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Osteoporosis, a common bone disease in older individuals, involves the progression influenced 
by N6-methyladenosine (m6A) modification. This study aimed to elucidate the effects of VDAC3 
m6A modification on human bone mesenchymal stromal cell (BMSC) senescence and osteogenic 
differentiation. BMSCs were treated with etoposide to induce senescence. Senescence was assessed 
by β-galactosidase staining and quantitative real-time PCR (qPCR), and osteogenic differentiation 
was evaluated using Western blot, alkaline phosphatase, and alizarin red S staining. VDAC3 
and ALKBH5 expression were quantified by qPCR, and their interaction was assessed by RNA 
immunoprecipitation (RIP) and luciferase reporter assay. m6A methylation was analyzed using the 
Me-RIP assay. VDAC3 expression was significantly decreased in etoposide-treated BMSCs (1.00 ± 0.13 
vs. 0.26 ± 0.06). VDAC3 overexpression reduced etoposide-induced senescence and promoted 
osteogenic differentiation. ALKBH5 overexpression inhibited VDAC3 m6A modification (1.00 ± 0.095 
vs. 0.233 ± 0.177) and its stability. ALKBH5 knockdown decreased etoposide-induced senescence 
and promoted osteogenic differentiation, effects that were reversed by VDAC3 knockdown. YTHDF1 
was identified as the m6A methylation reader, and its overexpression inhibited VDAC3 stability. We 
demonstrated that ALKBH5 inhibited osteogenic differentiation of etoposide-induced senescent cells 
through the inhibition of VDAC3 m6A modification, and YTHDF1 acted as the m6A methylation reader. 
These findings provide a novel theoretical basis for the treatment of osteoporosis.
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Osteoporosis is a systemic skeletal disorder characterized by low bone mass and deterioration of bone 
microarchitecture, leading to increased bone fragility and susceptibility to fractures1. Primary osteoporosis 
encompasses several subtypes, including postmenopausal osteoporosis (Type I), senile osteoporosis (Type II), 
and idiopathic osteoporosis (juvenile type)2,3. Among these, postmenopausal and senile osteoporosis are the 
most prevalent forms2,3. Osteoporotic fractures are among the primary causes of disability and mortality in 
elderly populations4. Consequently, the prevention and effective management of osteoporosis are crucial for 
improving the quality of life in older adults.

Cellular senescence is a key contributor to the pathogenesis of age-related osteoporosis. Osteoporosis 
primarily arises from disturbances in bone remodeling, which involves the balance between bone formation 
by osteoblasts and bone resorption by osteoclasts5. Bone mesenchymal stromal cells (BMSCs) play a critical 
role in bone remodeling. Senescent BMSCs tend to differentiate into adipocytes rather than osteoblasts, and 
their accumulation in bone tissue disrupts the osteogenic differentiation capacity of BMSCs with advancing 
age6. Inhibiting senescence to promote osteogenic differentiation has emerged as a novel therapeutic strategy 
for osteoporosis7. Reactive oxygen species (ROS) is considered cytotoxic and are predominantly generated by 
mitochondria8. Accumulating evidence suggests that the accumulation of ROS-induced damage contributes to 
the process of cellular senescence9. Voltage-dependent anion-selective channel 3 (VDAC3) is a potential sensor 
of mitochondrial ROS levels and is one of the isoforms of VDAC, a family of pore-forming proteins located 
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in the mitochondrial outer membrane10. VDAC3 cysteine over-oxidation is associated with ROS abundance 
in the mitochondrial intermembrane space and is considered a marker of aging11. The regulation of VDAC3 
may therefore be significant for inhibiting cellular senescence. However, the involvement of VDAC3 in the 
progression of osteoporosis through mediating cellular senescence remains unclear.

RNA modifications are pervasive and essential for maintaining cellular homeostasis and function through 
dynamic regulation of gene expression12. Among these modifications, N6-methyladenosine (m6A) is the 
most prevalent modification of eukaryotic mRNAs13. m6A modification is a dynamic and reversible process 
regulated by methyltransferases and demethylases, playing crucial roles in various aspects of RNA biology, 
including splicing, translation, stability, localization, and higher-order structure formation14–16. Recent studies 
have demonstrated that m6A modification is involved in the pathogenesis of multiple diseases, such as cancer, 
cardiovascular diseases, and fatty liver diseases17–19. Specifically, m6A modification has been shown to mediate 
the progression of osteoporosis20,21. Therefore, targeting m6A modification holds promise for the treatment 
of osteoporosis. In this study, we investigated the effect of VDAC3 m6A modification on the regulation of 
osteogenic differentiation and cellular senescence in osteoporosis. The contributions of this study include:

	1.	� The first investigation of the role of VDAC3 in osteogenic differentiation.
	2.	� The elucidation of the regulatory effect of VDAC3 on osteoporosis induced by cellular senescence.
	3.	� The exploration of the mechanism by which m6A modification regulates cellular senescence and osteogenic 

differentiation through modulating VDAC3 expression.

This study may provide novel insights and a potential therapeutic target for the treatment of osteoporosis.

Results
VDAC3 expression is decreased in etoposide-treated BMSCs
To investigate the role of cellular senescence in osteoporosis, we conducted a microarray analysis to identify 
differentially expressed genes (DEGs) in elderly patients with osteoporosis compared to middle-aged non-
osteoporotic donors. The results are represented using a heatmap (Fig. 1A), showing multiple upregulated and 
downregulated genes in elderly osteoporotic patients relative to non-osteoporotic controls. KEGG pathway 
enrichment analysis was performed on the downregulated genes, revealing their enrichment in several signaling 
pathways, including those related to cellular senescence (Fig.  1B). VDAC3 was found to be enriched in the 
cellular senescence pathway, prompting us to focus on this gene for further study. We measured the expression of 
VDAC3 in etoposide-treated BMSCs and observed a significant decrease in VDAC3 expression upon etoposide 
treatment (Fig.  1C). These findings suggested that VDAC3 may serve as a potential target in the context of 
osteoporosis.

Fig. 1.  VDAC3 expression was decreased in etoposide-induced BMSCs. (A) Differentially expressed genes in 
elderly patients with osteoporosis and non-osteoporotic donors were identified from the GSE35956 dataset. (B) 
DEGs enriched pathways were predicted by KEGG pathway enrichment analysis. (C) qPCR was performed to 
measure the expression of VDAC3 in BMSCs induced by 20 µM etoposide or not.
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VDAC3 overexpression inhibits cellular senescence and promotes osteogenic 
differentiation in etoposide-treated BMSCs
To explore the functional role of VDAC3 in osteogenic differentiation, we transfected BMSCs with pcDNA3.1-
VDAC3 plasmids, resulting in a marked increase in VDAC3 expression (Fig. 2A). Subsequently, we observed 
that etoposide treatment increased the number of senescent cells, whereas VDAC3 overexpression significantly 
reduced this number (Fig. 2B and C). We then examined the expression of aging markers and found that etoposide 
elevated the expression of p21 and p16, but VDAC3 overexpression partially reversed this elevation (Fig. 2D 
and E). Next, we induced osteogenic differentiation of BMSCs and found that etoposide treatment inhibited 
the expression of osteogenic differentiation-related proteins, including RUNX2, COL1A1, and ALP. However, 

Fig. 2.  Overexpression of VDAC3 inhibited cellular senescence and promoted osteogenic differentiation 
in etoposide-induced BMSCs. (A) qPCR was performed to measure the expression of VDAC3 in BMSCs 
following pcDNA3.1 and pcDNA3.1-VDAC3 transfection. (B and C) Cellular senescence was assessed using 
a senescence β-galactosidase staining kit and observed using a microscope. The expression of (D) p21 and (E) 
p16 in BMSCs was measured by qPCR. (F) The protein levels of RUNX2, COL1A1 and ALP were measured 
using western blot. (G and H) ALP staining was conducted using a BCIP/NBT alkaline phosphatase colour 
development kit after 14 d of osteogenic differentiation induction on BMSCs. (I and J) An ARS staining kit for 
osteogenesis was performed to ARS staining after 14 d of osteogenic differentiation induction on BMSCs.
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these protein levels were upregulated by VDAC3 overexpression in etoposide-treated BMSCs (Fig. 2F). Alkaline 
phosphatase (ALP) staining and alizarin red S (ARS) staining further suggested that etoposide significantly 
inhibited ALP activity and calcium deposition, which were restored by VDAC3 overexpression (Fig.  2G-J). 
Collectively, these results indicated that VDAC3 overexpression inhibited cellular senescence and promotes 
osteogenic differentiation in etoposide-treated BMSCs.

ALKBH5 overexpression inhibits the m6A modification of VDAC3
To investigate the mechanism by which VDAC3 influences cellular senescence and osteogenic differentiation, 
we transfected BMSCs with pcDNA3.1-METTL3, pcDNA3.1-METTL14, pcDNA3.1-FTO, pcDNA3.1-WTAP, 
and pcDNA3.1-ALKBH5, observing elevated expression of these genes following transfection (Fig.  3A). We 
then determined VDAC3 expression in cells transfected with different plasmids using qPCR. The results showed 
that VDAC3 expression was significantly decreased by ALKBH5 overexpression (Fig. 3B). Moreover, the m6A 
modification level of VDAC3 was significantly reduced by ALKBH5 overexpression (Fig. 3C). The interaction 
between VDAC3 and ALKBH5 was confirmed by RNA immunoprecipitation (RIP) (Fig. 3D). Potential m6A 
modification sites in VDAC3 were predicted (Fig.  3E), and the top three sites are presented in Fig.  3F. A 
dual-luciferase reporter assay was performed to identify which site was indeed modified by m6A. The results 
suggested that ALKBH5 overexpression significantly reduced the luciferase activity of the wild-type site 3 (wt-
site3, Fig. 3I), but did not affect the activity of the other two sites (Fig. 3G, H). Additionally, we demonstrated 
that ALKBH5 overexpression accelerated the degradation of VDAC3, indicating that ALKBH5 overexpression 
inhibited its stability (Fig.  3J). In conclusion, ALKBH5 overexpression inhibited the m6A modification of 
VDAC3 and its stability.

VDAC3 knockdown reverses the effect on cellular senescence and osteogenic differentiation 
in etoposide-induced BMSCs with ALKBH5 knockdown
To assess whether ALKBH5 affects VDAC3 to regulate cellular senescence and osteogenic differentiation, we 
performed rescue experiments. The expression of ALKBH5 and VDAC3 was significantly reduced following 
ALKBH5 and VDAC3 knockdown, respectively (Fig. 4A and B). ALKBH5 knockdown significantly suppressed 
cellular senescence in etoposide-treated BMSCs, an effect that was partially restored by VDAC3 knockdown 
(Fig. 4C and D). qPCR results showed that the expression of aging markers p21 and p16 was inhibited by ALKBH5 
knockdown, whereas their expression was increased by VDAC3 knockdown following ALKBH5 downregulation 
(Fig. 4E and F). The protein levels of osteogenic differentiation-related markers RUNX2, COL1A1, and ALP 
were upregulated by ALKBH5 knockdown, but knockdown of VDAC3 partially inhibited their protein levels in 
sh-ALKBH5-transfected cells (Fig. 4G). Finally, ALP staining and ARS staining results suggested that ALKBH5 
knockdown significantly increased ALP staining intensity and calcium deposition, indicating that ALKBH5 
knockdown promoted osteogenic differentiation. This effect was reversed by VDAC3 knockdown (Fig. 4H-K). 
In conclusion, ALKBH5 knockdown inhibited cellular senescence and promoted osteogenic differentiation, 
effects that were reversed by VDAC3 knockdown.

YTHDF1 recognizes VDAC3 m6A modification
To identify the m6A methylation reader of VDAC3, we transfected BMSCs with overexpression plasmids of 
YTHDF1, YTHDF2, YTHDF3, YTHDC1, YTHDC2, IGF2BP1, IGF2BP2, and IGF2BP3, and observed increased 
expression of these genes following transfection (Fig. 5A). Next, we measured the expression of VDAC3. The 
results showed that only YTHDF1 overexpression significantly increased the expression of VDAC3 (Fig. 5B). 
Moreover, YTHDF1 overexpression increased the luciferase activity of the wild-type VDAC3 (WT) construct, 
while the luciferase activity of the mutant (MUT) construct was not affected (Fig. 5C), indicating that YTHDF1 
interacts with VDAC3. In addition, overexpression of YTHDF1 increased the stability of VDAC3 mRNA 
(Fig. 5D). In summary, these data demonstrated that YTHDF1 was the m6A methylation reader for VDAC3.

Discussion
In the present study, we demonstrated that VDAC3 overexpression inhibited cellular senescence and promoted 
osteogenic differentiation. Furthermore, we revealed for the first time that ALKBH5 inhibited osteogenic 
differentiation in osteoporosis by suppressing the m6A modification of VDAC3.

Osteoporosis is a metabolic bone disease characterized by bone loss and structural damage, conditions 
that are particularly prevalent in postmenopausal women and older men22,23. It is well-established that senile 
osteoporosis is closely linked to aging processes24. Farr et al.25 reported that bone formation by osteoblasts is 
increased while bone marrow adipose tissue is reduced, suggesting a shift in BMSC differentiation from osteoblasts 
to adipocytes, a mechanism thought to underlie age-related bone loss. Senescence of BMSCs is known to affect 
osteogenic differentiation26. Wu et al.27 demonstrated that ZFAS1 knockdown in BMSCs facilitates osteogenic 
differentiation and suppresses cellular senescence. Liu et al.28 investigated the role of SIRT3 in combating BMSC 
senescence and improving osteoporosis through stabilizing heterochromatic and mitochondrial homeostasis. 
VDAC3, a putative sensor of mitochondrial ROS levels, has been shown to be upregulated in Korean red 
ginseng-treated rats, which helps protect against testicular aging29. Additionally, VDAC3 containing the VDAC1 
N-terminus is capable of complementing the lack of the yeast porin in mitochondrial respiration and ROS 
modulation, thereby conferring anti-aging properties to cells30.

Despite the established role of cellular senescence in osteoporosis, the specific mechanisms by which 
VDAC3 regulates osteogenic differentiation and cellular senescence in osteoporosis remain unclear. Our study 
represents the first investigation into the role of VDAC3 in cellular senescence and osteogenic differentiation. 
We demonstrated that VDAC3 expression was decreased in BMSCs treated with etoposide, a known inducer 
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Fig. 3.  ALKBH5 overexpression inhibited m6A modification of VDAC3. (A) The expression of METTL3, 
METTL14, FTO, WTAP and ALKBH5 in 293T cells following pcDNA3.1 and their respective overexpressing 
plasmids transfection was measured by qPCR. (B) The expression of VDAC3 in 293T cells transfected with 
pcDNA3.1-METTL3, pcDNA3.1-METTL14, pcDNA3.1-FTO, pcDNA3.1-WTAP and pcDNA3.1-ALKBH5 
was measured by qPCR. (C) The m6A level of VDAC3 in 293T cells transfected pcDNA3.1 or pcDNA3.1-
ALKBH5 was assessed by MeRIP. (D) The enrichment of VDAC3 on ALKBH5 in 293T cells was determined 
by RIP. (E) The m6A sites were predicted using SRAMP database. (F) The top 3 potential sites in VDAC3. The 
luciferase activity of (G) wild type and mutant of site 1, (H) wild type and mutant of site 2 and (I) wild type 
and mutant of site 3 in 293T cells co-transfected with pcDNA3.1 or pcDNA3.1-ALKBH5 was measured by dual 
luciferase report. (J) qPCR was performed to evaluate VDAC3 expression in BMSCs transfected pcDNA3.1 or 
ALKBH5 overexpressing plasmids following treatment with 5 µg/mL actinomycin D for 1, 4, 8 and 12 h.
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of cellular senescence. Conversely, overexpression of VDAC3 reduced the number of senescent cells, inhibited 
the expression of aging markers p21 and p16, and promoted osteogenic differentiation in etoposide-induced 
BMSCs. These findings collectively suggested that upregulated VDAC3 inhibited cellular senescence and 
facilitates osteogenic differentiation, indicating that VDAC3 may be a key target for improving osteoporosis.

m6A modification has been shown to play a significant role in osteoporosis. Huang and Wang20 demonstrated 
that knockdown of METTL14 suppresses osteogenesis of BMSCs and reduces bone mass in ovariectomized 
(OVX) mice by inhibiting m6A modification of SMAD1, thus destabilizing its expression. Furthermore, 
knockout of the m6A methyltransferase METTL3 in bone BMSCs induces pathological features of osteoporosis 
in mice31. In addition, METTL14 released by exosomes has been shown to increase the m6A methylation level 
of NFATc1, thereby inhibiting osteoclasts and helping postmenopausal osteoporosis patients maintain bone 
mass32. These findings collectively support the role of m6A modification in osteoporosis. However, the m6A 
modification on VDAC3 has not been previously reported. In our study, we confirmed that ALKBH5, an m6A 
demethylase, inhibited VDAC3 expression by decreasing m6A modification on VDAC3. ALKBH5 primarily 
performs post-transcriptional regulation of oncogenes or tumor suppressors in an m6A-dependent manner and 
plays a key role in various malignant tumors, including gastric cancer and colorectal cancer33–35. Nonetheless, 
the role of ALKBH5 in the development of osteoporosis remains unclear. In the current study, we confirmed 
that ALKBH5 knockdown inhibited cellular senescence and facilitates osteogenic differentiation in etoposide-
treated BMSCs, while VDAC3 knockdown reversed these effects caused by ALKBH5 knockdown. These results 

Fig. 4.  VDAC3 knockdown reversed the effect on cellular senescence and osteogenic differentiation in 
etoposide-induced BMSCs with ALKBH5 knockdown. qPCR was performed to measure the expression of (A) 
ALKBH5 and (B) VDAC3 in BMSCs following sh-ALKBH5 and sh-VDAC3 transfection. (C and D) Cellular 
senescence of BMSCs was assessed using a senescence β-galactosidase staining kit. The expression of (E) p21 
and (F) p16 in BMSCs transfected with different plasmids was measured by qPCR. (G) The protein levels of 
RUNX2, COL1A1 and ALP in BMSCs transfected with different plasmids were measured by western blot. 
(H and I) ALP staining was conducted using a BCIP/NBT alkaline phosphatase colour development kit after 
14 d of osteogenic differentiation induction on BMSCs. (J and K) An ARS staining kit for osteogenesis was 
performed to ARS staining after 14 d of osteogenic differentiation induction on BMSCs.
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Fig. 5.  YTHDF1 mediated the degradation of VDAC3 mRNA by m6A modification. qPCR was performed 
to measure the expression of different m6A readers in BMSCs following transfection of pcDNA3.1 and their 
respective overexpressing plasmids. (B) The expression of VDAC3 in BMSCs transfected with pcDNA3.1 
or different overexpressing plasmids was measured by qPCR. (C) The luciferase activity of VDAC3-wt and 
VDAC3-mut in 293T cells transfected with pcDNA3.1 or pcDNA3.1-YTHDF1 was measured by dual luciferase 
report. (D) qPCR was performed to evaluate VDAC3 expression in BMSCs following treatment with 5 µg/mL 
actinomycin D for 1, 4, 8 and 12 h.
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indicated the negative regulatory effect of ALKBH5 on VDAC3 expression, cellular senescence, and osteogenic 
differentiation.

In addition, we identified YTHDF1 as the reader of VDAC3 m6A modification. m6A methylation reader 
proteins typically act as functional mediators that regulate the splicing, transport, stability, storage, and 
translation status of m6A-modified RNA36. YTHDF1 is a member of the m6A reader family and plays a critical 
role in the development of various cancers37. In recent years, Liu et al.38 demonstrated that YTHDF1 promotes 
the osteogenic differentiation of BMSCs through translational control of ZNF839. Shi et al.39 showed that hypoxia 
suppresses osteogenic differentiation and increases the expression of YTHDF1, which translationally regulates 
its downstream factor thrombospondin-1 (THBS1) in an m6A-dependent manner, potentially counteracting 
hypoxia-induced osteogenic inhibition through the YTHDF1/THBS1 pathway. In our study, we first revealed 
that YTHDF1 overexpression promoted the mRNA stability of VDAC3, indicating that YTHDF1 recognizes 
VDAC3 m6A methylation during the regulation of cellular senescence and osteogenic differentiation.

Conclusion
In conclusion, this study provided the first evidence that ALKBH5 promoted cellular senescence and inhibited 
osteogenic differentiation in osteoporosis by suppressing the m6A modification of VDAC3. In conclusion, 
this study provides the first evidence that ALKBH5 promotes cellular senescence and inhibits osteogenic 
differentiation in osteoporosis by suppressing the m6A modification of VDAC3. These findings may offer a 
novel therapeutic target and approach for the treatment of osteoporosis. However, the study is subject to certain 
limitations. Specifically, no animal experiments were conducted, and the expression and function of VDAC3 
were not verified in vivo. These aspects will be addressed in future work to further validate the role of VDAC3 in 
osteoporosis and explore its underlying mechanisms.

Methods
Cell culture and treatment
Human BMSCs and 293T cells were obtained from Procell (Wuhan, China). The cells were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum 
(FBS; Gibco) and maintained in a humidified incubator at 37 °C with 5% CO2. To induce cellular senescence, 
BMSCs were treated with 20 µM etoposide for 48 h and then maintained in fresh medium for 4 days. For the 
induction of osteogenic differentiation, BMSCs were cultured in α-minimum essential medium (α-MEM; Gibco) 
supplemented with 10% FBS, 50 µg/mL ascorbic acid, 10 mM β-glycerol phosphate, and 0.1 µM dexamethasone 
for 14 days.

Cell transfection.
Cells in the logarithmic growth phase were inoculated in six-well plates (2 × 105 cells/well). The cells were 

transfected with short hairpin RNA targeting VDAC3 (sh-VDAC3), short hairpin RNA targeting ALKBH5 (sh-
ALKBH5), a shRNA negative control (shNC), or overexpressing plasmids for VDAC3, METTL3, METTL14, 
FTO, WTAP, ALKBH5, YTHDF1, YTHDF2, YTHDF3, YTHDC1, YTHDC2, IGF2BP1, IGF2BP2, and IGF2BP3, 
along with an empty vector (pcDNA3.1) (GenePharma, Shanghai, China) using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA, USA) according to the manufacturer’s instructions. The transfected cells were harvested 48  h 
post-transfection.

Bioinformatic analysis
The GSE35956 dataset was acquired from the Gene Expression Omnibus database (GEO, https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE35956). Data were analyzed using GEO2R. The DEGs were defined as 
P < 0.05 and a log (fold change) > 2. The downregulated genes were subjected to Kyoto Encyclopedia of Genes 
and Genomes (KEGG) enrichment analysis to predict enriched pathways. A p-value < 0.05 was considered the 
threshold for enrichment.

The m6A sites in VDAC3 were predicted using the SRAMP database (http://www.cuilab.cn/sramp).

Quantitative real-time PCR (qPCR)
Total RNA was extracted from the cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to 
the manufacturer’s instructions. RNA purity was assessed by measuring the absorbance ratio at 260  nm to 
280 nm (A260/A280), and RNA integrity was evaluated using agarose gel electrophoresis. Complementary DNA 
(cDNA) was synthesized from total RNA using a First Strand cDNA Synthesis Kit (Takara, Shiga, Japan). qPCR 
was performed using SYBR Green Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) on a real-time 
PCR system. Relative mRNA expression was calculated using the 2−ΔΔCt method as normalized to β-actin. The 
primers for qPCR are presented in Table 1.

Cellular senescence detection
Cellular senescence was detected using a Senescence β-Galactosidase Staining Kit (Beyotime, Beijing, China) 
according to the manufacturer’s protocol. Briefly, BMSCs were fixed with 1 mL of β-galactosidase fixation 
solution for 15 min at room temperature, followed by overnight incubation with 1 mL of staining solution at 
37 °C. After staining, the cells were observed under an optical microscope.

Western blot assay
Total protein was extracted from the cells using radio immunoprecipitation assay (RIPA) lysis buffer (Thermo 
Scientific, Waltham, MA, USA) and quantified using a BCA Protein Assay Kit (Beyotime, Beijing, China). Equal 
amounts of protein were separated by 10% SDS-PAGE and transferred onto PVDF membranes. The membranes 
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were blocked with 5% skim milk for 1 h at room temperature and then incubated overnight at 4 °C with the 
following primary antibodies: anti-RUNX2 (1:1000, ab236639), anti-COL1A1 (1:1000, ab138492), anti-ALP 
(1:1000, ab307726), and anti-GAPDH (1:10,000, ab181602) (Abcam, Cambridge, UK). After washing with Tris 
buffer-Tween (TBST), the membranes were incubated with a secondary antibody (1:10,000, ab205718, Abcam) 
for 2  h at room temperature. Protein bands were visualized using an enhanced chemiluminescence (ECL) 
reagent (Yeasen Biotech, Shanghai, China) and imaged using an optical luminescence instrument.

Alkaline phosphatase (ALP) staining
The osteogenic differentiation of BMSCs was assessed using a BCIP/NBT Alkaline Phosphatase Color 
Development Kit (Beyotime, Beijing, China) according to the manufacturer’s instructions. Briefly, the cells were 
fixed in 4% paraformaldehyde for 20 min and subsequently stained with the working solution for 30 min in the 
dark. Following staining, the cells were rinsed with distilled water and imaged.

Alizarin red S (ARS) staining
The osteogenic differentiation potential of BMSCs was also evaluated using an Alizarin Red S Staining Kit for 
Osteogenesis (Beyotime, Beijing, China) following the manufacturer’s protocol. The cells were fixed in the 
provided fixing solution for 20 min, stained with Alizarin Red S solution for 30 min, and then imaged.

Methylated RNA immunoprecipitation (MeRIP)
The level of m6A modification on VDAC3 was quantified using a Magna MeRIP m6A kit (Merck, Darmstadt, 
Germany) according to the manufacturer’s protocol. Briefly, 12 µg of anti-m6A antibody was pre-incubated with 
50 µL of magnetic beads in IP buffer (150 mM NaCl, 0.1% NP-40, 10 mM Tris-HCl, pH 7.4) at room temperature 
for 1 h. Fragmented RNA (6 µg) was then added to the antibody-bead mixture and incubated at 4 °C for 4 h on 
a rotator. Following adequate washing with IP buffer, the mixture was treated with proteinase K to digest the 
proteins, and the bound RNAs were extracted using the phenol-chloroform method. The expression of VDAC3 
was quantified by qPCR.

RNA immunoprecipitation (RIP)
RIP assays were performed using an Imprint RNA Immunoprecipitation Kit (Sigma-Aldrich, St. Louis, MO, 
USA) according to the manufacturer’s instructions. Briefly, 293T cells were lysed in RIP lysis buffer containing 
protease and RNase inhibitors. To assess the interaction between VDAC3 and ALKBH5, the lysate was incubated 
overnight at 4 °C with magnetic protein A/G beads coated with either anti-ALKBH5 or anti-IgG (isotype control). 
After purification, RNA was isolated using TRIzol reagent, and the expression of VDAC3 was detected by qPCR.

Dual luciferase reports assay
Wild-type (wt)-VDAC3 and mutant (mut)-VDAC3 sequences containing putative ALKBH5 or YTHDF1 
binding sites were cloned into the pGL3 vector to construct luciferase reporter plasmids. 293T cells were seeded 
in 96-well plates and co-transfected with the pcDNA3.1, pcDNA3.1-ALKBH5, or pcDNA3.1-YTHDF1 plasmids 
using Lipofectamine 2000 reagent for 24 h. Luciferase activity was measured using a Dual-Luciferase Reporter 
Assay System (Promega, Madison, WI, USA).

Gene Forward Primer Reverse Primer

CCNB2 ​C​C​G​A​C​G​G​T​G​T​C​C​A​G​T​G​A​T​T​T ​T​G​T​T​G​T​T​T​T​G​G​T​G​G​G​T​T​G​A​A​C​T

CCNB1 ​T​C​G​C​A​T​C​A​A​A​C​T​C​T​C​T​G​G​C​T​A ​T​G​A​G​C​G​A​C​T​A​A​A​C​T​C​A​C​C​A​C​T

CCNE2 ​T​C​A​A​G​A​C​G​A​A​G​T​A​G​C​C​G​T​T​T​A​C ​T​G​A​C​A​T​C​C​T​G​G​G​T​A​G​T​T​T​T​C​C​T​C

CDK1 ​A​A​A​C​T​A​C​A​G​G​T​C​A​A​G​T​G​G​T​A​G​C​C ​T​C​C​T​G​C​A​T​A​A​G​C​A​C​A​T​C​C​T​G​A

VDAC3 ​T​T​G​T​A​C​C​G​A​A​C​A​C​A​G​G​A​A​A​G​A​A​G ​C​C​C​A​G​C​C​A​T​A​G​A​T​G​G​T​T​G​G​T​C

FOXM1 ​C​G​T​C​G​G​C​C​A​C​T​G​A​T​T​C​T​C​A​A​A ​G​G​C​A​G​G​G​G​A​T​C​T​C​T​T​A​G​G​T​T​C

METTL3 ​T​T​G​T​C​T​C​C​A​A​C​C​T​T​C​C​G​T​A​G​T ​C​C​A​G​A​T​C​A​G​A​G​A​G​G​T​G​G​T​G​T​A​G

METTL14 ​A​G​T​G​C​C​G​A​C​A​G​C​A​T​T​G​G​T​G ​G​G​A​G​C​A​G​A​G​G​T​A​T​C​A​T​A​G​G​A​A​G​C

FTO ​A​C​T​T​G​G​C​T​C​C​C​T​T​A​T​C​T​G​A​C​C ​T​G​T​G​C​A​G​T​G​T​G​A​G​A​A​A​G​G​C​T​T

WTAP ​C​T​T​C​C​C​A​A​G​A​A​G​G​T​T​C​G​A​T​T​G​A ​T​C​A​G​A​C​T​C​T​C​T​T​A​G​G​C​C​A​G​T​T​A​C

ALKBH5 ​C​G​G​C​G​A​A​G​G​C​T​A​C​A​C​T​T​A​C​G ​C​C​A​C​C​A​G​C​T​T​T​T​G​G​A​T​C​A​C​C​A

YTHDF1 ​A​C​C​T​G​T​C​C​A​G​C​T​A​T​T​A​C​C​C​G ​T​G​G​T​G​A​G​G​T​A​T​G​G​A​A​T​C​G​G​A​G

YTHDF2 ​A​G​C​C​C​C​A​C​T​T​C​C​T​A​C​C​A​G​A​T​G ​T​G​A​G​A​A​C​T​G​T​T​A​T​T​T​C​C​C​C​A​T​G​C

YTHDF3 ​T​C​A​G​A​G​T​A​A​C​A​G​C​T​A​T​C​C​A​C​C​A ​G​G​T​T​G​T​C​A​G​A​T​A​T​G​G​C​A​T​A​G​G​C​T

YTHDC1 ​A​A​C​T​G​G​T​T​T​C​T​A​A​G​C​C​A​C​T​G​A​G​C ​G​G​A​G​G​C​A​C​T​A​C​T​T​G​A​T​A​G​A​C​G​A

YTHDC2 ​A​G​G​A​C​A​T​T​C​G​C​A​T​T​G​A​T​G​A​G​G ​C​T​C​T​G​G​T​C​C​C​C​G​T​A​T​C​G​G​A

IGF2BP1 ​G​C​G​G​C​C​A​G​T​T​C​T​T​G​G​T​C​A​A ​T​T​G​G​G​C​A​C​C​G​A​A​T​G​T​T​C​A​A​T​C

IGF2BP2 ​A​G​T​G​G​A​A​T​T​G​C​A​T​G​G​G​A​A​A​A​T​C​A ​C​A​A​C​G​G​C​G​G​T​T​T​C​T​G​T​G​T​C

IGF2BP3 ​T​A​T​A​T​C​G​G​A​A​A​C​C​T​C​A​G​C​G​A​G​A ​G​G​A​C​C​G​A​G​T​G​C​T​C​A​A​C​T​T​C​T

Table 1.  The primers for qPCR.
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RNA stability assay
To determine the stability of VDAC3 mRNA, BMSCs were treated with 5  µg/mL actinomycin D (Merck, 
Darmstadt, Germany). mRNA expression was quantified by qPCR at 1, 4, 8, and 12 h post-treatment.

Statistical analysis
All statistical analyses were performed using SPSS 22.0 software. Data are presented as mean ± standard deviation 
based on at least three independent experiments. Comparisons between two or more groups were conducted 
using Student’s t-test or one-way analysis of variance (ANOVA), respectively. Statistical significance was set at 
P < 0.05.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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