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Abstract 

Background  Periodontitis is a highly prevalent oral disease characterized by bacterium-induced periodontal 
inflammation and alveolar bone destruction. Osteoblast function is impaired in periodontitis with a global proteome 
change. METTL3 is the pivotal methyltransferase of N6-methyladenosine (m6A) that is recently proved to exert a cru-
cial role in osteoblast differentiation. This study aims to investigate the role of METTL3 in osteoblast ribosome biogen-
esis in periodontitis progression.

Results  METTL3 was knocked down in osteoblasts, and the downregulated genes were enriched in ribosome 
and translation. METTL3 knockdown inhibited ribosome biogenesis and oxidative phosphorylation in LPS-stimulated 
osteoblasts, whereas METTL3 overexpression facilitated ribosomal and mitochondrial function. Mechanistically, 
METTL3 mediated osteoblast biological behaviors by activating Wnt/β-catenin/c-Myc signaling. METTL3 depletion 
enhanced the mRNA expression and stability of Dkk3 and Sostdc1 via YTHDF2. In periodontitis mice, METTL3 inhibi-
tor SAH promoted alveolar bone loss and local inflammatory status, which were partially rescued by Wnt/β-catenin 
pathway activator CHIR-99021 HCl.

Conclusions  METTL3 promoted ribosome biogenesis and oxidative phosphorylation by activating Wnt/β-catenin/c-
Myc signaling in LPS-treated osteoblasts and alleviated the inflammatory alveolar bone destruction in periodontitis 
mice.
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Background
Periodontitis is an oral inflammatory disease that pro-
gressively impairs the supportive structures of the 
teeth. Initiated by bacterial biofilms, periodontitis is 

characterized by gingival inflammation and osteo-
lytic lesions [1]. Lipopolysaccharide (LPS) derived from 
Gram-negative bacteria could disrupt the balance of 
bone resorption and formation and is considered as a 
vital inducer of inflammatory bone erosion in periodonti-
tis [2, 3]. As the most important bone-forming cell, oste-
oblast plays a pivotal role in alveolar bone development, 
growth, and maintenance. The impairment of osteoblast 
function by periodontal inflammation is responsible for 
alveolar bone loss, which has been an ongoing challenge 
for periodontitis therapy [4, 5].

Most cellular dysfunctions, such as inflammation and 
tumorigenesis, are coordinated with ribosome-depend-
ent proteome reshaping [6–8]. Ribosome forms the core 
of the translation machinery to decode mRNA messages 
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and build proteins. The eukaryotic ribosomes are com-
posed of different ribosomal RNAs (rRNAs) and ribo-
somal proteins (RPs), with the input of all three RNA 
polymerases (RNA pols) [9, 10]. Ribosome biogenesis 
is a multi-step process that begins in the nucleolus and 
concludes in the cytoplasm. The process is tightly con-
trolled by multiple checkpoint and surveillance pathways 
[11]. Any disruptions of ribosome neosynthesis can lead 
to congenital disorders, including defects in the craniofa-
cial, axial and limb skeleton [12]. Recent report showed 
that the ribosome biogenesis is dynamically orchestrated 
during osteoblast differentiation [13]. Nevertheless, the 
correlation between ribosome biogenesis and alveolar 
bone loss in periodontitis is still elusive.

N6-Methyladenosine (m6A) is one of the most abun-
dant RNA chemical modifications in eukaryotes and 
can modulate RNA splicing, degradation, transport and 
translation with the assistance of m6A readers [14–16]. 
Recent reports uncovered the essential role of m6A in 
bone-related diseases, such as osteoporosis, osteoar-
thritis, and fracture healing [17–19]. Our previous data 
elucidated the accelerative effect of N6-adenosine meth-
yltransferase METTL3 on the bone-building ability of 
bone marrow mesenchymal stem cells (BMSCs) and pre-
osteoblasts [20, 21]. METTL3 modulated osteoblast dif-
ferentiation and apoptosis in LPS-induced inflammatory 
environment [21, 22]. However, whether METTL3-medi-
ated m6A regulates the development of periodontitis 
remains unknown. The researches of METTL3 in osteo-
blast ribosome biogenesis and global protein synthesis 
are also limited. This study aimed to investigate the spe-
cific regulatory role of METTL3 in ribosomal function 
in LPS-stimulated osteoblasts and explore the effect of 
METTL3 inhibitor in periodontitis mice.

Results
RNA‑seq identifies ribosome as METTL3 potential target 
in LPS‑stimulated osteoblasts
Our previous study has elucidated that METTL3 expres-
sion was promoted during osteogenic induction but 
suppressed in LPS-stimulated osteoblasts. METTL3 
depletion inhibited the osteoblast differentiation and 
promoted inflammatory response upon LPS stimulation 
[21]. To further investigate the potential mechanism of 
METTL3 in inflammation-induced osteoblast dysfunc-
tion, METTL3 was knocked down by shRNA as our 
previous study [22]. RNA-seq analysis was performed 
after METTL3 knockdown (Fig.  1A). KEGG pathway 
and GO enrichment analysis showed that the differen-
tially expressed genes were enriched in ribosome and 
translation (Fig. 1B). GSEA analysis exhibited the decline 
of ribosome and cytoplasmic translation processes 
(Fig.  1C). Thus, the level of ribosome biogenesis was 

examined in LPS-stimulated osteoblasts. The expression 
of rRNAs and nascent protein synthesis decreased after 
osteogenic induction but increased after LPS stimulation 
(Fig. 1D, E). Accordingly, the RNA-seq results indicated 
that METTL3 might have a regulatory role in the process 
of ribosome biogenesis to support osteoblast activities.

METTL3 regulates osteoblast ribosome biogenesis 
and global translation
To determine the influence of METTL3 in ribosome 
biogenesis in periodontitis, the ribosomal synthesis and 
function were measured in LPS-stimulated osteoblasts. 
Compared with negative control, the expression of pre-
rRNA, 28S, 18S, 5.8S and 5S rRNA was reduced after 
METTL3 inhibition (Fig.  2A). RNA-seq data exhibited 
the heat map of RPs in Fig.  2B. We chose three signifi-
cantly expressed RP genes to verify the RNA-seq results 
and found that the expression of RPs decreased in 
METTL3 knockdown group (Fig.  2C). METTL3 knock-
down also inhibited osteoblast ribosomal subunits and 
polysomes. The translation efficiency of polysome was 
reduced in METTL3 knockdown cells (Fig. 2D). To avoid 
the anti-puromycin effect of virus, we used siRNA to 
knock down METTL3 and observed that METTL3 deple-
tion decreased osteoblast nascent protein level (Fig. 2E). 
Conversely, the expression of rRNAs and RPs was upreg-
ulated in oeMETTL3 cells (Fig.  2F, G). Surprisingly, the 
RNA decay of rRNAs showed unchanged after METTL3 
knockdown (Additional file 1: Fig. S1A). Altogether, these 
findings demonstrated that METTL3 acts as a positive 
regulator of ribosome biogenesis and global translation 
efficiency in LPS-stimulated osteoblasts.

METTL3 modulates oxidative phosphorylation and ATP 
production
Ribosome biogenesis is generally known as the most 
energy-consuming cellular process, and oxidative phos-
phorylation is the vital energy producing way [23]. GSEA 
analysis found that the ATP biosynthetic process and oxi-
dative phosphorylation were significantly downregulated 
by METTL3 depletion (Fig.  3A). To explore the effect 
of METTL3 on energy metabolic process, ATP produc-
tion and mitochondrial respiration were tested. Knock-
ing down METTL3 reduced ATP level and respiratory 
chain genes expression, while overexpressing METTL3 
promoted them (Fig. 3B, C). Moreover, METTL3 inhibi-
tion restrained MMP and improved the release of ROS 
(Fig. 3D, Additional file 1: Fig. S2A, B). These data con-
firmed that METTL3 modulates oxidative phosphoryla-
tion and ATP generation in LPS-treated osteoblasts.

To further validate the role of ribosome biogenesis 
and respiratory chain in METTL3-regulated osteoblast 
activities, cells were treated with CX-5461 or rotenone. 
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CX-5461 is a potent bioavailable inhibitor of RNA Pol 
I-mediated rRNA synthesis. Rotenone is a mitochon-
drial electron transport chain complex I inhibitor and 
can suppress ATP production. As shown in Fig.  3E, 
overexpressing METTL3 enhanced the proliferation 
of osteoblasts, while CX-5461 restrained the cell pro-
liferation. Rotenone also inhibited the cell activity in 

METTL3-overexpressed osteoblasts. The expression 
of RUNX2 and OSX increased in oeMETTL3 cells but 
decreased after CX-5461 or rotenone treatment (Fig. 3F, 
G). The ALP activity showed the same trend (Fig.  3H). 
These results indicated that METTL3 regulates ribosome 
biogenesis and mitochondrial respiration to affect osteo-
blast proliferation and differentiation.

Fig. 1  Identified of ribosome as METTL3 target in RNA-seq analysis in LPS-stimulated osteoblasts. A The knockdown efficiency was verified 
by western blotting. B KEGG pathway and GO enrichment analysis shown the differentially expressed transcripts between shCTRL and shMETTL3 
group. C The GSEA enrichment plot of the gene sets. D The rRNAs expressions were detected after osteogenic and LPS stimulation 3 days. n = 4. GM, 
growth medium; OM, osteogenic induction medium. E The cells were treated with 5 μg/mL puromycin for 40 min. The nascent polypeptides were 
measured by western blotting. β-Actin was used as internal control. n = 3. All data represent the mean ± SD. *P < 0.05
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Fig. 2  The effect of METTL3 knockdown and overexpression on ribosome biogenesis. A, C The expression of rRNAs and RPs was detected 
in METTL3 knockdown cells after LPS and osteogenic induction for 3 days. rRNAs, n = 4. RPs, n = 3. B A heatmap of differentially expressed RP 
genes. D The ribosome fractions were separated and quantitated by absorbance at 260 nm. The translation efficiency was recorded as the ratio 
between the absorbance of polysomes and not translating monosomes. E The protein synthesis rate was measured by puromycin incorporation 
assay in siMETTL3 cells. n = 3. F The overexpressing efficiency of METTL3 was tested by western blotting. G The expression of rRNAs and RPs 
was evaluated in METTL3-overexpressed cells. n = 3. All data represent the mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001

(See figure on next page.)
Fig. 3  The effect of METTL3 on oxidative phosphorylation and osteoblast differentiation. A GSEA analysis found that METTL3 depletion affected 
the genes in the ATP biosynthetic process and oxidative phosphorylation. B The ATP level was assessed in LPS-treated osteoblasts after METTL3 
knockdown and overexpression. n = 3. C The expression of respiratory chain genes was detected at day 3. Knockdown, n = 4. Overexpression, n = 3. 
D The level of MMP was measured after METTL3 knockdown. n = 3. E–H MC3T3-E1 cells were treated by osteogenic induction medium and LPS 
with or without 100 nM CX-5461/rotenone. Cell proliferation was analyzed by CCK8 assay (E). The expression level of RUNX2 and OSX on day 3 
was measured by western blotting (F) and qRT-PCR (G). The ALP staining was performed on day 7 (H). n = 3. All data represent the mean ± SD. 
*P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 3  (See legend on previous page.)
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METTL3 activates Wnt/β‑catenin/c‑Myc signaling 
to promote ribosome biogenesis and ATP production
To explore the regulatory pathway of METTL3 in ribo-
some biogenesis and ATP production, we evaluated the 
nucleolus and the signaling pathways linked with the 
ribosomal process. The AgNOR staining and immu-
nocytochemistry of NPM and Fibrillarin showed that 
nucleolar morphology and number had no significant 
changes in METTL3 knockdown cells (Additional file 1: 
Fig. S3A–C). The unchanged p53 pathway and activated 
mTOR-Akt pathway did not accord with the changes 
of ribosome biogenesis as reported (Additional file  1: 
Fig. S3D, E). Given the findings that Wnt/c-Myc sign-
aling regulates the process of ribosome biogenesis [24, 
25], the level of c-Myc was assessed. The results indi-
cated that METTL3 depletion decreased the expression 
of c-Myc and METTL3 overexpression resulted in the 
reverse effect (Fig. 4A, B). Nevertheless, the mRNA sta-
bility of c-Myc was unchanged after METTL3 knock-
down (Fig.  4A). The level of β-catenin pathway, the 
upstream of c-Myc, was then measured and the results 
showed that β-catenin was suppressed in shMETTL3 
cells and enhanced in oeMETTL3 cells (Fig. 4B).

To further validate the role of canonical Wnt/β-
catenin/c-Myc pathway in osteoblast ribosome bio-
genesis, cells were treated with the pathway activator 
CHIR-99021 HCl (CHIR). CHIR activated the Wnt/β-
catenin pathway and rescued the expression level of 
c-Myc with a marginal effect on METTL3 expression 
(Fig.  4C, D). The inhibition of rRNA, RPs, ribosome 
and global translation in METTL3 knockdown cells was 
reversed after using CHIR (Fig. 4E–H). CHIR treatment 
also enhanced the ATP production and mitochondrial 
membrane potential in shMETTL3 cells (Fig.  4I, J). In 
agreement with our previous research that METTL3 
depletion significantly inhibited osteoblast differentia-
tion [22], the protein levels of osteoblast marker Runx2, 
Osterix (OSX), and osteocalcin (OCN) were inhibited 
in METTL3 knockdown cells, which could be rescued 
by CHIR administration (Fig.  4K). Consequently, we 
concluded that METTL3 activates Wnt/β-catenin/c-
Myc to promote ribosome biogenesis and ATP produc-
tion in LPS-treated osteoblasts.

METTL3 regulates Dkk3 and Sostdc1 mRNA decay 
in a YTHDF2‑dependent way
The activation of canonical β-catenin-dependent path-
way is regulated by a number of secreted extracellular 
antagonists. GSEA analysis indicated that the negative 
regulation of Wnt signaling pathway was increased in 
shMETTL3 cells (Fig.  5A). To elucidate how METTL3 
affected these negative regulators, the mRNA decay 
of the significantly expressed genes was tested. The 
mRNA degradation of Dact3, Hic1 and Lzts2 performed 
unchanged (Fig.  5B), while Dkk3 and Sostdc1 had sig-
nificant differences. METTL3 depletion enhanced Dkk3 
and Sostdc1 expression and RNA stability (Fig.  5C, D). 
Nevertheless, the Wnt pathway activator CHIR did not 
reverse the increased expression of Dkk3 and Sostdc1 in 
METTL3-deficent cells (Additional file 1: Fig. S4A, B).

METTL3 generally exerts its effect through selective 
recognition by m6A reader. YTHDF2 is the main m6A 
reader that is identified to recognize and affect the stabil-
ity of the m6A-modified mRNA [26]. Our results showed 
that Dkk3 and Sostdc1 could bind with YTHDF2 and the 
binding was inhibited by METTL3 knockdown (Fig. 5E). 
Knocking down YTHDF2 increased the mRNA stabil-
ity and level of Dkk3 and Sostdc1 (Fig.  5F–H). Thus, 
METTL3 promoted Dkk3 and Sostdc1 mRNA degrada-
tion via a YTHDF2-dependent manner.

METTL3 inhibitor SAH facilitates the bone loss 
and inflammatory response in periodontitis
In order to determine the effect of METTL3 in periodon-
titis, a known methyltransferase inhibitor SAH was used 
to treat LPS-stimulated osteoblasts in vitro and injected 
into ligature-induced periodontitis model in vivo. SAH 
suppressed the protein levels of β-catenin, c-MYC, and 
RUNX2, whereas CHIR rescued the effect of SAH in 
osteoblasts (Additional file 1: Fig. S5A). In murine peri-
odontitis, alveolar bone destruction, collagen fibers 
destruction, inflammatory cell infiltration and osteoclas-
togenesis increased in SAH group, compared with those 
in periodontitis group (Fig. 6A–D, Additional file 1: Fig. 
S5B). The RUNX2 positive cells in the periodontal liga-
ment and alveolar bone decreased in periodontitis group 
and was further reduced in SAH group (Fig.  6E). The 
expression of c-Myc and 45S rRNA showed a decreasing 

Fig. 4  The role of Wnt/β-catenin/c-Myc signaling in METTL3-depletion cells. A The expression and mRNA degradation of c-Myc were 
tested by qRT-PCR. n = 3. B The protein level of β-catenin and c-Myc on day 3 was measured by western blotting. C–F The cells were treated 
with or without CHIR for 3 days. The expression of β-catenin, c-Myc, rRNAs and RPs was evaluated by qRT-PCR and western blotting. c-Myc, rRNAs, 
n = 4. RPs, n = 3. G, H The ribosomal level and neo protein synthesis rate were measured on day 3. n = 3. I, J The ATP level and MMP was detected 
on day 3. n = 3. (K) The osteogenic markers RUNX2, OSX, and OCN were measured by western blotting. All data represent the mean ± SD. *P < 0.05; 
**P < 0.01; ***P < 0.001

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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Fig. 5  The effect of METTL3 and YTHDF2 on the mRNA stability of Dkk3 and Sostdc1 in Wnt/β-catenin signaling. A GSEA analysis identified 
the negative regulation of Wnt signaling pathway. B, D, H The METTL3/YTHDF2-kncokdown cells were stimulated with LPS and osteogenic 
induction medium for 64 h and then treated with 5 μg/mL ActD for 0–8 h. The mRNA expression of Dact3, Hic1, Lzts2, Dkk3 and Sostdc1 
was measured by qRT-PCR. n = 3. C, G The expression of Dkk3 and Sostdc1 was examined by qRT-PCR during 3-day LPS-stimulated osteoblast 
differentiation. n = 4. E The binding between YTHDF2 and Dkk3 or Sostdc1 was determined by RIP assay. n = 3. F The knockdown efficiency 
was verified by western blotting. The results are shown as the mean ± SD. *P < 0.05; **P < 0.01

Fig. 6  The effect of SAH and CHIR in osteoblasts and periodontitis mice. A, B Representative micro-CT reconstruction images of the maxillae. Red 
area showed the CEJ-ABC distance. Red lines showed the alveolar bone. CEJ, cementum enamel junction; ABC, alveolar bone crest. C H&E staining 
images of the periodontal tissues. Black arrows point to ABC. Black lines represent the bone loss in root furcation. D TRAP staining images in root 
furcation. R, root. E, F IHC staining of RUNX2 and c-MYC in the periodontal ligament and alveolar bone. G The expression of c-Myc, 45S rRNA, 
RANKL(Tnfsf11) and TNF-α(Tnfa) of periodontal tissues was detected by qRT-PCR. n = 3. H Schematic diagram illustrating the mechanism of METTL3 
regulating osteoblast ribosome biogenesis and oxidative phosphorylation via Wnt/β-catenin/c-Myc signaling in periodontitis. All data represent 
the mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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trend, while the expression of RANKL and TNF-α 
increased after injecting SAH (Fig.  6F, G). All these 
effects of SAH were reversed by the Wnt pathway activa-
tor CHIR (Fig. 6A–G). The alveolar bone erosion, colla-
gen fibers destruction, and inflammatory response were 
attenuated after CHIR treatment (Fig. 6A–D, Additional 
file 1: Fig. S5B). These results collectively suggested that 
the alveolar bone loss and inflammation in periodontitis 
were worsened by METTL3 inhibitor SAH and this dete-
riorative effect was partially rescued by CHIR.

Discussion
Periodontitis is a common infectious disease that affect 
bone, gingiva, and periodontal ligament, involving com-
plex dynamic interactions among bacterial pathogens 
and host immune responses. Periodontal pathogen inhib-
its the function of osteoblasts, thereby disturbing the 
strict synchronization of bone resorption and formation 
in periodontal tissue [27, 28]. Recent studies have dem-
onstrated that osteoblast activity is controlled by m6A 
methylation, the most ubiquitous mRNA modification in 
eukaryotes [29, 30]. Our previous research demonstrated 
that the levels of m6A methyltransferase METTL3 were 
promoted during osteogenic induction but suppressed 
upon LPS treatment. METTL3 promoted the osteoblast 
differentiation and inhibited inflammatory response in 
both osteogenic induction and LPS-induced environ-
ments [21, 22].

In order to investigate the underlying mechanism of 
METTL3-mediated osteoblast activity in periodontitis, 
RNA-seq was performed in the present study and data 
showed that the genes of ribosome and cytoplasmic 
translation were downregulated in METTL3 knockdown 
osteoblasts after LPS treatment. The ribosome is a multi-
unit complex that translates mRNA into protein. Ribo-
some biogenesis is the process that generates ribosomes 
and plays an essential role in regulating cellular homeo-
stasis [31]. Importantly, changes in ribosome biogenesis, 
both physiologically and pathologically, are now known 
to be critically important for cell fate determination [8, 
32]. Mutations in ribosomal proteins and regulators of 
ribosome biogenesis cause ribosomopathies with skeletal 
defects, such as Treacher Collins syndrome, indicating 
the critical role of ribosome biogenesis in bone develop-
ment [33, 34]. In the present study, the level of rRNAs 
and global translation decreased during osteoblast dif-
ferentiation and increased in LPS-induced inflamma-
tion, implying that ribosome biogenesis might be pivotal 
for osteoblast biological behaviors. Recently, METTL3 
was proved to sustain aberrant ribosome level and 
translation to regulate the cell proliferation in chronic 
myeloid leukemia [35]. Our research found that the 
expression of rRNAs and RPs, ribosomal amount, and 

translational rate were inhibited after METTL3 deple-
tion and enhanced after METTL3 overexpression under 
LPS-induced condition. These results uncovered the pro-
moting role of METTL3 in ribosome biogenesis in LPS-
treated osteoblasts.

Ribosome biogenesis is the most energy-demanding 
process in eukaryotic cells, consuming a large portion 
of energy. It requires extensive regulation and coordi-
nation with other cellular pathways [23, 36]. The GSEA 
analysis of RNA-seq identified the impairment of ATP 
biosynthetic process and oxidative phosphorylation in 
METTL3 knockdown cells in this study. Oxidative phos-
phorylation is the final common pathways for the genera-
tion of ATP needed to fuel bone formation [37, 38]. Our 
data confirmed that METTL3 knockdown prevented the 
ATP production and the respiratory chain gene expres-
sion, whereas METTL3 overexpression exhibited the 
reverse effect. METTL3 knockdown also reduced MMP 
level and increased ROS release. The ribosome biogene-
sis inhibitor CX-5461 and the respiratory chain inhibitor 
rotenone both showed suppressive impacts on the osteo-
blast proliferation and differentiation in METTL3-over-
expressed cells. Therefore, METTL3 mediated oxidative 
phosphorylation and ATP production in LPS-stimulated 
osteoblasts. METTL3 promoted ribosome biogenesis and 
mitochondrial respiration to affect osteoblast prolifera-
tion and differentiation.

The nucleolus is the hub for ribosome biogenesis, in 
which the initial and speed-limiting step takes place. 
Ribosomal stress, also called nucleolar stress, refers to 
the collapse of nucleolar gross architecture and function 
induced by abnormal conditions [39, 40]. In the present 
study, no significant change of the nucleolar number 
and morphology was found in METTL3 knockdown 
osteoblasts. The RNA stability of rRNAs also performed 
unchanged after knocking down METTL3, indicat-
ing that the regulation of METTL3 on rRNA metabo-
lism was limited. Multiple signal transduction events 
have been reported to control ribosome biogenesis and 
protein synthesis, such as Wnt/c-Myc, Mdm2-p53, and 
PI3K-Akt-mTOR pathways [41–43]. Surprisingly, the 
p53 pathway remained unchanged and the mTOR-Akt 
pathway was activated in this study, which were at odds 
with the trend of ribosome biogenesis in osteoblasts. It 
is generally acknowledged that Wnt signaling participates 
in osteoblast differentiation and metabolism. When the 
canonical pathway is activated, accumulated β-catenin 
translocates into the nucleus and induce the transcrip-
tion of target genes, such as c-Myc [44]. Our results indi-
cated that METTL3 activated the Wnt/β-catenin/c-Myc 
pathway in LPS-stimulated osteoblasts. The expression 
of c-Myc and β-catenin decreased after METTL3 knock-
down and increased following METTL3 overexpression, 
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though the mRNA stability of c-Myc was unchanged. 
Wnt pathway activator CHIR was then used to res-
cue Wnt/β-catenin/c-Myc pathway. The results showed 
that CHIR restored the expression levels of c-Myc and 
β-catenin in METTL3-depletion cells, with little impact 
on the METTL3 expression. Further, the ribosome bio-
genesis and global translation were enhanced, and ATP 
production and oxidative phosphorylation were rescued 
by CHIR. The protein levels of the osteogenic markers 
were also retrieved after CHIR treatment. These findings 
demonstrated that METTL3 mediated Wnt/β-catenin/
c-Myc axis to promote osteoblast ATP production, 
ribosome biogenesis and osteoblast differentiation in 
LPS-stimulated condition.

The activation of canonical β-catenin-dependent path-
way is determined by numerous factors. The Dickkopf 
(Dkk) family and Sostdc1 are secreted proteins that 
can competitively bind to the extracellular domains of 
Lrp5/6 and disturb their interaction with Wnt proteins 
[45, 46]. In the present study, GSEA analysis showed 
that METTL3 inhibition elevated the expression of 
Wnt signaling pathway negative regulators. To further 
explore the mechanism of Wnt/β-catenin/c-Myc path-
way in METTL3-mediated osteoblasts, the differently 
expressed regulators in this gene set were assessed. The 
results showed that the mRNA expression and stability 
of Dkk3 and Sostdc1 increased after METTL3 knock-
down, indicating a possible regulatory way of METTL3 
in Wnt pathway. The m6A sites on Dkk3 and Sostdc1 
mRNA were analyzed by SRAMP (http://​www.​cuilab.​cn/​
sramp) and we found that both mRNAs have m6A sites, 
suggesting that the regulation of METTL3 on the mRNA 
decay of Dkk3 and Sostdc1 might be m6A-dependent 
[47]. The molecular and biological functions involv-
ing m6A are mostly mediated by m6A-recognizing RNA 
binding proteins (also known as m6A readers), such as 
YTH domain-containing proteins. Recent reports outlin-
ing the mechanism behind the decay of m6A-modified 
mRNAs indicate that YTHDF2 is the major decay-
inducing reader protein via recruiting the CCR4-NOT 
deadenylation complex or by an HRSP12-dependent 
endoribonucleolytic-cleavage pathway [15, 48]. Recent 
evidence showed that METTL3 promotes cholangiocar-
cinoma progression by YTHDF2-mediated IFIT2 mRNA 
degradation [49]. METTL3 facilitates bladder cancer 
growth and metastasis by suppressing RRAS expression 
in a YTHDF2‑dependent manner [50]. To illuminate if 
YTHDF2 recognized the mRNA of Dkk3 and Sostdc1 
and modulated the mRNA decay, RIP-PCR and RNA sta-
bility assay were performed. The results indicated that 
the binding of Dkk3, Sostdc1 mRNA and YTHDF2 pro-
tein was regulated by METTL3. YTHDF2 knockdown 
reduced the mRNA degradation of Dkk3 and Sostdc1 

and accelerated their expression. Collectively, METTL3 
promoted the mRNA decay of Wnt signaling antagonists 
Dkk3 and Sostdc1 via a YTHDF2-dependent manner in 
osteoblasts.

SAH is an amino acid derivative that has strong inhibi-
tory effect on METTL3 activity with an IC50 value 
of 0.9 ± 0.1  µM [51]. To further confirm the effect of 
METTL3, SAH was used to treat LPS-stimulated osteo-
blasts. The expression of β-catenin, c-MYC, and RUNX2 
in osteoblasts was suppressed by SAH and reversed by 
CHIR [4]. To evaluate the effect of METTL3 in  vivo, a 
ligature-induced periodontitis model was built in mice 
and SAH was injected into the palatal mucosa of maxil-
lary second molars. The histological results indicated that 
SAH injection deteriorated the alveolar bone destruction 
and inflammatory response and inhibited the bone regen-
eration, which were partially rescued by CHIR treatment. 
The expression of RANKL and TNF-α displayed the same 
trend with bone resorption and inflammatory response. 
The RUNX2 positive cells decreased after SAH injec-
tion and increased after CHIR treatment. IHC staining 
showed that the protein expression of c-MYC in peri-
odontal tissue decreased in SAH group and increased in 
SAH + CHIR group. A similar trend was observed for 45S 
rRNA level. Accordingly, METTL3 inhibitor promoted 
local inflammatory osteolysis in periodontitis mice, while 
Wnt signaling activator CHIR partially reversed the effect 
of SAH.

Conclusions
This study aimed to clarify the role of m6A methyltrans-
ferase METTL3 in osteoblast biology process in peri-
odontitis and explore its potential mechanism. METTL3 
activated Wnt/β-catenin/c-Myc axis to facilitate ribo-
some biogenesis and translation rate, which influenced 
osteoblast function in periodontitis. Mechanistically, 
METTL3 inhibited Dkk3 and Sostdc1mRNA stability in 
a YTHDF2-dependent manner to promote Wnt signal-
ing pathway. These findings highlight the importance of 
METTL3-meditated Wnt/β-catenin/c-Myc signaling in 
osteoblast activity and provide a promising therapeutic 
target for periodontal disease.

Methods
Cell culture and treatment
MC3T3-E1 cells were cultured and osteogenic induced 
according to our previous study [21]. Escherichia coli LPS 
(Sigma, St. Louis, MO, USA) of 1 μg/mL was added into 
the osteogenic medium. CHIR-99021 HCl (CHIR) (Sell-
eck, Shanghai, China) was used at 3  μM for indicated 
times.

http://www.cuilab.cn/sramp
http://www.cuilab.cn/sramp
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Cell transfection
Lentiviruses were all purchased from Shanghai Gene-
chem company. The shRNA sequences against METTL3 
were CGT​CAG​TAT​CTT​GGG​CAA​ATT, and non-spe-
cific control shRNA were TTC​TCC​GAA​CGT​GTC​ACG​
T. METTL3 overexpressing lentivirus contained the 
full-length sequences of METTL3. The lentiviruses were 
transduced into cells with a multiplicity of infection of 
80. Transfected cells were maintained with puromycin 
(Sigma) of 6 µg/mL for more than 3 d. The siRNA against 
METTL3, YTHDF2 or negative control was transfected 
as previous description [21].

RNA sequencing (RNA‑seq)
Approximately 20 ng of Poly(A) RNA was purified from 
the shCTRL and shMETTL3 cells after stimulation 
72  h with two biological replicates in each group. After 
reverse transcribing into cDNA, samples were sequenced 
by BGI-SEQ500 platform (BGI, Shenzhen, China). The 
expression was quantified as reads per kilobase per 
million reads (RPKM). Differentially expressed genes 
were identified by fold change >|1| and P < 0.05. Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analyses were performed with the BGI 
data analysis platform and bioinformatics.

Real‑time quantitative polymerase chain reaction 
(qRT‑PCR)
Total RNA was extracted by RNAzol (MRC, OH, USA) 
and converted into cDNA by the Takara PrimeScriptTM 
RT kit. RT-PCR was performed with Roche SYBR Green 
I Master Mix using QuantStudio 5. The primer sequences 
are listed in Additional file 1: Table S1. β-Actin was used 
as a normalization control.

Western blotting
Total proteins were extracted by RIPA lysis buffer. Equal 
quality proteins were separated by 10% SDS-PAGE and 
transferred onto the PVDF membranes. The mem-
branes were blocked followed by incubation with pri-
mary antibodies against RUNX2, OSX, OCN, c-MYC 
(Affinity Biosciences, Cincinnati, OH, USA), METTL3, 
YTHDF2 (Proteintech, Chicago, IL, USA), PUROMYCIN 
(Kerafast, Boston, MA, USA), p-p53, p53, p-AKT, AKT, 
p-mTOR, β-catenin, β-actin, β-tublin, and vinculin (CST, 
Boston, MA, USA) and secondary antibodies (CST). Tar-
get protein bands were visualized by ECL (Millipore) and 
quantified by ImageJ.

RNA immunoprecipitation (RIP)‑qPCR analysis
For RNA immunoprecipitation, the Magna RIPTM kit 
(Millipore, Billerica, MA, USA) was used in accordance 
with the manufacture instructions. 2 × 107 cells were 

lysed and immunoprecipitated with YTHDF2 antibody 
or IgG overnight. The bound RNA was then assessed by 
qRT-PCR.

Mitochondrial membrane potential (MMP) analysis 
and reactive oxygen species (ROS) analysis
To assess the level of MMP, cells were incubated with 
100 nM Mito-Tracker Red CMXRos (Beyotime) at 37 °C 
for 20 min. The MMP was visualized by Laser Scanning 
Microscope 780 and quantified by ImageJ. For assess the 
level of ROS, cells were incubated with 40 μM DHE (Vig-
orous, Beijing, China) for 30 min. The fluorescence inten-
sity was examined by Laser Scanning Microscope 780 
and quantified using Flow cytometry (BD LSRFortessa, 
USA).

ATP analysis
ATP level was tested by ATP assay kit (Beyotime) in 
accordance with the manufacture instructions. Cells were 
lysed, mixed with working buffer, and measured by a 
luminometer (Biotek, Winooski, VT, USA).

AgNOR and immunofluorescence staining
For measuring nucleolus number, cells were stained by 
AgNOR kit (Leagene Biotechnology, Beijing, China) in 
accordance with the experimental instructions. For assay 
nucleolar stress, cells were fixed, permeated, and blocked 
by 5% goat serum. Cells were incubated with primary 
antibody against NPM (Affinity Biosciences) or Fibrilla-
rin (CST) overnight, and then incubated with secondary 
antibody, DyLight 649 (EarthOx, Burlingame, CA, USA) 
and DAPI staining solution (Beyotime, Shanghai, China). 
The fluorescence was analyzed by Laser Scanning Micro-
scope 780 (Zeiss, German).

Polysome profiling
The cells were incubated with 100 μg/mL cycloheximide 
for 20 min. 4 × 106 cells were collected with 500 μl of lysis 
buffer (Additional file  1: Table  S2). Supernatants were 
then loaded on 5–50% linear sucrose gradients and cen-
trifuged using SW41Ti rotors (Beckman) at 36,000  rpm 
for 3  h. The polysome profiles were recorded and frac-
tionated with the gradient fractionator (Biocomp, CA, 
USA).

Mouse model of periodontitis
All the experiment protocols were performed by the 
Animal Care and Use Committee of Sun Yat-sen Univer-
sity. Male C57BL/6 mice aged 8  weeks were randomly 
divided into 4 groups (6 mice each group): control group, 
periodontitis group, SAH (Selleck) periodontitis group, 
SAH + CHIR periodontitis group. The periodontitis mod-
els were established by ligating silk on bilateral maxillary 
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second molars. SAH and CHIR were dissolved by the 
solvent (5% DMSO, 5% Tween-80, 40% PEG300, and 
50% saline). The solvent (8  μl), SAH (10  μg), and CHIR 
(6 μg) were locally injected into bilateral palatal mucosa 
of maxillary second molars every 2  days. After 12-day 
ligature insult, all animals were killed. The maxillae were 
collected and hemisected (n = 12 each group) for subse-
quent experiments.

Micro‑computed tomography (micro‑CT)
The alveolar bones were fixed in 4% paraformaldehyde 
for 24 h. A micro-CT scanner (µCT 50; SCANCO Medi-
cal AG, Basserdorf, Switzerland) was used for bone scan-
ning and three-dimensional reconstruction. The scanning 
parameters were as follows: resolution, 20  µm; source 
voltage, 70 kV; current, 114 µA; aluminum filter, 0.5 mm; 
exposure time, 300 ms.

Histological analysis and immunohistochemistry (IHC)
The fixed maxillae were decalcified in 10% EDTA for 
1  month. Sections were processed by H&E and TRAP 
staining. For IHC, sections were blocked 5% BSA after 
antigen retrieval and stained using primary antibody 
overnight at 4  °C. The immunoactivity was detected by 
an HRP‐streptavidin detection system.

Statistical analysis
Data are expressed as mean ± standard deviation (SD) of 
at least triplicate experiments independently. Compari-
sons were analyzed by Student’s t test for two groups or 
ANOVA for multiple groups (GraphPad, San Diego, CA, 
USA). The statistically significant level was set at P < 0.05.
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