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ARTICLE INFO ABSTRACT
Keywords: Dental follicle cells (DFCs) promote bone regeneration in vivo and in vitro. Circular RNAs
CircFgfr2 (circRNAs) play crucial roles in bone development and regeneration. Our previous study

Dental follicle cells

demonstrated the upregulation of circFgfr2 expression during the osteogenic differentiation of
Osteogenesis differentiation

DFCs. However, the molecular mechanisms and functional roles of circFgfr2 in DFCs osteogenesis
remain unclear. In this study, we aimed to investigate the subcellular localization of circFgfr2 in
DFCs using fluorescence in situ hybridization. In vitro investigations demonstrated that circFgfr2
overexpression promoted osteogenic differentiation, as evidenced by real-time quantitative po-
lymerase chain reaction. By integrating the outcomes of bioinformatics analyses, dual luciferase
reporter experiments, and chromatin isolation by RNA purification, we identified circFgfr2 as a
sponge for miR-133a-3p, a key regulator of osteogenic differentiation. Moreover, miR-133a-3p
suppressed osteogenic differentiation by targeting DLX3 and RUNX2 in DFCs. We validated
that circFgfr2 promoted the osteogenic differentiation of DFCs through the miR-133a-3p/DLX3
axis. To further investigate the therapeutic potential of circFgfr2 in bone regeneration, we con-
ducted in vivo experiments and histological analyses. Overall, these results confirmed the crucial
role of circFgfr2 in promoting osteogenesis. In summary, our findings demonstrated that the
circFgfr2/miR-133a-3p/DLX3 pathway acts as a cascade, thereby identifying circFgfr2 as a
promising molecular target for bone tissue engineering.

1. Introduction

Periodontitis is a chronic, progressive inflammatory condition characterized by the loss of periodontal attachment and resorption of
the alveolar bone, leading to clinical symptoms such as tooth loosening and potential tooth loss [1]. Regeneration of lost alveolar bone
presents a significant treatment challenge [2]. Currently, guided bone tissue regeneration technology is used for alveolar bone
reconstruction in clinical practice. However, its clinical efficacy is inconsistent, and its applicability is limited [3]. In recent years,
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research focus has shifted toward the regeneration of alveolar bone using stem cells, with dental follicle cells (DFCs) identified as
promising seed cells capable of osteogenesis and differentiation within an inflammatory environment [4]. However, the molecular
mechanism underlying the osteogenic differentiation of DFCs remains unclear. As research progresses, the role of circular RNAs
(circRNAs) in the osteogenic differentiation of DFCs has garnered increasing attention.

CircRNAs constitute a distinct class of endogenous non-coding RNAs formed by pre-mRNA back-splicing. CircRNAs, featuring a
closed-loop structure devoid of free 3' and 5 ends, exhibit resistance to RNase R digestion and demonstrate tissue-specific expression
predominantly in the cytoplasm [5,6]. Emerging evidence indicates that circRNAs play essential roles in embryonic development and
cell activities such as cell growth and osteogenesis [7,8]. High-throughput sequencing technologies and bioinformatics have facilitated
the identification of numerous critical circRNAs involved in tissue regeneration processes [9], and they have also been found to
participate in osteogenesis [10,11]. During the osteogenic differentiation of dental pulp stem cells (DPSCs), 65 upregulated and 22
downregulated circRNAs have been identified [12]. Another study indicated that circRNA124534 was overexpressed during osteo-
genic differentiation, and that the overexpression of circRNA124534 in human periodontal ligament stem cells (hPDLSCs) induced
osteogenesis in vitro and in vivo [7]. In our previous study, we reported 138 upregulated and 128 downregulated circRNAs during the
osteogenic differentiation of rat DFCs, potentially involving the mitogen-activated protein kinases (MAPK) and transforming growth
factor-p (TGF-B) signaling pathways [13].

CircRNAs may regulate the synthesis of parental genes, proteins, and short peptides [10,11,14]. Moreover, circRNAs can serve as
competing endogenous miRNA sponges to modulate target genes [15,16]. Several studies have shown that circRNA expression reg-
ulates osteogenic differentiation by sponging miRNAs. For example, circ0026827 promotes osteogenic differentiation in DPSCs by
acting as a sponge for miR-188-3p and regulating the Beclinl and RUNX1 signaling pathways [7]. CircFKBP5 serves as an osteogenic
regulator in DPSCs by sponging miR-708-5p and targeting GIT2 [17]. The circRNAs BANP and ITCH interact with miR-34a and
miR-146a, promoting osteogenic differentiation in PDLSCs through the MAPK pathway [18]. CircRNA CDR1as promotes the osteo-
genic differentiation of PDLSCs by inhibiting miR-7 [16]. However, few studies have investigated the mechanisms of action of
circRNAs in DFCs.

In our previous study, we discovered that circFgfr2 is significantly upregulated during osteogenic induction in DFCs and during
postnatal dental follicle development, indicating that circFgfr2 plays a key role in the osteogenic differentiation of DFCs [13].
Additionally, we demonstrated that the overexpression of circFgfr2 in DFCs results in decreased miR-133 expression [13]. However,
the molecular mechanisms and functional roles of circFgfr2 in DFC osteogenesis remain unclear. In this study, we aimed to investigate
the functional roles and underlying mechanisms of action of circFgfr2 in DFCs during osteogenesis. By revealing the novel mechanisms
of osteogenic differentiation of DFCs, our findings may guide the future development of therapeutic strategies for bone-defect
regeneration.

2. Materials and methods
2.1. Culture and identification of DFCs

Sprague-Dawley rats (postnatal 5-7 days) were obtained from the Laboratory Animal Center, Sun Yat - sen University for our study.
Rats were euthanized with pentobarbital sodium and immersed in 75 % ethanol for 10 min. Dental follicles were carefully isolated
from the tooth germs of the first and second mandibular molars of each rat and cultured in a-modified Eagle’s medium (Gibco, USA)
supplemented with 20 % fetal bovine serum (FBS) (Gibco, USA) and 1 % penicillin/streptomycin (Gibco, USA). The DFCs were
incubated at 37 °C under 5 % CO2. The medium was changed every 3 days until the cells reached approximately 80 % confluence. Flow
cytometry (FCM) was performed using anti-CD29, CD34, CD44, CD45, and CD90 antibodies (1:200, Abcam, UK) to identify the DFCs.

2.2. Sanger sequencing and Agarose gel electrophoresis

Specific divergent primers were designed based on the circRNA circularization site. Sanger sequencing was performed on the
amplified products using these divergent primers. Total RNA from DFCs was extracted using Trizol reagent, and cDNA was synthesized
through reverse transcription using arbitrary primers, with or without treatment with RNase R. Next, cDNA was amplified using
convergent and divergent primers. Agarose gel electrophoresis was conducted to visualize the PCR products.

2.3. Fluorescence in situ hybridization (FISH)

The probe labeled with CY3 was designed for the circFgfr2 sequence and used for in situ hybridization. The DFCs were fixed with 4
% paraformaldehyde for 5 min at 4 °C, treated with 0.5 % Triton X-100 for 15 min at room temperature, and incubated with 100 %
alcohol for 1 min. The samples were then dehydrated and air dried. The probe was prepared, and the hybridization buffer with the
probe was denatured at 88 °C for 5 min. After hybridization, the slides were washed with 2 x SSC for 5 min at 42 °C, followed by two
washes with 2 x SSC at room temperature for 5 min each. Then, 50 pL of DAPI-Antifade solution was applied onto the slide, the slide
was covered, and it was incubated at room temperature in the dark for 20 min. Finally, the slides were observed under a fluorescence
microscope.
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2.4. Cell transfection

The full-length cDNA of circFgfr2 was amplified from DFCs and cloned into the specific vector pLC5-ciR (Geneseed, China) between
the BamHI and EcoRI sites for over-expression of circFgfr2 (pLC5-ciR-circFgfr2). The mock plasmid pLC5-ciR (NC) without the
circFgfr2 ¢cDNA was used as a control. Immunofluorescence was performed for verification of transfection according to the manu-
facturer’s instructions. To overexpress or inhibit miR-133a-3p, miR-133a-3p mimics, miR-133a-3p inhibitors and NC-mimics were
purchased (ThermoFisher, USA). The DFCs were transfected with the aforementioned plasmids and mimics using Lipofectamine 3000
(Invitrogen, USA) according to the manufacturer’s instructions. After 48 h, the DFCs were harvested and used for further research.

2.5. Real-time quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted using Trizol reagent (Invitrogen, USA). The extracted total RNA was reverse transcribed into cDNA using
the Geneseed® II First Strand cDNA Synthesis Kit (Geneseed, China). The qRT-PCR was performed to detect the relative mRNA and
miRNA expression levels using the Geneseed® qPCR SYBR® Green Master Mix (Geneseed, China). GAPDH or U6 was used as an
internal control. All reactions were performed in triplicates and the fold expression changes were calculated using the comparative
2-AACt method. The PCR primers (Forevergen, China) used in this study are listed in Table 1.

2.6. CircRNA analysis and target prediction

The genomic loci of the FGFR2 gene and circFgfr2 were analyzed using the NCBI database (https://www.ncbi.nlm.nih.gov/). Then
the binding sites of miR-133a-3p and miR-133a-5p with circFgfr2 were predicted using RegRNA 2.0 (http://regrna2.mbe.nctu.edu.tw/
). The downstream genes of the miRNAs were predicted using the miRDB (http://mirdb.org/index.html), Targetscan (http://www.
targetscan.org/vert_71/), and microT-CDS (http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=microT_CDS/index)
databases.

2.7. Dual-luciferase reporter assay (DLR)

PsiCHECK2.0 dual luciferase reporter vectors, containing wild type (WT) circFgfr2 (circFgfr2 WT) and WT DLX3 3'UTR (DLX3 WT),
as well as their respective mutant forms (circFgfr2 MUT 1, circFgfr2 MUT 2, circFgfr2 MUT 3, and DLX3 MUT), were constructed
(Geneseed, China). To investigate if miR-133a-5p directly targets circFgfr2, 293T cells were co-transfected with circFgfr2 WT or
circFgfr2 MUT 1, along with miR-133a-5p mimics or a negative control (NC). Similarly, to assess if miR-133a-3p directly targets
circFgfr2, 293T cells were co-transfected with circFgfr2 WT or circFgfr2 MUT 2 and/or circFgfr2 MUT 3, along with miR-133a-3p
mimics or NC. Additionally, in order to determine the interaction between miR-133a-3p and the DLX3 gene, another dual-
luciferase reporter assay method was utilized. DLX3 WT or DLX3 MUT was co-transfected with miR-133a-3p mimics and NC
mimics into 293T cells. After 48 h of co-transfection, luciferase activity was measured using the Dual-Glo@Luciferase Assay System
E2940 (Promega, USA), following the manufacturer’s instructions. Firefly luciferase activities were normalized to Renilla lumines-
cence in each well. All experiments were repeated at least three times.

2.8. Chromatin isolation by RNA purification (ChIRP)

Biotin-labeled circFgfr2 antisense DNA probes were designed and synthesized (Geneseed, China). The probes had biotin labeling at
the 3-prime end and their sequences were as follows: 1. GTGCTCCAACAACATCAAGG-Bio; 2.GTACGGTGCTCCAACAACAT-Bio. ChIRP
analysis was carried out following the protocols outlined by Chu et al. [19]. As a control, LacZ probes were used as a non-specific probe.
Total RNA was collected, and qRT-PCR was performed to verify the circFgfr2 probes and the interaction between circFgfr2 and
miR-133a-3p and miR-133a-5p.

2.9. Alkaline phosphatase (ALP) activity assay

ALP activity was measured using AKP/ALP test kits (Nanjing Jiancheng, China), following the manufacturer’s instructions. In brief,

Table 1
The primers used in this study.

Gene name Forward (5-3) Reverse (5-3)

circFgfr2 GTCCCATCAGACAAAGGCA GCAGGGACAGCATGGAG
miR-133a-3p CCTTTGGTCCCCTTCA TGGTGTCGTGGAGTCG
miR-133a-5p GCCGAGAGCTGGTAAAATGG TGGTGTCGTGGAGTCG
RUNX2 AACCAAGTGGCCAGGTTCAA GGATGAGGAATGCGCCCTAA
OPN CAGTCGATGTCCCTGACGG GTTGCTGTCCTGATCAGAGG
DLX3 GCCTCACACAAACACAGGTGA GTGGTACCAGGAGTTGGTGG
GAPDH TCCATGGCACCGTCAAG CAGCCTTCTCCATGGTGG
18[5) CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
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cells were seeded in 96-well plates and cell lysates were collected. The samples were incubated at room temperature for 5-10 min and
diluted with a buffer to a final volume of 100 pL in a 96-well plate. Subsequently, the fluorescence was measured at a wavelength of
405 nm. To visualize ALP staining, DFCs were fixed in 4 % paraformaldehyde for 10 min and then subjected to ALP staining using the
ALP staining kit (Beyotime, China), as per the manufacturer’s instructions.

2.10. Alizarin Red staining

DFCs were washed twice with PBS, fixed with 4 % paraformaldehyde for 10 min, and subsequently stained with Alizarin Red
staining solution (Nanjing Jiancheng, China) at room temperature for 30 min.

2.11. In vivo implantation

Twelve 8-week-old BALB/c nude male mice were randomly divided into 3 groups (n = 4) based on the type of implanted scaffolds:
B-TCP scaffolds (Dimension: 5 mm x 5 mm x 2 mm, Dingan Technology, China), DFCs®F"F¢fr2 /8 TCP scaffolds, and DFCsN¢cireFefi2/
B-TCP scaffolds. The OE-circFgfr2 and NC-circFgfr2 DFCs were seeded onto the B-TCP scaffold at a density of 1 x 10° cells. After
anesthesia by peritoneal injection of 1.5 % pentobarbital sodium, a total of 8 scaffolds were implanted into the dorsal region of the
mice. After 8 weeks, the animals were euthanized using an excessive dose of pentobarbital sodium.

2.12. Histological analysis

All samples were fixed, demineralized, dehydrated, and embedded in paraffin. Paraffin-embedded specimens were then sectioned
at a thickness of 5 pm and stained with hematoxylin and eosin (HE) as well as Masson’s trichrome. For immunohistochemistry staining,
the sections were immersed in 3 % H,0 after deparaffinization to eliminate the activity of endogenous peroxidase at 37 °C for 15 min
and blocked with 5 % BSA in PBS for 1 h to exclude the non-specific binding. The sections were incubated with DLX3 antibody (1:100,
Santa Cruz, USA), RUNX2 antibody (1:100, Santa Cruz, USA), COL1 antibody (1:100, Proteintech, USA) and OPN (1:100, Proteintech,
USA).Then, the slides were incubated with appropriate secondary antibody at room temperature for 1 h. Finally, we detected the
immunoactivity with an HRP-streptavidin detection system (GeneTech, China),and counterstained the slides with hematoxylin. Im-
ages of the stained sections were captured using a Leica Aperio AT2 microscope and analyzed using Aperio ImageScope software.
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Fig. 2. Characterization of DFCs and circFgfr2 (A) Morphology of DFCs ( x 20). Scale bar: 200 pm. (B) Representative FCM histograms indicating
the expression levels of CD29, CD90, CD45, CD44, and CD34. (C) Sanger sequencing for the characterization and location of circFgfr2. (D) Agarose
gel electrophoresis analysis indicating the expression of circFgfr2. (E) Fluorescence in situ hybridization showing the subcellular location of circFgfr2
i‘n DFCs. Scale bar: 20 pm.

2.13. Statistical analysis
The results are expressed as mean =+ standard deviation. Statistical significance was determined using unpaired t-test and one-way

ANOVA. All data were analyzed using Prism 7.04 software (GraphPad Software, USA). A p-value less than 0.05 (P < 0.05) was
considered statistically significant.
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Fig. 3. CircFgfr2 promoted osteogenic differentiation of DFCs in vitro (A) Construction of the circFgfr2 overexpression vector. (B) Fluorescence to
evaluate the efficiency of viral transfection for circFgfr2 overexpression. Scale bar: 200 pm (C) The mRNA expression levels of circFgfr2 in the OE-
circFgfr2 and OE-NC groups. (D) The mRNA expression levels of DLX3, RUNX2, and OPN in the OE-circFgfr2 and OE-NC groups. (E) Representative
ALP and ARS images in the OE-circFgfr2 and OE-NC groups. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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pellet pulled down by the circFgfr2 probes. (F) The mRNA expression levels of DLX3, RUNX2, and OPN in the miR-133a-3p mimic and miR-133a-3p
mimic NC groups. (G) Representative ALP and ARS images of the miR-133a-3p mimic and miR-133a-3p mimic NC groups. *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001.

3. Results
3.1. Workflow

The workflow of this study is depicted in Fig. 1.
3.2. Characterization of DFCs and circFgfr2

The DFCs displayed a polygonal or elongated spindle morphology (Fig. 2A). FCM was used to confirm stem cell properties (Fig. 2B).
The analysis revealed that DFCs expressed positive markers for mesenchymal stem cells (MSCs), namely CD29, CD90, and CD44, but
were negative for CD34 and CD45 (Fig. 2B). Sanger sequencing showed that circFgfr2 originated from the Fgfr2 gene exons 5 and 6 and
was located on chrl: 200648164-200658087, with a length of 9630 bp (Fig. 2C). Agarose gel electrophoresis confirmed the resistance
to RNase R digestion (Fig. 2D). Moreover, fluorescence in situ hybridization examination demonstrated that circFgfr2 was primarily
localized in the cytoplasm of DFCs (Fig. 2E).

3.3. CircFgfr2 promoted osteogenic differentiation of DFCs in vitro

To thoroughly explore the impact of circFgfr2 on DFC differentiation, we constructed a circFgfr2 overexpression vector (pLC5-ciR-
circFgfr2) and transfected it into DFCs (Fig. 3A and B). Compared to the control group, the overexpression group exhibited significantly
higher levels of circFgfr2 (Fig. 3B and C). To investigate the role of circFgfr2, we detected osteogenic markers, including DLX3, RUNX2,
and OPN. The results showed that circFgfr2 significantly increased the mRNA levels of DLX3, RUNX2, and OPN compared to those in
the control group (Fig. 3d). ALP staining intensity was stronger in the overexpression (OE)-circFgfr2 group than in the negative control
(NC) group (Fig. 3E). Similarly, more calcified nodules were observed in the OE-circFgfr2 group than in the NC group (Fig. 3E). The
ALP activity and ARS quantity were higher in the OE-circFgfr2 group than in the OE-NC group (Fig. 3E).
3.4. CircFgfr2 acted as a sponge for miR-133a-3p in vitro

In a previous study, we hypothesized that circFgfr2 functions as an miRNA sponge [13]. RegRNA 2.0 was used to predict potential
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or NC co-transfection. (D) mRNA expression of DLX3, RUNX2, and OPN in the OE-circFgfr2, miR-133a-3p mimic, OE-circFgfr2+miR-133a-3p
mimic, and OE-circFgfr2+miR-133a-3p inhibitor groups. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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target miRNAs and their binding sites. MiR-133a was one of the most probable targets, in accordance with our previous study [13].
Bioinformatic analysis revealed two binding sites for miR-133a-3p and one binding site for miR-133a-5p on circFgfr2 (Fig. 4A). Po-
tential interactions between miR-133a-3p, miR-133a-5p, and circFgfr2 were simulated using RegRNA (Fig. 4B). Overexpression of
circFgfr2 significantly reduced the relative expression levels of both miR-133a-3p and miR-133a-5p (Fig. 4C). Dual-luciferase reporter
assays confirmed that both miR-133a-3p and miR-133a-5p effectively inhibited the luciferase activity of the wild-type (WT) circIRF2
reporter gene but not that of the mutant (MUT) circIRF2 vector (Fig. 4D). Furthermore, chromatin isolation by RNA purification
(ChIRP) analysis revealed significant enrichment of miR-133a-3p, but not miR-133a-5p, in the pellet pulled down by circFgfr2 probes
compared to the control probes (Fig. 4E). The mRNA levels of DLX3, RUNX2, and OPN in the miR-133a-3p mimic group were
significantly lower than those in the control group (Fig. 4F). The intensity of ALP staining was weaker in the miR-133a-3p group than
in the NC group (Fig. 4G). Fewer calcified nodules were observed in the miR-133a-3p group than in the NC group (Fig. 4G).
Collectively, these findings strongly indicated that circFgfr2 functions as a sponge for miR-133a-3p.

3.5. CircFgfr2 promoted osteogenic differentiation of DFCs through the miR-133a-3p/DLX3 axis

Because miRNAs primarily function by directly targeting mRNAs, potential downstream targets of miR-133a-3p were predicted
using the miRDB, microT-CDS, and TargetScan databases (Fig. SA). Among the top ten predicted downstream targets of miR-133a-3p,
DLX3 was identified and reported to be involved in osteogenesis (Fig. 5B). Dual-luciferase reporter assays were performed to inves-
tigate the direct interactions between miR-133a-3p and DLX3. The results indicated that miR-133a-3p overexpression significantly
reduced the activity of the luciferase reporter containing WT DLX3. However, this effect was abolished when the binding sites for miR-
133a-3p were mutated (Fig. 5C). Furthermore, the overexpression of miR-133a-3p significantly decreased DLX3 mRNA levels in DFCs
compared to those in the control group (Fig. 4F). These findings strongly suggested that DLX3 is a direct target of miR-133a-3p. We co-
transfected cells with miR-133a-3p mimics and inhibitors and performed rescue experiments. Regarding the mRNA levels of osteogenic
markers, the results showed that miR-133a-3p mimics partially suppressed the increase in circFgfr2 expression, resulting in decreased
DLX3, RUNX2, and OPN expression. Conversely, the miR-133a-3p inhibitor restored the downregulation of DLX3, RUNX2, and OPN
(Fig. 5D). In conclusion, circFgfr2 promotes osteogenic differentiation of DFCs through the miR-133a-3p/DLX3 axis.
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Fig. 6. GircFgfr2 enhances osteogenesis in vivo (A) H&E staining and (B) Masson’s trichrome staining of the composites (DFCE"F&2/3.TCP and
DFCNCeireFefr2 ;5 TGP scaffolds) after subcutaneous transplantation in immunodeficient mice for 8 weeks. (C) Anti-DLX3, (D) Anti-COL1, (E) Anti-
OPN and (F) Anti-RUNX2 immunohistochemistry staining of the composites. Scale bar: 60 pm.
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3.6. CircFgfr2 enhanced osteogenesis in vivo

To further investigate the role of circFgfr2 in osteogenesis in vivo, f-TCP scaffolds were implanted in the subcutaneous tissue of mice
with DFCs, and histological analyses were carried out. HE staining showed that circFgfr2 overexpression markedly enhanced new
bone-like tissue formation with upregulated bone mineral areas (Fig. 6A). Masson’s trichrome staining showed that circFgfr2 over-
expression increased the new bone volume in the scaffold tissue compared to that in the control groups (Fig. 6B). Immunohisto-
chemistry was performed for DLX3, COL1, OPN, and RUNX2 in the surrounding bone tissue, which exhibited brown staining. The areas
for DLX3, COL1, OPN, and RUNX2 in the OE-circFgfr2 groups were larger than those in the control group (Fig. 6C-F).

4. Discussion

Over the past decade, researchers have shown that circRNAs play critical roles in tissue development [20-24], yet their specific
roles in tooth development remain unclear. Our previous study showed that circFgfr2 expression increased while miR-133 expression
decreased during osteogenic differentiation in DFCs. Moreover, we elucidated the role of circFgfr2 as a facilitator during osteogenesis,
potentially serving as a sponge for miR-133; however, we could not elucidate the underlying mechanism [13]. Consequently, this study
was designed to further investigate the function of circFgfr2 during osteogenic differentiation and identify the circRNA-miRNA-gene
pathway.

First, we analyzed the characterization of circFgfr2, including genomic locus, back-splice junction site, closed-loop structure, and
subcellular localization. We demonstrated that circFgfr2 is primarily localized in the cytoplasm of DFCs. In this study, we evaluated the
role of circFgfr2 in osteogenesis. Our data indicated that circFgfr2 significantly increased the expression of the osteogenic markers
RUNX2, OPN, and DLX3 compared with the control group. CircRNAs have a variety of functional mechanisms in cells: serving as
miRNA sponges, interacting with proteins, regulating gene splicing or transcription, facilitating protein or peptide translation, and
participating in epigenetic regulation [25,26]. Overexpression of circFgfr2 accelerates myogenic differentiation and myotube for-
mation, thereby counteracting the inhibitory effects of miR-133a-5p and miR-29b-1-5p on chicken myoblasts [27]. The cytoplasmic
localization of circFgfr2 suggests that it may act as an miRNA sponge.

We then investigated circRNA-miRNA interactions. Consistent with our previous study, we found that miR-133a-3p and miR-133a-
5p are potential target miRNAs of circFgfr2. The binding sites for miR-133a-3p and miR-133a-5p on circFgfr2 were predicted using
bioinformatics analysis. Our study confirmed that mir-133a-3p is regulated by circFgfr2 by sponging it. Next, we investigated the
regulatory role of miR-133a-3p in the osteogenic differentiation of DFCs. Numerous studies have elucidated the functions of miRNAs in
osteogenesis. MiRNAs regulate gene expression by either inhibiting mRNA translation or promoting mRNA degradation by binding to
the 3-untranslated region of target genes [28]. Previous studies have shown that miRNAs can regulate osteogenic differentiation
positively or negatively [29-31]. MiRNAs target multiple genes by inducing translational repression and mRNA degradation. DLX3 is a
target of miR-133a-3p and plays a significant role in osteogenic differentiation. DLX3 mRNA is expressed at relatively high levels in
osteoblasts and stimulates osteoblastic differentiation [32]. DLX3 also influences cell proliferation and enhances the osteogenic dif-
ferentiation of iPSC-MSCs [33]. Deletion of DLX3 in neural crest cells is associated with decreased bone formation and mineralization
in craniofacial bones [34]. One study found that the transfection of miR-133a mimics in C2C12 premyoblast cells resulted in decreased
DLX3 protein expression [35]. Consistent with this, we found that miR-133a-3p inhibited DLX3 expression, which was attenuated by
circFgfr2 overexpression. However, further research is required to fully understand how DLX3 affects DFC differentiation.

It has been reported that DLX3 regulates the transcription of RUNX2 by binding to its promoters during osteogenic differentiation
[36]. RUNX2, a BMP response gene, is essential for early bone formation [37]. RNA and chromatin immunoprecipitation sequencing
analyses revealed that DLX3 regulates RUNX2 [38], while small-interfering RNA knockdown studies in osteoblasts have validated
DLX3 as a potent regulator of RUNX2 [36]. RUNX2 was identified as a direct target of miR-133a by a co-transfection experiment in
vascular smooth muscle cells with luciferase reporter plasmids containing WT or mutated 3'-untranslated region sequences of RUNX2.
It has also been reported that the overexpression of miR-133a suppresses osteogenic differentiation of vascular smooth muscle cells,
resulting in decreased RUNX2 expression [39]. A decrease in RUNX2 protein accumulation was observed following transfection with
miR-133a in osteoblasts and chondrocytes [40]. Moreover, inhibition of miR-133a expression using ibandronate enhanced RUNX2
mRNA expression in PDLSCs [41]. In this study, miR-133a-3p was found to suppress osteogenic differentiation, as well as DLX3 and
RUNX2 expression, in DFCs. Given that RUNX2 is a downstream target of DLX3, these findings suggest that miR-133a-3p directly and
indirectly inhibits osteogenesis by targeting RUNX2 and DLX3. However, it is essential that future studies investigate how DLX3
regulates RUNX2 expression.

At the forefront of next-generation RNA therapeutics, circRNAs are anticipated to treat a diverse range of diseases. In contrast to the
constrained applications of linear mRNA vaccines, which suffer from instability, inefficiency, and innate immunogenicity, circRNA
vaccines, incorporating internal ribosome entry sites and open reading frames, present an enhanced approach to RNA-based vacci-
nation. This method ensures safety, stability, ease of manufacturing, and scalability [42]. CircRNAs have been effectively utilized in
several Sars-CoV-2 vaccines, resulting in the increased production of neutralizing antibodies. An illustration of this is the circRNA
vaccine (VFLIP-X), employing an LNP delivery system, which generates a potent neutralizing antibody response against various
Sars-CoV-2 mutants in mice through immunization with 5 pg of circRNA [43]. Furthermore, studies have revealed that circRNA
vaccines effectively suppress tumor metastasis and demonstrate encouraging immune efficacy in mice [44]. In this study, we found
that circFgfr2 enhances new bone formation and osteogenic gene expression in vivo. Overall, our findings provide a novel biomarker for
bone diseases and a potential therapeutic target for bone regeneration.

In summary, this study demonstrates that circFgfr2 acts as a sponge for miR-133a-3p, thus positively regulating the osteogenic
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differentiation of DFCs. The circFgfr2/miR-133a-3p/DLX3 axis is a novel therapeutic target for bone regeneration using DFCs.
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