyglucose
(2-DG, 50 mM) in each well at indicated time points. The
ECAR was performed using the Seahorse XF 96 Extracel-
lular Flux Analyzer (Agilent Technologies, Santa Clara,
CA, USA) according to the manufacturer’s instructions.

Colony formation assay

The OS cells (Saos-2/Dox, MG63/Dox) were transfected
with circARHGAP12 overexpression and knockdown
and then placed in fresh 6-well plates and maintained
in RPMI-1640 medium containing FBS (10%, HyClone,
Logan, UT, USA). After two weeks, OS cells were fixed
with methanol and then stained with crystal violet (0.1%,
Beyotime Institute of Biotechnology). Visible clone was
manually counted based on five random visual field.

m®A RIP-RT-qPCR analysis

To detect the m°®A modification levels of c-Myc mRNA,
m®A RIP assay was performed using Magna MeRIP m°®A
kit (Millipore Sigma, Billerica, Cat no. MA17-10499)
according to manufacturer’s instruction. In brief, the iso-
lated RNA was fragmented using fragmentation buffer.
Part of total RNA acted as input, RNA was immunopre-
cipitated to m®A antibody-conjugated magnetic beads.
After being washing with immunoprecipitation buffer,
the m®A-modified c-Myc mRNAs were eluted with elu-
tion buffer. The RNA was subjected to qRT-PCR assays
for c-Myc m°®A modification sites quantitative analysis
normalized to input.

mRNA stability assay

For the mRNA stability analysis, OS cells were cultured
in completed medium containing Act-D (5 pg/mL Sigma-
Aldrich) to block the transcription of c-Myc mRNA.
After incubation for 0/3/6 h, total RNA was extracted
from OS cells and the c-Myc mRNA expression level was
then detected at indicated time point.
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Statistical analysis

All experiments were performed in triplicate and data
were presented as Mean £ SD. All the average value was
calculated based on independent experiments. GraphPad
Prism 8.0 and SPSS 20.0 software were utilized to analyze
the standard deviation. Statistical analysis was calculated
by Student’s t test or ANOVA. P<0.05 was considered as
significance.

Results

circARHGAP12 was a DOX-resistant circRNA in OS

To investigate the differentially expressed circRNA in
the DOX-resistant OS, our work performed the circRNA
microarray to test the circRNA profile. Results indicated
that there were numerous differential circRNAs in the
DOX-resistant OS cells (MG63/Dox) and parental cells
(MG63) (Fig. 1A). Then, our work tested several potential
circRNAs (circHIPK3, circBACH2, Cdrlas, circPVTI,
circARHGAP12) in the DOX-resistant OS cells (MG63/
Dox) and parental cells (MG63), showing the high-
expression of these candidate circRNAs (Fig. 1B). From
these circRNAs, our study selected the circARHGAP12
for further research. CircARHGAP12 was m®A-modified
circRNA [15] and generated from the exon-3 to exon-2
(794 bp length) of ARHGAP12 gene. To detect the sta-
bility of circARHGAP12, RNase R assay administration
(Fig. 1D) and Actinomycin D treatment (Fig. 1E) were
performed in DOX-resistant OS cells (MG63/Dox).
Results indicated that circARHGAP12 was more sta-
ble than its linear transcript (ARHGAP12 mRNA) when
administrated with extraneous interposition. In OS cells
(Saos-2, MG63), circARHGAP12 was remarkably up-reg-
ulated in the OS cells compared to normal cells (Fig. 1F).
Taken together, these data indicated that circ ARHGAP12
was a DOX-resistant circRNA in OS.

circARHGAP12 accelerated the Dox-resistance

and proliferation of OS cells

Given that our findings showed the doxorubicin (Dox)-
resistant character for circARHGAP12 in OS cells,
our study tests the function of circARHGAP12 on OS
cells. Dox acts as the standard treatment approach for
OS, while acquired drug resistance seriously attenu-
ates the clinical treatment efficiency. Firstly, the level
of circARHGAP12 was much higher in DOX-resistant
OS cells (Saos-2/Dox, MG63/Dox) and parental cells
(Saos-2, MG63) (Fig. 2A). The silencing and overex-
pression of circARHGAP12 were constructed and,
respectively, transfected into Dox-resistant OS cells
(Saos-2/Dox, MG63/Dox) for further assay (Fig. 2B).
The Dox-resistance using CCK-8 assay revealed that
circARHGAP12 silencing inhibited the IC50 value (50%
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Fig. 1 circARHGAP12 was a DOX-resistant circRNA in OS. A CircRNA microarray was performed to test the circRNA profile in the DOX-resistant
OS cells (MG63/Dox) and parental cells (MG63). B RT-PCR was performed to test several potential circRNAs (circHIPK3, circBACH2, Cdr1as,
CircPVT1, circARHGAP12) in the DOX-resistant OS cells (MG63/Dox) and parental cells (MG63). C Schematic diagram illustrated the biogenesis

of circARHGAP12 (circARHGAP12, hsa_circ_0000231) generated from the exon-3 to exon-2 (794 bp length) of ARHGAP12 gene. D RNase R assay
was performed to detect the stability of circARHGAP12 in DOX-resistant OS cells (MG63/Dox), comparing with liner transcript ARHGAP12 mRNA.
E Actinomycin D assay was performed to detect the stability of circARHGAP12 in DOX-resistant OS cells (MG63/Dox). (F) RT-PCR was performed
to detect the circARHGAP12 in OS cells (Saos-2, MG63) compared to normal cells (hNFOB). Data were presented as means+ SD from three
independent experiments. *p <0.05, **p <0.01

maximal inhibitory concentration) of Dox in Saos-2/ inhibited the colony number of Saos-2/Dox cells, and

Dox, and circARHGAP12 overexpression up-regulated circARHGAP12 overexpression promoted the colony

the IC50 value of Dox in MG63/Dox (Fig. 2C, D). Clone  number of MG63/Dox cells (Fig. 2E, F). Taken together,

formation assay revealed that circARHGAP12 silencing  these data indicated that circARHGAP12 accelerated
the Dox-resistance and proliferation of OS cells.
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Fig. 2 circARHGAP12 accelerated the Dox-resistance and proliferation of OS cells. A RT-PCR assay was performed to detect the circARHGAP12 level
in DOX-resistant OS cells (Saos-2/Dox, MG63/Dox) and parental cells (Saos-2, MG63). B The silencing and overexpression of circ ARHGAP12 were
constructed and, respectively, transfected into Dox-resistant OS cells (Saos-2/Dox, MG63/Dox) for gain/loss function assays. C, D The Dox resistance
of OS cells (Saos-2/Dox, MG63/Dox) was determined by IC50 value (50% maximal inhibitory concentration) using CCK-8 assay. E, F Clone formation
assay was performed to detect the colony number of Saos-2/Dox cells with circARHGAP12 silencing, and MG63/Dox cells with circARHGAP12
overexpression. Data were presented as means £ SD from three independent experiments. **p <0.01, *p < 0.05

circARHGAP12 promoted the aerobic glycolysis of OS cells function of circARHGAP12 on aerobic glycolysis of OS
The effect of glycolysis upon chemotherapy resistance  cells. Results indicated that circARHGAPI12 silencing
is relatively unclear. Emerging research has revealed repressed the glucose uptake (Fig. 3A), lactate produc-
that aerobic glycolysis participated in the chemotherapy tion (Fig. 3B), ATP generation (Fig. 3C) and extracel-
resistance, thus this present study tried to investigate the lular acidification rate (ECAR) (Fig. 3D, E). Besides,
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Fig. 3 circARHGAP12 promoted the aerobic glycolysis of OS cells. A The glucose uptake level analysis was performed to detect the glucose uptake
of Saos-2/Dox cells with circARHGAP12 silencing, and MG63/Dox cells with circARHGAP12 overexpression. B Lactate production was performed

to detect the lactate level of Saos-2/Dox cells with circARHGAP12 silencing, and MG63/Dox cells with circARHGAP12 overexpression. C ATP analysis
was performed to detect the ATP level of Saos-2/Dox cells with circARHGAP12 silencing, and MG63/Dox cells with circARHGAP12 overexpression.
D, E Metabolic flux analysis was performed to detect the glycolysis rate of Saos-2/Dox and MG63/Dox cells with circARHGAP12 overexpression/
silencing for extracellular acidification rate (ECAR). Data were presented as means + SD from three independent experiments. *p <0.05

circARHGAP12 overexpression promoted the glucose
uptake, lactate production, ATP generation and extracel-
lular acidification rate (ECAR). These findings revealed
that circARHGAP12 positively promoted the aerobic gly-
colysis of OS cells.

c-Myc acted as a m®A-modified target in OS cells

Given that circARHGAP12 regulated the OS cells’ aero-
bic glycolysis, our study tried to investigate the potential
target of circARHGAP12 in OS cells. Firstly, the c-Myc
level significantly up-regulated in the osteosarcoma sam-
ples (Fig. 4A). Firstly, the level of c-Myc was higher in
DOX-resistant OS cells (Saos-2/Dox, MG63/Dox) and
parental cells (Saos-2, MG63) (Fig. 4B). In silico predic-
tive analysis (http://www.cuilab.cn/sramp)showed that
there were several potential m°A modified sites in the
c-Myc genome (Fig. 4C). The m°®A motif predicted by in
silico tools for the c-Myc gene was GGAC (Fig. 4D). The
accurate loci of c-Myc gene were identified as GGAC

(Fig. 4E). These findings revealed that c-Myc acted as a
m®A-modified target in OS cells.

m®A-modified circARHGAP12 enhanced the stability

of c-Myc mRNA via m®A-dependent manner

The novel circARHGAP12 (hsa_circ_0000231) has
been reported as a m®A-modified circRNA in human
cancer [15]. There was a remarkable m°®A-modified
loci in the circARHGAP12 (Fig. 5A). Using the anti-
m®A antibody, the RIP assay revealed that circARH-
GAP12 significantly combined with anti-m®A antibody
in DOX-resistant OS cells (Saos-2/Dox, MG63/Dox)
(Fig. 5B). Moreover, to test whether circARHGAP12
could combine with the c-Myc, the RIP assay was per-
formed using anti-c-Myc antibody. Results indicated
that circARHGAP12 significantly connected with
c-Myc in DOX-resistant OS cells (Fig. 5C). In DOX-
resistant OS cells, circARHGAP12 silencing repressed
the c-Myc mRNA level. Besides, circARHGAP12 over-
expression promoted the c-Myc mRNA level (Fig. 5D).
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Fig. 4 c-Myc acted as a m°A-modified target in OS. A In silico tools analysis (http://gepia.cancer-pku.cn/index.html) showed the up-regulated
level in the osteosarcoma (SARC) samples. B RT-PCR was performed to test the level of c-Myc in DOX-resistant OS cells (Saos-2/Dox, MG63/

Dox) and parental cells (Saos-2, MG63). C In silico predictive analysis (http://www.cuilab.cn/sramp)showed that there were several potential moA
modified sites in the c-Myc gene. D m®A motif predicted by in silico tools for c-Myc gene (GGAC). E The accurate loci on c-Myc gene (GGAC). Data
were presented as means+ SD from three independent experiments. **p <0.01

RNA stability analysis using Act D indicated that cir-
cARHGAPI12 silencing repressed the half-life time
(ti;0) of c-Myc mRNA, and circARHGAP12 overex-
pression up-regulated the half-life time (t;,,) of c-Myc

mRNA, indicating the positive role of circARHGAP12
on c-Myc mRNA stability (Fig. 5E, F). Taken together,
these findings inspired that m®A-modified circARH-
GAPI12 enhanced the stability of ¢c-Myc mRNA via
m®A-dependent manner (Fig. 6).
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Fig. 5 m°A-modified circARHGAP12 enhanced the stability of c-Myc mRNA via mSA-dependent manner. A There was a remarkable m®A-modified
loci in the circARHGAP12. B The RIP-PCR assay using the anti-m°A antibody was conducted in DOX-resistant OS cells (Saos-2/Dox, MG63/

Dox). The circARHGAP12 level was tested in the immunoprecipitation of anti-m®A antibody. C The RIP-PCR assay using the anti-c-Myc antibody

was conducted in DOX-resistant OS cells (Saos-2/Dox, MG63/Dox). The circARHGAP12 level was tested in the immunoprecipitation of anti-c-Myc
antibody. D The RT-PCR assay was conducted in DOX-resistant OS cells (Saos-2/Dox, MG63/Dox). The c-Myc mRNA level was tested. E, F RNA stability
analysis using Act D was conducted in DOX-resistant OS cells (Saos-2/Dox, MG63/Dox). The half-life time (t; ,,) of c-Myc mRNA was calculated

for c-Myc mRNA stability. Data were presented as means + SD from three independent experiments. **p <0.01, *p < 0.05



Zhang et al. Journal of Orthopaedic Surgery and Research

\
\

g Bon2, Exon3 g ‘
\

0-C3

circARHGAP12  mfA-modified
circARHGAP12

\

(2024) 19:33

\

i

1
|
|
I
I
I

Page 9 of 10

circARHGAP12/mSA/
c-Myc complex

Fig. 6 m°A-modified circARHGAP12 promoted the aerobic glycolysis of doxorubicin-resistance osteosarcoma through m®A/c-Myc manner

Discussion

Doxorubicin (Dox) functions as the standard treatment
approach for OS treatment; however, acquired drug
resistance earnestly moderate the treatment efficiency
[16]. It has been indicated that tumor metabolic pro-
cesses, such as aerobic glycolysis, always shift the chem-
oresistant tumor cells. The tumor chemoresistance and
energy metabolism could prominently regulate the OS
tumorigenesis.

The effect of circRNA and m®A methylation on accel-
erating OS chemoresistant is also investigating [17, 18].
Here, our study tried to detect the expression, function
and mechanism of m®A-modified circARHGAP12 in OS
cells. Dox-resistance analysis revealed that circARH-
GAP12 silencing inhibited the IC50 value (50% maximal
inhibitory concentration) of Dox in Saos-2/Dox, and
circARHGAP12 overexpression up-regulated the IC50
value of Dox in MG63/Dox, indicating that circARH-
GAP12 accelerated the Dox-resistant OS cells. Chemo-
therapy resistance is a major obstacle to tumor treatment
[19]. The doxorubicin functions as the standard treat-
ment approach for OS; however, acquired drug resistance
earnestly moderate the treatment efficiency.

Given the treatment dilemma of acquired drug resist-
ance, the in-depth mechanism investigation for chemo-
therapy resistance is attractive and prospective for
solving the hard problem. Therefore, herein, the meta-
bolic potential between chemo-resistant OS cells was
compared. Here, we investigate the potential etiological
factors for chemotherapy resistance. The effect of glyco-
lysis upon chemotherapy resistance is relatively unclear.

Emerging research has revealed that aerobic glycolysis
participated in the chemotherapy resistance, and thus,
this present study tried to investigate the function of cir-
cARHGAPI12 on aerobic glycolysis of OS cells. We found
that circARHGAPI12 silencing repressed the glucose
uptake, lactate production, ATP generation and extracel-
lular acidification rate (ECAR). Besides, circARHGAP12
overexpression promoted the glucose uptake, lactate
production, ATP generation and ECAR. Thus, findings
revealed that circARHGAPI12 positively promoted the
aerobic glycolysis of OS cells. Aerobic glycolysis was
found to be closely correlated with OS chemotherapy
resistance.

The function of circRNA and m®A methylation on
accelerating tumor chemoresistance and aerobic glyco-
lysis is emerging important [20]. Researches have illus-
trated that many elements regulate the chemoresistance,
such as ATP generation, glucose consumption, lactate
production and ECAR. For example, circARHGAP29
triggers the docetaxel resistance and aerobic glycolysis
in prostate cancer cells, and circARHGAP29 increases
the lactate dehydrogenase A (LDHA) mRNA stability of
strengthening its interaction to insulin-like growth factor
2 mRNA-binding protein 2, resulting in enhanced glyco-
lytic metabolism [21]. Circular RNA hsa_circ_0005963
(termed ciRS-122) sponges miR-122 for PKM2-targeting
and positively correlates with chemoresistance, thereby
promoting CRC chemoresistant cells glycolysis and drug
resistance [22].

In present research, the findings reveal that cir-
cARHGAPI2 is a m°A-modified circRNA in
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doxorubicin-resistance OS cells. circARHGAP29 inter-
acts with c-Myc mRNA and stabilizes c-Myc mRNA,
which further promotes c-Myc expression by enhancing
its transcription. CircARHGAP12 promotes the aero-
bic glycolysis of dox-resistance OS through m°A/c-Myc
manner, providing a promising therapeutic target for
Dox-resistant OS.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513018-023-04502-0.

[ Additional file 1. Table S1. Primer sequences. }

Author contributions

DZ and QG performed the assays and wrote the main manuscript text. DZ,
QG, KY,YZ, and YZ prepared Figs. 1, 2, 3,4, 5 and 6. Tao Wei designed the plan
and collected the fundings. All authors reviewed the manuscript. All authors
reviewed the manuscript.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
The animal study was approved by the Animal Care and Use Committee of
Zibo Central Hospital, Shandong First Medical University.

Competing interests
All authors declare no conflicts of interest.

Received: 8 November 2023 Accepted: 21 December 2023
Published online: 04 January 2024

References

1. LiuY,Liao S, Bennett S, Tang H, Song D, Wood D, et al. STAT3 and its
targeting inhibitors in osteosarcoma. Cell Prolif. 2021;54(2):e12974.

2. Shoaib Z, Fan TM, Irudayaraj JMK. Osteosarcoma mechanobiology and
therapeutic targets. Br J Pharmacol. 2022;179(2):201-17.

3. Gutiérrez LM, Valenzuela Alvarez M, Yang Y, Spinelli F, Cantero MJ, Alaniz
L, et al. Up-regulation of pro-angiogenic molecules and events does
not relate with an angiogenic switch in metastatic osteosarcoma cells
but to cell survival features. Apoptosis Int J Programm Cell Death.
2021,26(7-8):447-59.

4. Zhao X, Wu Q, Gong X, Liu J, Ma Y. Osteosarcoma: a review of current and
future therapeutic approaches. Biomed Eng Online. 2021;20(1):24.

5. Awasthee N, Shekher A, Rai V, Verma SS, Mishra S, Dhasmana A, et al.
Piperlongumine, a piper alkaloid, enhances the efficacy of doxorubicin in
breast cancer: involvement of glucose import, ROS, NF-kB and IncRNAs.
Apoptosis Int J Programm Cell Death. 2022,27(3-4):261-82.

6. Adamczyk-Grochala J, Bloniarz D, Zielinska K, Lewinska A, Wnuk
M. DNMT2/TRDMT1 gene knockout compromises doxorubicin-
induced unfolded protein response and sensitizes cancer cells to
ER stress-induced apoptosis. Apoptosis Int J Programm Cell Death.
2023,28(1-2):166-85.

7. Sritharan S, Guha S, Hazarika S, Sivalingam N. Meta analysis of bioactive
compounds, miRNA, siRNA and cell death regulators as sensitizers to

Page 10 of 10

doxorubicin induced chemoresistance. Apoptosis Int J Programm Cell
Death. 2022;27(9-10):622-46.

8. Han X RenC, LuC, Qiao P, Yang T, Yu Z. Deubiquitination of MYC by
OTUBT contributes to HK2 mediated glycolysis and breast tumorigenesis.
Cell Death Differ. 2022,29(9):1864-73.

9. LuoF, Lin K. N(6)-methyladenosine (m(6)A) reader IGF2BP1 accelerates
gastric cancer aerobic glycolysis in c-Myc-dependent manner. Exp Cell
Res. 2022;417(1):113176.

10. HouY, Zhang Q, Pang W, Hou L, Liang Y, Han X, et al. YTHDC1-mediated
augmentation of miR-30d in repressing pancreatic tumorigenesis via
attenuation of RUNX1-induced transcriptional activation of Warburg
effect. Cell Death Differ. 2021;28(11):3105-24.

11. Wang Q Guo X, LiL, Gao Z, Su X, Ji M, et al. N(6)-methyladenosine
METTL3 promotes cervical cancer tumorigenesis and Warburg effect
through YTHDF1/HK2 modification. Cell Death Dis. 2020;11(10):911.

12. Qi X,Yan Q, Shang, Zhao R, Ding X, Gao SJ, et al. A viral interferon regula-
tory factor degrades RNA-binding protein hnRNP Q1 to enhance aerobic
glycolysis via recruiting E3 ubiquitin ligase KLHL3 and decaying GDPD1
mMRNA. Cell Death Differ. 2022;29(11):2233-46.

13. ShenY, Zhao S,Wang S, Pan X, Zhang Y, Xu J, et al. STP/S1PR3 axis
promotes aerobic glycolysis by YAP/c-MYC/PGAM1 axis in osteosarcoma.
EBioMedicine. 2019;40:210-23.

14. Domingo-Domenech J, Vidal SJ, Rodriguez-Bravo V, Castillo-Martin M,
Quinn SA, Rodriguez-Barrueco R, et al. Suppression of acquired docetaxel
resistance in prostate cancer through depletion of notch- and hedge-
hog-dependent tumor-initiating cells. Cancer Cell. 2012;22(3):373-88.

15. JiF LuY,Chen S, YuY, Lin X, ZhuY, et al. IGF2BP2-modified circular RNA
circARHGAP12 promotes cervical cancer progression by interacting m(6)
A/FOXM1 manner. Cell Death Discov. 2021;7(1):215.

16. Wang, Yan S, Liu X, Deng F, Wang P, Yang L, et al. PRMT4 promotes fer-
roptosis to aggravate doxorubicin-induced cardiomyopathy via inhibition
of the Nrf2/GPX4 pathway. Cell Death Differ. 2022;29(10):1982-95.

17. Jiang Z, Hou Z, LiuW, Yu Z, Liang Z, Chen S. Circular RNA protein tyrosine
kinase 2 (circPTK2) promotes colorectal cancer proliferation, migration,
invasion and chemoresistance. Bioengineered. 2022;13(1):810-23.

18. Lee YC, Wang WY, Lin HH, Huang YR, Lin YC, Hsiao KY. The functional roles
and regulation of circular RNAs during cellular stresses. Non-coding RNA.
2022;8(3):38.

19. WangT, Liu Z, She Y, Deng J, Zhong Y, Zhao M, et al. A novel protein
encoded by circASK1 ameliorates gefitinib resistance in lung adenocar-
cinoma by competitively activating ASK1-dependent apoptosis. Cancer
Lett. 2021;520:321-31.

20. Tan WQ, Yuan L, Wu XY, He CG, Zhu SC, Ye M. Exosome-delivered circular
RNA DLGAP4 induces chemoresistance via miR-143-HK2 axis in neuro-
blastoma. Cancer Biomark Sect A Dis Mark. 2022;34(3):375-84.

21. Jiang X, Guo S,Wang S, Zhang Y, Chen H, Wang Y, et al. EIF4A3-induced
circARHGAP29 promotes aerobic glycolysis in docetaxel-resistant
prostate cancer through IGF2BP2/c-Myc/LDHA signaling. Can Res.
2022;82(5):831-45.

22. Wang X, Zhang H, Yang H, Bai M, Ning T, Deng T, et al. Exosome-delivered
circRNA promotes glycolysis to induce chemoresistance through the
miR-122-PKM2 axis in colorectal cancer. Mol Oncol. 2020;14(3):539-55.

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


https://doi.org/10.1186/s13018-023-04502-0
https://doi.org/10.1186/s13018-023-04502-0

	m6A-modified circARHGAP12 promotes the aerobic glycolysis of doxorubicin-resistance osteosarcoma by targeting c-Myc
	Abstract 
	Introduction
	Materials and methods
	Cell culture and treatment
	RNA extraction and real-time fluorescent quantitative polymerase chain reaction (RT-PCR)
	Transfection
	Identification of the circRNA
	DOX sensitivity assay
	Glucose, lactate, and ATP analysis assay
	Extracellular acidification assays
	Colony formation assay
	m6A RIP-RT-qPCR analysis
	mRNA stability assay
	Statistical analysis

	Results
	circARHGAP12 was a DOX-resistant circRNA in OS
	circARHGAP12 accelerated the Dox-resistance and proliferation of OS cells
	circARHGAP12 promoted the aerobic glycolysis of OS cells
	c-Myc acted as a m6A-modified target in OS cells
	m6A-modified circARHGAP12 enhanced the stability of c-Myc mRNA via m6A-dependent manner

	Discussion
	Anchor 23
	References


