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Background: Circular RNAs (circRNAs) are non-coding RNAs that play a pivotal role in bone diseases.
RUNX3 was an essential transcriptional regulator during osteogenesis. However, it is unknown whether
RUNX3 regulates hsa_circ_0005752 during osteogenic differentiation.
Methods: The levels of hsa_circ_0005752 and RUNX3 were measured by qRT-PCR after osteogenic dif-
ferentiation of ADSCs. The osteogenic differentiation was analyzed by Alkaline phosphatase (ALP)
staining and Alizarin red staining (ARS). qRT-PCR and western blot were used to assess the expressions of
osteogenic differentiation-related molecules. RNA pull-down, RIP, and luciferase reporter assays deter-
mine the interactions between miR-496 and hsa_circ_0005752 or MDM2 mRNA. CHIP-PCR analyzed the
interaction between RUNX3 and LPAR1. Finally, the potential roles of RUNX3 were investigated during
osteogenic differentiation with or without hsa_circ_0005752 knockdown.
Results: Hsa_circ_0005752 and RUNX3 were significantly increased, and miR-496 was remarkably
decreased in ADSCs after osteogenic differentiation. Hsa_circ_0005752 could promote osteogenic dif-
ferentiation, as shown by enhancing ALP and ARS staining intensity. Hsa_circ_0005752 enhanced the
expressions of Runx2, ALP, Osx, and OCN. Furthermore, hsa_circ_0005752 directly targeted miR-496,
which can directly bind to MDM2. RUNX3 bound to the LPAR1 promoter and enhanced hsa_-
circ_0005752 expressions. Moreover, the enhanced expression of hsa_circ_0005752 by RUNX3 could
promote osteogenic differentiation, whereas knockdown of hsa_circ_0005752 partially antagonized the
effects of RUNX3.
Conclusion: Our study demonstrated that RUNX3 promoted osteogenic differentiation via regulating the
hsa_circ_0005752/miR-496/MDM2 axis and thus provided a new therapeutic strategy for osteoporosis.
© 2021, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Introduction

Osteoporosis contributes a lot to bone fractures and bone-
related morbidities and mortalities in women and men [1]. The
features of osteoporosis were the decreased bone mass and bone
mineral density, further decreasing bone strength and increased
bone fragility. The causes for osteoporosis aremultifactorial, but the
primary etiology is abnormal bone resorption and formation [2].
Hence, the molecular mechanisms underlying bone remodeling by
promoting osteogenic differentiation will bring out a new light on
the therapeutics of osteoporosis. Currently, there are several types
of adult stem cells, including Bone Marrow-Mesenchymal Stem
Cells (BM-MSCs), which were the cell source for stem cell-based
therapies [3]. Considering the painful harvesting process and
limited source, we found ADSCs own the most abundant source for
transplantation compared with the other two cell types [3,4]. Also,
adipose-derived stem cells (ADSCs) own self-renewal and differ-
entiation abilities into many cells, including osteoblasts [4,5]. These
advantages enable ADSCs to be attractive cells for clinical bone
regeneration and repair. Nevertheless, the mechanisms of osteo-
genic differentiation of ADSCs are limited.

Runt-related transcription factor 3 (RUNX3) was involved in
many diseases, such as cancers [6], inflammation [7], and neurop-
athy [8]. The previous report pointed out that RUNX3 was a DNA-
binding transcription factor, which participates in cell prolifera-
tion, differentiation, and cell lineage specification [9]. Recently,
experiments validated that RUNX3 modulates the chondrocyte
proliferation and differentiation through downregulating SOX9
expression [10], and endothelial progenitor cell differentiation [11],
indicating that RUNX3 was a vital regulator for lineage differenti-
ation. However, until now, the role of RUNX3 in osteogenic differ-
entiation remains elusive.

Circular RNAs (circRNAs) are mainly produced by back-splicing
events [12], which play an essential regulatory role during the
normal development of tissues or organs and the pathophysiolog-
ical process of diseases [12,13]. As a miRNA sponge, circRNAs in-
fluence the binding of miRNAs to mRNAs directly and further
influence the target gene expression [14,15]. Recently, several re-
ports showed circRNAs were involved in the osteoporotic devel-
opmental process by influencing osteogenic differentiation. For
example, circRNA_0016624 could bind to miR-98 and promote
osteogenic differentiation by upregulating BMP2 [16]. In addition,
CircRNA_33287 promoted osteogenic differentiation through the
miR-214-3p/Runx3 pathway [17]. A recent study using circRNA
microarray showed that hsa_circ_0005752 was significantly upre-
gulated during human ADSC (hADSC) osteogenic differentiation,
which meant hsa_circ_0005752 might be a crucial regulator in the
osteogenic differentiation of ADSCs [18]. However, it is still pri-
marily unknown about the functional roles and definite mecha-
nisms of hsa_circ_0005752 during osteogenic differentiation of
ADSCs.

Previous studies pointed out circRNAs regulated gene expres-
sion by modulating the alternative splicing of the target gene or as
a miRNA sponge to influence the expression of downstreammRNA
or acting on RNA binding protein to regulate the parental tran-
scription gene [13,15]. Using the bioinformatics method by cir-
cular RNA Interactome (https://circinteractome.nia.nih.gov/index.
html), we found hsa_circ_0005752 had a potential binding site for
miR-496. However, whether hsa_circ_0005752 plays a role in
osteogenic differentiation through miR-496 is needed to be
validated.

Murine double minute 2 (Mdm2) is the principal protein for
the specific degradation of the p53 protein [19,20]. Previous
studies indicated that Mdm2 regulated cellular differentiation,
431
such as osteoblast [21,22], myoblasts [23,24], and odontoblasts
[20]. Additionally, it was confirmed that MDM2 regulated stem
cell differentiation by regulating the ubiquitination and subse-
quent degradation of p53, thus influencing p53-dependent tran-
scriptional activities [19]. Recent studies showed that MDM2-P53
signaling was a critical pathway to controlling and maintaining
osteoblast differentiation and skeletal development. Knockdown
of MDM2 in osteoblast progenitor cells increased p53 activities
and decreased the osteogenic differentiation and the levels of
osteoblast transcriptional regulator Runx2. In contrast, p53
mutant osteoblast progenitor cells exhibited increased cell pro-
liferation and the expression of Runx2 and promoted osteoblast
maturation [21]. Using starBase (http://starbase.sysu.edu.cn/), we
found that MDM2 is potentially bound to miR-496. Hence, we
proposed that miR-496 modulates ADSCs osteogenic differentia-
tion, possibly by regulating the MDM2-p53 axis. Here, we inves-
tigated the role and the possible mechanisms by which circRNA
hsa_circ_0005752 regulated the ADSC osteogenic process, which
holds great promise of a new therapeutic strategy for
osteoporosis.

2. Materials and methods

2.1. Cell culture and osteogenic differentiation

The ADSCs were purchased from Procell (CP-H202) and main-
tained in the ADSCs growthmedium (Cat #MD-0003) at 37 �Cwith
5% CO2/95% O2. Cells at 3e5 passages were used for all the exper-
iments. After cells reached about 80% confluence, the growth me-
dium was aspirated, and cells were washed with PBS. Then, the
ADSCs were cultured in an osteogenic differentiationmedium (OM)
(Cyagen Biosciences, HUXMD-90021) for inducing osteogenic
differentiation.

2.2. Lentivirus infection and cell transfection

Lentivector-mediated short-hairpin hsa_circ_0005752 (sh-
hsa_circ_0005752), short-hairpin MDM2 (sh-MDM2), short-
hairpin RUNX3, and the corresponding scrambled control (sh-
NC), pcDNA3.1-RUNX3, and its empty vector pcDNA3.1 were pro-
vided by GenePharma Company (Shanghai, China). We purchased
recombinant lentiviruses containing full-length hsa_circ_0005752
and the corresponding scrambled control (vector) from Gene-
Pharma Company. OptiMEM (Invitrogen Carlsbad, CA, USA) and
5 mg/mL polybrene were used for the lentivirus transfection with
an optimized volume of virus supernatant.

We purchased miR-496 mimics and inhibitors and their corre-
sponding negative controls (mimic/inhibitor NC) fromGenePharma
(Shanghai, China). For transfection, plasmids were transfected into
ADSCs using Lipofectamine 3000 (Invitrogen; Carlsbad, CA, USA).
Forty-eight hours after transfection, we harvested the cells for
subsequent experiments. The individual experiment was per-
formed at least three times.

2.3. ALP staining

We purchased the commercial BCIP/NBT staining kit from
Biotechnology Co., Ltd. (Shanghai, China). ALP staining was per-
formed according to the protocol. Briefly, ADSCs were cultured in
an osteoblastic inductionmedium for seven days. Then themedium
was gently discarded, and cells were washed with 1 � PBST once.
The cells were fixed with 4% paraformaldehyde at room tempera-
ture for 30min.

https://circinteractome.nia.nih.gov/index.html
https://circinteractome.nia.nih.gov/index.html
http://starbase.sysu.edu.cn/
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2.4. Alizarin Red Staining (ARS)

After 14-day osteogenic induction of ADSCs, the cells were fixed
by 95% ethanol and stained with 0.1% ARS (pH 4.2; Sigma-Aldrich,
MO, USA) for 20 min. Then, cells were washed with distilled wa-
ter. To exhibit the mineralized nodules, we used 10% cetylpyr-
idinium chloride (Sigma-Aldrich, MO, USA) to dissolve the stain for
1 h. The absorbance was detected by spectrophotometry. Protein
concentrations normalized the ARS intensity.

2.5. Quantitative real-time polymerase chain reaction (qRT-PCR)

After osteogenic differentiation of ADSCs, total RNA was
extracted using the Qiagen RNeasy Mini Kit (Qiagen). After deter-
mination of the quality and concentration by a NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific),1 mg of total RNAwas
used to synthesize cDNA using a PrimeScript RT Reagent Kit
(TaKaRa, Dalian, China). The expressions of circRNA hsa_-
circ_0005752, MDM2, or miR-496 were detected by the SYBR
Premix Ex Taq kit (Takara) or TaqMan™ MicroRNA Assay (Thermo
Fisher Scientific). b-actin or U6 was used as an internal control. PCR
procedure was performed on the Rotor-Gene Q (Qiagen). We used
the 2�DDCt method to calculate the relative expression. Primer se-
quences were listed below: hsa_circ_0005752 primers, F 50-
CTCTTCAGTTGCACTTAATCAGC-30, R 50- ACCTGGCCGATGAAGATA-
GAG-30. MDM2 primer, F: 50-GGCAGGGGAGAGTGATACAGA-30, R 50-
GAAGCCAATTCTCACGAAGGG-30. RUNX3 primer, F: 50-AGGCAAT-
GACGAGAACTACTCC-30, R 50-CGAAGGTCGTTGAACCTGG-30. b-actin
primer, F: 50-CCCTGGAGAAGAGCTACGAG-30, R 50-CGTA-
CAGGTCTTTGCGGATG-30. miRNA-496 primer, F: 50-GCCGTGAG-
TATTACATGGCC-30, R: 50- CTCAACTGGTGTCGTGGAGTC -3’. U6
primer: F: 50- GAGACGGGAACGACAAACCT-30, R: 50- TGGACGAA-
GAGGATTCGCTG-3'.

2.6. Western blot analysis

ADSCs were lysed by RIPA buffer containing 1 mM Phenyl-
methylsulfonyl fluoride (PMSF, Sigma-Aldrich). After clearance at
12,000 g for 15 min, the supernatant was collected. Protein con-
centration was measured using a Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific). 20 mg of total protein was separated by
10% SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis) and transferred to nitrocellulose membranes. After
three wishes by 1 � TBST (Tris-buffered saline with 0.1% Tween ®
20), the membrane was blocked for 2 h by 5% non-fat milk in
1 � TBST. The individual primary antibodies were applied to the
membrane at 4 �C overnight. The primary antibodies were mouse
anti-MDM2 (ab16895, Abcam), rabbit anti-p53 (ab227655, Abcam),
mouse anti-Runx2 (ab76956, Abcam), rabbit anti-Osx (ab227820,
Abcam), rabbit anti-RUNX3 (ab224641, Abcam), rabbit anti-LPAR1
(BS-2880R, Thermo Fisher Scientific), rabbit anti-b-actin (ab8227,
Abcam). After three washes by 1 � TBST, the individual horseradish
peroxidase (HRP)-labeled secondary antibody was added according
to the corresponding primary antibody. The secondary antibodies
used were donkey anti-rabbit IgG H&L (ab207999, Abcam) and
donkey anti-mouse IgG H&L (ab208001, Abcam). Following three
washes with 1 � TBST, the membranes were developed by Super-
Signal™ & Pierce™ ECL (Thermo Fisher Scientific, Illinois, USA) and
imaged by Image Lab™ 4.1 (Bio-Rad).

2.7. RNA pull-down

The pull-down assay of hsa_circ_0005752 was performed by
biotin-coupled miR-496. Briefly, 20 nM of 30-biotinylated- miR-
432
496 (miR-496 mimic), 30-biotinylated-MUT miR-496 (MUT-miR-
496 mimic), and bio-miR- scramble mimics (mimic NC) were
transfected into ADSCs using Lipofectamine 3000. At 48 h after
transfection, the cells were lysed for subsequent pull-down assay
through incubating the cell lysate with 20 mL Dynabeads M-280
Streptavidin beads (Life Technologies, 11206D). The bound RNA
was extracted using an RNeasy Mini Kit (QIAGEN) and dissolved in
25 mL of nuclease-free water. Nanodrop determined RNA con-
centration. 50 ng of total RNA was used to synthesize the cDNA.
The qRT-PCR detected the abundance of hsa_circ_0005752 in the
RNA complex.
2.8. RNA immunoprecipitation (RIP)

Forty-eight hours after transfection of miR-496 mimics or
mimic NC, the cells were harvested, and RIP was performed ac-
cording to the EZ-Magna RIP kit (Millipore) by the detailed pro-
tocol using anti-argonaute 2 (AGO2) or control anti-IgG antibody.
The purified RNA was extracted from the RNA-protein complex
using an RNeasy Mini Kit (Qiagen). 50 ng of total RNA was
reversely transcribed into cDNA, and an SYBR Green PCR kit
(Takara) analyzed the level of hsa_circ_0005752 or MDM2 mRNA
using a Rotor-Gene Q (Qiagen).
2.9. Dual-luciferase reporting assay

Hsa_circ_0005752 were detected and identified using circBase
(http://www.circbase.org/). The potential miR-496 binding sites for
hsa_circ_0005752 or target genes were predicted using Circular
RNA Interactome (https://circinteractome.nia.nih.gov/index.html)
and starBase (http://starbase.sysu.edu.cn/). hTFtaget (http://
bioinfo.life.hust.edu.cn/hTFtarget) found RUNX3 was a potential
upper transcription factor for LPAR1. To determine the interaction
between miR-497 and hsa_circ_0005752 or MDM2, between
RUNX3 and LPAR1, the putative target sequences of miR-496 in
hsa_circ_0005752, MDM2 and the corresponding mutation, and
the potential binding sequence of RUNX3 in LPAR1 promoter region
were cloned into luciferase vector pGL4.32 (Promega, WI, USA). The
constructs are WT- hsa_circ_0005752, MUT-hsa_circ_0005752,
WT-MDM2, MUT-MDM2, and pGL4.32-LPAR1. For the luciferase
assay, ADSCs were co-transfected with (1) WT- hsa_circ_0005752
or MUT-hsa_circ_0005752 together with the miR-496 mimics or
mimic NC; (2) WT-MDM2 or MUT-MDM2 together with the miR-
496 mimics or mimic NC; (3) pcDNA3.1 empty vector, pcDNA3.1-
RUNX3, sh-NC or sh-RUNX3 together with the pGL4.32-LPAR1.
Lipofectamine 3000 (Invitrogen) was used to perform the trans-
fection according to the manufacture's protocol. Forty-eight hours
after transfection, the luciferase activity was detected using the
dual-luciferase reporter assay system (Promega, WI, United States).
2.10. Chromatin immunoprecipitation (ChIP)

ChIP assay was performed using a commercial kit 17-10086,
EMD Millipore, GER). 1 � 107 ADSCs were cross-linked in 1%
formaldehyde (Sigma, Catalog # 252549) and treated with 125 mM
glycine. After washing by cold PBS, the cells were subjected to the
lysis buffer containing protease inhibitors on ice for 10 min. After
sonication and centrifugation, the pellet was re-dissolved in 1mL of
nuclear lysis buffer. The lysates were incubatedwith an anti-RUNX3
antibody (ab224642, Abcam) or Normal IgG (ab172730, Abcam).
Then, the immunoprecipitated DNA was extracted from the DNA-
protein complex, the enrichment of the LPAR1 promoter was
analyzed by qPCR.

http://www.circbase.org/
https://circinteractome.nia.nih.gov/index.html
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2.11. Statistical analysis

Results were shown as means ± standard deviations (SDs). The
statistical analyses were performed using GraphPad Prism 6.0.
One-way ANOVA was used to analyze the difference among the
multiple groups. The student's t-test was used to evaluate the
difference between two groups among multiple groups. P < 0.05
was regarded as statistical significance.
Fig. 1. Hsa_circ_0005752 promoted osteogenic differentiation of ADSCs. A: Hsa_circ_000
0, 3, 7, and 14 days. B: Hsa_circ_0005752 was measured by qRT-PCR after transfections of h
phosphatase (ALP) or the mineralization was determined by the ALP staining (C) or Alizarin
levels were determined by qRT-PCR (E) or Western blot (F) in OM-treated ADSCs after hs
*P < 0.05, **P < 0.01, ***P < 0.01.

433
3. Results

3.1. Hsa_circ_0005752 promoted osteogenic differentiation of
ADSCs

We firstly evaluated hsa_circ_0005752 levels during the process
of osteogenic differentiation. Our qRT-PCR results showed that
compared with day 0, the expression of hsa_circ_0005752 was
5752 levels were determined by qRT-PCR in ADSCs during osteogenic differentiation at
sa_circ_0005752, sh-hsa_circ_0005752, or their corresponding control. CeD: Alkaline
Red S (ARS) staining (D). Scale bar ¼ 50 mm. EeF: Runx2, ALP, Osx, OCN, and p53 mRNA
a_circ_0005752 overexpression or knockdown. Data indicated the mean ± SD, n ¼ 3.



M. Wang, Y. Huan, X. Li et al. Regenerative Therapy 18 (2021) 430e440
markedly increased after OM induction in a time-dependent
manner (Fig. 1A). Next, we transfected pcDNA3.1-
hsa_circ_0005752 and sh-hsa_circ_0005752 vector into ADSCs to
achieve hsa_circ_0005752 overexpression or knockdown cells. The
result revealed that the transfection of pcDNA3.1-
hsa_circ_0005752 upregulated hsa_circ_0005752, and the trans-
fection of sh-hsa_circ_0005752 induced the downregulation of
hsa_circ_0005752 (Fig. 1B). After osteogenic differentiation for 7
days, we observed the increased ALP activity in hsa_circ_0005752
overexpressing group and markedly decreased in the hsa_-
circ_0005752 knockdown group, relative to the corresponding
control group (Fig. 1C). The ARS staining indicated that minerali-
zationwas also significantly enhancedwhen hsa_circ_0005752was
overexpressed.

In contrast, hsa_circ_0005752 knockdown led to weaker
mineralization (Fig. 1D). We also found osteogenic differentiation
induced by OM for 7 days remarkably upregulated Runx2, ALP, Osx,
and OCN, but downregulated p53. Additionally, hsa_circ_0005752
overexpression significantly increased the expressions of Runx2,
ALP, Osx, OCN but remarkably decreased the expressions of p53 at
mRNA and protein level (Fig.1E-F.). In contrast to hsa_circ_0005752
overexpressing, hsa_circ_0005752 knockdown exhibited the
decreased levels of Runx2, ALP, Osx, and OCN as well as the
increased p53 (Fig. 1E-F). Hsa_circ_0005752 overexpression pro-
moted osteogenic differentiation of ADSCs, while hsa_-
circ_0005752 knockdown led to the inhibition of osteogenesis in
ADSCs.
3.2. Hsa_circ_0005752 acted as a ceRNA of miR-496

To further characterize the underlying mechanisms by which
hsa_circ_0005752 modulate the osteogenic differentiation of
ADSCs, we first confirmed whether miR-496 participated in ADSC
osteogenic differentiation [25]. Our data showed that miR-496 was
dramatically downregulated, especially after OM inducing for 7 and
Fig. 2. Hsa_circ_0005752 acted as a ceRNA of miR-496. A: The miR-496 expression was me
was measured by qRT-PCR after transfections of hsa_circ_0005752, sh-hsa_circ_0005752, or
by Biotin-WT-miR-496, rather than Biotin-MUT-miR-496 or Biotin- NC. D: The enrichment
bodies in ADSCs after transfected with miR-496 mimic or mimic-NC.E: The potential bindin
WT-hsa_circ_0005752 or MUT-hsa_circ_0005752 luciferase reporter vectors with miR-496
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14 days (Fig. 2A). After transfecting pcDNA3.1- hsa_circ_0005752 or
sh- hsa_circ_0005752 vector into ADSCs, miR-496 was significantly
decreased when hsa_circ_0005752 was overexpressed but
increased when hsa_circ_0005752 was silenced (Fig. 2B). The RNA
pull-down assay found hsa_circ_0005752 was enriched by the Bio-
WT-miR-496 rather than the Bio-MUT-miR-496 (Fig. 2C). To clarify
their interaction between miR-496 and hsa_circ_0005752, we
performed RIP assays in ADSCs transfected with miR-496 mimic
and mimic-NC. Our data showed that anti-AGO2 enriched the
hsa_circ_0005752 in the miR-496 overexpression group rather
than in the control group (Fig. 2D). The bioinformatics analysis
observed that miR-496 contained a binding sequence for hsa_-
circ_0005752 (Fig. 2E). The luciferase reporter assay further
pointed out that miR-496 mimics significantly suppressed lucif-
erase activity in the luciferase vector containing the WT-
hsa_circ_0005752 sequence rather than the MUT- hsa_-
circ_0005752 sequence (Fig. 2E). All these data demonstrated that
hsa_circ_0005752 directly targets miR-496.
3.3. miR-496 inhibited ADSCs osteogenic differentiation

To explore whether miR-496 is involved in ADSC's osteogenic
differentiation, we transfected miR-496 mimics or inhibitors into
ADSCs. Our results showed that relative to the corresponding
control, miR-496 mimics enhanced miR-496 expression. In
contrast, the miR-496 inhibitor diminished the miR-496 level
(Fig. 3A). Further experiments pointed out that miR-496 over-
expression suppressed OM-induced high ALP activity and the
extracellular mineralization intensity, whereas miR-496 inhibitor
enhanced the ALP activity and mineralization induced by OM
(Fig. 3B-C). Finally, we found that miR-496 overexpression signifi-
cantly attenuated OM-induced high levels of Runx2, ALP, Osx, and
OCN and enhanced p53 expression (Fig. 3D-E). In contrast, miR-496
inhibition exhibited the opposite effects of miR-496 overexpression
during osteogenic differentiation of ADSCs (Fig. 3D-E).
asured by qRT-PCR during ADSCs osteogenic differentiation. B: The miR-496 expression
their corresponding control. C: The enrichment of hsa_circ_0005752 was pull-downed
of hsa_circ_0005752 was analyzed by the RIP assays with anti-Ago2 or anti-IgG anti-
g site between hsa_circ_0005752 and miR-496 was analyzed after co-transfection with
mimic or mimic NC. Data indicated the mean ± SD, n ¼ 3. **P < 0.01, ***P < 0.01.



Fig. 3. miR-496 inhibited ADSCs osteogenic differentiation. A: The miR-496 expressions were detected by qRT-PCR after transfection of miR-496 mimics/inhibitors or individual
control.B-C: Alkaline phosphatase (ALP) and the mineralization were determined by the ALP staining (B) or ARS staining (C). Scale bar ¼ 50 mm. DeE: Runx2, ALP, Osx, OCN, and p53
mRNA levels were determined by qRT-PCR (D) or Western blot (E) in OM-treated ADSCs after miR-496 overexpression or knockdown. Data indicated the mean ± SD, n ¼ 3.
*P < 0.05, **P < 0.01, ***P < 0.01.
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3.4. miR-496 directly targeted MDM2

From the above data, we confirmed that miR-496 was involved
in OM-induced osteogenic differentiation of ADSCs. Further bioin-
formatics analysis predicted that there was a potential binding site
in MDM2 for miR-496. Further studies showed that miR-496
mimics remarkably decreased the MDM2 at both mRNA and pro-
tein levels, but miR-496 inhibitors showed distinctly high levels of
MDM2 (Fig. 4A-B). By the anti-Ago2 and anti-IgG RIP assay, we
found that miRNA-496 overexpression could increase the adsorp-
tion of MDM2 mRNA on anti-Ago2 anti-Ago2 rather than by anti-
IgG pull-down (Fig. 4C). By co-transfection of miRNAs and lucif-
erase reporters, we foundmiR-496 exhibited a specific inhibition of
435
luciferase activity in the WT-MDM2 group, but no change of
luciferase activity was found in the MUT-MDM2 group (Fig. 4D). All
these data indicated that miR-496 could directly regulate MDM2
expression.

3.5. Hsa_circ_0005752 promoted ADSCs osteogenic differentiation
through modulating MDM2 by miR-496

Accumulated evidence has shown that circRNAs functioned as
miRNA sponges to influence the downstream target gene expres-
sion [14]. To explore the underlying mechanism of hsa_-
circ_0005752 during osteogenic differentiation, we co-transfected
hsa_circ_0005752 overexpressing vector andmiR-496 mimics or



Fig. 4. miR-496 directly targeted MDM2. A and B: MDM2 expressions were detected by qRT-PCR (A) and Western blot (B) after miR-496 overexpression or knockdown. C: The
enrichment of MDM2 to miR-496 was analyzed by the RIP assays with anti-Ago2 or anti-IgG antibodies in ADSCs after miR-496 overexpression or knockdown. D: A schematic
diagram showed the alignment between miR-496 and WT- or MUT-MDM2. The relative luciferase activity was determined in ADSCs after miR-496 overexpression or knockdown.
Data indicated the mean ± SD, n ¼ 3. **P < 0.01, ***P < 0.01.
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sh-MDM2 into ADSCs after osteogenic medium (OM) induction. By
qRT-PCR assay, we found that OM induction significantly inhibited
miR-496 but upregulated MDM2 (Fig. 5A). Overexpressing hsa_-
circ_0005752 remarkably inhibited miR-496 and enhancedMDM2
under OM conditions. However, miR-496 mimics could rescue the
effect of hsa_circ_0005752 overexpression on miR-496 andMDM2
expressions. When hsa_circ_0005752 overexpression vector was
co-transfected with sh-MDM2, the high level of MDM2 induced by
hsa_circ_0005752 overexpression was partially compromised
(Fig. 5A). In the following experiments, we explored the role of the
miR-496/MDM2 signaling pathway in osteogenic differentiation of
hsa_circ_0005752 overexpressed ADSCs. Further experiments
indicated that hsa_circ_0005752 overexpression markedly
enhanced ADSC osteogenic differentiation by the increased ALP
and mineralization. However, miR-496 overexpression or MDM2
knockdown could diminish the promoting effects of hsa_-
circ_0005752 overexpression (Fig. 5B-C). When hsa_circ_0005752
was overexpressed, osteogenic markers Runx2, ALP, Osx, OCN
were remarkably enhanced, but p53 was significantly inhibited
(Fig. 5D). However, miR-496 overexpression or MDM2 knockdown
partially attenuated hsa_circ_0005752 on the expression of Runx2,
ALP, Osx, OCN, and p53 (Fig. 5D). All those data indicated that miR-
496 overexpression or MDM2 knockdown could attenuate the
promoting effects of hsa_circ_0005752 on osteogenic
differentiation.
3.6. RUNX3 regulated hsa_circ_0005752 expression during ADSCs
osteogenic differentiation

To investigate whether RUNX3 could regulate osteogenic dif-
ferentiation, we firstly detected the expression of RUNX3 during
osteogenic differentiation of ADSCs. Our results revealed that
RUNX3 was significantly upregulated during osteogenic
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differentiation of ADSCs (Fig. 6A-B). CircBase (http://circrna.org/)
dataset showed that hsa_circ_0005752 was generated from
LPAR1. Interestingly, hTFtaget (http://bioinfo.life.hust.edu.cn/
hTFtarget) found RUNX3 was a potential upper transcription
factor for LPAR1. Then, we wonder whether RUNX3 could regulate
hsa_circ_0005752 during osteogenic differentiation of ADSCs. To
validate the potential binding ability of RUNX3 to LPAR1 promoter,
we performed the ChIP-PCR assay and found the hsa_-
circ_0005752 coding gene LPAR1 was enriched abundantly in the
DNA-protein complex by the RUNX3 antibody rather than IgG
antibody (Fig. 6C), indicating RUNX3 bound to the LPAR1 pro-
moter. Subsequently, we transfected the RUNX3 overexpressing
vector, sh-RUNX3, or the corresponding empty vector with lucif-
erase reporter vector pGL4.32-LPAR1 and measured the luciferase
reporter activities. Our results revealed that RUNX3 over-
expression enhanced the luciferase activity, but RUNX3 knock-
down decreased the luciferase activity (Fig. 6D). Additional
experiments pointed out that overexpression or knockdown of
RUNX3 had no apparent effects on the protein level of LPAR1
(Fig. 6E). Besides, the level of hsa_circ_0005752 was positively
correlated with RUNX3. Overexpression of RUNX3 significantly
increased the hsa_circ_0005752 level, and the knockdown of
RUNX3 decreased the hsa_circ_0005752 level (Fig. 6F). Taken
together, we confirmed that RUNX3 mediated the level of
hsa_circ_0005752.
3.7. RUNX3 promoted osteogenic differentiation of ADSCs via
upregulating hsa_circ_0005752

Finally, we hope to clarify the effects of the RUNX3-
hsa_circ_0005752 axis during the osteogenic differentiation of
ADSCs. We performed the rescue experiments by overexpressing
RUNX3 together with the hsa_circ_0005752 knockdown. As shown

http://circrna.org/
http://bioinfo.life.hust.edu.cn/hTFtarget
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Fig. 5. Hsa_circ_0005752 promoted ADSCs osteogenic differentiation through modulating MDM2 by miR-496. A: miR-496 and MDM2 levels were detected by qRT-PCR in OM-
induced ADSCs. B-C: The ALP staining (B) or ARS staining (C) determined ALP activity or mineralization. Scale bar ¼ 50 mm. D: The p53, Runx2, ALP, Osx, OCN expression levels were
measured by western blot. b-actin was used as an internal control. Data indicated the mean ± SD, n ¼ 3. *P < 0.05, **P < 0.01, ***P < 0.01.

M. Wang, Y. Huan, X. Li et al. Regenerative Therapy 18 (2021) 430e440
in Fig. 7A, we found OM treatment could upregulate both RUNX3
and hsa_circ_0005752. Meanwhile, overexpression of RUNX3
further enhanced the expression of RUNX3 and hsa_circ_0005752
in ADSCs. Knockdown of hsa_circ_0005752 did not influence the
expression of RUNX3 but remarkably decreased the mRNA level of
hsa_circ_0005752, indicating RUNX3 was an upper regulator. After
OM-induced osteogenic differentiation, we found OM treatment
increased both the ALP activity (Fig. 7B) and ARS staining intensity
(Fig. 7C). Compared with OM treatment alone, RUNX3 over-
expression induced significant enhancement of ALP and ARS
staining intensity. However, knockdown of hsa_circ_0005752 could
partially attenuate the distinct promoting effect of RUNX3 over-
expression on osteogenic differentiation of ADSC.
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Furthermore, western blot results showed OM treatment
remarkably increased the levels of osteogenesis-related proteins
MDM2, Runx2, ALP, Osx, OCN, and decreased p53 expression.
Overexpressed RUNX3 effectively enhanced the osteogenic differ-
entiation of ADSC by upregulating osteogenic marker proteins
MDM2, Runx2, ALP, Osx, OCN, and decreasing p53. To investigate
whether hsa_circ_0005752 knockdown could reverse the pro-
moting osteogenic effects of RUNX3, we co-transfected ADSCs with
RUNX3 overexpressing vector and hsa_circ_0005752 knockdown
vector. As expected, the levels of osteogenesis-related proteins
MDM2, Runx2, ALP, Osx, OCN significantly decreased, and p53
levels increased in RUNX3 overexpressing and sh-
hsa_circ_0005752 group compared with RUNX3 overexpressing



Fig. 6. RUNX3 regulated hsa_circ_0005752 expression during ADSCs osteogenic differentiation. A-B. The RUNX3 mRNA or protein levels was detected in ADSCs after osteogenic
differentiation for 0, 3, 7, and 14 days by qRT-PCR (A) or western blot (B). C. The binding capacity of RUNX3 to LAPR1 promoter was validated by the CHIP-qPCR experiment in ADSCs.
D. The effects of RUNX3 on LAPR1 transcription were detected by luciferase reporter assay. E. The LPAR1 protein levels were detected in ADSCs after overexpressing or knockdown
RUNX3 by western blot. F. The hsa_circ_0005752 levels were detected in ADSCs after overexpressing or knockdown RUNX3 by qRT-PCR. Data indicated the mean ± SD, n ¼ 3.
*P < 0.05, **P < 0.01, ***P < 0.01.
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and control vector group, suggesting that hsa_circ_0005752
knockdown partially abolished the promoting effect of RUNX3
overexpression (Fig. 7D). These data suggested that RUNX3 medi-
ated ADSCs osteogenic differentiation via upregulating
hsa_circ_0005752.
4. Discussions

Osteoporosis is featured by the decreased bone mass and
increased skeletal fragility [26]. The etiologies for osteoporosis are
multifactorial but closely related to smoking, family history of
fracture, age (>65), and chronic diseases such as glucocorticoids,
diabetes, rheumatoid arthritis [27]. Although the etiology is
multifactorial, the imbalance between bone formation and bone
resorption is one of the significant risk factors. The balance be-
tween bone regeneration and bone absorption is monitored in bone
by stem/progenitor cells such as osteoblasts, osteocytes, and oste-
oclasts [28]. Therefore, the regulation of stem cells is significant
revenue for managing the pathophysiological progress of osteo-
porosis. Previous studies showed that stem cell potential trans-
plantation using the bioengineering scaffold method is an optimal
stem-cell-based method to regulate in vivo osteogenesis effectively
[29,30]. Osteoporosis is also a hereditary disease, so genetically
modified stem cell delivery has provided an opportunity to prevent
osteoporosis development [29]. Recently, circRNAs have been
among themost promisingmolecules to regulate osteogenesis. This
study focused on the expression and potential mechanisms of
circRNA hsa_circ_0005752 in ADSCs osteogenic differentiation
during the progress of osteoporosis. We found that hsa_-
circ_0005752 promoted in vitro osteogenic differentiation of
ADSCs. Mechanically, hsa_circ_0005752 could directly target miR-
496 to regulate MDM2 expression. Also, miR-496 overexpression
and MDM2 knockdown partially alleviated the effects of hsa_-
circ_0005752 on osteogenic differentiation of ADSCs.

Previous studies confirmed that circRNAs were involved in
many biological processes, including cell cycle, cellular signaling
and stress, metabolism, normal embryonic development, and dis-
ease pathogenesis, including osteoarthritis [12,13]. It had been
confirmed that the gene regulations by circRNAs were through
several mechanisms, including acting as miRNA sponges and
transcriptional or translational modifiers [12]. For example,
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hsa_circRNA_33287 promoted the osteogenic differentiation of
maxillary sinus membrane stem cells by regulating the miR-124-
3p/Runx3 pathway [17]. Circular RNA YAP1 suppressed the osteo-
porosis via sponging miR-376-3p to upregulate YAP1 and activate
Wnt/b-catenin signaling to promote osteogenic differentiation [30].
A recent study using circRNA microarray analysis found that 290
circRNAs were differentially expressed after osteogenic differenti-
ation [18]. Further experiment validated that hsa_circ_0005752
was highly regulated, indicating that has-circ 0005752 might play
an essential role in osteogenic differentiation ADSCs. However, the
definite mechanism of hsa_circ_0005752 in osteogenic differenti-
ation remains unclear. Here, we firstly confirmed that hsa_-
circ_0005752 overexpression could promote osteogenic
differentiation of ADSCs. Further experiments pointed out that
hsa_circ_0005752 could directly bind to and inhibit miR-496. These
findings suggested that hsa_circ_0005752 promotes osteogenic
differentiation, possibly via regulating miR-496.

A previous study exhibited that the pro-inflammatory cytokine
IL-1b could activate miR-496 and subsequently inhibit bone
mineralization and osteogenic marker genes (Runx2 and Osx) [31].
Furthermore, a recent experiment showed that miR-496 inhibition
significantly increased RUNX2 and OCN during osteogenic differ-
entiation of human dental pulp stem cells (hDPSCs) [25]. All these
studies hinted that miR-496 was an active regulator for osteogenic
differentiation. Our study found that miR-496 overexpression
inhibited osteogenic differentiation and decreased osteogenic dif-
ferentiation markers Runx2, ALP, Osx, and OCN. Using the bioin-
formatics method, we found that MDM2 30 UTR contained a
complementary binding sequence of miR-496. Next, our RIP and
Luciferase reporter assay data showed that miR-496 directly tar-
geted MDM2 and inhibited its expression, while the MDM2-p53
pathway could regulate the osteogenic differentiation [21]. Our
study first found that hsa_circ_0005752 mediated ADSCs osteo-
genic differentiation through regulating MDM2/p53 pathway by
miR-496.

Previous reports confirmed that RUNX3 played a pivotal role in
osteogenic differentiation [17,32,33]. RUNX3 could act as a tran-
scription factor to regulate gene transcription. Klunker et al.
shown that RUNX3 could bind to the promoter of Foxp3 and
regulate Foxp3 expression [34]. Our study performed bioinfor-
matics analysis using hTFtaget (http://bioinfo.life.hust.edu.cn/
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Fig. 7. RUNX3 promoted osteogenic differentiation of ADSCs via upregulating hsa_circ_0005752. A. The mRNA levels of RUNX3 and hsa_circ_0005752 were determined by qRT-
PCR in OM-induced ADSCs after transfection with pcDNA3.1 empty vector, pcDNA3.1-RUNX3 single or together with sh-NC or sh- hsa_circ_0005752. B-C. The osteogenic differ-
entiation was assessed by the ALP staining (B), and ARS staining (C) in OM-induced ADSCs after transfection with pcDNA3.1 empty vector or pcDNA3.1-RUNX3 single or together
with sh-NC or sh- hsa_circ_0005752. D. The protein levels (MDM2, p53, Runx2, ALP, Osx, and OCN) were measured by western blot in OM-induced ADSCs after transfection with
pcDNA3.1 empty vector, pcDNA3.1-RUNX3 single or together with sh-NC or sh- hsa_circ_0005752. Data indicated the mean ± SD, n ¼ 3. *P < 0.05, **P < 0.01, ***P < 0.01.
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hTFtarget) and found RUNX3 is potentially bound to the LPAR1
promoter. Further, the ChIP-PCR and luciferase reporter assays
identified that RUNX3 directly bound to the promoter of LPAR1
and enhanced the expression of LPAR1 at mRNA level rather than
at protein level. Meanwhile, overexpression of RUNX3 upregu-
lated the expression of hsa_circ_0005752. On the contrary, the
knockdown of RUNX3 decreased the level of hsa_circ_0005752.
Furthermore, RUNX3 promoted osteogenic differentiation, which
was attenuated by hsa_circ_0005752 knockdown. All those ex-
periments elucidated that RUNX3 enhanced osteogenic differen-
tiation of ADSCs via modulating hsa_circ_0005752/miR-496/
MDM2-p53 pathway.

In conclusion, we confirmed that hsa_circ_0005752/miR-496/
MDM2 acted as a ceRNA loop to facilitate the osteogenic differ-
entiation, indicating hsa_circ_0005752 might be a novel thera-
peutic avenue for the therapeutics of osteoporosis. Importantly,
RUNX3 as a transcriptional factor could directly regulate the
transcriptional progress of LPAR1, thus upregulated hsa_-
circ_0005752 and contributed to ADSCs’ osteogenic differentia-
tion. However, a circRNA can act as a transcriptional or
translational regulator to regulate multiple miRNA expression, so
439
the definite function of hsa_circ_0005752 should be further
investigated in the future.
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