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Abstract
N6-methyladenosine (m6A)-associated mechanisms are involved in cellular metabolic activities; however,
their role in skeletal muscle stem cell (SkMSC) senescence is unknown. In this study, m6A RNA
modi�cation and METTL3 expression were decreased in aged SkMSCs from mice. Transcriptional
analysis of m6A modi�cation further revealed that suppressor of cytokine signaling 3 (SOCS3) was
downregulated in aged SkMSCs, and that downregulation of METTL3 promoted SkMSC senescence. In
addition, the upregulation of METTL3 alleviated the senescence of SkMSCs. Mechanistically, deletion of
m6A modi�cations promoted senescence and inhibited SOCS3 expression, whereas downregulation of
SOCS3 promoted senescence. Moreover, insulin-like growth factor-2 mRNA-binding protein 1 (IGF2BP1)
was identi�ed as an important regulator in the recognition and stabilization of m6A modi�ed SOCS3
expression. IGF2BP1 binds to SOCS3 and reinforces its stability by suppressing the phosphorylation of
JAK2/STAT3. Therefore, METTL3 inhibits SkMSC senescence through m6A modi�cation-dependent
stabilization of SOCS3 expression and inhibition of JAK2-STAT3 signaling. This study thus highlights a
novel mechanism underlying SkMSC senescence.

1 Introduction
The N6-methyladenosine (m6A) modi�cation regulates transcriptional, post-transcriptional, and
translational processes; thereby in�uencing metabolic activities such as cell proliferation, differentiation,
senescence, survival, death, and various other functions1,2. m6A-mediated regulation has also been
reported to exert its effects on advanced-aged-related diseases such as amyotrophic lateral sclerosis3,
Duchenne muscular dystrophy(DMD)4, and sarcopenia5,6. Mechanistically, m6A RNA modi�cation is
regulated by a multi-component ‘writer’ complex composed of METTL3 and METTL14, which play a role
in numerous physiological processes such as cell proliferation7, differentiation8, and senescence9,10. In
addition, METTL3 in�uences the biological characteristics of various cancers by altering the m6A levels
of target RNAs11,12.

Degenerative muscle diseases, largely related to skeletal muscle stem cells (SkMSCs) and their declining
proliferative ability with aging, are common age-related disorders13,14. Sarcopenia and Duchenne
muscular dystrophy (DMD) are two of the best characterized of progerias, which are associated with
signi�cant functional impairment, such as movement retardation and muscle weakness4,6.
Understanding the molecular mechanisms underlying advanced-age diseases is essential for developing
clinical treatments for degenerative muscle diseases. Dysfunctions in RNA splicing, translation and
degradation and chromatin organization contribute to cell aging. In addition, growing evidence implies
that m6A modi�cation is widely reported in senescence and post-transcriptional control is a potential
therapeutic e�ciency for aging rejuvenation15–17. Therefore, elucidating whether m6A mRNA methylation
directly regulate senescence is of great signi�cance. However, the functional role of m6A modi�cation in
SkMSC senescence remains unclear.
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In this study, we employed SkMSCs from young and aged mice, to identify the potential role of m6A
mRNA modi�cations involved in regulating SkMSC senescence. We determined the METTL3 expression
levels in SkMSCs of young and aged mice, to elucidate their association with senescence. METTL3
expression was examined by q-PCR and western blotting. In addition, genetic knockdown was used to
elucidate the role of METTL3 in regulating SkMSC senescence. Methylated RNA-binding protein
sequencing and RNA sequencing were performed to identify the potential mechanisms underlying aging
in SkMSCs. Moreover, we detected that IGF2BP1recognized and stabilized m6A-modi�ed SOC3 to
alleviated senescence. Collectively, our results provide important clues that targeting m6A modi�cations
is a potential treatment and prevention of aging-related muscle disorders.

Our data revealed that reduction of m6A modi�cations was related to decreased METTL3 expression, and
that aged SkMSCs with downregulated METTL3 exhibited characteristics of hastening ageing. By
contrast, METTL3 upregulation promoted m6A modi�cations and reversed senescence in SkMSCs. To
further identify speci�c targets of m6A modi�cations in aged SkMScs, we performed RNA sequencing
(RNA-seq) and m6A methylated RNA immunoprecipitation sequencing (MeRIP-seq), and discovered
SOCS3 as a crucial m6A regulator, which can affect senescence.

2 Results

2.1 m6A mRNA modi�cations are decreased in aged
SkMSCs
To elucidate the functional role of m6A in aging, we puri�ed SkMSCs from young and aged mice, as
reported previously. Aged SkMSCs showed lower proliferation (Fig. 1A, 1B) and a higher percentage of
SA-β-Gal staining positive cells (Fig. 1C). A remarkable reduction in m6A levels was seen in aged SkMSCs
compared with that of younger SkMSCs (Fig. 1D), as validate by immuno�uorescence and LC–MS/MS
(Fig. 1E, F). Similarly, METTL3 levels were decreased in aged SkMSCs (Fig. 1G). However, no signi�cant
differences were found on the expression of METTL14 between young and aged SkMSCs (Fig. 1G). Our
study suggest that reduced METTL3 may contribute to the observed m6A loss in aged SkMSCs.

2.2 Reduction of METTL3 accelerated SkMSC senescence
To identify the functional role of METTL3, we knocked out METTL3 in SkMSCs (Fig. 2A). Knockout of
METTL3 (METTL3-KO) reduced m6A levels (Fig. 2B). Furthermore, METTL3-KO SkMSCs developed aging
phenotypes, inhibited proliferation, but enhanced percentage of SA-β-Gal-positive cells in SkMSCs
(Fig. 2C, D). Therefore, METTL3-KO accelerated SkMSC senescence. Moreover, METTL3 downregulation
decreased m6A levels (Fig. 2E). Subsequently, the proliferative capacity of the SkMSCs was reduced. Our
results showed that decreased METTL3 accelerated SkMSC senescence and suppress cells proliferation.
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2.3 Transcriptome-wide pro�ling of m6A modi�cations in
young and aged SkMSCs
RNA-seq and MeRIP-seq were used to evaluate transcriptome-wide m6A in young and aged SkMSCs
(Fig. 3A, B). Pearson’s correlation coe�cients was used to assess reproducibility, showing reliability of the
MeRIP-seq data (Fig. 3A-C). Among the protein-coding mRNAs, m6A modi�cations were predominant
(Fig. 3D), located in a consensus “DUAH” motif (D = U/G and H = C/A/U) (Fig. 3F). In addition, m6A
modi�cations were highly enriched in the 3′ untranslated regions (UTRs) and in the regions �anking stop
codons (Fig. 3G, 3E).

From RNA-seq and MeRIP-seq analysis, we found that levels of genes with m6A modi�cations were
signi�cant highly than those without m6A modi�cations and were positively related to m6A levels (Figure
S1A, B), implying a potential biological role of m6A in regulating of SkMSCs. In addition, decreased m6A
may lead to senescence, whereas upregulated mRNAs were associated with high m6A levels (Figure
S1C). This correlation located in different regions of the transcripts (Figure S1D). Therefore, our results
demonstrated a positively association between m6A expression level and senescence.

2.4 Decreased m6A levels in senescence-related genes in
SkMSCs.
To explore the correlation between m6A modi�cation and SkMSC senescence, we next identi�ed the
shared and cell type-speci�c m6A peaks in young and aged SkMSCs (Fig. 4A, B). Shared m6A peaks
(such as Nox4) were largely enriched in glutathione metabolism and in protein modi�cation pathways,
which are crucial for regulating cell senescence. In comparison, m6A peaks speci�c for aged SkMSCs
were enriched in response to cytokines, protein stability, and proteasomal degradation in SkMSCs (such
as Hoxa9 and Egr1) (Fig. 4A, B) and in translation-related processes and RNA metabolism in SkMSCs
(such as IGF1) (Fig. 4A, B). m6A levels were decreased in aged SkMSCs (Fig. 4A). In addition, the
senescence-associated hypomethylated transcripts with m6A peaks in young SkMSCs were involved in
glutathione metabolism and protein modi�cation, most of which are related to cell senescence-related
signaling(Fig. 4B). Furthermore, we found distinct patterns in the gene expression pro�les of young and
aged SkMSCs (Fig. 4E and Figure S1, B). In aged SkMSCs, upregulated genes were correlation with
negative regulation of hydrolase activity, protein stability, proteasomal degradation, and basement
membrane (Fig. 4B). In young SkMSCs, highly expressed genes were associated with regulation of
exocytosis, cell cycle regulation, oxidative stress, and cell signaling and regulation (Fig. 4B, C). In addition,
highly expressed genes in both young and aged SkMSCs were enriched in regulation of necrotic cell
death (Figure S2A). However, genes upregulated in young SkMSCs (also meaning reduced expression
genes in aged SkMSCs) were abundant in biosynthesis of unsaturated fatty acids, epithelial tube
morphogenesis, histone methyltransferases, and regulation of chromosome organization (Fig. 4B, S2A),
and most of these terms were related to cell senescence (Fig. 4A). Therefore, senescence-associated
genes exhibiting m6A loss and downregulation were involved in SkMSC senescence (Figure S2B).
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We further analyzed the m6A pro�les and patterns of the METTL3-KO and control groups (Figure S3A–E)
in SkMSCs. Shared m6A-modi�ed transcripts between the METTL3-KO and METTL3-NC groups were
largely abundant in processed transcripts and regulation of cell morphogenesis (Figure S3F). The m6A
levels increased following down-regulation of METTL3(Figure S3E), largely attribute to the presence of
m6A modi�cation. Interestingly, regulation of protein kinase activity was also mainly due to decreased
m6A modi�cation after knock-out of METTL3 (Figure S3F), further demonstrating that decreased m6A
levels and cell senescence-related genes potentially contribute to SkMSC senescence.

2.5 SOCS3 functions as a key m6A target in regulating the
senescence of SkMSCs
We next aimed to identify the regulators regulating m6A-associated SkMSC senescence. A signi�cant
reduction of mRNA methylation in regions �anking the stop codons of transcripts was observed in both
aged SkMSCs and SkMSCs with METTL3-KO group (Fig. 5A, B, and Figure S4A–D). Furthermore, GO
analysis showed that the transcripts were enriched in senescence-related terms (Fig. 5C) and SOCS3
levels were dramatically decreased in both aged and METTL3-KO SkMSCs (Fig. 5D, S4D), as supported
by MeRIP-qPCR analysis (Fig. 5E, F).

We also observed a signi�cantly diminish in SOCS3 expression both at the mRNA and protein levels in
aged SkMSCs as well as in METTL3-KO SkMSCs (Fig. 6A–D). When we examined the stability of Socs3
mRNA, we noticed a shortened mRNA half-life of SOCS3 in aged SkMSCs as well as in METTL3-KO
SkMSCs (Figure S5A, B), demonstrating that decreased m6A modi�cations could suppressed SOCS3
mRNA stability. IGF2BP1 recognized m6A modi�cations and enhanced their stability, as identi�ed
through high-throughput sequencing analyses. Consequently, we investigated the functional role of
IGF2BP1recognition and m6A-modi�ed SOCSs3 mRNA stabilization in regulating SkMSC senescence.

To identify the potential interaction between IGF2BP1and SOCS3 mRNA in SkMSCs. We performed RIP-
qPCR analysis with an anti-IGF2BP1 antibody and observed a marked increase in the interaction between
IGF2BP1and SOCS3 mRNA (Fig. 6E). Whereas, METTL3-KO disrupted this interaction (Fig. 6F), indicating
that IGF2BP1 binds to SOCS3 mRNA in a METTL3/m6A-dependent manner.

To test whether IGF2BP1 enhances SOCS3 expression, we next knocked down IGF2BP1 and found a
marked reduction in SOCS3 expression at both the mRNA and protein levels (Fig. 6G–I). Moreover, we
found the shortening of the SOCS3 mRNA half-life following IGF2BP1 knockdown (Figure S5C),
indicating that IGF2BP1 may recognize and stabilize m6A-tagged SOCS3 mRNA.

Downregulation of SOCS3 expression in SkMSCs (Fig. 6J) reduced SOCS3-promoted SkMSC senescence,
as supported by impaired proliferation and increased percentage of positive cells by SA-β-Gal staining
(Fig. 6K, L). IGF2BP1 downregulated promoted cellular senescence of SkMSCs (Fig. 6M, N). Therefore,
IGF2BP1 and its target SOCS3 contribute to m6A-associated regulation and promote senescence of
SkMSCs.



Page 6/23

2.6 SOCS3 suppresses SkMSCs senescence via JAK2-
STAT3 signaling
To identify the molecular mechanism underlying the SOCS3-mediated inhibition of the accelerated
senescence of SkMSCs, gene set enrichment analysis (GSEA) suggest the association between SOCS3
and the JAK2–STAT3 signaling pathway (Fig. 7A). Mouse phospho-kinase microarray assays were
conducted to verify the signaling effects of SOCS3. SOCS3 knockdown promoted JAK2–STAT3
phosphorylation (Fig. 7B-D), whereas its upregulation reduced JAK2 phosphorylation. Western blotting
revealed changes in phosphorylated JAK2 level when SOCS3 was upregulated and downregulated
(Fig. 7E). Immuno�uorescence con�rmed these trends; JAK2 phosphorylation decreased in SOCS3-
overexpressing cells (Fig. 7F). Therefore, SOCS3-mediated �uctuation in level of JAK2 phosphorylation
may be the mechanism underlying senescence role of SOCS3 in SkMSCs.

Oncostatin M (OSM) can induce the activation of STAT3; this activation is inhibited by WHI-P154, a
speci�c inhibitor of JAK2 in a dose-dependent manner. SOCS3 downregulation promoted JAK2 and
STAT3 phosphorylation, whereas SOCS3 upregulation inhibited JAK2 and STAT3 phosphorylation.
Therefore, SOCS3 downregulation can activate the JAK2/STAT3 signaling, whereas SOCS3 upregulation
had the opposite effect. METTL3-KO SkMSCs were treated with 20 and 50 µM WHI-P154. which
suppressed JAK2 and STAT3 phosphorylation. The inhibitory effects of WHI-P154 treatment were
enhanced with an increase of WHI-P154 concentration in SkMSCs (Fig. 7G, H). The JAK2 phosphorylation
level decreased when SkMSCs were treated with WHI-P154, and simultaneously the expression of STAT3
in the SOCS3-OE + OSM + WHI-P154 (50 µM) group was lower than that in the SOCS3-OE + OSM + WHI-
P154 (20 µM) group (Fig. 7G). Inhibition of the JAK2/STAT3 signaling pathway suppressed cells
proliferation and increased percentage of positive cells of SA-β-Gal staining. Therefore, SOCS3 reduces
SkMSC senescence via the JAK2/STAT3 signaling pathway.

3 Discussion
Increasing evidences demonstrated that m6A mRNA modi�cation are involved in numerous biological
functions in senescence.In this study, we found that m6A RNA modi�cations is heavily involved in
senescence of SkMSCs. Initially, both reduction of m6A modi�cation and METTL3 expression were
observed in aged SkMSCs. Then, we found that downregulation of METTL3 lead to m6A modi�cations
downregulation and SOCS3 upregulation, accelerating SkMSC senescence. Subsequently, upregulation of
METTL3 enhanced m6A modi�cations and inhibited senescence by the JAK2-STAT3 signaling pathway
through upregulation of SOCS3 in SkMSCs. Finally, IGF2BP1 recognized and stabilized m6A-modi�ed
SOCS3 mRNA to relieve senescence of SkMSC. Collectively, our results suggest that upregulation of
METTL3 and m6A modi�cations can relieve senescence of SkMSCs via IGF2BP1 modulating
enhancement of SOCS3 mRNA stability, which disturbed the JAK2-STAT3 signaling pathway. These
results not only identify the roles of m6A and
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METTL3 in senescence of SkMSC, and also implied the possibility to develop therapeutic strategies for
aging-related muscle disorders.

By targeting different mRNAs in young and aged SkMSCs, m6A regulation by METTL3 is involved in
regulating biological processes in very different way. Aberrant expression of m6A are known to support
critical germinal center (GC) functions, cell malignant transformation and carcinogenesis through
regulating the expression of targeted mRNAs18–20. Remarkably, abnormal m6A modi�cations are
reported to regulate senescence, which may be implicated in age-related disorders. Moreover,
dysregulation of m6A was also reported to be involved in age-related neural activity and Alzheimer's
disease 21,22. These �ndings imply a regulatory function of m6A in aging. Consistent with our �ndings,
recent studies reported that METTL3 regulates m6A levels in myoblasts and in the transition of
myoblasts to different cell states12. Decreased m6A modi�cations has been reported to regulate the fate
of bone marrow mesenchymal stem cells and the bone-fat balance during skeletal aging. However, the
earliest stages of terminal differentiation commitment were not investigated and the upstream signal that
leads to the decline in METTL3 transcription has not yet in full shape. Our study further employed young
and aged SkMSCs and found m6A loss in aged SkMSCs due to reduction of METTL3. Moreover, knockout
of METTL3 was observed to accelerate senescence in SkMSCs, implying METTL3 as well as m6A play
important roles in the senescence of SkMSCs. Similar to our study, Li also reported that METTL3
de�ciency shortens the lifespan in Drosophila23.

In aged SkMSCs, m6A pro�ling observed the declined methylation and protein coding pathways. Protein
coding is a general stereotypes in aging. As a protein coding regulator, SOCS3 can directly interact with
JAK2, suppressing the JAK2/STAT3 signaling pathway and thus plays roles in regulating cell signaling
connectivity under physiological and pathological conditions.24–26. Consistently, reduction of
SOCS3expression in cells causes abnormal epigenetic and metabolic reprogramming27,28. Recent studies
reported that decreased m6A methylation results in a reduction of SOCS3 mRNA29–31. However,
regulatory mechanism of SOCS3 in senescence still remains uninvestigated. Our study identi�ed the
reduction of m6A modi�cation and SOCS3 and its association in aged mouse SkMSCs. METTL3
knockout decreased the stability of SOCS3, may owe to reduced m6A modi�cations around their stop
codons preferentially recognized and stabilized by IGF2BP132–34. Really, numerous studies suggest that
IGF2BP1 selectively recognizes and promotes mRNA stability35,36. Our data demonstrated that m6A
modi�cation and SOCS3 are involved senescence of SkMSCs, suggesting that intervention of m6A
modi�cation and m6A might be a potential strategy for regulating cell senescence.

SOCS3 function as a negative regulator of the JAK-STAT pathway, which plays a crucial role in age-
related diseases and cellular aging37,38. The role of SOCS3 in aging regulation is achieved by inhibiting
JAK-STAT pathway, and other related mediators. SOCS3can bind to JAK2 and suppress the activation of
STAT3, thereby regulating cellular aging. Recent studies have reported that SOCS3 has a detrimental role
of in�ammation and that reduction of SOCS3 can cause primary microglial dysfunction and the
development age-related retinal microgliopathy in mice38. In addition, knock out of SOCS3 in mice can
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restrain cell proliferation and growth. In a mouse model, METTL3 was reported to modify SOCS3 mRNAs
by m6A methylation, which decreased the degradation of SOCS3 and increased its translation, thereby
suppressing JAK2/STAT3 signaling and consequently promote cell proliferation and growth39. Moreover,
we found that m6A modi�cation are involved in regulating SOCS3 translation in a METTL3/ IGF2BP1-
orchestrated manner. Consequently, we demonstrated that METTL3 promotes the m6A methylation of
SOCS3 mRNA, and then IGF2BP1 recognizes and stabilizes SOCS3 mRNA and promotes SOCS3 protein
expression. Consistently, a recent study have shown that the reduction of phosphorylation of
JAK2/STAT3 in aged Klotho de�cient (+/-) mice; however, the mechanism by which DR1 affecting the
aging of cells has not been reported40. Our study that m6A methylation of SOCS3 regulate the
senescence of SkMSCs through JAK2–STAT3 signaling. Epigenetic modi�cation of m6A has a powerful
in�uence on cellular senescence and affects the cell fate and leads to the overexpression of target protein
in aged mice to relieve age-related disease; however, further exploration of the molecular mechanisms
remain is required 41,42. Our data provides the evidence that SOCS3 binds to JAK2 and promote its
degradation.

Several limitations need be noted. Firstly, the role of SOCS3 to METTL3-mediated m6A methylation may
vary due to cell type,cellular signal and microenvironment. Second, we have explored the association
between m6A modi�cation and SOCS3, however, we failed to identify the exact binding site of SOCS3
that interact with downstream target. Thirdly, Further in vivo study is needed to reveal the role of m6A and
manipulation of m6A modi�cation in senescence. Despite these limitations, our data have demonstrated
that reduction of m6A is a senescence biomarker in SkMSCs and that the restoration of m6A through
METTL3 upregulation can alleviate senescence of SkMSCs.

In summary, our study shows that IGF2BP1-mediated improvement of SOCS3 mRNA stability is enhanced
by METTL3-mediated m6A methylation to alleviate the senescence of SkMSCs. The association between
SOCS3 and m6A modi�cation implies that the manipulation of m6A modi�cation may serve as a
promising treatment for age-related disease. Our present study provided the molecular mechanism of
m6A in aging and identi�es METLL3 and SOCS3 as therapeutic target

for the diagnosis and treatment of age- associated disorders. Further studies are needed to identify the
exact binding site of SOCS3 that interact with JAK2 and we speculate that SOCS3 may have other targets
besides JAK2 in SkMSCs.

4 Materials And Methods

4.1 Cell culture and transfection
Female BALB/c mice were purchased from The Guangdong Medical Laboratory Animal Center as
reported. Young and aged SkMSCs were obtained from 6-week-old and 6-month-old and were cultured in
DMEM (Gibco; Thermo Fisher Scienti�c, Inc.) supplemented with 20% FBS (HyClone; GE Healthcare life
Sciences)and 1% chick embryo extract (Gemini Bio Products). The overexpression vectors
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(Qiagen/Exiqon) for METTL3 (METTL3-OE), SOCS3 (SOCS3-OE) and IGF2BP1 (IGF2BP1 -OE) and the
Small interfering RNA (Bioss, Beijing, China) for METTL3 (METTL3-KO), SOCS3 (SOCS3-KO) and
IGF2BP1( IGF2BP1-KO) were pretransfected into SkMSCs, respectively. The above vectors were delivered
into SkMSCs by using a Lipofectamine 2000 reagent (Invitrogen, CA, USA) according to the
manufacturer’s instructions.

4.2 Clonal expansion assay
To assess the proliferative capacity of SkMSCs, clonal expansion assay was performed. Initially, cells
were seeded in a six-well plate (Corning Inc) and cultured in the growth medium for 10 to 15 days, then
�xed with 4% paraformaldehyde for 15 − 20 min. The cells were washed with phosphate buffer solution
(PBS), treated with 0.2% crystal, and imaged using a microscope digital camera (Olympus).

4.3 Senescence-associated–galactosidase (SA-Gal)
staining
SA-Gal staining was adopted to assess the senescence of SkMSCs. Brie�y, the cultured cells were
washed twice with PBS and �xed with 2% formaldehyde and 0.2% glutaraldehyde for 5 min at room
temperature. The �xed cells were stained with SA-Gal staining solution (Cell Biolabs, USA) at 37°C
without CO2 overnight and then calculated the percentage of SA-Gal positive cells.

4.4 Western blotting
Western blotting was performed as reported previously43. Brie�y, proteins were extracted from cell lysates
and were quanti�ed with a BCA quanti�cation kit (Thermo Fisher Scienti�c). Then, the samples were
electrotransferred to PVDF membranes (Millipore) and were blocked and incubated with rabbit anti-
GAPDH (1:1000; ab9485, Abcam, Cambridge, UK), anti-METTL3 (1:1000; ab195352), anti-METTL14
(1:1000; ab252562), anti-SOCS3 (1:1000; ab280884), anti-IGF2BP1(1:200, ab100999) antibodies
overnight at 4°C. Following incubated with secondary antibody, the results were captured by ChemiDoc
XRS system (Bio-Rad).

4.5 Immuno�uorescence
Immunostaining was conducted according to the manufacturer’s instructions. In brief, The samples were
�xed with 4% paraformaldehyde, permeabilized with 0.4% Triton X-100, and blocked with 10% sheep
serum. After the samples were incubated with the primary antibody and secondary antibody, respectively,
they were subjected to Hoechst 33342 (Invitrogen). Images were captured with a microscope digital
camera (Olympus).

4.6 RNA isolation and reverse transcription-quantitative
polymerase chain reaction
(RT-qPCR) ampli�cation
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Total RNA extraction and ampli�cation were performed as reported previously. Brie�y, the samples were
extracted using TRIzol reagent (Invitrogen), and then RNA was converted to cDNA with the SuperScript®
cDNA Synthesis Kit (Thermo). The cDNA was then applied to the 7500HT Fast Real-Time PCR system
(Applied Biosystems) and the 2× UltraSYBR Mixture (CW Bio) for q-PCR as follows: 15 min at 95°C and
40 cycles of 15 s at 95°C and 30 s at 60°C. The following primers were used: GAPDH forward 5′-
ACTGAGGACCAGGTTGTC-3′ and reverse 5′-TGCTGTAGCCGTATTCATTG-3′; METTL3 forward 5′-
CAAGCTGCACTTCAGACGAA-3′ and reverse 5′-GCTTGGCGTGTGGTCTTT-3′, METTL14 forward 5 -
TCTTCTTCATATGGCAAATTTTCTT-3 , and reverse 5 - TATCCCTCTTGGTCTGTGGAG-3 . Data were
analyzed with SDS Software version 2.0 (Applied Biosystems).

4.7 MeRIP-seq
MeRIP was conducted by Guangzhou Bainuowei Biotechnology Co., LTD. Brie�y, Puri�ed mRNA was
treated with DNase I (Sigma-Aldrich) and fragmented into ≤ 100 bp fragments using an RNA
fragmentation reagent (Thermo Fisher, Carlsbad, CA, USA). Approximately one-tenth of the RNA was used
as the input control for further RNA sequencing using RiboBio (Guangzhou, China). Anti-m6A antibody
was mixed with Protein A Dynabeads (Invitrogen) followed by addition of the mRNA fragments. The
mixture was mixed with prewashed Pierce™ Protein A/G Magnetic Beads (Invitrogen) in
immunoprecipitation buffer (Sigma-Aldrich), followed by RNA extraction using phenol:chloroform
(Thermo Fisher, Carlsbad, CA, USA). The methylated RNA was puri�ed for MeRIP-seq using RiboBio
(Guangzhou, China).

The MeRIP-seq data were analyzed according to the published standardized pipeline. MACS (version 1.4)
was used for peak detection. m6A peaks were measured by the ExomePeak software (v2.6.0). RNA-seq
reads were normalized using Cu�inks (v2.2.1), and Cuffdiff was used to determine the differentially
expressed genes.

4.8 RIP-qPCR
RIP was performed using Magna MeRIP m6A Kit (Millipore, Germany) according to the manufacturer’s
instructions. In brief, RNA was isolated from young and aged SkMSCs using Dynabeads™ mRNA
Puri�cation Kit (Invitrogen), and one-tenth of the RNA was used as the control. The RNA was incubated
with m6A-speci�c antibody (Abcam) in immunoprecipitation buffer with RNase inhibitors; the complexes
were incubated with Pierce ™ Protein A/G Magnetic Beads (Thermo Scienti�c) for 2 h at 4°C with rotation.
Based on the MeRIP-seq results, enrichment was evaluated using qPCR. The corresponding m6A
enrichment in each sample was calculated by normalizing it to that in the input control. Genes
differentially expressed between young and aged SkMSCs or between control and METTL3-knockout
SkMSCs were determined using the R-package DEseq2 software. The relative enrichment of m6A was
normalized to that in the input control as follows: % input = 1/10 × 2Ct [IP] – Ct [input].

4.9 RNA stability analysis
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RNA stability analysis was performed according to the manufacturer’s instructions. SkMSCs were
cultured in six-well plates. Actinomycin D (Apexbio, USA) was added at a �nal concentration of 5 g/ml.
Total RNA was extracted with TRIzol reagent (Thermo Fisher Scienti�c, USA). RT-qPCR was performed as
previously reported and each RNA transcript of interest and its RNA half-life (t(1/2)) were determined
using ln2/slope and GAPDH was used for normalization.

4.10 Liquid chromatography-tandem mass spectrometry
(LC-MS/MS)
Quanti�cation was performed using LC–MS/MS on an Agilent system according to the manufacturer’s
instructions. Brie�y, 100 ng of mRNA was treated with a mixture of nuclease P1 and calf intestinal
phosphatase (1:10) overnight at 37°C. The mixture was neutralized using HCl; samples were �ltered
through a 0.22 µm �lter (Millipore) and subjected to LC–MS/MS analysis. The samples were then
separated through LC on a C18 column (Agilent) using a Biosystems 6500 Triple Quadrupole (Agilent
Technologies). Quanti�cation was performed using standard curves obtained from standards run with
the same batches of samples. RNA modi�cation levels were determined by MetWare according to the LC-
MS/MS platform.

4.11 Statistical analysis
Statistical signi�cance was determined by Student's t‐test for comparisons between two groups and by
one‐way analysis of variance followed by Tukey's post hoc test for comparisons between more than two
groups using the Prism software package version 8.4 (GraphPad Software, La Jolla, CA). P < 0.05 was
determined to indicate a statistically signi�cant difference.
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Figure 1

Decreased m6A methylation in aged SkMSCs. (A) MTT analysis to assesse the proliferative potential of
adult and aged SkMSCs. (B) Clonal formation assay in adult aged SkMSCs. (C) SA-Gal staining of adult
and aged SkMSCs. (D) Western blot showing m6A levels in SkMSCs. (E) Immunostaining for m6A
expression in SkMSCs. (F) LC–MS/MS measured the level of m6A in SkMSCs. (G) Western blot analysis
of METTL3 and METTL14 expression in young and aged SkMSCs. Data are presented as mean ±SEM; n
= 3. *P < 0.05; **P < 0.01; NS, not signi�cant. All experiments were performed at least three times with
duplication within each individual experiment.
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Figure 2

Reduction of METTL3 promote senescence in SkMSCs. (A) METTL3 expression in METTL3-NC and
METTL3-KO group. (B) Western blot showing METTL3 in METTL3-NC and METTL3-KO group. (C) Clonal
formation showing the proliferation of SkMSCs in METTL3-NC and METTL3-KO groups. (D) SA-β-Gal
staining for SkMSCs in METTL3-NC and METTL3-KO group. (E) Immunostaining for m6A modi�cation in
METTL3-NC and METTL3-KO group in SkMSCs.
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Figure 3

Characterization of m6A mRNA methylation in young and aged SkMSCs. (A) Heatmap depicting the
Pearson's correlation coe�cients of RNA-seq data acorss young and aged SkMSCs samples. The
samples were hierarchically clustered. (B) Heatmap depicting the Pearson’s correlation coe�cients of
MeRIP-seq data acorss young and aged SkMSCs samples. The samples were hierarchically clustered. (C)
Venn diagram showing the overlap in numbers and percentages of m6A peaks detected from two
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independent replicates in young and aged SkMSCs. (D) Distribution of m6A-tagged transcript types as
identi�ed by MeRIP-seq in young and aged SkMSCs. (E) Pie chart showing the fraction of m6A peaks in
different transcript segments. (F) m6A motif identi�ed in adult and aged SkMSCs. (G) Distribution of
m6A peaks in the 5′untranslated region (UTRs), coding sequences (CDSs), and 3′ UTRs of total mRNA
from young and aged SkMSCs.

Figure 4

m6A pro�ling in adult and aged SkMSCs. (A) Shared and speci�c m6A peaks in young and aged
SkMSCs. (B) Clustering of differentially expressed genes in young and aged SkMSCs. (C) Representative
examples of shared and speci�c m6A peaks.
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Figure 5

SOCS3 is a target of METTL3 regulating SkMSCs senescence. (A) The frequency of m6A �anking the
stop codons in transcripts from young and aged SkMSCs. (B) m6A frequency in regions �anking the stop
codon regions in the METTL3-KO and control groups. (C) Pie chart showing genes that overlap between
the METTL3-KO and METTL3-NC groups. (D) m6A modi�cation on SOCS3 mRNA in young and aged
SkMSCs. (E) MeRIP-qPCR showing m6A enrichment in SOCS33 mRNA of METTL3-KO and METTL3-NC
groups. (F) MeRIP-qPCR showing m6A enrichment on SOCS3 mRNA of the METTL3-KO and METTL3-NC
groups.
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Figure 6

m6A accelerated IGF2BP1-mediated SOCS3 mRNA stability and relieved senescence in SkMSCs. (A) q-
PCR showing SOCS3 mRNA levels in young and aged SkMSCs. (B) Western blotting showing SOCS3
protein levels in young and aged SkMSCs. (C) qPCR showing SOCS3 mRNA levels in METTL3-NC and
METTL3-KO SkMSCs. (D) Western bloting showing SOCS3 protein expression in METTL3-NC and
METTL3-KO groups. (E) RIP-qPCR showing IGF2BP1 enrichment in SOCS3 mRNA in SkMSCs. (F) RIP-
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qPCR analysis showing enrichment of IGF2BP1 in SOCS3 mRNA in METTL3-NC and METTL3-KO
SkMSCs. (G) Western blot showing IGF2BP1 levels in IGF2BP1-NC and IGF2BP1-KO groups. (H) qPCR
showing SOCS3 levels in IGF2BP1-NC and IGF2BP1-KO groups. (I) Western blot showing SOCS3 levels in
control and IGF2BP1-KO groups. (J) Western blot showing SOCS3 levels in SOCS3-NC and SOCS3-
knockout (SOCS3-KO) groups. (K) Clonal formation assay in control and SOCS3-KO groups. (L) SA-β-Gal
staining showing cell senescence in SOCS3-NC and SOCS3-KO groups. (M) Clonal formation assay
showing cell proliferation in IGF2BP1-NC and IGF2BP1-KO groups. (N) SA-β-Gal staining showing cell
senescence in IGF2BP1-NC and IGF2BP1-KO groups.

Figure 7

Identi�cation of extracellular JAK as a regulatory target of SOCS3. (A) GSEA identi�ed a signi�cant
correlation between SOCS3 and the JAK signaling pathway. (B–D) Phospho-kinase microarray assay
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showing conditioned medium from stably transfected SkMSCs. (E) Crucial members of the JAK–STAT
signaling pathway were examined by western blotting. (F) Representative images of SOCS3 and
phosphorylated JAK immunostaining in SkMSCs. (G) Downstream effectors of JAK2 signaling were
examined by western blotting. (H) Effect of SOCS3 downregulation on SkMSC proliferation. (I-J) SA-β-Gal
staining of SkMSCs.
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