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Introduction

Osteoporosis, trauma, and developmental abnormalities
frequently result in the occurrence of alveolar bone defects
and inadequate bone mass within the maxillofacial re-
gion.1,2 Consequently, the available choices for oral resto-
ration become limited, often necessitating the use of
removable dentures as the primary option to address the
absence of alveolar bone.3 Unfortunately, this approach
significantly diminishes both chewing efficiency and reten-
tion force. Furthermore, it adversely impacts the success
rate of oral implant surgery and necessitates bone grafting
procedures to augment bone mass, thereby imposing
additional trauma and financial burden on patients. Thus,
there is an urgent need to explore more efficient method-
ologies for enhancing bone growth.4 Over the past few
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years, the area of tissue regeneration using stem cells has
become a hopeful option for treating bone defects in a
clinical setting.5

Stem cells from human exfoliated deciduous teeth
(SHEDs) have garnered attention due to their capacity for
multi-directional differentiation.6 These cells originate
from the pulp stroma of deciduous teeth and exhibit robust
osteogenic differentiation and proliferation potential.
Notably, when compared to the commonly utilized BMSCs in
bone tissue regeneration research, SHEDs offer advantages
in terms of accessibility and reduced innate immunoge-
nicity.7 Consequently, SHEDs are regarded as a viable cell
source for bone tissue engineering and regenerative
medicine.8

N6-methyladenosine (m6A) methylation is the predomi-
nant form of RNA modification observed in eukaryotes,
constituting more than 60% of all RNA modifications.9,10 The
m6A modification process encompasses three primary
components: writers, erasers, and downstream readers.
Writers are responsible for the addition of m6A to RNA
molecules, while erasers dynamically remove m6A modifi-
cations. Downstream readers recognize m6A and subse-
quently mediate degradation or stability alterations in the
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associated RNA.11e13 The m6A Writer protein primarily
comprises core constituents METTL3, METTL14, and WTAP,
with the identification of additional member proteins such
as VIRMA and zc3H13 in recent years.14 Among these
enzyme proteins, WTAP was confirmed to be the third
component of methyltransferase. Importantly, WTAP mod-
ulates multiple biological functions of stem cells, including
pre-mRNA splicing, cell cycle progression and differentia-
tion capacities.15e17 However, the precise role of WTAP in
the osteogenic differentiation process of SHEDs remains
uncertain.

This study initially assessed the overall m6A modification
level of SHEDs during the process of osteogenic differenti-
ation, along with the expression level of WTAP. Subse-
quently, we observed that the promotion of osteogenic
differentiation in SHEDs is facilitated by WTAP, without any
notable impact on cell proliferation. Lastly, we explored
the potential role of the RUNX2 gene as a target for WTAP in
exerting regulatory effects. Our study elucidates the role of
RUNX2 from the perspective of m6A in the osteogenic dif-
ferentiation of SHEDs, and lays the foundation for the
application of WTAP mediated m6A modification in bone
tissue regeneration based on SHEDs.

Materials and methods

Cell isolation and identification

The separation method of SHEDs refers to published ref-
erences.18e20 Briefly, the pulp was initially digested at 37 �C
for 30 min in a-MEM (Gibco, Grand Island, NE, USA) sup-
plemented with 3 mg/mL of type I collagenase and 4 mg/
mL of trypsin (Gibco). Subsequently, the cells were incu-
bated in a-MEM supplemented with 10% FBS, and 1%
streptomycin-penicillin (Gibco) at 37 �C. Flow cytometry
was used to detect the expression of MSCs surface markers
such as CD29, CD34, CD45, CD90, and CD105.

Assay for counting cells using cell counting Kit-8

96-well culture plates were used to inoculate SHEDs, which
were given 24 h to adhere. After that, the cells were
switched to serum-free a-MEM medium and cultured for
another 24 h. Following this, the cells were cultured
continuously for 0, 1, 3, 5, and 7 days. Each time point, the
culture solution was aspirated and CCK-8 solution was
added. Subsequently maintained for a duration of 2 h. The
absorbance of each well was determined by employing
enzyme-linked immunosorbent assay at a wavelength of
450 nm.

EdU experiment

The SHEDs were immobilized using a 4% paraformaldehyde
solution and subsequently treated with 100 mL of a 0.5%
TritonX-100 solution for a duration of 10 min. Following
this, the samples were exposed to 1 � Apollo staining re-
action solution and incubated (darkness, 30 min). Subse-
quently, 100 mL of 1 � Hoechst 33,342 reaction solution was
added and incubated in darkness for another 30 min. The
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samples were then rinsed with PBS and examined under an
inverted fluorescence microscope.

Alkaline phosphatase and alizarin red staining

Mineralization was initiated once the cell density reached
70%e80%, with the solution being replaced every 3 days.
Following a 7-day culture period, SHEDs were immobilized
and subjected to ALP staining and quantification using the
instructions outlined in the ALP staining kit (Beyotime,
Shanghai, China). After a period of 14 days, the presence of
mineralized nodules was assessed by employing alizarin red
S staining (Beyotime).

Reverse transcription quantitative polymerase
chain reaction (RT-qPCR)

Total RNA was extracted from cells using Trizol for RT-qPCR
analysis. Afterward, the entire RNA extracted from cells in
every group was transformed into cDNA using reverse
transcriptase. The specimens were subjected to pre-
heating at a temperature of 95 �C for a duration of 5 min,
followed by heating at 95 �C for 10 s and cooling at 60 �C for
20 s, repeating this process for a total of 55 cycles. PCR
amplification was then carried out at 72 �C for 10 s. The
resulting CT values were compared for analysis. The primer
sequences employed in this study can be found in Table 1.

Western blot

SHEDs were collected and RIPA buffer was added to extract
proteins. Afterwards, electrophoresis was conducted uti-
lizing a 10% SDS-PAGE gel, then transferring onto a PVDF
membrane. After sealing the membrane with 5% experi-
mental skimmed milk for 1 h, it was incubated with the
primary antibody at 4 �C. The next day, using TBST washed
the membrane at room temperature and then incubated
with the secondary antibody for 2 h. After TBST washing,
the rinsed membrane was placed in an exposure box and
exposed to a chemiluminescence substrate for 1 min.
Finally, the membrane was appropriately positioned for
exposure and imaging.

Methylated RNA immunoprecipitation

Total RNA was extracted from SHEDS using the TRIzol
method. The immunoprecipitation (IP) buffer was incu-
bated for 1 h with either anti-m6A antibodies or anti-IgG
antibodies and protein A/G magnetic beads for the pur-
pose of binding. The resulting mRNA and magnetic bead-
antibody complexes were then introduced to the IP buffer
containing ribonuclease and protease inhibitors, and left to
react overnight at 4 �C. The RNA was subsequently eluted
using elution buffer and purified through phenol-chloroform
extraction.

RNA stability assay

Samples of SHEDs were collected after being cultured with
5 mg/mL actinomycin D (Sigma, St. Louis, MO, USA). The



Table 1 The primer sequences used for RT-qPCR.

Gene Forward primers (50-30) Reverse primers (50-30)

WTAP TTCCCAAGAAGGTTCGATTG TGCAGACTCCTGCTGTTGTT
ALP GACCTCCTCGGAAGACACTC TGAAGGGCTTCTTGTCTGTG
RUNX2 TCTTAGAACAAATTCTGCCCTTT TGCTTTGGTCTTGAAATCACA
OSX CCTCCTCAGCTCACCTTCTC GTTGGGAGCCCAAATAGAAA
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
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total RNA was purified for RT-qPCR, and the mRNA levels of
the target genes were compared to the levels of GAPDH in
order to normalize the data.

Bone regeneration experiment

This study adhered to the guidelines set forth by the Na-
tional Institutes of Health and was approved by the Animal
Ethics Committee of Nanjing Medical University (IACUC-
2108030). The methodology used to construct the model
was in line with established techniques outlined in the
literature.21 Briefly, SHEDs infected with OE-NC/OE-WTAP
were induced for mineralization over 3 w and subse-
quently co-cultured with Bio-Oss collagen. Male
SpragueeDawley rats aged 6 weeks (n Z 6) were anes-
thetized, and critical size defects measuring 5 mm were
surgically created on both sides of the calvaria. The Bio-Oss
collagen scaffold containing cells was then implanted into
the defect area. After 8 w, the samples were collected for
further studies. The parameter settings for micro-CT and
the steps for HE staining are the same as before.22

Statistical analysis

The statistical processing experiments were conducted in
triplicate, with the resulting data presented as the mean
and standard deviation. The statistical software SPSS 22.0
was employed, utilizing t-tests or one-way ANOVA, and a
significance level of P < 0.05 was designated as *, indicating
a statistically significant difference.

Results

The level of m6A modification increased with the
osteogenic differentiation of SHEDs

SHEDs were isolated and cultured using the enzyme diges-
tion method. Upon microscopic examination, the primary
cells emerged from the dental pulp tissue. Following sub-
culture to the third generation, the cells exhibited typical
fibroblast or spindle-like morphology (Fig. 1A). Positive
expressions of CD29, CD90, and CD105 were observed in
SHEDs by flow cytometry analysis, whereas CD34 and CD45
showed negative results (Fig. 1B). Furthermore, the crystal
violet staining demonstrated that SHEDs were capable of
forming cell colonies, and the cells displayed a regular
spindle shape under high-power microscopy (Fig. 1C).
These results indicate that we have successfully isolated
and cultured SHEDs.
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To elucidate the effect of m6A epigenetic modification
on the osteogenic differentiation of SHEDs, SHEDs were
induced in mineralization medium firstly. RT-qPCR results
revealing a gradual increase of osteogenic differentiation
markers (ALP, RUNX2, and OSX ) during the induction pro-
cess (Fig. 1D). Importantly, quantitative analysis confirmed
a concomitant gradual increase in the overall m6A modifi-
cation level of SHEDs (Fig. 1E). These findings suggest a
potential positive role of m6A modification in the osteo-
genic differentiation of SHEDs.

Knockdown of WTAP reduces the level of m6A
modification and inhibits osteogenic differentiation
in SHEDs

Western blot analysis revealed a significant increase in the
expression level of WTAP after 7 days of osteogenic in-
duction, which is accompanied by the increase of osteo-
genic differentiation markers (Fig. 2A and B).
Consequently, we hypothesize that WTAP might mediate
the m6A modification during the osteogenic differentiation
of SHEDs.

To confirm this, we employed siRNA transfection to
knockdown the expression level of WTAP in SHEDs, and
assessed the efficiency of knockdown using RT-qPCR assay
(Fig. 3A). The quantitative analysis of m6A revealed a
decrease in the level of m6A modification in SHEDs (Fig. 3B).
Besides, the expression levels of RUNX2, OSX, and ALP were
decreased through RT-qPCR and Western blot analysis
(Fig. 3C and D). Additionally, this trend was supported by
the results obtained from ALP and alizarin red staining, as
well as quantitative experiments (Fig. 3E and F).

Overexpression of WTAP up-regulates m6A
modification in SHEDS and promotes osteogenic
differentiation

To further investigate the role of WTAP-mediated m6A
modification in the process of osteogenic differentiation of
SHEDs, lentivirus over-expressing WTAP was used to infect
SHEDs. The expression of green fluorescence in SHEDs was
observed under the inverted fluorescence microscope
(Fig. 4A). Besides, the infection efficiency of lentivirus was
qualitatively analyzed using RT-qPCR and Western blot
(Fig. 4BeD). We observed an increase in the expression
levels of osteogenic differentiation markers following WTAP
overexpression (Fig. 4EeH). Furthermore, the ALP activity
and alizarin red staining in the OE-WTAP group presented
significant increase compared to the control group



Figure 1 (A) SHEDs exhibit fibroblast like morphology under the microscope. The above shows the primary generation, and the
following shows the P3 cells. (B) Identification of SHEDs by flow cytometry. (C) Observation of self-renewal ability of SHEDs through
plate cloning experiment. (D) RT-qPCR detection of expression levels of related markers during cell osteogenic induction process
(n Z 3). *P � 0.05, **P � 0.01 compared to control. (E) M

6

A activity gradually increases during osteogenic differentiation (n Z 3).
*P � 0.05, **P � 0.01 compared to control.

Figure 2 (A) Detection of expression levels of key m6A methyltransferase in SHEDs after osteogenic differentiation using Western
Blot. GM: Growth Medium; IM: Inducing differentiation medium. (B) Quantitative analysis of protein bands in Figure A (n Z 3).
*P � 0.05, **P � 0.01 compared to control; N.S.: No significant.
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Figure 3 After knocking down WTAP, the m6A modification level and osteogenic differentiation of SHEDs were inhibited. (A) RT-
qPCR detection of transfection efficiency (n Z 3). *P � 0.05 compared to control. (B) The m
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A modification level of cells decreases
after knocking down WTAP (n Z 3). *P � 0.05 compared to control. (C) RT-qPCR analysis showed that knocking down WTAP resulted
in reduced osteogenic differentiation in SHEDs induced for 3 and 7 days, respectively (n Z 3). *P � 0.05, **P � 0.01 compared to
control. (D) After 7 days of induction of osteogenic differentiation in SHEDs, Western Blot testing revealed that knocking down
WTAP resulted in reduced osteogenic differentiation (nZ 3). *P � 0.05, **P � 0.01 compared to control. (E, F) ALP staining, Alizarin
Red staining, and corresponding quantitative analysis revealed that knocking down WTAP reduced the deposition of mineralization
in SHEDs (n Z 3). *P � 0.05, **P � 0.01 compared to control. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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(Fig. 4IeK). The results of in vivo experiments found that
overexpression of WTAP promotes SHEDs to regenerate
bone tissue (Fig. 4L and M). These findings suggest the m6A
modification mediated by WTAP could promote the osteo-
genic differentiation of SHEDs.

WTAP had no significant effect on the proliferation
of SHEDs

The results of EdU suggest that there was no significant
alteration in the number of EdU positive cells between the
OE-WTAP group and the OE-NC group (Fig. 5A and B).
Moreover, the outcomes of CCK-8 experiment also revealed
no notable disparity in cell proliferation between the SHEDs
in the OE-WTAP group and those in the OE-NC group
(Fig. 5C). Collectively, these findings suggest that WTAP
does not exert a significant influence on the proliferation of
SHEDs.

RUNX2 is the downstream target gene of WTAP

Previous research has established that the transcription
factor RUNX2 plays a crucial role in bone tissue formation.
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Importantly, utilizing bioinformatics predictions, we have
identified 10 potential m6A modification sites on the RUNX2
that can bind to WTAP. The credibility of 5 of them belongs
to the moderate confidence or above, which provides us
with the possibility to study the directed differentiation
ability of SHEDs regulated by RUNX2 from the perspective
of m6A modification (Fig. 6A). To determine whether WTAP
directly targets m6A modification on the RUNX2, we have
designed a gene-specific m6A-qPCR experiment. The find-
ings indicate that the overexpression of WTAP in SHEDs
leads to an increase in the enrichment of m6A in RUNX2
mRNA, as demonstrated in Fig. 6B. Conversely, when the
expression of WTAP in SHEDs is reduced, the mRNA stability
of RUNX2 is diminished, as shown in Fig. 6C. Consequently,
it can be inferred from these results, as depicted in Fig. 6D,
that WTAP has the ability to target RUNX2 in SHEDs,
enhance the RUNX2 mRNA stability, and facilitate the pro-
cess of osteogenic differentiation in SHEDs.

Discussion

The utilization of SHEDs for bone tissue regeneration pre-
sents a novel approach for addressing bone defects in



Figure 4 Overexpression of WTAP promotes osteogenic differentiation of SHEDs. (A) Observation of lentiviral infection efficiency
under fluorescence microscopy. (BeD) Efficiency of WTAP overexpression through RT-qPCR and Western Blot assay (n Z 3).
*P � 0.05, **P � 0.01 compared to control. (E, F) The impact of WTAP overexpression on osteogenic differentiation markers was
assessed through RT-qPCR after 3 and 7 days of osteogenic induction (n Z 3). *P � 0.05, **P � 0.01 compared to control. (G, H)
Following 7 days of induction, Western Blot analysis demonstrated that overexpression of WTAP led to an upregulation of osteo-
genic differentiation (n Z 3). *P � 0.05, **P � 0.01 compared to control. (IeK) ALP staining, Alizarin Red staining, and subsequent
quantitative analysis indicated that overexpression of WTAP enhanced mineralization deposition in SHEDs (n Z 3). (L) Micro-CT and
HE staining confirmed that WTAP promotes bone regeneration in SHEDs in vivo. (M) Bone volume/trabecular volume (BV/TV) was
measured in the defect area. *P � 0.05, **P � 0.01 compared to control. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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clinical settings, demonstrating promising prospects for
application.23,24 The precise regulation of the biological
attributes of SHEDs is crucial for advancing the clinical
implementation of bone regeneration facilitated by SHEDs.
Herein, we successfully obtained primary human deciduous
teeth stem cells. Flow cytometry analysis revealed a high
positivity (>97.10%) for mesenchymal stem cell markers
(CD29, CD90, CD105). The hematopoietic stem cell markers
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CD34 and CD45 exhibited negative expression. Further-
more, the cells demonstrated the capacity for colony for-
mation, thereby confirming the successful isolation of
SHEDs.

N6-adenylate methylation (m6A) is the predominant RNA
modification observed in eukaryotes.25 Within mammals,
the process of RNA m6A modification is facilitated by a
methyltransferase complex known as “writers”, which



Figure 5 WTAP has no significant effect on the proliferation ability of SHEDs. (A, B) EdU assay found that there was no significant
change in the proliferation ability of SHEDs in the WTAP overexpression group compared to the control group. (C) The CCK-8 test
found that compared to the control group. There was no difference in the proliferation ability of WTAP group cells at different time
points.
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consists of three essential components: the catalytic factor
METTL3, the substrate METTL14, and the associated protein
WTAP.26,27 Recent studies have found that WTAP increases
the DNA methylation level of pri-miR-181a in BMSCs, sub-
sequently enhancing its transformation into mature miRNA
and facilitating osteogenesis. Furthermore, WTAP is
capable of augmenting the expression of miR-29 b-3p via
m6A modification, consequently amplifying the osteogenic
potential of these BMSCs in individuals with osteopo-
rosis.28,29 In this study, we induced SHEDs osteogenic dif-
ferentiation firstly and assessed the expression levels of key
methyltransferase enzymes using Western blot. Our findings
revealed a significant increase in the expression level of
WTAP, suggesting that WTAP may play a role in promoting
osteogenic differentiation of SHEDs.

To validate this hypothesis, the successful transfection
of si-WTAP was confirmed through RT-qPCR. Subsequently,
under osteogenic induction conditions, the RT-qPCR results
at 7 and 14 days indicated a downward trend in the
expression levels of osteogenic differentiation markers in
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the si-WTAP group compared to the control group. This
suggests that WTAP might promote the committed differ-
entiation of SHEDs. Western blot analysis further substan-
tiated this finding. Furthermore, the results obtained from
ALP staining, activity detection, and alizarin red staining
indicate a diminished mineralization capacity of SHEDs in
the si-WTAP group. Notably, a concurrent decrease in m6A
level was observed. Conversely, when SHEDs were infected
with WTAP overexpression lentivirus, an opposing trend was
observed. Recent research has highlighted the osteogenic
differentiation-promoting effects of WTAP on BMSCs and its
potential to mitigate estrogen deficiency-induced bone
loss.30 This is similar to the result of WTAP promoting the
directional differentiation of SHEDs found in this study.

The EdU and CCK-8 results showed no significant dif-
ference in the proliferation activity of SHEDs between the
OE-WTAP group and the control group. This suggests that
WTAP does not exert an influence on the proliferation of
SHEDs. In contrast, previous studies reported that WTAP
facilitates the proliferation of osteosarcoma cells.31,32 We



Figure 6 RUNX2 is a downstream target gene for WTAP mediated m6A modification to regulate SHEDs directional differentiation.
(A) Predicting potential modification sites on the RUNX2 gene through bioinformatics. (B) The m6A-IP experiment confirmed that
WTAP can target and modify RUNX2 (n Z 3). **P � 0.01 compared to control. (C) The actinomycin D experiment found that WTAP
mediated m
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A modification can enhance the gene stability of RUNX2. (D) The mechanism diagram of this study.
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postulate that this discrepancy may arise from the distinct
regulatory roles of WTAP in the proliferation mechanisms of
various cell lines.

In terms of its effect on RNA metabolism, m6A mainly
influences mRNA translation, mRNA splicing, mRNA nuclear
export, and mRNA stability.33e36 The present investigation
primarily concentrates on mRNA stability, as modifications
to mRNA decay significantly influence the abundance of
2312
cellular mRNA. It is widely recognized that RUNX2 serves as
an early osteogenic differentiation marker gene, and
numerous studies have substantiated its role in the osteo-
genic differentiation of SHEDs.37,38 This study is significant
as it marks the first exploration of WTAP-mediated RUNX2
m6A modification in the directional differentiation of
SHEDs, focusing on the aspect of m6A epigenetic modifica-
tion. The findings of this study contribute to the existing
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knowledge on the pathway of RUNX2 as a transcription
factor in the osteogenic differentiation of SHEDs.

In summary, the findings of this study demonstrate that
the WTAP gene has the ability to enhance the osteogenic
differentiation of SHEDs. Consequently, the utilization of
WTAP-modified SHEDs presents a novel avenue for investi-
gating bone regeneration.
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