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Abstract 

Background  Circular RNAs (circRNAs) play a crucial role in stem cell-based tooth regeneration. However, the func-
tions and underlying mechanisms of circRNAs in tooth regeneration from human dental pulp stem cells (DPSCs) 
remain largely unclear.

Methods  In this study, DPSCs were used for odontogenic differentiation. High-throughput sequencing was per-
formed for differential circRNA analysis. A luciferase reporter assay was conducted to confirm the downstream target 
of the circRNA, circ-AARS. We then constructed vectors and siRNAs for overexpressing and silencing circ-AARS, 
miR-24-3p, and Krüppel-like factor 6 (KLF6) and transfected them into DPSCs. Alkaline phosphatase staining, Alizarin 
Red S staining, western blotting assay, and quantitative reverse transcription-polymerase chain reaction were used 
to explore the underlying mechanisms of circ-AARS. Finally, a heterotopic bone model was utilized to reveal the regu-
lating effects of circ-AARS.

Results  High-throughput sequencing analysis showed that circ-AARS plays an important role during the odon-
togenic differentiation of DPSCs. Downregulation of circ-AARS inhibited the odontogenic differentiation of DPSCs; 
however, circ-AARS overexpression promoted their odontogenic differentiation. Bioinformatics analysis and luciferase 
reporter assay confirmed that both miR-24-3p and KLF6 were the downstream targets of circ-AARS. miR-24-3p down-
regulation or KLF6 overexpression restored the odontogenic differentiation ability of DPSCs after circ-AARS silencing. 
KLF6 upregulation restored the odontogenic differentiation ability of DPSCs after KLF6 overexpression. The hetero-
topic bone model confirmed that circ-AARS overexpression promoted the odontoblastic differentiation of DPSCs.

Conclusion  The present study showed that circ-AARS can promote the odontoblastic differentiation of DPSCs 
by increasing KLF6 expression and sponging miR-24-3p. Taken together, the results indicate that circ-AARS may be 
a potential positive regulator of odontoblastic differentiation of DPSCs.
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Background
Dental pulp tissue regeneration can serve as a clinically 
relevant treatment to replace the existing root canal ther-
apy used for treating necrotic permanent teeth [1]. Den-
tal pulp stem cells (DPSCs) are a type of mesenchymal 
stem cells with self-renewal and multilineage differentia-
tion capabilities [2]. Previous studies have confirmed that 
DPSCs can be used as biomimetic tools to induce odon-
togenic differentiation of stem cells during dental pulp 
regeneration [3]. However, the mechanisms that promote 
dentin differentiation of DPSCs remain unclear.

Circular RNAs (circRNAs) are a type of endogenous 
molecules without 5ʹ-cap and 3ʹ-poly (A) tail [4]. Because 
of their round structure, circRNAs cannot be degraded by 
exonucleases and show higher stability than other linear 
RNAs [5]. CircRNAs harbor microRNA (miRNA) bind-
ing sites, which normally function as miRNA sponges [6, 
7]. Previous studies have confirmed that circ_0005564 is 
a potential positive regulator of osteogenic differentia-
tion of bone marrow stromal cells [7]. Hsa_circ_0026827 
promotes osteoblast differentiation of DPSCs through 
Beclin1 and RUNX1 signaling pathways by sponging 
miR-188-3p, which could act as a novel therapeutic strat-
egy for treating osteoporosis [8]. In this study, circRNA 
expression profile analysis revealed that circ-AARS is 
abnormally expressed during the odontogenic differen-
tiation of DPSCs; however, its function remains unclear. 
Therefore, the present study evaluated the role of circ-
AARS in the odontogenic differentiation of DPSCs. The 
findings suggest candidate therapeutic strategies for den-
tin regeneration and reveal novel mechanisms underlying 
osteogenic differentiation.

Materials and methods
Ethics statement
This animal-based study was reported according to Pre-
ferred Reporting Items for Animal Studies in Endodon-
tology 2021 guidelines [9]. This study was reviewed and 
approved by the Ethics Committee of the Shanghai Ninth 
People’s Hospital, Shanghai Jiao Tong University School 
of Medicine (SH9H-2021-A939-1).

Isolation, culturing, and differentiation of human DPSCs 
(hDPSCs)
After receiving approval from the institutional ethics 
committee and informed consent from the participants, 
hDPSCs were isolated from the orthodontically extracted 
teeth of eight subjects aged 10–12  years. The extracted 
teeth were transported on ice, and their dental pulp 
was extracted, minced, and incubated with type I col-
lagenase within 4  h of extraction. This processed tissue 
was cultured in T25 flasks containing α-MEM (HyClone) 
supplemented with 10% fetal bovine serum (FBS; 

Bioexplorer) and 1% penicillin/streptomycin (Gibco) 
at 37  °C in a 5% CO2 atmosphere. After achieving cell 
confluence of 70–80%, the cells were passaged into new 
flasks. Cells from the third to fifth passages at 70–80% 
confluence were subsequently cultured in an osteogenic 
differentiation medium (OriCell) for further experimen-
tal studies. This study was reviewed and approved by the 
Ethics Committee of the Shanghai Ninth People’s Hos-
pital, Shanghai Jiao Tong University School of Medicine 
(No. SH9H-2021-T425-1), and written informed consent 
forms were obtained from all patients.

Flow cytometry analysis
Cells from the third passage of DPSCs were enzymati-
cally dissociated, centrifuged, and counted. Subsequently, 
1 × 106 cells were resuspended in phosphate-buffered 
saline (PBS). Fluorescein isothiocyanate-conjugated anti-
bodies, used at 1:100 dilution according to the manu-
facturer’s recommendation, were added to the cells. The 
following antibodies (Biolegend) were used along with 
corresponding isotype control antibodies: anti-CD45, 
anti-CD90, anti-CD105, anti-CD73, and anti-CD31. 
The cells were incubated in darkness for 30 min. Subse-
quently, the cells were washed with PBS containing 2% 
FBS. Cell surface antigen detection was then performed 
with a flow cytometer (NovoCyte 2, Agilent, USA), which 
facilitated the immunophenotypic analysis of the cells.

Bioinformatics analysis
By using RNA sequencing and integrating the data from 
various databases such as circBank, starBase, TargetS-
can, and miRDB, we predicted target miRNAs for hsa_
circ_0040158 and their corresponding target genes. These 
predicted target genes were then compared with the 
genes showing differential expression, which enabled to 
identify differentially expressed target genes. This meth-
odology played an instrumental role in constructing the 
regulatory network associated with hsa_circ_0040158.

Plasmid construction and transfection
Lentiviruses were engineered by GenePharma Co., Ltd. 
(Shanghai, China). After achieving 50% cell confluence, 
these lentiviruses were used to infect hDPSCs to mediate 
both inhibition and overexpression of hsa_circ_0040158. 
A Krüppel-like factor 6 (KLF6)-overexpressing plasmid, 
synthesized by GenePharma Co., Ltd., was introduced 
into hDPSCs by using the same approach. Lipofectamine 
2000 (Invitrogen Life Technologies, USA) was utilized for 
transfecting the miR-24-3p mimics, miR-24-3p inhibi-
tors, and corresponding negative controls. The cells were 
then collected, and transfection success was assessed 
by quantitative reverse transcription-polymerase chain 
reaction (qRT-PCR).
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Dual‑luciferase reporter (DLR) assay
For luciferase activity assays, wild-type and miR-24 
binding site-deleted hsa_circ_0040158 clones were co-
transfected into cells along with a plasmid expressing the 
miR-24 precursor. Clones of the KLF6 3ʹ-UTR and its 
miRNA binding site deletion mutants were also prepared 
and co-transfected with miRNA-overexpressing vectors 
into cells to measure both Renilla and firefly luciferase 
activities.

qRT‑PCR
Following washing with 1 × PBS, total RNA was care-
fully extracted from cells by using an RNA extraction 
kit (Vazyme, China). The purity and concentration of 
the RNA samples were accurately determined using a 
spectrophotometer (Thermo Fisher, USA). Reverse tran-
scription of circRNA and miRNA was achieved using the 
PrimeScript RT Reagent Kit (Takara Bio, Japan) and the 
miRNA 1st Strand cDNA Synthesis Kit (Vazyme), respec-
tively. To quantify cDNA, SYBR Green PCR Master Mix 
(Vazyme) was used in the QuantStudio 7 Flex Real-Time 
PCR System (Applied Biosystems, USA). Threshold cycle 
(Ct) values were established, and the relative expression 
levels of the target genes were calculated using the 2−ΔΔCt 
method, with normalization against GAPDH and U6 
expression levels. Table 1 shows the primers for all target 
genes investigated in this study.

Western blotting (WB) assay
Cells were lysed using RIPA lysis buffer (Beyotime, 
Shanghai, China), and the protein content was quan-
tified using the BCA Protein Assay Kit (Beyotime). 
Proteins were separated by electrophoresis, and the 
separated proteins were transferred onto polyvinylidene 
fluoride membranes. The membranes were blocked 
with 5% non-fat milk at room temperature for 1 h and 

then incubated overnight at 4 °C under gentle agitation 
with primary antibodies against ALP (Abways, 1:2000), 
RUNX2 (ABclonal, 1:500), OPN (ABclonal, 1:1000), 
OCN (ABclonal, 1:1000), DMP1 (SAB, 1:500), DSPP 
(Affinity, 1:500), and GAPDH (Proteintech, 1:50,000). 
On the next day, the membranes were washed three 
times with Tris-buffered saline containing 0.1% Tween-
20, followed by 1  h incubation with HRP-conjugated 
anti-rabbit/mouse IgG secondary antibodies (Protein-
tech, 1:10,000). After three additional washes, pro-
tein bands on the X-ray film were visualized using a 
chemiluminescence imaging system (Tanon 5200 Multi 
Chemiluminescence Imaging System, Tanon Science & 
Technology, China). Protein expression levels were nor-
malized to that of GAPDH, and the ratio of target pro-
tein levels was calculated.

Alkaline phosphatase (ALP) staining
ALP expression was detected using the NBT/BCIP 
staining kit (Beyotime). The culture medium was dis-
carded, and cells were washed with PBS. The cells were 
then fixed at room temperature with 4% paraformalde-
hyde (PFA; Beyotime) and subsequently washed with 
PBS (HyClone). The ALP staining solution was applied 
to the cells, and the cells were incubated in the dark 
for 30  min. After removing the ALP staining solution, 
the cells were washed with PBS. The stained cells were 
observed under an inverted phase contrast microscope 
(DMi1; Leica, China).

Determination of ALP activity
Following washing with PBS, the cells were subjected to 
a 30-min lysis process by using 1% Triton X-100 (Bey-
otime). Subsequently, the supernatant was carefully 

Table 1  Primers for real-time polymerase chain reaction (RT-qPCR) in this study

Gene markers Primer sequences

Forward Reverse

hsa_circ_0040158 CCC​CGC​ATT​GCT​GTT​GAT​ CGC​ACG​TGG​TCC​TTT​TAT​TC

KLF6 GAC​AGC​TCC​GAG​GAA​CTT​TCT​ CAC​GCA​ACC​CCA​CAG​TTG​A

DSPP CAA​CCA​TAG​AGA​AAG​CAA​ACGCG​ TTT​CTG​TTG​CCA​CTG​CTG​GGAC​

RUNX2 TGG​TTA​CTG​TCA​TGG​CGG​GTA​ TCT​CAG​ATC​GTT​GAA​CCT​TGCTA​

ALP ACT​GGT​ACT​CAG​ACA​ACG​AGAT​ ACG​TCA​ATG​TCC​CTG​ATG​TTATG​

OPN GGA​GTT​GAA​TGG​TGC​ATA​CAAGG​ CCA​CGG​CTG​TCC​CAA​TCA​G

DMP1 CTC​CGA​GTT​GGA​CGA​TGA​GG TCA​TGC​CTG​CAC​TGT​TCA​TTC​

OCN AGC​CAC​CGA​GAC​ACC​ATG​AGA​ GGC​TGC​ACC​TTT​GCT​GGA​CT

miR-24-3p GGC​TGC​ACC​TTT​GCT​GGA​CT –

GAPDH GGA​GCG​AGA​TCC​CTC​CAA​AAT​ GGC​TGT​TGT​CAT​ACT​TCT​CATGG​
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collected to assess both the protein concentration 
and ALP activity by using the ALP Activity Assay Kit 
(Nanjing Jiancheng Bioengineering Institute, China). 
The optical density (OD) of each sample was carefully 
measured at 520 nm wavelength. Based on these meas-
urements, the relative ALP activity for each sample was 
accurately calculated.

Alizarin red S (ARS) staining
To detect calcium nodule deposition on DPSCs during 
the advanced phase of osteogenic induction, the cells at 
21 days post-induction were washed twice with PBS and 
then fixed at room temperature with 4% PFA. After a 
subsequent washing step with PBS, the cells were stained 
in the dark for 30  min by using an ARS solution (Ori-
Cell, China). The staining solution was removed, and 
the stained cells were washed with PBS and carefully 
examined under an inverted phase contrast microscope 
(DMi1; Leica) for detailed observation.

ARS quantification
To extract mineralized deposits, the ARS dye was washed 
off with 10% cetylpyridinium chloride. The OD of each 
sample was measured at 562 nm wavelength to evaluate 
the degree of calcification. Concurrently, the protein con-
centration was determined for relative ARS semi-quanti-
fication in each sample.

Heterotopic implantation of hDPSCs for bone formation 
assay
hDPSCs (NC) and hDPSCs transfected with lentivirus 
silence negative control (sh-NC), lentivirus circ_0040158 
silence (sh-circ_0040158 and sh-circ-AARS), lenti-
virus overexpression negative control (LV-NC), and 
circ_0040158 overexpression (lv-circ_0040158 and lv-
circ-AARS) underwent osteogenic induction for 7  days. 
Post-induction, the cells were digested, centrifuged, and 
seeded onto silk fibroin sponge scaffolds. These scaf-
folds were randomly implanted into the dorsal region 
of 10 BALB/c nude mice, with each mouse receiving 
one implant on the either side. The incisions were then 
sutured. The mice were placed in a quiet environment for 
5–10  min to acclimatize to reduce the stress response. 
Subsequently, the mice were placed in the anesthesia box, 
the gas flow control system was started, the oxygen flow 
was set to 1–2 L/min, and the isoflurane concentration 
was adjusted to 4–5%. Within 1–2  min, the mice could 
be seen to slow down breathing, reduce or stop move-
ment, and enter the anesthesia state. When the mice have 
no spontaneous motor or reflex response, the anesthetic 
concentration can be reduced to 1–2% to maintain anes-
thesia. The physiological state of the mice was monitored 
during anesthesia, that is, the respiratory rate was in the 

normal range of 60–100 times/minute; The normal range 
of heart rate is 400–600 beats/min. An electric blanket 
was used to maintain the mice’s body temperature. Exter-
nal stimulation ensured that the mice were completely 
anesthetized for subsequent experimental operations. 
After the experiment was completed, the isoflurane con-
centration was gradually reduced to 0% and only oxygen 
flow was maintained to help the mice clear the anesthetic 
gas from their bodies. After about 5–10  min, the mice 
gradually regain consciousness and begin to show spon-
taneous activity. Finally, it was placed in the cage alone 
to observe its recovery.After 8  weeks, The mice were 
humanely euthanized using 100% carbon dioxide, and the 
implants were retrieved for further examination.

Hematoxylin–eosin (H&E) staining, masson’s trichrome 
staining, and immunohistochemistry (IHC)
Post-implant fixation, the specimens were subjected to 
a 7-day dehydration process and paraffin-embedded for 
sectioning. These sections were stained with H&E and 
Masson’s trichrome stain. The sections were incubated 
with primary antibodies against BGLAP (Santa Cruz, 
USA) at overnight at 4  °C, followed by washing with 
PBS. The sections were then treated with HRP-conju-
gated goat anti-rabbit IgG secondary antibodies (dilution 
1:200), Finally, the cell nuclei were stained with DAPI, 
and images of the stained cells were acquired for further 
examination.

Statistical analysis
Statistical analysis was performed using Prism 8.0 soft-
ware (GraphPad, CA, USA). For pairwise comparison, 
the least significant difference t-test method was used. 
For comparison of multiple groups, one-way ANOVA 
was used for normally distributed data, and the Fried-
man test was used for non-normally distributed data. A 
p-value of < 0.05 denoted statistical significance.

Results
Circ‑AARS plays a role during the odontogenic 
differentiation of DPSCs
Here, we successfully isolated DPSCs from pulp tissue. 
The isolated DPSCs showed a typical shuttle-shaped 
morphology (Fig. 1A). Flow cytometry analysis of DPSCs 
revealed negative expression of CD34, CD45 (< 20%), and 
HLA-DR, together with positive expression of CD90, 
CD105, and CD73 (> 90%) (Fig. 1B–H). This finding con-
firmed that the isolated cells were DPSCs.

We found that DPSCs exhibited osteogenic differentia-
tion ability based on the results of ALP staining (Fig. 2A 
and B) and ARS staining (Fig.  2C and D). Western blot 
assay results showed that the expression levels of ALP, 
OPN, DSPP, OCN, DMP1, and RUNX2 were increased 
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during the odontogenic differentiation of DPSCs (Fig. 2E 
and F). To identify circRNAs with a differential expres-
sion pattern, normal DPSCs and those in the stage of 
odontogenic differentiation were analyzed by high-
throughput sequencing. The results showed a large 
number of differentially expressed circRNAs (Fig.  2G). 
qRT-PCR analysis revealed that hsa_circ_0040158 
expression was increased significantly in DPSCs during 
their odontogenic differentiation (Fig. 2H). qRT-PCR also 
confirmed that the relative gene expression levels of ALP, 
OPN, DSPP, OCN, DMP1, and RUNX2 were increased in 
DPSCs during odontogenic differentiation (Figs. 2I–O).

Circ‑AARS plays an important role in promoting 
the odontogenic differentiation of DPSCs
According to our bioinformatics analysis (http://​www.​
circb​ase.​org/), hsa_circ_0040158 originates from the 
exon of the AARS gene located at chr16:70,286,296–
70287284. The AARS gene is 899  bp in length, and the 
spliced mature circRNA is 627  bp in length; hence, we 
designated hsa_circ_0040158 as circ-AARS (Fig. 3A). Flu-
orescence in situ hybridization showed that circ-AARS is 
mainly localized in the cytoplasm (Fig.  3B). Circ-AARS 
was constructed with 2 exons of the AARS gene (Fig. 3C). 
Sanger sequencing confirmed the sequences amplified by 
divergent primers (Fig.  3D). The amplification products 
obtained with divergent primers and convergent primers 

were separated by agarose gel electrophoresis (Fig.  3E). 
These findings confirmed that circ-AARS was circRNA 
and originated from the AARS gene.

ALP staining (Fig. 4A and B) and ARS staining (Fig. 4C 
and D) showed that the odontogenic differentiation of 
DPSCs was inhibited after circ-AARS downregulation. 
qRT-PCR analysis showed that circ-AARS expression was 
decreased after transfection with the circ-AARS silenc-
ing vector (Fig. 4E). qRT-PCR analysis also showed that 
the mRNA expression levels of ALP, OPN, DSPP, OCN, 
DMP1, and RUNX2 were decreased during the odonto-
genic differentiation of DPSCs after circ-AARS down-
regulation (Fig.  4F–K). WB assay results showed that 
the protein expression levels of ALP, OPN, DSPP, OCN, 
DMP1, and RUNX2 were decreased during the odon-
togenic differentiation of DPSCs following circ-AARS 
downregulation (Fig.  4L and M). These findings suggest 
that circ-AARS downregulation inhibits the odontogenic 
differentiation of DPSCs.

qRT-PCR analysis demonstrated that circ-AARS 
expression increased following transfection with the 
circ-AARS-overexpressing vector (Fig. 5A). ALP staining 
(Fig. 5B and C) and ARS staining (Fig. 5D and E) showed 
increased odontogenic differentiation ability of DPSCs 
after circ-AARS upregulation. qRT-PCR analysis revealed 
that the mRNA expression levels of ALP, OPN, DSPP, 
OCN, DMP1, and RUNX2 were increased during the 

Fig. 1  Characterization of dental pulp stem cells (DPSCs). A DPSCs show a typical shuttle-shaped morphology. B–G Flow cytometry analysis 
of DPSCs revealed negative expression of CD34, CD45, and HLA-DR and positive expression of CD90, CD105, and CD73. H The positive cell ratio 
of DPSCs for different protein markers

http://www.circbase.org/
http://www.circbase.org/
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odontogenic differentiation of DPSCs after circ-AARS 
upregulation (Fig.  5F–K). WB assay results confirmed 
that the protein expression levels of ALP, OPN, DSPP, 
OCN, DMP1, and RUNX2 were increased during the 
odontogenic differentiation of DPSCs after circ-AARS 
upregulation (Fig. 5L and M). These findings suggest that 
circ-AARS upregulation promotes the odontogenic dif-
ferentiation of DPSCs.

Circ‑AARS promotes the odontogenic differentiation 
of DPSCs by regulating miR‑24‑3p
Bioinformatics analysis (circBank and starBase database 
search and miRNA sequencing) confirmed that miR-
24-3p was the downstream target of circ-AARS (Fig-
ure S1A). The dual-luciferase reporter analysis confirmed 
that miR-24-3p inhibited luciferase activity in wild-type 
cells, but not in mutated cells (Figure  S1B and C), thus 

suggesting that miR-24-3p is the target of circ-AARS. 
qRT-PCR analysis showed that circ-AARS downregula-
tion inhibited circ-AARS expression but promoted miR-
24-3p expression. However, the inhibition of miR-24-3p 
expression did not restore circ-AARS expression. This 
finding suggests that miR-24-3p is the downstream tar-
get of circ-AARS. miR-24-3p downregulation inhibited 
the expression of miR-24-3p (Figure  S1D and E). qRT-
PCR analysis showed that miR-24-3p inhibition restored 
the relative expression levels of ALP, OPN, DSPP, OCN, 
DMP1, and RUNX2, all of which were involved in odon-
togenic differentiation after circ-AARS silencing (Fig-
ure S1F–K). Likewise, WB assay results also revealed that 
miR-24-3p inhibition restored the relative protein expres-
sion levels of ALP, OPN, OCN, DMP1, and RUNX2 (Fig-
ure S1L). This finding indicates that circ-AARS promotes 

Fig. 2  circ-AARS plays a role during the odontogenic differentiation of DPSCs. A and B ALP staining showing the odontogenic differentiation 
of DPSCs. Data are expressed as mean ± SD. **p < 0.01 versus 0 day. C and D ARS staining showing the odontogenic differentiation of DPSCs 
(scale bar = 200 μm). Data are expressed as mean ± SD. ***p < 0.001 versus 0 day. E and F Western blotting assay showing the relative expression 
levels of proteins involved in osteogenic differentiation. Data are expressed as mean ± SD. *p < 0.05, **p < 0.01 versus CTL. G Heatmap showing 
the differentially expressed circRNAs in DPSCs during odontogenic differentiation. T means odontogenic differentiation group. N means Normal 
group. H qRT-PCR analysis of circRNA expression in DPSCs during odontogenic differentiation. Data are expressed as mean ± SD. ***p < 0.001 
versus NC. I–O qRT-PCR analysis showing the relative expression levels of genes associated with osteogenic differentiation in DPSCs. Data are 
expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001
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the odontogenic differentiation of DPSCs by regulating 
miR-24-3p.

Circ‑AARS promotes the odontogenic differentiation 
of DPSCs by regulating KLF6
Based on the results of bioinformatics analysis (miRBD, 
TargetScan, and starBase database search and mRNA 
sequencing), KLF6 was confirmed to be the downstream 
target of miR-24-3p (Figure  S2A). The dual-luciferase 
reporter assay demonstrated that miR-24-3p inhibited 
luciferase activity in wild-type cells, but not in mutated 
cells (Figure  S2B and C), suggesting that the KLF6 
3ʹ-UTR- is the target of miR-24-3p. ALP staining (Fig-
ure  S2D and E) and ARS staining (Figure  S2F) showed 
that KLF6 overexpression restored the odontogenic 

differentiation ability of DPSCs after circ-AARS silenc-
ing. qRT-PCR analysis revealed that circ-AARS down-
regulation inhibited the expression of both circ-AARS 
and KLF6. However, KLF6 overexpression did not restore 
circ-AARS expression. This finding suggests that KLF6 
is the downstream target of circ-AARS. KLF6 upregu-
lation promoted KLF6 expression (Figure  S2G and H). 
qRT-PCR analysis demonstrated that KLF6 overexpres-
sion restored the relative expression levels of the odon-
togenic differentiation genes ALP, OPN, DSPP, OCN, 
DMP1, and RUNX2 after circ-AARS silencing (Fig-
ure S2I–O). Additionally, WB assay results revealed that 
KLF6 overexpression restored the relative expression 
levels of the odontogenic differentiation proteins ALP, 
OPN, DSPP, OCN, DMP1, and RUNX2 after circ-AARS 

Fig. 3  The sequence of hsa_circ_0040158 and its expression in DPSCs. A Genomic loci of the AARS gene and hsa_circ_0040158. The red sign 
indicates the back-splicing junction. B The sequence of hsa_circ_0040158 and its expression in DPSCs as determined by fluorescence in situ 
hybridization (FISH) staining. C The sequence of hsa_circ_0040158. D Sanger sequencing assay confirmed the sequences amplified by divergent 
primers. E The amplification products obtained through divergent primers and convergent primers were separated by agarose gel electrophoresis
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silencing (Figure S2P and Q). These findings suggest that 
circ-AARS promotes the odontogenic differentiation of 
DPSCs by regulating KLF6.

KLF6 overexpression reversed the inhibitory effect 
of miR‑24‑3p on the odontogenic differentiation of DPSCs
As observed in ALP staining (Figure S3A and B) and ARS 
staining (Figure  S3C), miR-24-3p overexpression inhib-
ited the odontogenic differentiation of DPSCs. However, 
KLF6 overexpression following miR-24-3p overexpres-
sion restored the odontogenic differentiation ability of 
DPSCs. qRT-PCR analysis showed that miR-24-3p upreg-
ulation promoted miR-24-3p expression and inhibited 
KLF6 expression. However, KLF6 overexpression did 
not restore miR-24-3p expression. This result suggests 
that KLF6 is the downstream target of miR-24-3p. KLF6 
upregulation promoted the expression of KLF6 (Fig-
ure  S2G and H). qRT-PCR analysis showed that KLF6 
overexpression restored the relative expression levels of 

the odontogenic differentiation genes ALP, OPN, DSPP, 
OCN, DMP1, and RUNX2 after miR-24-3p overexpres-
sion (Figure  S3F–K). These findings suggest that KLF6 
overexpression reverses the inhibitory effect of miR-
24-3p on the odontogenic differentiation of DPSCs.

Validation of the impact of circ‑AARS on DPSCs 
through in vivo experiments
To clarify whether circ-AARS expression influences 
bone formation in  vivo, DPSCs expressing sh-circ-
AARS, lv-circ-AARS, and NC were loaded on Bio-Oss 
collagen scaffolds and implanted in the subcutaneous 
tissue of nude mice (five mice per group). The study 
design is shown in Figure  S4A. After 4  weeks, the 
implantation samples were harvested and analyzed. 
The amount of bone tissue as observed in H&E stain-
ing (Figure S4B) and collagen arrangement observed as 
blue color in Masson’s trichrome staining (Figure S4C) 
were significantly higher in implants containing 

Fig. 4  circ-AARS downregulation inhibits the odontogenic differentiation of DPSCs. A and B ALP staining showing the odontogenic differentiation 
of DPSCs (scale bar = 200 μm). Data are expressed as mean ± SD. ***p < 0.001 versus CTL. C and D ARS staining showing the odontogenic 
differentiation of DPSCs (scale bar = 200 μm). Data are expressed as mean ± SD. **p < 0.01 versus CTL. E–K qRT-PCR analysis showing the relative 
expression levels of genes associated with osteogenic differentiation. Data are expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 vs. CTL. 
L and M Western blotting assay showing the relative expression levels of proteins involved in the osteogenic differentiation of DPSCs. Data are 
expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001
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circ-AARS-overexpressing cells and lower in the sh-
circ-AARS group. Osteoblasts and bone trabeculae 
were positive for BGLAP staining, as observed in IHC. 
The extent and intensity of staining were increased in 
the circ-AARS overexpression group and reduced in 
the circ-AARS downregulation group (Figure S4D).

Discussion
Stem cell therapies and tissue engineering have been 
proposed as useful strategies for treating damaged tis-
sues and bone defects [10–12]. In the present study, we 
isolated DPSCs and found that DPSCs showed a typical 
shuttle-shaped morphology. We also noted that DPSCs 
have a odontogenic differentiation potential. Previous 
studies have confirmed that circRNA has an impor-
tant role during odontogenic differentiation [13, 14]. 
To identify circRNAs with a differential expression pat-
tern during odontogenic differentiation, DPSCs with or 
without odontogenic differentiation were subjected to 
high-throughput sequencing. The results showed that 
hsa_circ_0040158 expression was increased during the 

odontogenic differentiation of DPSCs. hsa_circ_0040158 
originates from the exon of the AARS gene located at 
chr16:70,286,296–70287284. The AARS gene is 899  bp 
in length, and the spliced mature circRNA is 627  bp in 
length; therefore, we named hsa_circ_0040158 as circ-
AARS. In the present study, we found that circ-AARS 
downregulation inhibited the odontogenic differen-
tiation ability of DPSCs, while circ-AARS upregulation 
promoted their odontogenic differentiation ability. This 
result suggests that circ-AARS has a critical function 
during the odontogenic differentiation of DPSCs.

Bioinformatics analysis showed that circ-AARS inter-
acts with miR-24-3p, which was confirmed by the dual-
luciferase reporter assay. As reported in previous studies, 
TRIB3 promotes the osteogenic differentiation of human 
adipose-derived stem cells mediated by the post-tran-
scriptional regulation of miR-24-3p [15]. miR-24-3p 
downregulation promotes the osteogenic differentiation 
of human periodontal ligament stem cells by targeting 
SMAD family member 5 [16]. The lncRNA LEF1-AS1 
promotes the osteogenic differentiation of DPSCs by 

Fig. 5  circ-AARS upregulation promotes the odontogenic differentiation of DPSCs. A qRT-PCR analysis showing circ-AARS expression in DPSCs 
following transfection with the circ-AARS overexpression vector (LV-circ-AARS) or negative control (CTL). Data are expressed as mean ± SD. 
***p < 0.001. B and C ALP staining showing the odontogenic differentiation of DPSCs (scale bar = 200 μm). Data are expressed as mean ± SD. 
**p < 0.01 versus CTL. D and E ARS staining showing the odontogenic differentiation of DPSCs (scale bar = 200 μm). Data are expressed as mean ± SD. 
***p < 0.001 versus CTL. F–K qRT-PCR analysis showing the relative expression levels of genes associated with osteogenic differentiation. Data 
are expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 versus CTL. L and M Western blotting assay showing the relative expression levels 
of proteins involved in the osteogenic differentiation of DPSCs. Data are expressed as mean ± SD. **p < 0.01
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sponging miR-24-3p [17]. In the present study we found 
that circ-AARS downregulation promotes miR-24-3p 
expression. Moreover, miR-24-3p inhibition restored the 
odontogenic differentiation ability of DPSCs after circ-
AARS silencing. This finding indicates that circ-AARS 
promotes the odontogenic differentiation of DPSCs by 
regulating miR-24-3p.

Our further analysis revealed that KLF6 is also the 
downstream target of circ-AARS. KLF protein fam-
ily members are known to activate and/or represses 
transcription in a promoter- and cell-dependent man-
ner by interacting with co-suppressors or co-activators 
[18]. Recent evidence shows that KLF15 expression is 
increased in osteoblasts exposed, which can in turn regu-
late Wnt signaling transduction and bone formation [19]. 
Furthermore, miRNA-197-3p has been shown to inhibit 
osteogenic differentiation in osteoporosis by downregu-
lating KLF10 expression [20]. Previous studies have also 
confirmed KLF6 expression levels were significantly ele-
vated during odontogenic differentiation [21, 22]. In the 
present study, we found that circ-AARS downregulation 
inhibited KLF6 expression. However, KLF6 overexpres-
sion restored the odontogenic differentiation ability of 
DPSCs after circ-AARS silencing. This finding suggests 
that circ-AARS promotes the odontogenic differentiation 
of DPSCs by regulating KLF6.

As reported previously, circRNA regulates gene 
expression by sponging miRNAs [23, 24]. In the pre-
sent study, the dual-luciferase reporter assay confirmed 
that miR-24-3p interacts with the KLF6 3ʹ-UTR. miR-
24-3p overexpression inhibited KLF6 expression and the 
odontogenic differentiation ability of DPSCs. However, 
KLF6 overexpression reversed the inhibitory effect of 
miR-24-3p on the odontogenic differentiation ability of 
DPSCs. Additionally, in vivo experiments in a heterotopic 
bone model confirmed that circ-AARS overexpression 
promotes the odontoblastic differentiation of DPSCs. 
Thus, these results suggest that circ-AARS promotes 
the odontoblastic differentiation of DPSCs by increasing 
KLF6 expression and sponging miR-24-3p.

Conclusion
Taken together, the present study shows that circ-AARS 
plays a crucial role during the odontogenic differentiation 
of DPSCs by modulating miR-24-3p/KLF6 expression 
(Figure S5). Our findings provide new insights regarding 
how circ-AARS influences the pulpitis process and reveal 
a potential therapeutic target for patients with dental 
defects.
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expressed as mean ± SD. ***p < 0.001. (D and E) qRT-PCR analysis showing 
miR-24-3p and KLF6 expression. Data are expressed as mean ± SD. ***p 
< 0.001. (F-K) qRT-PCR analysis showing the relative expression levels of 
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