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Abstract: Bone defect is a serious orthopedic disease which has been studied for a long time. Alternative degradable
biomaterials are required for bone repairing and regeneration to address the limitation of autogenous bone. β-tricalcium
phosphate (β-TCP) is an alternative material with good cytocompatibility and has been used in bone defect treatment.
However, whether β-TCP contributes to osteogenesis of bone marrow stem cells (BMSCs) through N6-methyladenosine
(m6A) modification remains unknown. To address this issue, we verified the effects of β-TCP on osteogenesis of BMSCs.
We also studied the expression of m6A-related enzymes in BMSCs after β-TCP treatment. Furthermore, the m6A level
and stability of Runt-related transcription factor 2 (RUNX2) mRNA were investigated after β-TCP treatment. Finally, rat
calvarial defect models were performed to detect expression level of osteogenic factors and m6A-related enzymes after the
stimulation of three-dimension (3D)-printed β-TCP scaffolds. We found that β-TCP showed good biocompatibility and was
osteoinductive. Meanwhile, methyltransferase-like 3 (METTL3) increased, causing the elevation of m6A level of RUNX2,
results in stabler RUNX2 mRNA level. At last, based on the animal experiments, we demonstrated that the increase of
RUNX2 and METTL3 levels was induced by β-TCP. These findings suggest that METTL3 increases the m6A level of
RUNX2 mRNA after β-TCP induction, contributing to its stability, and the results in vivo also confirmed the osteogenic and
bone-repair properties of β-TCP.
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1. Introduction
Bone defect is one of the most common diseases
encountered in the field of orthopedics. With the
development of tissue engineering, allochthonous
and autogenous bones have commonly been used
for transplantation into the site of bone defects for
therapeutic purposes[1]. However, this never addresses
the problems, such as a shortage of bone sources and
high infection rates. In view of the limitation of bone
sources, degradable biomaterials such as hydroxyapatite
(HA) and β-tricalcium phosphate (β-TCP) have become
alternative choices for use in bone repair. β-TCP has
been widely applied in clinical treatments due to their
promising results. β-TCP has several beneficial properties
in the aspects of biocompatibility, osteoconductivity,
osteoinductivity, and biodegradability, and can be easily
manufactured into porous structures, which further
improves its biodegradability and makes it suitable as
a bone substitute for clinical application. Numerous
clinical trials have shown that β-TCP has a similar effect
on bone repair as allografts[1]. Conventionally, β-TCP is
used in the shape of disks or granules. Three-dimensional
(3D) printing technology, as an emerging technology,
has provided a new prospect in the treatment of bone
defect. 3D printing can be used to make porous β-TCP,
which is beneficial for ingrowth of new bone. In addition,
β-TCP combined with bone marrow mesenchymal stem
cells (bone marrow stem cells [BMSCs]) has shown
significantly higher degree of new bone formation
compared to β-TCP alone[2]. β-TCP/BMSCs combination
could be used to treat bone defects, bone nonunion, and
other orthopedic diseases requiring bone implantation,
with a lower infection rate and a higher success rate of
artificial bone implantation[3-7]. The osteoinductivity of
β-TCP is probably related to the osteogenesis induced
by BMSCs. It has been suggested that β-TCP promotes
upregulation of osteocalcin (OCN), osteopontin (OPN),
bone sialoprotein (BSP), and bone morphogenetic
protein 2[8]. Moreover, Runt-related transcription factor
2 (RUNX2), the key transcription factor in osteogenesis
of BMSCs, was also increased in expression level after
7 days of TCP stimulation[9]. However, the mechanism
by which β-TCP contributes to the high expression of
RUNX2 in BMSCs is not fully understood.
RUNX2 is an indispensable transcriptional factor
for the commitment of mesenchymal stem cells toward
the osteoblast lineage[10]. Knockout of RUNX2 causes
osteogenesis blockage at the cartilage stage, suggesting
that RUNX2 is a promoter of early mineralization[11].
Mechanistically, RUNX2, as a transcriptional factor, can
activate a large number of bone-related genes, including
OCN, OPN, bone sialoprotein, and alkaline phosphatase
(ALP)[12]. The osteoblast differentiation program also
requires the activation of the genes like osterix to encode a
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transcriptional factor downstream of RUNX2[13]. Notably,
RUNX2 is also regulated by N6-methyladenosine (m6A)
RNA methylation. Yan et al. discovered the dual signaling
cascades of osteogenic pathways: (i) Methyltransferaselike 3 (METTL3) upregulates m6A methylation of
RUNX2, which increases RUNX2 stability and level,
and contributes to osteogenesis; and (ii) METTL3
increases m6A methylation of pre-miR-320, decreases
miR-320 levels, upregulates RUNX2 levels, and
improves osteogenesis[14]. The dual mechanism of m6A
modification on osteogenic differentiation may be caused
by high or low levels of m6A modification[15]. However,
it is still unknown if the upregulation of RUNX2 after
β-TCP stimulation is related to m6A modification.
M6A RNA methylation plays an important role in
the regulation of numerous cell behaviors. M6A works
through three mechanisms: (i) Writing, which is regulated
by a methyltransferase complex consisting of METTL3,
METTL14, Wilms tumor-1-associated protein (WTAP),
and other methyltransferases, also known as writers[16-18];
(ii) erasing, which is regulated by demethylases fat mass
and obesity-associated protein (FTO) and AlkB homolog
5 (ALKBH5), also known as erasers[19]; and (iii) reading,
which is regulated by m6A-binding proteins, including
YTH family proteins and IGF2BP family members, also
known as readers. M6A also influences the osteogenic
differentiation of BMSCs in different ways; however, there
are contradictory opinions regarding the m6A regulation
mechanism. Wu et al. found that parathyroid hormone
(PTH)-induced osteogenic effects and the translation
efficiency of parathyroid hormone receptor-1 (Pth1r)
mRNA were decreased after the knockout of METTL3[20].
In contrast, METTL3 positively regulates myeloid
differentiation primary response 88 (MYD88), activating the
nuclear factor kappa B (NF-κB) signaling pathway, which
is regarded as an inhibitor of osteogenesis. Meanwhile, the
adverse effects of METTL3 can be reversed by ALKBH5[21].
M6A modification also regulates interaction between cell
and extracellular matrix. For example, overexpression
of METTL3 promotes accumulation of ECM in human
Tenon’s capsule fibroblasts[22]. However, the relationship
between osteoinductivity of β-TCP and m6A modification
remains unclear.
Therefore, the aim of this study is to prove that
β-TCP might promote the osteogenesis of BMSCs by
upregulating RUNX2 in an m6A-dependent manner,
further providing new evidence to support the clinical use
of β-TCP in bone defect treatment.

2. Materials and methods
2.1. 3D printing of β-TCP scaffolds
3D printing (REGENOVO, China) was utilized to make
β-TCP scaffolds for implanting the β-TCP into Sprague-
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Dawley (SD) rats. The β-TCP was mixed with Pluronic
F-127 in an aqueous solution to obtain a β-TCP ink, and
the mixture was then stirred until it was homogeneous.
The ink was printed using a 22G needle, and the scaffolds
were sintered at 1100°C for 3 h. The sintered β-TCP
scaffolds were observed by scanning electron microscopy
(SEM, USA). The scaffolds were then used for animal
experiments.

2.2. Cell culture
Primary bone marrow mesenchymal stem cells were
isolated after flushing the bone marrow of tibiae and
femurs from 1-week-old SD rats. The BMSCs were
cultured in α-minimum essential medium (α-MEM)
(HyClone, SH30265.01, USA) supplemented with 10%
fetal bovine serum (FBS; Gibco, 10099-141, USA), 1%
penicillin/streptomycin (Gibco, 15140122, USA), and
0.4% gentamicin (Sangon Biotech, Shanghai, China),
after which the cells were cultured at 37°C with 5% CO2
and 95% humidity. The cell medium was changed every
3–4 days and the BMSCs were passaged when they were
at nearly 80% confluence.

2.4. Cytotoxicity assay
After being incubated in the above-mentioned extract
with three replicates per group, BMSCs were seeded in
96-well plates at a density of 2.5×103 cells per well for
cytotoxicity assay. Cell Counting Kit-8 (CCK-8) assay
was performed on days 3 and 7 to assess the cytotoxicity
of the β-TCP extract. The BMSCs were incubated in
complete medium with 10% CCK-8 reagent (Dojindo,
CK04-05, Japan) for 2 h at 37°C. The absorbance of the
supernatant at 450 nm was measured using a microplate
reader (Infinite M200 Pro, Tecan, Switzerland).

2.5. ALP staining
ALP staining was conducted on the BMSCs after
incubation in the above extract for 7 days. BMSCs were
washed 3 times with phosphate-buffered saline (PBS)
and fixed with 4% paraformaldehyde (Beyotime, P0099,
China) for 15 min. After that, the BMSCs were washed
3 times with PBS. An ALP kit (Hongqiao Lexiang, LRBALP, China) was used to perform ALP staining according
to the manufacturer’s instructions. The results were
analyzed by ImageJ.

2.3. Preparation of β-TCP extract and
characterization measurement of β-TCP extract

2.6. RNA extraction and quantitative real-time
polymer chain reaction (PCR)

β-TCP powder was purchased from Kunshan Chinese
Technology New Materials Co., Ltd (China). Two
grams of the powder were incubated in 10 ml α-MEM
at 37°C for 24 h to prepare β-TCP extract (200 mg/
ml)[23-25]. Then, the mixture was centrifuged at 3000
×g, and the supernatant was collected. The extract
was sterilized through 0.22 μm filter membranes
(Millipore, SLGPR33RB, USA) and stored at 4°C
until further use. Size distribution and zeta potential
were detected by Nano Sizer and Zeta potential Tester
(Omni, USA). We diluted the β-TCP extract with
α-MEM to concentrations of 1/32, 1/64, and 1/128.
The concentrations of calcium (Ca) and phosphorus
(P) ions in the three extracts with the concentrations of
1/32, 1/64, and 1/128 and α-MEM (control, ctrl) were
detected using an inductively coupled plasma atomic
emission spectrometer (ICP-AES; avio500, USA). The
β-TCP extract at the three concentrations with α-MEM
was used for cell experiments and supplemented
with 10% FBS, 1% penicillin/streptomycin, 0.4%
gentamicin, and osteogenic induction component (10
mM β-glycerophosphate, 50 μM ascorbic acid, and
10 nM dexamethasone). Cells in the control group
were treated with α-MEM supplemented with 10%
FBS, 1% penicillin/streptomycin, 0.4% gentamicin,
and osteogenic induction component (10 mM
β-glycerophosphate, 50 μM ascorbic acid, and 10 nM
dexamethasone). The treatment lasted for 7 days.

After a culture period of 7 days, the total RNA from
the BMSCs seeded on 6-well plates, at a density of
2*10^5 cells per well, was extracted using TRIzol
reagent (Invitrogen, 15596018, USA) following the
manufacturer’s instructions. The concentration of
total RNA was measured using a NanoDrop ND1000 Spectrophotometer (Thermo Fisher Scientific,
USA), and 1000 ng of the extracted RNA was reverse
transcribed to cDNA using PrimeScript Master Mix
(TaKaRa, RR036A, Japan). For the qRT-PCR reaction,
2× SYBR Green qPCR Master Mix (Low ROX)
(Bimake, B21703, China) and Applied Biosystems
7500 Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA) were used. Glyceraldehyde3-phosphate dehydrogenase (GAPDH) was used as
the quantitative control for normalization. The 2−ΔΔCt
method was used to calculate the relative mRNA
levels. The primers used in this study are listed in
Table 1.

2.7. Prediction of Runx2 m6A methylation sites
The prediction of possible sites modified by m6A
was performed using SRAMP, a sequence-based m6A
modification site predictor (www.cuilab.cn/sramp).
The entire sequence of RUNX2 mRNA was imported
onto the server. Then, the possible Runx2 m6A
methylation sites were exported from the online tool
automatically.
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Table 1. Sequences of primers used in this study

Primer
GAPDH
METTL3
WTAP
ALKBH5
RUNX2
OPN
BSP
COL1

Forward primer (5’ to 3’)
GGCAAGTTCAACGGCACAGT
CAATGTGCAGCCCAACTGGATT
CTCGCCTCGTCTCTTCTGG
GGCTGCATCGTATCTCACGTA
TCTTCCCAAAGCCAGAGCG
GAGGAGAAGGCGCATTACAG
TACGAACAAATAGGCAACGAGT
TGACTGGAAGAGCGGAGAGTA

2.8. M6A-RT-PCR (MeRIP-qPCR)
After extraction with TRIzol, the total RNA was used for the
m6A-IP-PCR (MeRIP-qPCR). Total RNA (1 μg) was taken
out regraded as an input and was reverse transcribed to cDNA
instantly. The remaining RNA (20 µg) was equally divided
into RIP and IgG groups. The RNAs of the RIP and IgG
groups were immunoprecipitated with 5 μg m6A antibody
(Synaptic system, 202003, Germany) or anti-IgG (Cell
Signaling Technology, 2729S, USA) in 500 μL IP buffer
(150 mM NaCl, 0.1% NP-40, 10 mM Tris, pH 7.4, 100 U
RNase inhibitor) at 4°C for 2 h. The liquid was then mixed
with Pierce™ Protein A/G Magnetic Beads (Thermo Fisher
Scientific, 88803, USA) and rotated for 2 h at 4°C after the
beads were washed in 1 ml IP buffer twice. Afterward, the
mixture was washed with 1 ml IP buffer 4 times and eluted
twice with 50 μL elution buffer (5 mM Tris-HCl pH 7.5, 1 mM
EDTA pH 8.0, 0.05% sodium dodecyl sulfate (SDS), 20 mg/
ml Proteinase K) for 30 min. Then, the RNA was extracted
with TRIzol and reverse transcribed to cDNA with random
hexamers. cDNA (2 μL) from the RIP or IgG groups was
used for qRT-PCR. Relative fold enrichment was calculated
as 2-ΔΔCt. The primers for MeRIP-qPCR were as follows:
Forward, 5’ to 3’, TGTACCACACAGGTCACGATT;
reverse, 5’ to 3’, ATGAGGGGAGAAAATGCCAA.

2.9. RNA stability assays
To measure RNA stability, actinomycin D (Act-D;
Sigma, A4262, USA) was added to the BMSCs at 5 μg/
ml. After being incubated at 37°C for 0 h, 2 h, 4 h, and
6 h, the BMSCs were collected and RNA was extracted
with TRIzol for qRT-PCR. GAPDH was used as an
endogenous control.

2.10. Western blot analysis
The BMSCs were harvested using RIPA lysis buffer
(Beyotime, P0013B, China) containing 1% protease and
phosphatase inhibitor cocktail (100×) (Thermo Scientific,
78442, USA) and 1% phenylmethanesulfonyl fluoride
(PMSF) (100 mM) (Beyotime, ST506, China) followed by
centrifugation at 13,500 × g at 4°C for 15 min. The protein was
mixed with SDS-PAGE protein loading buffer (Beyotime,
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Reverse primer (5’ to 3’)
GCCAGTAGACTCCACGACAT
CACCATCTGGATACCTGTGCTT
TGTTTCACTCAGTCGGACCTTT
AGCAGCATACCCACTGAGCAC
TGCCATTCGAGGTGGTCG
AAACGTCTGCTTGTCTGCTG
TTCGTCCTCATAAGCTCGGTAA
GGGGTTTGGGCTGATGTACC

P0286, China) and boiled at 99°C for 5 min. Equal amounts
of protein lysates were subjected to SDS gel electrophoresis
and transferred onto polyvinylidene fluoride (PVDF)
membranes (Millipore, IPVH00010, USA). The membranes
were then blocked in Tris-buffered saline Tween-20
containing 5% non-fat milk at room temperature for 1 h
and incubated with a primary antibody at 4°C overnight.
The membrane was incubated with a secondary antibody
at room temperature for 1 h. Protein immunoreactivity was
detected using LI-COR Odyssey Fluorescence Imaging
System (LI-COR Biosciences, Lincoln, NE, USA) and the
protein immunoreactive band intensity was measured using
Image-Pro Plus 6.0. The antibodies used were as follows:
METTL3 (1:1000; Proteintech, 15073-1-AP, USA), WTAP
(1:6000; Proteintech, 60188-1-Ig, USA), ALKBH5 (1:6000;
Proteintech, 16837-1-AP, USA), RUNX2 (1:1000; Cell
Signaling Technology, 12556, USA), β-actin (1:6000;
Proteintech, 66009-1-Ig, USA), anti-rabbit IgG (H+L)
(DyLight™ 800 4X PEG Conjugate) (1:10,000; Cell
Signaling Technology, 5151, USA), and anti-mouse IgG
(H+L) (DyLight™ 800 4X PEG conjugate) (1:10,000; Cell
Signaling Technology, 5257, USA).

2.11. Animal experiments
(1) Calvarial defect model
Eight-week-old SD rats were chosen for the animal
experiments. All animal surgeries were performed under
sterile conditions. The rats were anesthetized, and a 10 mm
incision was made along the median line of the heads.
Two calvarial defects with a diameter of 7 mm were made
bilaterally using a circular bit. Then, the β-TCP scaffolds
were implanted carefully into a random side, and the
other side was used as a control. Subsequently, the skin
was sutured and the wound was disinfected.
Animal experiments of this study were approved by
the Ethics Committee of Shanghai Ninth People’s Hospital,
Shanghai JiaoTong University School of Medicine.
(2) Micro-computed tomography (micro-CT) analysis
Two months after the surgery, the SD rats were euthanized,
and the skulls were collected. A micro-CT scanning
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system (Bruker SkyScan 1176; Germany) was used to
analyze the samples, which were scanned with a spot size
of 10 μm, current of 250 μA, and maximum voltage of
40 kV. Then, the 3D images were reconstructed, and the
bone volume fraction (BV/TV) and bone mineral density
(BMD) were calculated using auxiliary software.
(3) Hematoxylin and eosin (H&E) staining and
Masson staining

A

C

B

D

The skull samples were fixed with 4% paraformaldehyde
and decalcified in 10% ethylenediaminetetraacetic
acid. Then, the samples were embedded in paraffin
and sectioned at a thickness of 5 μm. H&E staining
and Masson’s trichrome staining were performed as
previously described[26].
(4) Immunohistochemistry
The sample sections were incubated with primary
antibodies at 4°C overnight. The slides were then
incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies. Images were captured using a
microscope and the numbers of positive cells were
counted.

2.12. Statistical analysis
All results are expressed as mean ± standard deviation
(SD). Error bars represent the SD. A two-tailed Student’s
t-test and one-way analysis of variance were used to
analyze the difference between two groups and more than
2 groups, respectively; subsequently, Tukey’s post hoc
analysis was used to compare the differences between
three or more groups. Statistical significance was set at
*P < 0.05 and **P < 0.01.

3. Results
3.1. Characterization and biocompatibility of
β-TCP extract
We prepared extract of β-TCP made of β-TCP powder.
Size distribution analysis revealed a particle size
smaller than 10,000 nm and mainly between 300 and
1000 nm (Figure S1). The zeta potential of β-TCP
extract was −7.04 ± 0.69 mV (Table S1). Next, we
diluted β-TCP extract into the ratios of 1/32, 1/64, and
1/128. The concentrations of Ca and P ions (Ctrl, 1/32,
1/64, and 1/128) were detected by ICP-AES, as shown in
Figure 1A. The concentrations of Ca were 66.20 ± 1.53,
65.37 ± 0.81, 64.26 ± 0.97, and 65.79 ± 1.26 mg/L in
Ctrl, 1/32, 1/64, and 1/128 dilutions, respectively, while
the concentrations of P were 32.05 ± 1.64, 29.96 ± 0.65,
29.80 ± 0.96, and 30.99 ± 0.19 mg/L, respectively, which
were consistent with a previous study and showed no
significant difference in the concentrations of Ca and P[27].

Figure 1. Characterization and biocompatibility of β-TCP extract.
(A) Ion concentrations of Ca and P of α-MEM medium (Ctrl),
α-MEM with 1/32 dilution of β-TCP extract (1/32), α-MEM with
1/64 dilution of β-TCP extract (1/64), and α-MEM with 1/128
dilution of β-TCP extract (1/128). (B) pH values of Ctrl, 1/32, 1/64,
and 1/128 dilution groups. (C) OD values of BMSCs in Ctrl, 1/32,
1/64, and 1/128 dilution groups on day 3 by CCK-8. (D) OD values
of BMSCs in Ctrl, 1/32, 1/64, and 1/128 groups on day 7 by CCK8. *P < 0.05; **P < 0.01.

The pH values were 7.353 ± 0.012, 7.343 ± 0.012, 7.427
± 0.009, and 7.427 ± 0.021, respectively (Figure 1B).
The pH of the Ctrl and 1/32 dilution was significantly
different from that of 1/64 and 1/128 dilutions (P < 0.01).
The cytotoxicity of the β-TCP extract was examined
using the CCK-8 assay. It was found that BMSCs
proliferated, and the cell numbers increased over time
throughout the assay period. No significant difference
was observed between the Ctrl and β-TCP extracts on day
3 after treatment, revealing no cytotoxicity of the β-TCP
extract on day 3 (Figure 1C). On day 7 after treatment,
however, the absorbance of 1/32 and 1/64 dilutions of
β-TCP extract obviously decreased, showing a lower cell
viability than the Ctrl and 1/128 dilution of β-TCP extract
on day 7 (Figure 1D).

3.2. β-TCP promoted the osteogenic
differentiation of BMSCs
We then tested the osteogenic differentiation of the BMSCs
induced by β-TCP. As shown in Figure 2A and B, after
induction for 7 days, all the groups treated with β-TCP
extract showed approximately twice the ALP expression
than those of the Ctrl. However, the expression among
the three β-TCP groups showed no significant difference,
suggesting that the β-TCP extract could induce
osteogenic differentiation of BMSCs. We also examined
the expression of bone formation-related genes.
Figures 2C-F show that the levels of collagen type I
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A

B

F

C

E

D

G

H

Figure 2. Osteogenesis effects of β-TCP on BMSCs. (A) ALP staining of BMSCs in Ctrl, 1/32, 1/64, and 1/128 groups. Top-right corner
shows macroscopic pictures. Scale bars = 50 μm. (B) Quantitative results of (A). The mRNA expression levels of COL I (C), OPN (D),
BSP (E), and RUNX2 (F) in Ctrl, 1/32, 1/64, and 1/128 dilution groups are illustrated in bar charts. The mRNA expression levels were
determined by qRT-PCR. (G) The protein expression level of RUNX2 in Ctrl, 1/32, 1/64, and 1/128 dilution groups by Western blot. (H)
The quantitative result of (G). *P < 0.05; **P < 0.01.

(COL I) and OPN, which represent late osteogenesis,
in the β-TCP extract groups, were slightly lower than
that of the Ctrl group, except for the 1/128 dilution of
the β-TCP extract. Meanwhile, the levels of RUNX2 and
BSP, which represent early osteogenesis, increased. Since
RUNX2 was the key translation factor of osteogenesis,
we further tested the expression of RUNX2 protein by
Western blotting. The 1/64 and 1/128 dilutions of β-TCP
extract showed higher expression of RUNX2 protein than
the Ctrl (Figure 2G and H). These results demonstrated
the excellent osteoinductivity of β-TCP. Considering the
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cytotoxicity and osteogenic differentiation assay results,
we chose 1/128 dilutions of β-TCP extract for further
experiments.

3.3. Expression level of m6A-related enzymes
changed after β-TCP treatment
To study the effects of β-TCP on m6A-related enzymes
such as “writers” and “erasers,” we detected the mRNA
and protein levels of several m6A-related enzymes.
The results of the qRT-PCR analysis indicated that the
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main m6A methyltransferases (METTL3, WTAP) and
demethylases (ALKBH5) were significantly higher in
the BMSCs after β-TCP induction at the mRNA level
(Figure 3A-C). As determined by Western blotting,
WTAP and ALKBH5 showed no statistically significant
differences at protein level (Figure 3D, F and G).
However, METTL3 expression was obviously increased
(Figure 3D and E). All the results showed that β-TCP
regulated the m6A-related enzymes, which might have
an effect on the m6A level of osteogenesis-related genes.

3.4. RUNX2 showed higher m6A modification
and the degradation of RUNX2 mRNA slowed
down after β-TCP treatment
We further investigated the mechanism of RUNX2
increase after β-TCP treatment. First, we predicted the
possible sites of RUNX2 that might be modified by m6A.
As shown in Figure 4A, there were five sites that were
likely to be modified by m6A with high possibility. We
chose the 5279th site as the target site to design-specific
primers (Figure 4B). It was found that the m6A level
of RUNX2 in the BMSCs was significantly increased
B

A

C

D

E

F

G

by β-TCP, which might lead to an increase in RUNX2
expression (Figure 4C). To explore the effects of the
m6A level increase on the stability of RUNX2 mRNA, we
used Act-D, an RNA polymerase II inhibitor, to detect the
degradation of RUNX2 mRNA. The results showed that at
4 h and 6 h after the addition of Act-D, the degradation of
RUNX2 mRNA treated with β-TCP significantly slowed
down, that is, the half-life was prolonged (Figure 4D).
All the data indicated that the m6A level of RUNX2
mRNA increased and the degradation of RUNX2 mRNA
slowed down after the treatment with β-TCP.

3.5. β-TCP-induced osteogenesis in vivo
We further verified the effects of the β-TCP on
osteogenesis in vivo. β-TCP scaffolds were manufactured
by 3D printer (Figure 5A), and the diameter of which
was about 7 mm each (Figure 5B). The scaffolds were
made porous so that they were beneficial for adhesion of
BMSCs. The surface microstructure of β-TCP scaffolds
was demonstrated by SEM. Microscopically, the surface
of β-TCP scaffolds was also porous and rough, although
some particles were sintered together (Figure 5C). To
embed β-TCP into bone defect sites of rat cranial defect
models (Figure 5D), we manufactured β-TCP scaffolds
using 3D printing technology. Eight weeks after model
construction, we sacrificed the rats to obtain the skull
samples for micro-CT analyses. It was shown that some
new bone was formed inside and outside the cranial defect
(yellow section) (Figure 5E). Next, bone volume fraction
(BV/TV) and BMD were evaluated to assess new bone
formation. As shown in Figure 5F and 5G, BV/TV and
BMD in the β-TCP group increased approximately 2-fold
compared to that in the Ctrl group. The above findings
indicated that β-TCP-induced osteogenesis effectively
and significantly. Next, H&E and Masson’s trichrome
staining were performed to analyze the proportion of
osteogenic tissue. H&E staining showed that the bone
defect site was filled with soft tissue in the Ctrl group
but was surrounded by newly formed bone in the β-TCP
group (Figure 5H). Consistent with the H&E staining,
the Masson’s trichrome staining showed that more new
bone was present in the β-TCP group (Figure 5I). All
the above data indicated that TCP induced new bone
formation.

3.6. β-TCP increased the expression of METTL3
in vivo
Figure 3. Expression level of m6A-related enzymes after β-TCP
treatment. (A-C) The mRNA expression level of METTL3 (A),
WTAP (B), and ALKBH5 (C) in the Ctrl and TCP (1/128 dilution)
groups. The expression level was determined by qRT-PCR. (D) The
protein expression level of METTL3, WTAP, and ALKBH5 in the
Ctrl and TCP groups. (E-G) Quantitative results of (D). *P < 0.05;
**P < 0.01.

Furthermore, we investigated the expression levels
of a series of osteogenic factors and m6A-related
enzymes in vivo. RUNX2, OCN, and OPN are the most
common proteins involved in osteogenesis[3,26]. After
β-TCP treatment, the expression levels of RUNX2,
OCN, and OPN were significantly increased, indicating
the osteoinductivity of TCP in vivo (Figure 6A-D).
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A

B

C

D

Figure 4. m6A level of RUNX2 mRNA and the stability of RUNX2 mRNA after TCP treatment. (A) Possible sites with m6A modification
of RUNX2 mRNA. (B) Sequences of possible sites with m6A modification. (C) M6A level of RUNX2 mRNA in BMSCs in the Ctrl and
TCP groups. (D) The decay of RUNX2 mRNA after TCP treatment at 0, 2, 4, and 6 h. * P < 0.05; **P < 0.01.

Moreover, the expression levels of m6A-related enzymes
were detected by immunohistochemistry. Identical to
the in vitro results, the expression level of METTL3 on
the TCP group was approximately 1.5-fold higher than
that of the Ctrl group (Figure 6E and F). However,
the expression levels of WTAP and ALKBH5 were
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not significantly different between the two groups,
suggesting that METTL3 played a key role in the process
of osteogenesis induced by β-TCP (Figure 6E, G, H).
All the results indicated that β-TCP increased osteogenic
proteins in calvarial defect models, and METTL3 other
than WTAP or ALKBH5 promoted the osteogenesis.
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A
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Figure 5. Osteogenesis effects of β-TCP scaffolds in vivo. (A) β-TCP scaffolds were made. (B) The appearance of β-TCP scaffolds with
the diameter of around 7 mm. (C) SEM images of the surface microstructure of β-TCP scaffolds. (D) Rat cranial defect models were
constructed. (E) 3D reconstruction of micro-CT images. (F) Quantitative analysis of BV/TV of micro-CT images. (G) Quantitative analysis
of BMD of micro-CT images. (H) H&E staining of skull samples. Scale bars = 500 μm, 100 μm, respectively. (I) Masson staining of skull
samples. Scale bars = 500 μm, 100 μm, respectively. S: Soft tissue; B: Bone; M: Material. *P < 0.05; **P < 0.01

4. Discussion
Collectively, our study demonstrated that β-TCP scaffolds
made by 3D printing technology could induce osteogenic
differentiation of BMSCs in vitro. Meanwhile, BMSCs
stimulated by β-TCP extract had significantly higher
expression of METTL3 in the β-TCP group than in the
control group, which affected m6A modification of RNA

in BMSCs. Mechanistically, the m6A level of RUNX2
in BMSCs increased after β-TCP treatment, leading to
improved stability of RUNX2 mRNA and retardation
of decay of RUNX2 mRNA, which indirectly facilitates
an increase of RUNX2 mRNA and protein (Figure 7).
According to the animal experiments, we found that
β-TCP promoted new bone formation and increased
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A
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Figure 6. Immunohistochemistry analysis of osteogenic factors and m6A-related enzymes. (A) Immunohistochemistry analysis of Runx2, Ocn,
and Opn in the Ctrl and TCP groups. Arrows represented positive cells. Scale bars = 20 μm. (B-D) Quantitative results of Runx2 (B), Ocn (C),
and Opn (D). (E) Immunohistochemistry analysis of METTL3, WTAP, and ALKBH5 in the Ctrl and TCP groups. Arrows represented positive
cells. Scale bars = 20 μm. (F-H) Quantitative results of METTL3 (F), WTAP (G), and ALKBH5 (H). *P < 0.05; **P < 0.01.

METTL3 expression. These results suggested that β-TCP
could promote the osteogenic differentiation of BMSCs
by increasing the m6A modification of RUNX2.
Bones have numerous key roles in the human
body, such as acting as a framework to support the body,
protecting internal organs from injury, enabling body
movements, producing blood cells, and maintaining
calcium homeostasis[28]. Bone tumors, injury, and other
bone diseases are likely to lead to bone defects. For a long
time, bone defects have been a serious orthopedic disease
which downgrades the quality of life of patients[29]. In
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view of the limited bone repair capacity of autologous
BMSCs, it is necessary to use natural or synthetic bone as
a replacement in bone grafting[30]. In general, autogenous
bone grafts are the gold standard material for bone
substitutes[31]. Nevertheless, the inadequacies of allograft
bone and finite autogenous bone resources impose
restrictions on their clinical application[32].
The development of bone tissue engineering
provides a new prospect for treating bone defects. The
most important point is choosing feasible materials, which
requires a balance between new bone formation and material
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Figure 7. The mechanism of β-TCP contributing osteogenesis of
BMSCs. β-TCP increases the expression of METTL3, which leads
to an increase of m6A level of RUNX2 in BMSCs. The upregulation
of m6A level helps stabilize the RUNX2 mRNA, which indirectly
facilitates the increase of RUNX2 mRNA. As a consequence, more
RUNX2 protein promotes the transcription of other osteogenic
factors, launching the osteogenic differentiation of BMSCs. The
illustration was made using BioRender (https://biorender.com/).

degradation. Being one of the most crucial components of
the bone[33], HA was one of the materials studied in the early
stage for its bone repair potential[34,35]. HA has been used in
clinical treatment because of its good cytocompatibility[36].
Composites consisting of HA, such as polylysine-modified
coral HA, collagen-HA-based scaffolds, and chitosan/
curdlan/HA biomaterials, have been proven to improve
osteogenesis[37,38]. TCP, which is composed of phosphate
radicals and calcium ions in aqueous solution, is a new bone
substitute for bone regeneration. It is known that calcium
and phosphorus are the two fundamental elements of bones.
Therefore, these two elements of β-TCP promote bone
regeneration. Herein, we detected the release of calcium
and phosphorus, which was also reported in a previous
study[27]. No significant difference existing among the four
groups was possibly linked to the precipitation of calcium
phosphate. Since β-TCP extract showed alkalescence,
which was identical to pH values of body fluids, it had good
biocompatibility. Numerous studies have demonstrated
the cytocompatibility and osteoinductivity of TCP and its
composites[39]. Herein, our results suggested that β-TCP
extract showed low cytotoxicity, which disappeared after
the extract was diluted (in 1/128 dilution).
At the same time, the BMSCs stimulated by β-TCP
tended to undergo osteogenic differentiation relative to
the cells received no treatment; this was confirmed by
ALP staining and determination of mRNA and protein
expression of osteogenic factors. These results were
consistent with those of the previous studies[40]. Among the
osteogenic factors, RUNX2 has been proven to be a key
transcriptional factor that triggers the activation of other
factors and promotes osteogenic differentiation of BMSCs.
Thus, RUNX2 was regarded as a target gene in this study.

The mechanism by which β-TCP contributes to
osteogenesis is not well understood. To begin with
investigating the mechanism, we note that the m6A
modification shows strong association with osteogenesis,
and METTL3 affects the osteogenic differentiation of
BMSCs through the PI3K-Akt signaling pathway and the
expression level of VEGF[41]. In C3H10T1/2 cells, FTO
and p-AMPK form a positive feedback loop, stimulating
endoplasmic reticulum (ER) stress and inducing
osteogenic differentiation[42]. In view of the above, we
investigated the mechanism by which β-TCP contributed
to osteogenesis in terms of m6A modification. It was found
that mRNA and protein levels of METTL3 both increased
after β-TCP treatment, hinting at the significance of
METTL3 in the process of osteogenesis induced by
β-TCP. M6A RNA methylation is the most prevalent
post-transcriptional modification in mammals[43]. Usually,
m6A modification is regulated by methyltransferases
and demethylases, and then is identified by “readers”[44].
Recently, a growing number of studies have focused
on the effects of m6A modifications on osteogenesis.
Zhang et al. found that METTL3 knockdown suppressed
osteoblast differentiation and Smad-dependent signaling
by stabilizing Smad7 and Smurf1 mRNA transcripts in
a YTHDF2-dependent manner[45]. METTL3 is the most
important methyltransferases. In our study, METTL3 also
showed increase while the other m6A-related enzymes
did not.
There are many ways that m6A modification can
regulate mRNA in cells, depending on different m6A
binding proteins. Recent studies have reported new
findings on the m6A post-transcriptional modification
in the regulation of RNA transcription[46], splicing[47],
processing events[48], RNA stability[49], and translation[50].
Among these, cytoplasmic mRNA stability and reduction
in mRNA stability are crucial for cell activities. Thus,
we studied the mechanism of β-TCP osteoinductivity in
detail. The results showed that β-TCP increased the m6A
level of RUNX2 after β-TCP treatment by MeRIP-qPCR.
Simultaneously, the m6A level increase also resulted in
improved stability of RUNX2 mRNA induced by β-TCP,
and increased the mRNA and protein expression of
RUNX2, contributing to osteogenesis of BMSCs.
Finally, we verified the osteogenesis of β-TCP
through animal experiments. The calvarial defect model
is the most commonly used model for bone defects. The
micro-CT results suggested that more new bone was
formed after β-TCP induction. Likewise, the expression
of RUNX2, OCN, and OPN showed similar tendency to
those of the micro-CT. Besides, METTL3 expression level
also increased in the β-TCP embedded side, implying that
METTL3 exerted a vital influence on the osteogenesis
process. We also performed immunohistochemistry
analysis of m6A-related enzymes to study the effects
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of β-TCP in vivo, which shed light on the mechanism
of osteoinductivity of β-TCP from the perspective of
epigenetic modifications.

https://doi.org/10.1186/s12967-019-02131-y
4.

Cells and Porous β-tricalcium Phosphate Composites
Prepared

5. Conclusions
In this study, we investigated the effect of β-TCP on
osteogenic differentiation of BMSCs. The underlying
mechanism is that β-TCP increases the expression of
METTL3, leading to a higher m6A level of RUNX2. The
rise of m6A level results in the retardation of decay and
enhanced stability of RUNX2 mRNA, causing an increase
of RUNX2 mRNA and protein levels. As a result, RUNX2
triggers the transcription of other osteogenic factors and
promotes osteogenic differentiation of BMSCs.
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