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HIGHLIGHTS

e CircCYP51A1 was up-regulated in osteosarcoma cells under hypoxia.
e CircCYP51A1 mediated KLF12 expression through sponging miR-490-3p.
e Under hypoxia condition, circCYP51A1 knockdown inhibited cell progression and glycolysis by regulating miR-490-3p/ KLF12 axis.

ARTICLE INFO ABSTRACT
Keywords: Background: Hypoxia is a key characteristic of osteosarcoma (OS). Increasing data suggested that circular RNA
Hypoxia (circRNAs) were involve in the progression of cancers and the regulation of hypoxia, including OS. This study
Osteosarcoma aims to examine the biological mechanism of circRNA cytochrome P450 family 51 subfamily A member 1
circCYP51A1 . . .
miR-490-3p (circCYP51A1) in OS }mder hyp0x1a.. . . .
KLF12 Methods: The expression levels of circCYP51A1, microRNA-490-3p (miR-490-3p) and kruppel-like factor 12
(KLF12) were detected by quantitative real-time polymerase chain reaction (qQRT-PCR) in OS tissues and cells.
Cell proliferation, migration and invasion were determined by colony formation assay and transwell assay.
Lactate production and glucose consumption in OS cells were measured by using lactate assay kit and glucose
assay kit, respectively. Western blot assay and immunohistochemistry assay were used to test protein levels. The
associated relationship between miR-490-3p and circCYP51A1 or KLF12 was predicted using Starbase or DIANA
online database and verified by dual-luciferase reporter assay. The xenograft model was used to explore the role
of circCYP51A1 in vivo.
Results: CircCYP51A1 and KLF12 expression were dramatically increased, whereas miR-490-3p was decreased in
OS cells under hypoxia condition. Deficiency of circCYP51A1 hindered hypoxia-induced cell proliferation,
migration, invasion and glycolysis in OS cells. CircCYP51A1 enhanced KLF12 expression by sponging miR-490-
3p. MiR-490-3p inhibitor weakened the inhibition effect of circCYP51A1 knockdown on the progression of OS
under hypoxia. Besides, overexpression of miR-490-3p inhibited cell progression of OS under hypoxia condition,
while the effects were attenuated by KLF12 overexpression. Importantly, knockdown of circCYP51A1 inhibited
tumor growth in vivo.
Conclusion: CircCYP51A1 mediated cell proliferation, migration, invasion and glycolysis by regulating miR-490-
3p/KLF12 axis in OS cells under hypoxia condition.
1. Introduction patients is still very poor [3]. Hypoxia is an important characteristic of
solid tumor microenvironment, which is caused by rapid tumor growth
As a primary malignant tumor, osteosarcoma (OS) is one of the and relatively low density of microvessels [4]. Studies have shown that
causes of death in children and adolescents [1]. It most often occurs in hypoxia can participate in the proliferation, metastasis, glycolysis and
bones and is highly aggressive [2]. Although some results have been angiogenesis of cancer patients [5-7]. Therefore, it is urgent to explore

achieved in radiotherapy and chemotherapy, the prognosis of OS the progress and pathogenesis of OS under hypoxia.
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CircRNAs (circular RNAs) are a special type of single-stranded
ncRNAs (non-coding RNAs) with a closed continuous circular struc-
ture (without 5'cap or 3'polyA tail), and are more stable than linear
RNAs [8]. Increasing evidence shows that circRNAs play significant
roles in the carcinogenesis of various kinds of tumors, including OS [9].
CircUBE2D2 deficiency impeded breast cancer (BC) cell proliferation,
metastasis and doxorubicin resistance but boosted cell apoptosis by
sponging miR-512-3p/CDCAS3 axis [10]. Up-regulation of circ_0042823
promoted cancer progression of laryngeal squamous cell carcinoma
(LSCC) [11]. Furthermore, circRNAs participate in the occurrence and
development of tumors in hypoxia condition. Knockdown of circ-
SLAMF®6 suppressed gastric cancer (GC) cell glycolysis and metastasis by
regulating miR-204-5p and MYH9 under hypoxia [12]. Silencing of
circ_0001982 inhibited BC cell progression by up-regulating miR-1287-
5p and down-regulating MUC19 under hypoxia [13]. Hsa_circ_0081001
(circCYP51A1), originating from cytochrome P450 family 51 subfamily
A member 1, is located at chromosome 7: 91755566-91756945 with a
length of 302 bp. The expression level of hsa_circ. 0081001 was
increased in OS tissues than in adjacent non-tumor tissues in previous
work [14]. Nevertheless, the molecular mechanism and biological
function of circCYP51A1 in the progression of OS under hypoxia remain
largely unknown.

Recent research indicated that circRNAs, as endogenous RNAs,
regulated gene expression by specific sponging microRNAs (miRNAs)
[15]. miRNAs (22 nucleotides), a class of small non-coding RNA mole-
cules, primarily regulate gene expression by binding to the 3'UTR (un-
translated region) of mRNAs [16,17]. A large number of miRNAs are
maladjusted in diverse human tumors and play an important role in
many malignant behaviors as carcinogenic or tumor suppressor factors
[18]. Previous works have exhibited that miR-490-3p is a tumor -
repressor in human diseases, such as prostate cancer (PCa) [19], non-
small cell lung cancer (NSCLC) [20] and gastric cancer (GC) [21].
Furthermore, miR-490-3p has been reported to be expressed at a low
level in OS tissues [22]. Nevertheless, the molecular mechanism of miR-
490-3p in OS under hypoxic condition has not been discussed.

KLF12 (Kruppel-like factor 12), is a member of the KLF family, plays
a pivotal role in several human cancers, such as hepatocellular carci-
noma (HCC) [23], nasopharyngeal carcinoma (NPC) [24] and GC [25].
Additionally, the expression level of KLF12 in OS tissues was strikingly
boosted [26]. Yet, the mechanism of KLF12 requires further exploration
in OS under hypoxia environment.

The purpose of this research is to appraise the functions of circ-
CYP51A1 on OS cell proliferation, migration, invasion and glycolysis
under hypoxia condition. Moreover, this study explored the biological
mechanism of circCYP51A1/miR-490-3p/KLF12 axis in OS cells under
hypoxia. Our information may offer a new therapeutic target for effi-
cient therapy of OS.

2. Materials and methods
2.1. Tissue samples

Thirty-three pairs of OS tissues and neighboring normal samples
were obtained from OS patients, who underwent surgery at Cangzhou
Central Hospital. None of OS patients accepted any preoperative treat-
ment. The resected fresh samples were promptly transferred into liquid
nitrogen and then conserved at —80 °C. Prior to this research, written
informed consent was obtained from each participant, and this research
was authorized by the institutional ethics committee of Cangzhou Cen-
tral Hospital.

2.2. Cell culture, hypoxia treatment and transfection
Human osteoblast cell line (hFOB1.19) and OS cell lines (U20S and

MG63) were commercially obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA) and maintained in RPMI-1640
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medium including 10 % fetal bovine serums (FBS, Gibco, Grand Island,
NY, USA) and 100 U/mL penicillin/streptomycin (Biochrom, Berlin,
Germany) in a humidified incubator with 5 % CO; at 37 °C. To establish
the hypoxic condition, U20S and MG63 cells were placed in an incu-
bator with oxygen O3 (1 %), CO5 (5 %) and N3 (94 %) for O h, 3h, 6 h,
12 h, 24 h, and 48 h.

The small interfering RNAs (siRNAs) against circCYP51A1 (si-circ-
CYP51A1) and KLF12 (si-KLF12), non-targeted siRNA (si-NC), miR-490-
3p mimic (miR-490-3p), mimic negative control (miR-NC), miR-490-3p
inhibitors (in-miR-490-3p) and inhibitor negative control (in-miR-NC)
were obtained by GenePharma (Shanghai, China). KLF12 over-
expression vector (KLF12) was synthesized by inserting the homologous
sequence of KLF12 into pcDNA3.1 (Thermo Fisher), and pcDNA3.1 -
vector (pcDNA) was used as a negative control. OS (U20S and MG63)
cells were transfected with the above oligonucleotides or plasmids using
Lipofectamine 3000 (Thermo Fisher Scientific).

2.3. Quantitative real-time polymerase chain reaction (QRT-PCR)

Based on the manufacturer’s directions, the total RNA of OS tissues
and cells was extracted by using Trizol kit (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). cDNA reverse transcription kit (Thermo Fisher
Scientific Inc.,) was used to reverse total RNA into cDNA and then SYBR
Premix Ex Taq kit (Thermo Fisher Scientific Inc.,) was used to conduct
gRT-PCR analysis. The response conditions were shown as below: pre-
denaturation was carried out at 95 °C for 2 min, then 40 cycles were
performed at 95 °C for 10 s, 60 °C for 20 s, and finally extended at 72 °C
for 7 min. The 2722% method was used to analyze the relative RNA
expression levels of circCYP51A1, miR-490-3p and KLF12. Small nuclear
RNA U6 and beta-actin (f-actin) were exploited as endogenous controls.
All primer sequences are presented as below: circCYP51A1 forward 5'-
TGCCTAGTTTCAGGTTTTCTTGG-3 circCYP51A1 reverse 5'-
CCACTTTCTCCCCAACTCTCA-3’, miR-490-3p forward 5'-GCCGAG-
CAACCTGGAGGACTCC-3'; miR-490-3p reverse 5'-
CTCAACTGGTGTCGTGGAG-3’; KLF12 forward 5-GTCAATAAA-
CAAAGCCAGGAC-3' and KLF12 reverse 5'-ACGAAGATGACGCTGAA-
GATA-3'.

2.4. RNase R treatment and subcellular localization analysis

To verify the characteristics of circRNA, total RNAs (2.5 pg/groups)
were isolated from U20S and MG63 cells and cultured with 10 U RNase
R (Qiagen, Valencia, CA, USA) for 30 min at 37C. The abundance of
circCYP51A1 and GAPDH mRNA was detected by using qRT-PCR.

PARIS isolation kit (Thermo Fisher Scientific) was used for the
detection of circCYP51A1 cellular localization. U20S and MG63 cells
were collected and cultured in 200 pL Lysis Buffer on ice. After centri-
fugation, the supernatant including cytoplasmic RNA was gathered and
the remaining fraction contained nuclear RNA. CircCYP51A1 expression
level was analyzed by qRT-PCR.

2.5. Colony formation assay

U20S and MG63 cells with transfections were seeded in 6-well plates
(500 cells per well) at 37 °C for two weeks. Subsequently, cells were
washed by using phosphate-buffered saline (PBS) and fixed with para-
formaldehyde (4 %) (Beyotime, China). The colonies were stained with
crystal violet (0.5 %) for 30 min at normal atmospheric temperature.
Photographs were obtained and the cell numbers were manually
counted.

2.6. Transwell assay
The 24-well Transwell chambers (Corning, Shanghai, China) were

utilized to explore the migratory capacities of U20S and MG63 cells. The
transfected cells (200 pL, 5 x 104 cells/well) were placed in the upper
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Fig. 1. The abundance of circCYP51A1 was up-regulated in OS cells under hypoxia. (A) The expression of circCYP51A1 was determined by qRT-PCR in OS tissues
(n = 33) and neighboring normal samples (n = 33). (B) CircCYP51A1 expression in OS cell lines (U20S and MG63) and human osteoblast cell line (hFOB1.19) was
examined by qRT-PCR. (C-D) The expression level of circCYP51A1 was determined in U20S and MG63 cells with or without RNase R treatment. (E-F) Relative
expression of circCYP51A1 in U20S and MG63 cells exposed to hypoxia treatment for 0, 3, 6, 12, 24, or 48 h was detected by qRT-PCR. *P < 0.05.

chambers, and the lower chambers were filled with 600 pL RPMI-1640
medium comprising 10 % FBS. After 24 h of incubation in hypoxic or
normoxic conditions, the cells that invaded or migrated through the
membranes were fixed with paraformaldehyde (4 %) and dyed with
crystal violet (0.1 %). The cells were then photographed and counted by
a microscope (Nikon, Tokyo, Japan). The diluted Matrigel was pre-
coated in the upper chambers in the invasion assay and other steps
were alike to the migration experiment.

2.7. Wound healing assay

Under hypoxic or normoxic condition, 5 x 10° cells/mL U20S and
MG63 cells were cultured in RPMI-1640 medium containing 10 % FBS
and 100 U/mL penicillin-streptomycin until the cell confluence reached
around 100 %. Single-line scratches were generated by using a sterile

pipette tip. The cells were washed and the wound surface was photo-
graphed at 0 h and 24 h by using a microscope (magnification, x100).

2.8. Lactate production and glucose consumption

U20S and MG63 cells (1 x 10° /well) were plated onto 12-well
plates overnight and exposed to hypoxia treatment for 48 h, with nor-
moxia group (or si-NC or miR-NC) used as a control. Afterwards, lactic
acid Assay kit (Solarbio, Beijing, China) and glucose Assay kit (Solarbio)
were utilized to determine lactic acid production and glucose con-
sumption, respectively.

2.9. Western blot (WB) assay

Total protein of OS cells and tissues were separated using lysis buffer
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Fig. 2. Silencing of circCYP51A1 impeded the proliferation, migration, invasion and glycolysis of OS cells under hypoxia. (A) Subcellular distribution of circ-
CYP51A1 was analyzed by qRT-PCR in U20S and MG63 cells. U20S and MG63 cells were transfected with si-NC or si-circCYP51A1 after hypoxia treatment for 48 h.
(B) CircCYP51A1 expression was measured by qRT-PCR. (C) Colony formation assay was used to analyze cell proliferation. (D-E) Transwell assays were performed to
determine migration and invasion. (F) Wound healing assay was used to detect cell migration. (G-H) Lactate production and glucose consumption levels in U20S and
MG63 cells were detected using lactate and glucose assay Kkits, respectively. (G) The levels of glycolysis-related proteins (GLUT1, HK2 and LDHA) were examined by

western blot. *P < 0.05.

including RIPA (radioimmunoprecipitation assay, Beyotime, Shanghai,
China). The protein samples were centrifuged in a 4 °C centrifugation for
20 min at 13,000 g and the supernatant was harvested and boiled.
Subsequently, sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) was used to separate the protein sample (25 mg). The
protein samples were transferred onto the PVDF (polyvinydene fluoride,
Millipore, Billerica, MA, USA) membrane. Next, the PVDF membranes
were probed with the appropriate primary antibodies purchased from
Abcam, including anti-Glucose Transporter GLUT1 antibody (anti-
GLUT1; 1:1000, ab115730), anti-Hexokinase II (anti-HK2; 1:1000,
ab273721), anti-Lactate Dehydrogenase (anti-LDHA; 1:8000, ab52488),
anti-KLF12 (1:1000, ab129459), and anti-beta-actin (anti-p-actin;
1:1000, ab8226) at 4 °C for overnight. The membranes were washed and
cultured with secondary antibodies (IgG H&L, ab205718, Abcam).
BeyoECL Plus (Beyotime) was used to visualize the protein bands and
fB-actin was utilized as an internal control.

2.10. Dual-luciferase reporter assay

The binding sites between miR-490-3p and circCYP51A1 or KLF12
were predicted by the online websites Stabase (https://starbase.sysu.
edu.cn) and Diana (https://diana.imis.athena-innovation.gr/Diana
Tools/index.php?r=microT_CDS/), respectively. The wild-type (WT)
circCYP51A1 or KLF12 3'-untranslated regions (3'UTR) fragments

included the binding sequence of miR-490-3p and circCYP51A1l or
KLF12 mutant (MUT) binding sites were cloned into the pGL3 vector
(Promega Corporation), namely circCYP51A1-WT, circCYP51A1-MUT,
KLF12 3’ UTR-WT and KLF12 3’ UTR -MUT. Corresponding reporter
vectors and miR-490-3p mimic or miR-NC were co-transfected in U20S
and MG63 cells by using Lipofectamine 3000 (Thermo Fisher) for 48 h.
Subsequently, the relative luciferase activity was measured by the dual-
luciferase reporter assay system (Promega, Madison, WI, USA).

2.11. Xenograft mice model

To establish the xenograft tumor model, the sh-NC or sh-
circCYP51A1 was transfected in MG63 or MNNG/HOS cells. 10 male
BALB/c nude mice (6 weeks old, n = 5 per group) were commercially
acquired from Shanghai Experimental Animal Center (SLAC, Shanghai,
China). All animal studies got the approval of the Research Ethics
Committee of Cangzhou Central Hospital. Approximately 1 x 10° MG63
or MNNG/HOS cells stably expressing sh-NC or sh-circCYP51A1 were
subcutaneously implanted into the mice. Tumor volume was monitored
and calculated once a week for 28 days. Ultimately, all research mice
were sacrificed and the tumor tissues were removed for further analysis.
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Fig. 3. CircCYP51A1 acted as a sponge of miR-490-3p in OS cells. (A) The binding sites between miR-490-3p and circCYP51A1 were predicted by starbase. (B) The
overexpression efficiency of miR-490-3p was detected by qRT-PCR in U20S and MG63 cells. (C-D) The binding relationship between circCYP51A1 and miR-490-3p
was verified by dual-luciferase reporter assay in U20S and MG63 cells. (E-F) The expression of miR-490-3p in OS tissues and cells was tested by qRT-PCR. (G)
Correlation analysis of circCYP51A1 and miR-490-3p expression in OS tissues. (H) The knockdown efficiency of miR-490-3p inhibitor was detected by qRT-PCR. (I)
miR-490-3p expression was checked by qRT-PCR in U20S and MG63 cells transfected with si-NC, si-circCYP51A1, si-circCYP51A1 + in-miR-NC, or si-
circCYP51A1 + in-miR-490-3p. (J-K) Relative expression of miR-490-3p in U20S and MG63 cells exposed to hypoxia treatment for 0, 3, 6, 12, 24, or 48 h was

detected by gRT-PCR. *P < 0.05.

2.12. Immunohistochemistry assay

Paraffin-embedded specimens were sectioned and heated at 60 °C,
followed by rehydrated through alcohol. Antigen retrieval was per-
formed in a microwave oven. Subsequently, endogenous peroxidase
activity was performed using H205 and the sections were incubated with
the antibodies against KLF12 (1:200; PA5-120729), GLUT1 (1:500;
ab115730), HK2 (1:500; MA5-15679), LDHA (1:2000, ab52488) and
MMP9 (1:500; MA5-15886). Immunoreactivity was visualized with DAB
substrate. Finally, images were captured under a confocal microscope.

2.13. Statistical analysis

The results in our study were presented as mean + standard devia-
tion and data were obtained from 3 independent and not replicate ex-
periments. All statistical analyses were executed by GraphPad Prism 7.0.
The comparisons between two groups were assessed using Student’s t
test. One-way or two-way analysis of variance was used to comparison
among three or more group results. *P < 0.05 was deemed as statisti-
cally significant difference.

3. Results

3.1. The expression level of circCYP51A1 was upregulated in OS cells
under hypoxia

Firstly, the expression level of circCYP51A1 was analyzed using qRT-
PCR in OS tissues and cells. As indicated in Fig. 1A, circCYP51A1 was
drastically overexpressed in OS tissues (n = 33) when compared to the
corresponding neighboring normal tissues (n = 33). In parallel, the level
of circCYP51A1 was markedly increased in OS cells (U20S and MG63) in
comparison with human fetal osteoblastic cell line (hFOB1.19) (Fig. 1B).

Moreover, the expression of circCYP51A1 had no notable difference,
while GAPDH RNA (linear RNA) expression was digested following
RNase R treatment in U20S and MG63 cells (Fig. 1C-D). In addition, the
expression level of circCYP51A1 was determined in U20S and MG63
cells after exposure in the hypoxia treatment (hypoxia chamber with 1 %
O,) in a time-dependent manner (0 h, 3 h, 6 h, 12 h, 24 h and 48 h). The
result showed that the level of circCYP51A1 was up-regulated in U20S
and MG63 cells under hypoxia (Fig. 1E-F). These results indicated that
circCYP51A1 level was notably enhanced in OS tissues and cells and was
related to hypoxia.

3.2. CircCYP51A depletion suppressed hypoxia-induced cell proliferation,
migration, invasion and glycolysis in OS cells

The subcellular localization of circCYP51A1 was detected in OS cells
by using nuclear and cytoplasmic fraction assay. As shown in Fig. 2A,
circCYP51A1 was mainly distributed in the cytoplasm of U20S and
MG63 cells. QRT-PCR was used to analyze the transfection efficiency of
circCYP51A1. After hypoxia treatment, the expression of circCYP51A1
was remarkably increased in U20S and MG63 cells when compared with
normoxic treatment, while this effect was reversed by the knockdown of
circCYP51A1 (Fig. 2B). Moreover, the colony formation assay illustrated
that hypoxia treatment raised the proliferation of U20S and MG63 cells,
whereas these effects were weakened by circCYP51A1 silencing
(Fig. 2C). Transwell and wound healing assays uncovered that circ-
CYP51A1 knockdown reversed hypoxia-induced promotion effects on
the migration and invasion of U20S and MG63 cells (Fig. 2D-F).
Meanwhile, the lactate production and glucose consumption were
markedly induced after 48 h of hypoxia treatment, which was abated by
silencing of circCYP51A1 (Fig. 2G-H). Simultaneously, glycolysis-
associated marker (GLUT1, HK2 and LDHA) expression levels were
assessed in U20S and MG63 cells by Western blot. GLUT1, HK2 and
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LDHA expression levels were remarkably boosted in U20S and MG63
cells following hypoxia stimulation, which was offset by treatment of si-
circCYP51A1 (Fig. 2I-J). Further, we observed that circCYP51A1
knockdown repressed U20S and MG63 cell colony formation ability,
migration, invasion, lactate production and glucose consumption under
normoxia (Figure S1). All these outcomes supported that the absence of
circCYP51A1 suppressed hypoxia-induced OS cell proliferation, migra-
tion, invasion and glycolysis.

3.3. CircCYP51A1 functioned as a molecular sponge of miR-490-3p in
OS cells

Starbase (http://starbase.sysu.edu.cn), one of the online bioinfor-
matics tools, was used to predict the target miRNAs of circCYP51A1.
This database displayed the complementary binding sites between
circCYP51A1 and miR-490-3p (Fig. 3A). The expression level of miR-
490-3p was notably elevated in U20S and MG63 cells transfected with
miR-490-3p mimic (Fig. 3B). Subsequently, dual-luciferase reporter
assay was used to examine the relationship between circCYP51A1 and
miR-490-3p in U20S and MG63 cells. The results manifested that
overexpression of miR-490-3p greatly decreased the luciferase activity
of circCYP51A1 WT group in U20S and MG63 cells, whereas it did not
affect the luciferase activity of circCYP51A1 MUT group (Fig. 3C-D). In
addition, qRT-PCR results reflected that the level of miR-490-3p was
declined in OS tissues and cells in contrast with the neighboring normal
tissues and hFOB1.19 cells (Fig. 3E-F). Besides, a negative correlation
between circCYP51A1 and miR-490-3p expression was found in OS
tissues (Fig. 3G). As indicated in Fig. 3H, the miR-490-3p level was
suppressed by transfection of miR-490-3p inhibitor in U20S and MG63

cells. Moreover, miR-490-3p level was increased in U20S and MG63
cells with knockdown of circCYP51A1, while this effect could was
eliminated by co-transfection of in-miR-490-3p (Fig. 3I). After 48 h of
hypoxia treatment, the expression level of miR-490-3p was reduced in
U20S and MG63 cells in a time-dependent manner (Fig. 3J-K). Taken
together, these findings suggested that circCYP51A1 acted as a miR-490-
3p sponge to competitively modulate miR-490-3p activity.

3.4. Silencing of circCYP51A impeded cell proliferation, migration,
invasion and glycolysis under hypoxia via targeting miR-490-3p in OS cells

To explore whether circCYP51A1 combined with miR-490-3p to
mediate the progression of OS cells under hypoxic treatment, U20S and
MG63 cells were transfected with si-NC, si-circCYP51A1, si-
circCYP51A1 + in-miR-NC and si-circCYP51A1 + in-miR-490-3p. Col-
ony formation, transwell and wound healing assays were used to mea-
sure cell proliferation, migration and invasion, respectively. This data
explained that in-miR-490-3p could partly eliminate the inhibitory ef-
fect of circCYP51A1 on cell proliferation (Fig. 4A), migration (Fig. 4B,
D) and invasion (Fig. 4C) under hypoxia condition in U20S and MG63
cells. Moreover, miR-490-3p deficiency could ameliorate the inhibitory
effect of circCYP51Al inhibition on lactate production (Fig. 4E) and
glucose consumption (Fig. 4F) in U20S and MG63 cells under hypoxia
condition. Simultaneously, glycolysis-associated proteins (GLUT1, HK2
and LDHA) were determined, and the results that miR-490-3p down-
regulation could block the inhibitory effect of circCYP51A1 knockdown
on GLTU1, HK2 and LDHA protein levels in U20S and MG63 cells under
hypoxia condition (Fig. 4G-H). These findings speculated that knock-
down of circCYP51A1 inhibited the proliferation, migration, invasion
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3p and KLF12 expression in OS tissues. (H) Correlation analysis of circCYP51A1 and KLF12 expression in OS tissues. (I) The protein level of KLF12 was examined in
U20S and MG63 cells transfected with si-NC, si-circCYP51A1, si-circCYP51A1 + in-miR-NC, or si-circCYP51A1 + in-miR-490-3p. (J) KLF12 protein level was

performed in U20S and MG63 cells transfected with miR-NC, miR-490-3p, miR-490
U20S and MG63 cells after hypoxia exposure was detected by western blot. *P <

and glycolysis of OS cells under hypoxia condition by sponging miR-
490-3p.

3.5. CircCYP51A1 could regulate the expression of KLF12 by sponging
miR-490-3p

The 3'UTR of KLF12 was found to possess a complementary binding
site for miR-490-3p (Fig. 5A). Next, the dual luciferase reporter assay
verified that miR-490-3p overexpression reduced the luciferase activity
of KLF12 3'UTR WT, but the relative luciferase activity of KLF12 3'UTR
MUT group was not affected in U20S and MG63 cells (Fig. 5B-C).
Moreover, qRT-PCR and western blot assay results exhibited that KLF12
mRNA and protein levels in OS tissues and cells were strikingly
enhanced (Fig. 5D-F). In addition, the expression level of KLF12 mRNA
was inversely associated with miR-490-3p expression (Fig. 5G), while
KLF12 expression level was positively correlated with circCYP51A1
abundance in OS tissues (Fig. 5H). Deficiency of circCYP51A1 inhibited
KLF12 expression level, while miR-490-3p inhibition abated the effect
(Fig. 5I). Overexpression of miR-490-3p also inhibited KLF12 protein
level, but the level of KLF12 was significantly elevated following the co-
transfection of KLF12 (Fig. 5J). Besides, the protein levels of KLF12 were
progressively exalted in U20S and MG63 cells after stimulation of

-3p + pcDNA or miR-490-3p + KLF12. (K-L) Relative expression of miR-490-3p in

0.05.

hypoxia treatment with time (Fig. 5K-L). Collectively, all these data
displayed that circCYP51A1 regulated KLF12 expression by sponging
miR-490-3p.

3.6. Overexpression of KLF12 abolished the effects of miR-490-3p
overexpression on OS cell proliferation, migration, invasion and glycolysis
under hypoxia condition

Colony formation, transwell and wound healing assays revealed that
overexpression of miR-490-3p inhibited OS cell proliferation (Fig. 6A),
migration (Fig. 6B, D) and invasion (Fig. 6C) under hypoxia in U20S and
MG63 cells, while these effects were abrogated by the overexpression of
KLF12. In addition, overexpression of miR-490-3p restrained lactate
production (Fig. 6E), glucose consumption (Fig. 6F) and glycolysis-
associated proteins (GLUT1, HK2 and LDHA) (Fig. 6G-H) in U20S and
MG63 cells under hypoxia, whereas these effects were eliminated by
KLF12 overexpression. In addition, KLF12 knockdown repressed U20S
and MG63 cell colony formation ability, migration, invasion, lactate
production and glucose consumption (Figure S2). In summary, these
outcomes indicated miR-490-3p affected the proliferation, migration,
invasion and glycolysis of OS cells under hypoxia by functional targeting
KLF12.
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Fig. 6. KLF12 overexpression reversed the effect of miR-490-3p overexpression on OS progression under hypoxia. (A-H) U20S and MG63 cells were transfected with
miR-NC, miR-490-3p, miR-490-3p + pcDNA or miR-490-3p + KLF12 after treatment of hypoxia. (A) Cell proliferative capacity was evaluated by colony formation
assay. (B-D) Cell migration and invasion were measured by using transwell assays or wound healing assay. (E-F) Lactate production and glucose consumption levels
in U20S and MG63 cells were detected using lactate and glucose assay kits, respectively. (G-H) The protein levels of GLUT1, HK2 and LDHA levels were examined by

western blot. *P < 0.05.

3.7. CircCYP51A1 depletion suppressed OS xenograft tumor growth

Invivo, xenograft mice models were established to further explore the
function of circCYP51A1l. The results displayed that tumor volume
(Fig. 7A and Fig. S3A) and weight (Fig. 7B and Fig. S3B) were markedly
decreased in sh-circCYP51A1 group in comparison to the sh-NC group.
In addition, we found that circCYP51A1 knockdown significantly
reduced the number of metastatic nodes in the lung (Fig. S3C). Notably,
the expression level of circCYP51 and KLF12 were reduced, while miR-
490-3p expression level was significantly increased in the sh-
circCYP51A1 group in comparison to sh-NC group (Fig. 7C-E and
Fig. S3D). Further, we observed that the positive expression rates of
KLF12, GLUT1, HK2, LDHA and MMP9 were lower in the sh-
circCYP51A1 group than in the sh-NC group (Fig. 7F). To sum up,
these data indicated that the knockdown of circCYP51A1 hindered
tumor growth in vivo by regulating miR-490-3p/KLF12 axis.

4. Discussion

OS is defined by the presence of malignant mesenchymal cells pro-
ducing osteoid samples and immature bone [27]. It is a highly invasive
tumor with high mortality in children and adolescent patients [28].
Hypoxia is a key characteristic of human cancer and plays an important
role in metastasis, apoptosis, drug resistance and glycolytic metabolism
[29-31]. Many data have found that circRNAs are involved in the
regulation of tumor progress under hypoxia, but few studies have been
carried out in OS. In the present study, circCYP51A1 was overexpressed
in hypoxia-induced OS cells. Silencing of circCYP51A1 suppressed
hypoxia-induced cell proliferation, migration, invasion and glycolysis

by regulating miR-490-3p/KLF12 axis.

CircRNAs work as oncogenes or suppressor genes to regulate the
biological function of human cancer [32]. For instance, up-regulation of
circ_0004018 inhibited HCC cell proliferation and metastasis by
sponging miR-1197/PTEN axis [33]. Deficiency of circDNA2 down-
regulated CCDC6 level and suppressed the proliferative capacities of
GC cells by sponging miR-149-5p [34]. Hsa_circ_.0081001 (circ-
CYP51A1) is found as an oncogenic factor in OS [35]. Another study
reported that circ 0081001 contributed to methotrexate sensitivity
through the regulation of miR-494-3p/transglutaminase 2 pathway
[36]. In this current study, the level of circCYP51A1 was significantly
elevated, which was consistent with the previous reports [14]. In
addition, our data was the first to show that circCYP51A1 knockdown
blocked OS cells proliferation, migration, invasion and glycolytic
metabolism under hypoxia treatment.

CircRNA regulates mRNA expression to exert its biological functions
in various cancers by sponging miRNA, which is well known. Herein, the
relationship between the circCYP51A1 and miR-490-3p was predicted
by starbase online website. Our work found that circCYP51A1 and miR-
490-3p have complementary binding sites. As a tumor suppressor, miR-
490-3p has been reported to participate in the occurrence and devel-
opment of human diseases in previous research. For instance, miR-490-
3p expression level was down-regulated and overexpression of miR-490-
3p inhibited the biological progression of CRC [37]. Similarly, miR-490-
3p was related to the biological progress in OS. Previous studies have
shown that miR-490-3p downregulation is significantly associated with
distant metastasis and relapse-free survival of OS [38]. MiR-490-3p
restrained cell proliferation and metastasis and boosted cell apoptosis
by OS [39,40]. In the current work, miR-490-3p was notably reduced in
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tissues were analyzed by IHC assay. *P < 0.05.

OS cells under hypoxia condition, and miR-490-3p downregulation
reversed the inhibitory effect of circCYP51A1 silencing on OS progres-
sion under hypoxia condition.

KLF12 has constantly been detected in the progression of tumors. For
instance, KLF12 was up-regulated and could eliminate the inhibitory
effect of miR-138-5p in GC cells [41]. Overexpression of KLF12 pro-
moted the metastasis and drug resistance of BC cells [42]. This study
demonstrated for the first time that KFL12 was the target gene for miR-
490-3p, which was predicted by Diana website. Our work found that
KLF12 was overexpressed in OS cells, which was similar to the previous
research. Besides, the expression level of KLF12 was strikingly increased
in OS with hypoxia treatment. Overexpression of KLF12 weakened miR-
490-3p-induced cell progression in OS cells under hypoxia condition.
Moreover, knockdown of circCYP51A1 suppressed tumor growth by
increasing miR-490-3p and reducing KLF12 in vivo.

In conclusion, the present studies manifested that the deficiency of
circCYP51A1 inhibited cell proliferation, migration, invasion and
glycolysis by sponging miR-490-3p and regulating KLF12 in OS cells
under hypoxia treatment. The current studies revealed that
circCYP51A1-miR-490-3p-KLF12 network provided a novel strategy for
understanding the progression of OS under hypoxia condition.
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