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Abstract

Adipose-derived mesenchymal stem cells (ADSCs) are considered to be seed cells in bone tissue engineering and emerging
evidence indicates that circular RNAs (circRNAs) function in the osteogenic differentiation of ADSCs. The mechanisms
of osteoblastic differentiation of ADSCs from the perspective of circRNA modulation are examined in this study. First,
circRNA-23525 was upregulated during osteoblastic differentiation of ADSCs. Second, overexpression of circRNA-23525
increased Runx2, ALP and OCN at both mRNA and protein levels. Alkaline phosphatase (ALP) and Alizarin Red stain-
ing indicated a similar tendency. Silencing circRNA-23525 produced the opposite effect. Bioinformatics analysis with
luciferase assays confirmed that circRNA-23525 functioned as a sponge for miR-30a-3p. In the osteoblastic differentiation
of ADSCs, the dynamic expression of miR-30a-3p and circRNA-23525 resulted in an opposite trend at 3, 7 and 14 days.
Overexpression of circRNA-23525 downregulated miR-30a-3p and knockdown of circRNA-23525 promoted the expression
of miR-30a-3p. Bioinformatics methods and luciferase assays suggested that miR-30a-3p modulated Runx2 expression by
targeting 3'UTR. Knockdown of miR-30a-3p facilitated osteogenesis in ADSCs and enhancing miR-30a-3p interfered with the
osteogenic process. Finally, circRNA-23525 overexpression significantly increased Runx2 expression, while co-transfection
of miR-30a-3p mimics reversed it. Runx2 expression was decreased in circRNA-23525-knockdown ADSCs but expression
was rescued by including the miR-30a-3p inhibitor in the osteoblastic process. ALP activity and mineralized bone matrix
confirmed the function of circRNA-23525/miR-30a-3p in osteogenesis. Taken together, the current study demonstrated that
circRNA-23525 regulates Runx2 expression via targeting miR-30a-3p and is thus a positive regulator in the osteoblastic
differentiation of ADSCs.
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Introduction

Bone remodeling, the process of resorption and formation
of bone, takes place throughout adulthood (Martin et al.
2009). Various bone-related diseases, such as osteoporosis,
osteoarthritis and severe trauma, may cause decreased bone
strength, reduced bone mass and microarchitectural degen-
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eration of bone tissue (Compston et al. 2019; Vicente et al.
2016). Adipose-derived mesenchymal stem cells (ADSCs),
characterized by multi-differentiation and self-renewal, are
mesenchymal stem cells (MSCs) isolated from adipose tis-
sue and capable of bone regeneration and reconstruction
(Griffin et al. 2017; Bhumiratana et al. 2016). Due to several
factors such as the wide range of adipose tissue, convenient
material extraction, limited damage to the donor areas and
ease of genetic modification (Zuk et al. 2001; Kern et al.
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2006), ADSCs have become extensively useful as seed cells
in bone tissue engineering, suggesting their far-reaching
potential in clinical applications. However, the mechanisms
of osteogenic differentiation in ADSCs is a highly compli-
cated and delicate regulatory process (Kim et al. 2015; Wen
et al. 2014), involving a large number of signaling pathways
and the interaction of related biological molecules, orches-
trated with spatiotemporal-specific expression. Hence, fur-
ther study of ADSCs in osteogenic differentiation may sup-
port the advancement of bone tissue engineering.

Unlike linear RNAs, circular RNAs (circRNAs) are a
type of closed continuous loop that do not have 5’ caps or 3’
tails and mainly exist in eukaryotic cells (Chen et al. 2015).
The expression profiles of circRNAs are tissue-specific and
widely detected in different tissues and organs in humans.
Moreover, circRNAs are highly stable and evolutionarily
conserved in mammalian cells (Rybak-Wolf et al. 2015).
New bioinformatics technologies have facilitated the study
of circRNA function. Apart from very small amounts of
circRNA encoding protein (Legnini et al. 2017; Yang et al.
2017), most circRNAs resemble other non-coding RNAs
(ncRNAs), such as microRNAs (miRNAs) and long non-
coding RNAs (IncRNAs) and greatly influence the regula-
tion of gene function. CircRNAs can function as miRNA
sponges to indirectly interfere with mRNA translation, regu-
late gene splicing and transcription and interact with RNA-
binding proteins (Hansen et al. 2013; Ashwal-Fluss et al.
2014; Du et al. 2016). CircRNAs also play an important role
in biological processes and participate in the occurrence and
advancement of diseases (Han et al. 2018).

Researchers have reported that circRNAs participate in
the osteogenic differentiation of MSCs. Microarray analy-
sis or RNA sequencing techniques to analyze the expres-
sion profiles of circRNAs have been utilized in periodon-
tal ligament stem cells (PDLSCs) (Zheng et al. 2017; Gu
et al. 2017), ADSCs (Long et al. 2018) and bone marrow
mesenchymal stem cells (BMSCs) (Zhang et al. 2019). Spe-
cifically, Li et al. demonstrated that the circRNA CDRI1as
downregulates miR-7 expression, resulting in the upregula-
tion of GDF5 and facilitates the osteogenesis of PDLSCs
through a Smad-dependent and p38 MAPK pathways (Li
et al. 2018a, b). However, few studies have examined the
association between the molecular function of circRNAs and
the osteoblastic differentiation of ADSCs.

Our previous research (Long et al. 2018) using microar-
ray analysis demonstrated that dozens of circRNAs were dif-
ferentially expressed during the osteoblastic differentiation
of ADSCs, indicating the involvement of circRNAs in this
process. Among the circRNAs identified with this differen-
tial expression, circRNA-23525, a key circRNA, was authen-
ticated. In the current study, how circRNA-23525 modulates
osteogenesis in ADSCs is examined. The mechanisms by
which circRNAs influence the osteogenic process of ADSCs
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are investigated to characterize this potential biomarker and
therapeutic target for bone regeneration.

Materials and methods
Isolation and culture of ADSCs

All experiments were confirmed by the Ethical Commit-
tees of the State Key Laboratory of Oral Diseases, West
China School of Stomatology, Sichuan University (Chengdu,
China). Six-week-old male C57BL/6 mice were purchased
from the Sichuan University Animal Experimental Center.
Mouse inguinal fat pads (bilateral) were cut into small pieces
(1-2 mm?) and digested by 0.2% collagenase type I (Gibco,
Waltham, MA, USA). The samples were shaken in a 37 °C
water bath for 50 min. After centrifugation at 1000 RPM
for 8 min, the cells were resuspended in medium consist-
ing of -MEM (HyClone, Logan, UT, USA), 10% FBS
(Gibco, Waltham, MA, USA) and penicillin/streptomycin
(100 U/mL/100 pg/mL) (Sigma-Aldrich, St. Louis, MO,
USA). Cells were cultured at 37 °C in a humidified, 5%
C0O,/95% air environment and the medium was refreshed
every 2-3 days. After achieving 80-90% confluence, cells
were passaged at a 1:3 ratio and cells in the third passage
were used for further study. Our previous study identified
the surface markers of cells acquired utilizing flow cytom-
etry. Results demonstrated that the isolated ADSCs had high
purity based on positivity for CD29, CD105 and Sca-1 and
negativity for CD45 and CD31 (Li et al. 2015a, b).

Induction of osteogenic differentiation in vitro

ADSCs were seeded into 6-well plates for osteoblastic dif-
ferentiation. Regular growth medium was substituted for
osteogenic-specific medium. The induction medium con-
tained a-MEM, 10% FBS, 10 mM -glycerophosphate,
1 x 107 M dexamethasone, 0.01 pM 1,25-dihydroxyvita-
min D3, penicillin/streptomycin (100 U/mL/100 pg/mL) and
50 pg/mL L-ascorbic acid (Sigma-Aldrich, St. Louis, MO,
USA). Cells in each group were induced with osteoblastic
medium (Figs. 2 and 3). Alkaline phosphatase (ALP) stain-
ing was performed 7 days after induction and Alizarin Red
S (ARS) staining was analyzed 14 days after induction. The
expression of osteogenic marker genes (ALP and Runx2)
was measured using quantitative real-time polymerase chain
reaction (QRT-PCR) at days 0, 3, 7 and 14 after osteogenic
induction.

Bioinformatics analysis

Prediction of circRNAs target was based on Arraystar’s
miRNA target prediction software based on TargetScan and
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miRanda (Arraystar, Inc., Rockville, MD, USA). TargetS-
can (https://www.targetscan.org) and miRDB (https://www.
mirdb.org/) databases were used to predict miRNA targets.
The common genes in the two algorithms were chosen for
the following experiments.

Cell transfection

Lentivirus vectors overexpressed circRNA-23525 (cir-
cRNA-23525), small interfering (si) RNAs (the sequences of
siRNAs: 5'-GGCTATAAAAGTCTTACAG-3’) targeting the
backsplice junction of circRNA-23525 (si-circRNA-23525)
and the negative control of each (NC, si-NC) were obtained
from BSD Labs (Chengdu, China). Cells were seeded in
6-well plates (5 x 10° cells/well) before transfection. To per-
form transduction, at 60—80% confluence, murine ADSCs
were infected at a multiplicity of infection of 50. Transfec-
tion was conducted using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s proto-
col. After 48 h of infection, the efficiency of the lentivirus
vector was estimated to be 80-90%. Cells were visualized
on a fluorescent microscope (Olympus, Tokyo, Japan) using
green fluorescent protein (GFP). MiR-30a-3p mimics, miR-
30a-3p inhibitor and a nontargeting control miRNA mimic
(miR-NC) were obtained from BSD Labs (Chengdu, China)
and utilized for further study.

Dual-luciferase reporter assay

Reporter constructs containing miR-30a-3p-binding sites,
wild-type circRNA-23525 (circRNA-23525 WT) and the
WT Runx2 3'UTR (Runx2 WT), or a mismatch sequence,
as well as their respective mutant forms (circRNA-23525
Mu and Runx2 Mu), were constructed and inserted into
psiCHECK?2 luciferase vectors (Promega, Madison, WI,
USA). HEK-293 cells were transfected with two differ-
ent groups of constructed vectors. In accordance with the
manufacturer’s instructions, we implemented all transfec-
tions using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA). Luciferase activity was assayed using a Double-
Luciferase Reporter Gene Assay Kit (TransGen Biotech,
Beijing, China) at 48 h after transfection. Each experiment
was repeated at least three times.

ALP staining and activity

ADSCs were cultured in osteoblastic induction medium
for 7 days, then fixed in 4% paraformaldehyde for 30 min.
ALP staining was executed using a BCIP/NBT ALP Color
Development Kit (Beyotime, Shanghai, China). After adding
BCIP/NBT staining buffer, samples were cultivated in a dark
room for 30 min. They were then washed with double-dis-
tilled water and observed with the naked eye, as well as with

a microscope. The absorbance of each group was detected at
405 nm according to the manufacturer’s instructions. ALP
activity was evaluated using absorbance levels.

ARS staining and quantification

ARS staining was performed 14 days after the osteoblas-
tic induction of ADSCs. ADSCs were fixated with 4%
formalin solution for 20 min, then subjected to 0.1% ARS
(Sigma-Aldrich, St. Louis, MO, USA) at room temperature
for 10 min). Samples were then rinsed with distilled water
to determine the mineralized nodules. In order to quan-
tify matrix mineralization, the stain was incubated in 10%
cetylpyridinium chloride (Sigma-Aldrich, St. Louis, MO,
USA) for 30 min and the absorbance was detected at 570 nm
using a spectrophotometer. The concentration of total protein
was measured to normalize ARS quantification.

gRT-PCR analysis

In accordance with the manufacturer’s protocol, total cel-
lular RNA was obtained using TRIzol (Life Technologies,
Carlsbad, CA, USA). RNAs of ADSCs were then reverse
transcribed into complementary DNA (cDNA) using a
Geneseed® II First Strand cDNA Synthesis Kit (Geneseed,
Guangzhou, China). Subsequently, qRT-PCR was conducted
with Geneseed® qPCR SYBR® Green Master Mix (Gen-
eseed, Guangzhou, China). The housekeeping gene p-actin
served as the control for circRNAs and mRNAs and U6
served as a reference gene for miRNAs. qRT-PCR was per-
formed as follows: incubation at 95 °C for 5 min, followed
by 40 cycles at 95 °C for 10 s and 60 °C for 34 s. BSD Labs
(Chengdu, China) designed all primer sequences (Table 1).
The 2722 method was used to compute the relative expres-
sion levels of RNAs. All assays were repeated at least three
times.

Western blotting analysis

Protein samples were fractionated by sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis and transferred to a
PVDF membrane (Membrane Solutions, Shanghai, China).
The membranes were blocked and then incubated at 4 °C
overnight with primary antibodies (anti-p-actin, anti-ALP,
anti-Runx?2, anti-OCN, or anti-GAPDH). The samples were
then incubated with horseradish peroxidase-conjugated
secondary antibody (Sungene Biotech, Tianjin, China). The
bands were detected using an enhanced chemiluminescence
reagent (PerkinElmer Inc., Waltham, MA, USA). Protein
levels in each sample were normalized to f-actin or GAPDH
levels in the different groups.
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Table 1 qRT-PCR primer

B Genes Forward(5'-3") Reverse(5'-3")

sequences used in this study
B-Actin GCTTCTAGGCGGACTGTTAC CCATGCCAATGTTGTCTCTT
ALP ACCTTGACTGTGGTTACTGCT CTTCTTGTCCGTGTCGCTCA
OCN CCCAGACCTAGCAGACACCA CCTGCTTGGACATGAAGGCT
Runx2 TTAGGCAGGGCCAACAAGAG AGCCACACTTAGGGATTGGC
CircRNA-23525 ATTCCAACTGCTCAGATGAAG GCCGTAACTGTAAGACTTTTAT
miRNA-30a-3p ATGGTTCGTGGGCTTTCAGTCGGA GTGCAGGGTCCGAGGT

TGTTTGCA

[8[9 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT

Statistical analyses Results

Experiments were performed in triplicate and results are
presented as the mean + standard deviation (SD). Com-
parisons between the two groups were calculated using
Student’s ¢ test. For differences among multiple groups, a
one-way ANOVA was employed. Statistical significance
was defined as a P value of < 0.05. All statistics were
analyzed using SPSS Statistics for Windows, Version 20.0
(IBM Corp., Armonk, NY, USA) and illustrated using
GraphPad Prism (version 7.0; GraphPad Software Inc.,
La Jolla, CA, USA).
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Fig. 1 CircRNA-23525 expression during osteogenic differentiation
of adipose-derived mesenchymal stem cells (ADSCs). (a—a’) Osteo-
genic differentiation was determined using alkaline phosphatase
(ALP) staining at day 7. (b-b’) Osteogenic differentiation was inves-
tigated by Alizarin Red S (ARS) staining after osteoblastic induction
for 14 days. (c—’) qRT-PCR analysis indicated increased expression
of osteogenic-related markers (ALP and Runx2) during osteoblas-
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CircRNA-23525 expression during osteogenic
differentiation of ADSCs

In our previous microarray analysis (Long et al. 2018),
circRNA-23525 was significantly upregulated on days 3,
7 and 14 during osteogenic differentiation of ADSCs. To
confirm the expression level of circRNA-23525 during
osteogenesis, the osteogenic differentiation of ADSCs was
confirmed. ALP staining and ARS staining demonstrated
that ADSCs did indeed show osteogenic differentiation
(Fig. 1a—a’, b-b’). The expression of two osteogenesis-spe-
cific markers (Runx2 and ALP) was measured. Compared
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Cell and Tissue Research (2021) 383:795-807

799

with day 0, ALP expression was increased at days 3, 7
and 14 (Fig. Ic) and Runx2 expression was significantly
increased at days 7 and 14 (Fig. 1c’). Furthermore, the
dynamic expression of circRNA-23525 was increased
relative to the control group at three time points (3, 7 and
14 days). The control group did not demonstrate osteo-
genic induction. CircRNA-23525 expression gradually
increased until day 14 with induction (Fig. 1d).

Overexpression of circRNA-23525 promotes
osteoblastic differentiation of ADSCs

To determine the biological functions of circRNA-23525
in terms of osteoblastic differentiation of ADSCs, a
lentiviral vector was constructed to overexpress cir-
cRNA-23525 in ADSCs. The expression of GFP by fluo-
rescent microscopy was measured to assess transfection
efficiency. Data indicated that transfection was successful
in 80-90% of cells (Fig. 2a—a’). circRNA-23525 expres-
sion was increased greater than 10-fold compared with the
control group and the vector group (Fig. 2b). After 3 days
of osteogenic differentiation, qRT-PCR and Western blot
analysis revealed that circRNA-23525 overexpression sig-
nificantly increased the expression of Runx2, OCN and
ALP at both the mRNA and protein levels (Fig. 2f, g).

Staining and activity assays of ALP revealed that over-
expression of circRNA-23525 increased ALP activity
7 days after induction (Fig. 2c, d). After 14 days of osteo-
genic induction, the quantification of ARS staining was
increased in the circRNA-23525 overexpression group,
demonstrating elevated mineralized bone matrix forma-
tion (Fig. 2c, e).

Knockdown of circRNA-23525 decreases
osteoblastic differentiation of ADSCs

The effect of downregulated circRNA-23525 on osteoblastic
differentiation of ADSCs was also investigated. The expres-
sion of circRNA-23525 was downregulated after transfection
and qRT-PCR demonstrated that circRNA-23525 expression
was decreased by approximately 40% in the circRNA-23525
knockdown group (Fig. 3a). In contrast to circRNA-23525
upregulation, circRNA-23525 knockdown decreased the lev-
els of osteoblastic markers Runx2, OCN and ALP on day
3 compared with the control group and the vector group
(Fig. 3e, ).

ALP staining, ALP activity assay and ARS staining
revealed that ALP activity and calcium deposition were
downregulated by si-circRNA-23525 (Fig. 3b—d). The above
data imply that circRNA-23525 is involved in the osteoblas-
tic differentiation of ADSCs.

CircRNA-23525 functions as a sponge of miR-30a-3p

To further explore the underlying mechanisms by which
circRNA-23525 modulates the osteoblastic differentia-
tion of ADSCs, the miRNA response elements (MREs) of
circRNA-23525 were predicted using Arraystar’s miRNA
target prediction software. miR-30a-3p had an excel-
lent predictive score and was selected for further analysis
(Fig. 4a). gqRT-PCR assays illustrated that altered expression
of miR-30a-3p was significantly decreased compared with
the control group at three time points (3, 7 and 14 days);
the control group showed no osteogenic induction. miR-
30a-3p expression was downregulated more than 1.7-fold
until day 7 and remained low with induction until day
14 despite a modest rise (Fig. 4b). qRT-PCR results then
indicated that miR-30a-3p was decreased in ADSCs with
circRNA-23525-overexpression(Fig. 4c), while knock-
down of circRNA-23525 enhanced miR-30a-3p expres-
sion (Fig. 4¢’). To determine whether circRNA-23525
directly modulates miR-30a-3p, luciferase vectors of cir-
cRNA-23525 (circRNA-23525-WT) and a mutated form
(circRNA-23525-Mut) were constructed. The results showed
that luciferase expression decreased significantly after co-
transfection of circRNA-23525-WT and miR-30a-3p mim-
ics in HEK-293T cells; however, there was not a signifi-
cant change after co-transfection of circRNA-23525-Mut
and miR-30a-3p mimics (Fig. 4d). These results indicated
a direct reciprocity of circRNA-23525 with miR-30a-3p at
the putative binding site.

MiR-30a-3p binds with Runx2 and is involved
in osteogenic differentiation of ADSCs

It has been suggested that miRNAs perform their function
primarily through their target genes. Hence, bioinformatics
methodology was used to analyze the predictive binding sites
of miR-30a-3p. Runx2 is a well-accepted osteogenic master
gene (Long 2011). The 3'UTR of mouse Runx2 mRNA has
a putative binding element for miR-30a-3p (Fig. 5a). Lucif-
erase reporter constructs of the 3'UTR of Runx2 (Runx2-
WT) and a mutated form (Runx2-Mut) were generated to
investigate whether miR-30a-3p directly regulates the 3'UTR
of Runx2. Luciferase activity was reduced by transfection of
the miR-30a-3p mimics and the wild-type 3'UTR of Runx2
in comparison with the controls, which showed no signifi-
cant differences after transfection of miR-30a-3p and the
mutant 3’'UTR of Runx2 in 293T cells (Fig. 5b).

gRT-PCR analysis validated the observation that Runx2
expression in ADSCs was downregulated after transfec-
tion with the miR-30a-3p mimics, but became upregulated
after transfection with the miR-30-3p inhibitor (Fig. 5¢).
After cells were transfected with the miR-30-3p mimics

@ Springer
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Fig.2 The function of upregulated circRNA-23525 in osteogenic
differentiation of ADSCs. (a—a’) Transfection efficiency of circu-
lar RNA (circRNA) was 80-90% based on the expression of GFP in
ADSCs observed by fluorescence microscope. (b) The relative cir-
cRNA-23525 expression after transfection with circRNA-23525 over-
expression-vector in ADSCs. (c) Images of ALP staining in the con-
trol (Con), circRNA-23525-overexpression negative control (NC) and
circRNA-23525-overexpression (circRNA-23525) groups (top row).
Cells were induced with osteoblastic medium for 7 days. Images of
ARS staining show calcium nodes in Con, NC and circRNA-23525
groups (bottom row). ADSCs were induced for 14 days. (d, e) Histo-

or inhibitor, respectively, qRT-PCR results of other osteo-
blastic markers (OCN and ALP) showed a similar trend
(Fig. 5d, d’). Western blot assays of Runx2, OCN, and
ALP were in line with qRT-PCR analysis (Fig. 5e). These
results suggest that miR-30a-3p impedes Runx2 expres-
sion via binding to the 3'UTR of Runx2 and suppresses
osteoblastic differentiation in ADSCs.
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grams illustrate ALP activity and intensity of ARS by spectrophotom-
etry (compared with the Con and NC groups). (f) The relative mRNA
expression of Runx2, OCN and ALP was analyzed using qRT-PCR
after transfection with circRNA-23525 overexpression vector at day 3
of osteoblastic differentiation. f-Actin was used for normalization. (g)
The protein expression of Runx2, OCN, ALP and the control p-actin
was measured using Western blot analysis at day 3 of osteoblastic
differentiation. ADSCs in the three groups were all induced to osteo-
genic differentiation. The results are presented as mean + SD, n = 3,
*p < 0.05 (vs. negative and blank control)

CircRNA-23525/miR-30a-3p regulates expression
of Runx2 and osteogenic differentiation of ADSCs

Since circRNA-23525 decreases the expression of miR-
30a-3p in ADSCs and the expression of Runx2 is regulated
by miR-30a-3p, whether circRNA-23525 could upregulate
Runx?2 expression by acting as a sponge for miR-30a-3p
was further explored. circRNA-23525 overexpression
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promoted Runx2 mRNA expression, and co-transfection of
miR-30a-3p inhibitor further enhanced Runx2 expression,
whereas co-transfection of miR-30a-3p mimics reversed
Runx?2 expression (Fig. 6a). The expression level of other
osteogenic markers (OCN and ALP) showed a similar
trend (Fig. 6b, b’). Specifically, circRNA-23525 knock-
down decreased OCN and ALP mRNA expression, and
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ALP
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(compared with the Con and negative control (si-NC) groups). e The
relative expression of osteogenic markers at the mRNA level was
measured after transfection with si-circRNA-23525 vector at day 3 of
osteoblastic induction. f Western blot analysis of osteogenic markers
at day 3 of osteogenic induction. B-Actin was used for normalization.
Cells in all groups were induced with osteoblastic medium. Expres-
sions are presented as mean + SD (n = 3, *p < 0.05 vs. negative and
blank control)

co-transfection of miR-30a-3p mimics further lowered
expression, whereas co-transfection of miR-30a-3p inhibitor
rescued their expression. A Western blot assay at the protein
level confirmed these results (Fig. 6f).

ALP staining, ALP activity assay, and ARS staining
showed that ALP activity and mineralized bone matrix
were reversed by miR-30a-3p mimics in the circRNA-23525

@ Springer



802 Cell and Tissue Research (2021) 383:795-807
mmu-miR-30a-3p
a b
< 1.57 =l con Ind
| 2DStructure | localAU |
Local AU 5
53 7mer-m8 75 -
circRNA-23525: 5 -aggcttA/‘\TACCGC c‘A‘chAAAg-a’ UTR <z[ 1.0-
miRNA-30a-3p: 3 -cgacgul/UGUAG-GCUUGACUUUC-5 MIRNA  ovemssss Y TYY — 4 *
8765432 1 -NS
e £ * *
Seed T T
68 Offset6mer 88 g 0.51
circRNA-23525: 5 -acTG-AAAGGTCCAACTGAA-3' UTR ﬁ
[LL] ] )
mMiRNA-30a-3p: 3 -cgACGUUUGUAGGCUGACUUUG-5 MIRNA  .ovsssesns T XL LcrY M — [7)
765432 Offset 6me [v'4
Seed 0.0- T T T
od S \ub
Treated Time(day)
c c’ d
c (=1
2 o 2 iR-NC iR-30a-3
@ 15, EE Con NC B circRNA-23525 § 207 EE Con I si-NC B si-circRNA-23525 5 1-57 HEl miR- miR-30a-3p
=]
2 g 2
3 o o 1.5 * [ e
o 1.0 o g 1.04
? @ =
S * S 1.0 - 3
? ? ]
¢ 0.57 3 = 0.51 *
£ € 0.5 qa,) =
2 g 5
g oo- £ 00 S 0.0- r r
g ° o circRNA-23525 WT circRNA-23525 Mut
4

Fig.4 The relationship between the expression of circRNA-23525
and miR-30a-3p in ADSCs. (a) The predicted binding sites between
circRNA-23525 and miR-30a-3p. (b) After induction (Ind) for 3, 7,
or 14 days, the altered expression of miR-30a-3p, as performed using
qRT-PCR, was decreased compared with the no osteogenic induction
group (Con). (c—’) Expression levels of miR-30a-3p in osteogeni-
cally differentiated ADSCs after transfection with circRNA-23525

overexpression group and were rescued by miR-30a-3p
inhibitor in the circRNA-23525 knockdown group
(Fig. 6¢c—e). These data implied that circRNA-23525 serves
upstream of miR-30a-3p and inhibits the effects of miR-
30a-3p in targeting Runx2 in osteogenically differentiated
ADSCs.

Discussion

The plasticity and multipotency of ADSCs have prompted
the development of additional relevant research. Many
reports have indicated that ADSC-based cell therapy has
ideal clinical efficacy and efficiency for both autologous and
allogeneic purposes (Mesimaki et al. 2009; Pak et al. 2016;
Kastrup et al. 2017). ADSCs possess adipogenic, osteo-
genic, chondrogenic, cardiogenic, myogenic and neurogenic
potential in vitro (Vermette et al. 2007; Choi et al. 2010).
Moreover, our previous research demonstrated that ADSCs
transplantation could be applied in bone regeneration (Sun
et al. 2014). In comparison with BMSCs, the most promis-
ing aspect of ADSCs is that the differentiation potential is
maintained with aging (Shi et al. 2005). Other advantages
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overexpression and small interfering- (si-) circRNA-23525 vector.
U6 was used for normalization; *p < 0.05 vs. negative control and
blank control. d The luciferase activity of wild-type circRNA-23525
(circRNA-23525-WT) and mutant circRNA-23525 (circRNA-
23525-Mut) in HEK-293T cells was analyzed after co-transfection
with miR-30a-3p mimics or NC. The data represent Firefly luciferase
normalized to Renilla luciferase. *p < 0.05

include the wide range of adipose tissue, less-invasive mate-
rial extraction, lower incidence rates of complications, and
comparatively low cost. In the present study, a new axis,
which may regulate the osteogenic process of ADSCs
in vitro, was examined.

CircRNAs are an intriguing type of RNA due to their
covalently closed structure, high stability, and implica-
tions for further functions in gene regulation (Li et al.
2018a, b). Notably, emerging evidence has revealed that
the osteoblastic differentiation of MSCs is modulated by
circRNAs, thus making them a possible promising player
in controlling the fate of MSCs. CircRNA_33287, for
example, plays a positive role in the osteoblastic differ-
entiation of maxillary sinus membrane stem cells (Peng
et al. 2019). Similarly, circRNA CDR1as can also pro-
mote osteogenesis in PDLSCs (Li et al. 2018a, b). Micro-
array analysis has previously reported that circRNAs were
involved in the osteogenic differentiation of ADSCs (Long
et al. 2018). Through analyzing the raw data of microar-
ray results, 10 circRNAs, which were closely bound up
with osteogenesis, were selected for further examination.
The qRT-PCR assays of three random circRNAs showed
that circRNA-23525 was consistently upregulated in the
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Fig.5 MiR-30a-3p decreased Runx2 expression and was involved in
regulating the osteogenic differentiation of ADSCs. a Schematic of
miR-30a-3p putative target sites in the 3'-UTR of Runx2. b Confir-
mation of target using luciferase reporter assay in HEK-293T cells.
The cells were co-transfected with miR-30a-3p or nontargeting con-
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luciferase constructs. Values are reported as the ratio

of Renilla luciferase to Firefly luciferase. c—e The expression level of
Runx2 and other osteogenic markers (ALP and OCN) was measured
using qRT-PCR and WB analysis in ADSCs after transfection with
miR-30a-3p mimics or inhibitor. *p < 0.05 vs. blank control
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Fig.6 CircRNA-23525 modulates Runx2 expression and osteogen-
esis in ADSCs by inhibiting miR-30a-3p. (a, b, b’, f) Quantitative
real-time PCR and western blotting analyses of the expression level
of Runx?2 and other osteogenic markers (OCN and ALP) in osteogeni-
cally differentiated ADSCs after transfection with circRNA-23525
overexpression or circRNA-23525 knockdown plus miR-30a-3p

process of osteogenic differentiation. However, a recent
study demonstrated that circRNA_28313 was involved in
RANKL+CSF1-induced osteoclast differentiation and pro-
motedovariectomy-induced bone resorption (Chen et al.
2019). In addition, knockdown of circIGSF11 enhanced
osteogenesis in BMSCs (Zhang et al. 2019). These results
suggest that circRNAs play a crucial part in the osteoblas-
tic differentiation of MSCs, although their functions may
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mimics or a miR-30a-3p inhibitor. (c—e) After co-transfection with-
circRNA-23525 or si-circRNA-23525 plus miR-30a-3p mimics or a
miR-30a-3p inhibitor, osteogenic differentiation of ADSCs was ana-
lyzed using ARS staining, ALP staining and ALP activity assay at
7 or 14 days after osteogenic induction, respectively. *p < 0.05 vs.
miR-NC group

depend on cell specificity and pathological condition; this
point needs to be further clarified.

In the current study, the function of circRNA-23525 in
osteogenic differentiation of ADSCs was confirmed using a
gain- and loss-of-function strategy. ADSCs were transfected
with circRNA-23525 constructs (overexpression and knock-
down) and then induced to differentiate into osteoblasts. The
expression of osteogenic markers (Runx2, ALP and OCN)
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was significantly upregulated in the circRNA-23525 over-
expression group. ALP and ARS staining demonstrated that
overexpression of circRNA-23525 enhanced osteoblastic dif-
ferentiation of ADSCs in vitro. In contrast, ALP and ARS
were decreased in the circRNA-23525 knockdown group,
which suggests that circRNA-23525 knockdown intervenes
in the osteoblastic process of ADSCs. Moreover, the si-
circRNA-23525 group has indicated that ADSCs depleted
in regard to circRNA-23525 underwent slightly osteogenic
differentiation in the presence of induction medium. Thus,
circRNA-23525 can be considered to be an osteogenesis-
related circRNA in ADSCs. However, due to lack of control
indicating that ADSCs in circRNA-23525 overexpression
group differentiated without osteogenic induction medium,
the function of circRNA-23525 demonstrated by the existing
data is only during osteogenic induction.

Emerging evidence suggests that circRNAs modulate
gene expression at both the transcriptional and the post-
transcriptional level (Li et al. 2018a, b). Of note, circR-
NAs act as competitively endogenous RNAs to regulate
miRNAs and their target genes (Hansen et al. 2013). For
example, CDR1as impacts biological functions by serving
as a miR-7 sponge, leading to the upregulation of GDF5,
thus promoting osteogenesis in PDLSCs (Li et al. 2018a,
b). In the current study, a bioinformatics analysis predicted
that miR-30a-3p could bind to circRNA-23525. In ADSCs
osteogenesis, the dynamic expression of miR-30a-3p and cir-
cRNA-23525 showed an opposite trend at 3, 7 and 14 days.
Results further confirmed that miR-30a-3p expression varied
with the upregulation or downregulation of circRNA-23525.
Moreover, putative binding was demonstrated using a dual-
luciferase assay in which overexpression of miR-30a-3p
decreased luciferase reporter activity in the circRNA-
23525-WT group compared with the mutant group.

miRNAs have been demonstrated to mediate osteogen-
esis in MSCs (Hoseinzadeh et al. 2016; Li et al. 2015a, b)
and it has been demonstrated that the osteogenic key regula-
tor Runx2 can be directly targeted by miRNAs (Zhang et al.
2011). Runx2 is an essential transcription factor in the regula-
tion of osteoblastic differentiation and skeletal development
(Long 2011) and plays a role in osteogenesis-related transduc-
tion pathways (Bruderer et al. 2014). The current results dem-
onstrated that miR-30a-3p has predictive binding sites with
Runx?2. Luciferase assays further elucidated that miR-30a-3p
can directly bind to the 3'UTR of Runx2. It should be noted
that miR-30 family members, including miR-30a-3p, are nega-
tive regulators of osteogenic differentiation in MSCs (Wu et al.
2012). Previous studies have reported that miR-30a-3p directly
regulates HIF2a, which functions as an oncoprotein in renal
carcinomas (Mathew et al. 2014) and miR-30a-3p regulates
the expression of its target gene EPAS1, which is involved in
tumor progression in lung cancer (Yuan et al. 2019). How-
ever, the specific mechanisms by which miR-30a-3p affects

the osteogenic differentiation of ADSCs remain unclear. The
present study demonstrated that miR-30a-3p overexpression
reduced the expression of osteogenic markers (Runx2, ALP,
and OCN) at both the mRNA and protein levels, while silenc-
ing miR-30a-3p enhanced the expression of these markers.
These findings suggest that miR-30a-3p acts as a negative
regulator in the osteogenic differentiation of ADSCs.

Considering circRNA-23525 acts as a miR-30a-3p sponge
and Runx2 is suppressed by miR-30a-3p expression, we next
examined whether circRNA-23525 modulates osteoblastic dif-
ferentiation by regulating Runx2 expression. Results demon-
strated that circRNA-23525 overexpression plus miR-30a-3p
inhibition enhanced Runx2 expression, whereas miR-30a-3p
overexpression reversed Runx2 expression. Moreover, OCN
and ALP separately showed similar trends in expression. ALP
and ARS staining revealed that circRNA-23525 knockdown
plus miR-30a-3p mimics suppressed ALP activity and calcium
nodule formation. Adding the knockdown of miR-30a-3p
could rescue this process. Taken together, these data demon-
strate that the circRNA-23525/miR-30a-3p pathway enhances
the osteogenesis of ADSCs by modulating Runx2. On the
other hand, due to the lack of controls such as ADSCs express-
ing circRNA-23525 upregulation plus miR-30a-3p mimics or
an inhibitor without the osteogenic induction medium, the role
of the circRNA-23525/miR-30a-3p pathway only confirms
under osteogenic induction in this study. Therefore, ADSCs
expressing high levels of circRNA-23525 differentiated with-
out osteogenic induction medium should be further executed to
elucidate the mechanism in the circRNA-23525/miR-30a-3p/
Runx2 functional axis. In addition, questions remain regarding
circRNA-23525 as an osteogenesis-related circRNA in vivo.
Further research will propose additional evidence for the role
of this functional axis in the osteogenic differentiation of
ADSCs.

In summary, the current study was the first to identify an
association between circRNA-23525 with osteogenesis in
ADSC:s. It clarifies the regulatory role of the circRNA-23525/
miR-30a-3p/Runx2 functional axis in ADSCs osteogenic dif-
ferentiation. Under osteoblastic induction, circRNA-23525
suppresses miR-30a-3p expression, thus relieving the expres-
sion of Runx2 targeted by miR-30a-3p, which enhances the
osteoblastic differentiation of ADSCs (Fig. 7). The current
results revealed a novel mechanism in stimulating the osteo-
genic induction of ADSCs and suggest a promising avenue
of application in tissue engineering and treatment for bone
diseases and trauma.
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Fig.7 A proposed model
illustrating the functional axis
of circRNA-23525/miR-30a-3p/
Runx2 during osteogenic
differentiation of ADSCs.
CircRNA-23525 acts to regulate
Runx2 expression via targeting
miR-30a-3p and is thus con-
sidered as a positive regulator
in the osteogenic process of
ADSCs. 1, promote or activate;
1, inhibit

circRNA-23525 =

iy
J_ o

miR-30a-3p

Conclusions

In conclusion, the current study revealed that cir-
cRNA-23525 inhibits miR-30a-3p expression, thereby res-
cuing the expression of Runx2 targeted by miR-30a-3p and
promoting the osteogenic differentiation of ADSCs.
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