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Abstract

Mesenchymal stem cells (MSCs) are widely utilized in tissue repair, anti-inflammatory treatment, and cell therapy due to their remarkable
multidirectional differentiation potential, immunosuppressive capabilities, and low immunogenicity. However, the regulatory mecha-
nisms underlying their functions are intricate, and epigenetic modifications are a significant contributing factor. N6-methyladenosine
(m6A) modification affects the proliferation, differentiation, and immunomodulation of MSCs by regulating the stability, transport, and
translation of RNA. Studies have shown that m6A modification promotes osteogenic differentiation through the bone morphogehetic
protein/small mothers against decapentaplegic (BMP/Smad) and wingless-related integration site/β-catenin (Wnt/β-catenin) pathways.
It also enhances the anti-inflammatory effect of MSCs by modulating immune cell polarization and the release of inflammatory medi-
ators. Moreover, exosomes secreted by MSCs contribute to immunomodulation and the response to cancer treatment by regulating the
m6A modification of genes in target cells. “Writers” of m6A, such as methyltransferase-like 3 (METTL3) and METTL14, and “erasers”,
such as fat mass and obesity-associated protein (FTO) and alkB homolog 5 (ALKBH5), are crucial in regulating the functions of MSCs.
Targeting m6A modification via the clinical application of MSCs may represent a new cancer treatment strategy. Therefore, a com-
prehensive investigation of the m6A regulatory mechanism is essential. This review provides theoretical and technical support for the
clinical use of MSCs, facilitating the development of more effective therapeutic strategies.
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1. Introduction
Mesenchymal stem cells (MSCs) are adult stem cells.

They have multidirectional differentiation potential and
self-renewal ability and are widely distributed in various
tissues such as bone marrow, adipose tissue, and the um-
bilical cord [1–3]. MSCs show promising applications
in tissue regeneration, immunomodulation, and cell ther-
apy due to their excellent immunomodulatory ability, low
immunogenicity, and multilineage differentiation potential
[4]. However, the maintenance of the medicinal effects
of MSCs represents a highly intricate and arduous subject
area, and epigenetic modification may be a significant reg-
ulatory factor in this context.

N6-methyladenosine (m6A) modification is crucial in
posttranscriptional regulation [5]. It affects RNA stabil-
ity, transport, splicing, and translation efficiency [6]. Ad-
ditionally, many scientific studies have shown its impor-
tance in the proliferation, differentiation, and immunomod-
ulation of MSCs. For instance, m6A modulates the os-
teogenic potential of MSCs by regulating key signaling
pathways, such as phosphoinositide 3-kinase/protein ki-

nase B (PI3K/AKT) andwingless-related integration site/β-
catenin (Wnt/β-catenin) pathways [7,8]. Furthermore,
m6A modification increases the anti-inflammatory and im-
munoregulatory capacity of MSCs by modulating the ex-
pression of inflammatory factors and macrophage polar-
ization [9–11]. Specifically, the m6A modification affects
the interaction between MSCs and macrophages, promot-
ing the conversion of pro-inflammatory M1 macrophages
into anti-inflammatory M2 macrophages, thereby creating
a microenvironment more conducive to tissue regeneration
[12]. Concurrently, alterations in the microenvironment
serve to modulate MSC function, thereby enabling bidirec-
tional regulation and interaction with immune cells [13]. In
addition, in MSCs, m6A modification can regulate the tu-
mor microenvironment; specifically, it can enhance cancer
cell stemness and drug resistance by reprogramming MSCs
to a pro-oncogenic phenotype [14]. These findings provide
an invaluable theoretical foundation for elucidating the im-
pact of m6A modifications on the regulation of the immune
and tumor microenvironments by MSCs.
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m6A modification is a dynamic and reversible pro-
cess coordinated by multiple proteins. “Writers” like
methyltransferase-like 3 (METTL3) and METTL14 recog-
nize specific RNA sequences and catalyze adenine methy-
lation. “Readers” such as YTH domain-containing family
protein 1 (YTHDF1) and YTHDF2 bind to m6A sites, reg-
ulating RNA stability, splicing, and translation. “Erasers”
including fat mass and obesity-associated protein (FTO)
and alkB homolog 5 (ALKBH5) remove methyl groups
via demethylation, maintaining m6A modification balance
and fine-tuning gene expression [15]. METTL3 has been
demonstrated to promote osteogenic differentiation and in-
hibit adipogenic differentiation. Conversely, the deletion of
the demethylase ALKBH5 has been shown to significantly
enhance self-renewal in MSCs [16,17]. These research
findings suggest that elevating the level of m6A modifica-
tion by modulating the m6A regulatory mechanism can ef-
ficaciously regulate the multidirectional differentiation po-
tential of MSCs, thereby offering novel insights and strate-
gies for regenerative therapies leveraging MSCs. A thor-
ough exploration of the molecular mechanisms underly-
ing m6A modification, as well as the methodologies for
enhancing the efficacy of MSC-based clinical treatments
through the targeting of m6A regulatory factors, will repre-
sent a significant research avenue. This study is designed to
systematically investigate the role of m6A modifications in
regulating MSC functions, thereby providing valuable the-
oretical understandings and technical assistance for the ap-
plication of MSCs in the field of regenerative medicine.

2. m6A Modification Promotes Osteogenic
Differentiation of MSCs

Owing to their strong osteogenic potential, MSCs hold
significant promise as a treatment for orthopedic condi-
tions such as osteoporosis, periodontitis, bone defects, and
fractures [18–20]. Accordingly, exploring therapeutic tar-
gets by targeting the mechanisms that promote and inhibit
the osteogenic differentiation capacity of MSCs can effec-
tively enhance the therapeutic efficacy of MSCs [21]. m6A
modifications are common post-transcriptional modifica-
tions that not only affect a variety of biological processes
such as cellular inflammation, apoptosis, autophagy, senes-
cence, and iron death but also regulate cellular differentia-
tion and transdifferentiation, which in turn are involved in
disease progression [22–25]. Consequently, targeting m6A
regulators enables the modulation of the level of epigenetic
m6A modifications in vivo and in vitro through the utiliza-
tion of agonists, inhibitors, or gene silencing and overex-
pression techniques, thereby influencing cellular function
and disease progression [26,27]. Recent study has found
that the osteogenic differentiation process in MSCs is asso-
ciatedwithm6Amodification. m6Amodification promotes
osteogenic differentiation and inhibits adipogenic differen-
tiation in MSCs [9]. These findings provide new ideas for
enhancing the potential value of MSCs in treating skeletal
diseases at the level of m6A modification.

2.1 Regulating Cell Aging, Autophagy and Angiogenesis

Age-associated osteoporosis (OP) is a disorder typi-
fied by the cellular senescence of bone marrow mesenchy-
mal stem cells (BMSCs) resulting from the accrual of oxida-
tive stress, DNA damage, and mitochondrial dysfunction
[28]. The senescence of BMSCs not only exacerbates lo-
cal inflammation but also disrupts the balance of osteogenic
and adipogenic differentiation of BMSCs, leading to the
progression of age-related skeletal diseases [29]. The cur-
rent therapeutic approach for OP is primarily focused on the
utilization of antidepressant and anabolic agents. The cur-
rent therapeutic approach for OP is focused primarily on the
utilization of antidepressant and anabolic agents. Although
these drugs promote bone formation, they also present a
number of potential adverse side effects, such as fever, nau-
sea, bone pain, and even the possibility of carcinogene-
sis [30]. Consequently, the osteogenic potential of BM-
SCs can be augmented by alleviating their senescence. Re-
search has demonstrated that the antioxidant quercetin mit-
igates oxidative stress in orofacial mesenchymal stem cells
(OMSCs) through the promotion of Per1 m6A modifica-
tion, thus reducing cellular aging, enhancing the expression
of osteogenic genes, and facilitating periodontal tissue re-
generation [31]. Knockdown of METTL3 reduces the m6A
modification of the critical cell cycle regulator Polo-like ki-
nase 1 (PLK1) in dental pulp stem cells (DPSCs), leading
to senescence and apoptosis [32]. Thus, targetingMETTL3
in DPSCs may inhibit cellular aging and serve as a thera-
peutic strategy for periodontitis. Additionally, MSC senes-
cence is closely associated with the onset and progression
of osteoarthritis (OA) [33]. In MSCs, ALKBH5 promotes
the degradation of cytochrome P450 family 1 subfamily
B member 1 (CYP1B1) mRNA via m6A demethylation,
thereby alleviating mitochondrial dysfunction and attenu-
ating mesenchymal stem cell senescence and osteoarthritis
progression [17].

Autophagy is a protective mechanism that prevents
apoptosis [34]. The development of skeletal diseases is of-
ten accompanied by impaired autophagy, resulting in de-
fective osteogenic differentiation of BMSCs [35]. Research
has shown that METTL14 promotes the m6A modification
of beclin-1 mRNA; insulin-like growth factor 2 binding
protein (IGF2BP) reader proteins mediate the increase in
beclin-1 expression, thereby inducing autophagy and pro-
moting the osteogenic differentiation of BMSCs [36]. An-
other reader protein, YTHDF1, is highly expressed during
the osteogenic differentiation of BMSCs, promoting au-
tophagy and cell proliferation and differentiation, thereby
accelerating fracture healing [37]. However, the underly-
ing mechanisms remain to be elucidated. Moreover, MSCs
can promote autophagy through paracrine regulation of
m6A modification. The initiation of autophagy begins with
the activation of the unc-51-like kinase 1 (ULK1) com-
plex, consisting of ULK1, focal adhesion kinase family-
interacting protein of 200 kDa (FIP200), and autophagy-
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related protein 13 (ATG13) [38]. Loss of FIP200 disrupts
ULK1 phosphorylation and stability, thereby inhibiting au-
tophagy induction [39,40]. In cocultured nucleus pulpo-
sus cells (NPCs) with BMSCs, ALKBH5 facilitates the
demethylation of FIP200 mRNA and, through the reader
protein YTHDF2, suppresses FIP200 mRNA degradation.
This increase in autophagy helps prevent apoptosis, indi-
cating that BMSC injections can be used as a therapeutic
strategy for intervertebral disc degeneration (IVDD) [41].

During bone formation, osteogenesis is closely inter-
twined with angiogenesis, a process essential for bone tis-
sue regeneration [42]. BMSCs contribute to neovascular-
ization by differentiating into endothelial cells and promot-
ing local angiogenesis via the secretion of factors such as
vascular endothelial growth factor (VEGF) and angiopoi-
etin [43]. Knockdown of METTL3 in BMSCs reduces
VEGF expression, impairing the angiogenic potential of
these cells [44]. Conversely, overexpression of METTL3
and METTL14 upregulates VEGF-A via m6A modifica-
tion, enhancing osteogenesis and angiogenesis [45]. In
addition to their role in bone formation, MSCs play piv-
otal roles in various other tissue repair processes. For ex-
ample, METTL3, in conjunction with insulin-like growth
factor 2 binding protein 2 (IGF2BP2), facilitates the se-
cretion of vascular endothelial growth factor C (VEGF-
C) from adipose-derived stem cells (ADSCs), thereby in-
ducing the formation of lymphatic vessels and accelerat-
ing wound healing in diabetic mice [46]. Although vari-
ous miRNAs in MSC-derived exosomes have been identi-
fied as regulators of angiogenic factors, the specific role of
m6A modification in the formation and secretion of these
exosomes is unclear [47].

2.2 Activating the Osteogenic Signaling Pathway
BMSCs can differentiate into osteoblastic (OB) cells

under certain conditions [21]. Osteogenic differentia-
tion of BMSCs involves a variety of signaling pathways,
mainly including bone morphogehetic protein/small moth-
ers against decapentaplegic (BMP/Smad) [48], Wnt/β-
catenin [49], parathyroid hormone (PTH) [50], PI3K-AKT
[51], and JAK/STAT [52]. These signaling pathways inter-
act and work in synergy to regulate OB differentiation and
bone formation through the direct or indirect actions of key
transcription factors such as Runt-related transcription fac-
tor 2 (RUNX2), Osterix (Osx), β-catenin, Smads, and os-
teopontin (Opn) [21,53]. Conversely, sclerostin (SOST) is
a negative regulator of osteoblast-specific expression [54].
PTH and oestrogen inhibit SOST expression, whereas the
transcription factors Osterix and RUNX2 promote SOST
expression, which ultimately prevents BMP and Wnt sig-
naling by binding to BMP type I or II receptors andWnt co-
receptor low-density lipoprotein-related protein 5/6 (Wnt
co-receptor LRP5/6) [55]. Mutations in the SOST gene
are linked to conditions such as sclerosteosis, Van Buchem
disease and osteoporosis [56]. Research has demonstrated
that m6A modification modulates the osteogenic differen-

tiation of BMSCs by regulating various signaling pathways
[9,57]. The following schematic shows a summary of how
m6A regulatory factors are involved in various pathways
and mechanisms (Fig. 1).

2.3 Regulation of Non-coding RNAs (ncRNAs)
MicroRNAs (miRNAs), small noncoding RNAs, play

crucial roles in the osteogenic differentiation of BMSCs by
regulating gene expression [58]. Different miRNAs exert
varying effects on MSC osteogenic differentiation. For ex-
ample, miR-21 targets the PI3K/β-catenin pathway to pro-
mote MSC osteogenesis [59], whereas miR-133 and miR-
135 negatively regulate osteogenesis by targeting RUNX2
and Smad5 [60]. Increasing evidence indicates that m6A
modification influences the regulatory capacity of miRNAs
in MSC osteogenesis by affecting miRNA activity. For in-
stance, Wilms’ tumor-associated protein (WTAP) enhances
the m6A modification of miR-29b-3p, which activates his-
tone deacetylase 4 (HDAC4), promoting BMSC osteogen-
esis [61].

m6A modification not only acts directly on miRNAs
but also regulates MSC osteogenesis by influencing the
processing of primary miRNAs (pri-miR) [62]. For in-
stance, WTAP promotes the maturation of pri-miR-181a
and pri-miR-181c, while METTL3 inhibits the maturation
of pri-miR-320, promoting BMSC osteogenesis [63,64].
Additionally, METTL14 fosters the maturation of pri-miR-
873, inhibiting BMSC proliferation [62]. Furthermore,
METTL3 in stem cells of the apical papilla (SCAPs) has
been demonstrated to promote osteogenic differentiation
of SCAPs by inhibiting the maturation of miR-196b-5p
through binding to DiGeorge syndrome critical region 8
protein (DGCR8) [65].

Recent studies have also revealed interactions be-
tween miRNAs and long noncoding RNAs (lncRNAs).
LncRNAs have been demonstrated to impact miRNA regu-
lation of osteogenic differentiation in MSCs. For example,
the lncRNAH19 acts as a sponge to absorb miR-141, weak-
ening its ability to inhibit β-catenin and promote osteoge-
nesis [66]. The interaction between lncRNAs and miR-
NAs is also regulated by m6A modification. For exam-
ple, METTL3-mediated m6A modification of the lncRNA
MIR99AHG promotes BMSC-mediated osteogenesis by
targeting miR-4660 [67].

Thus, m6A modification plays a critical role in reg-
ulating ncRNA function, inducing diverse osteogenic ef-
fects by modulating the expression and activity of ncR-
NAs. Compared with traditional osteogenic therapies, tar-
geting ncRNAs offers greater specificity, enabling precise
bone formation or repair regulation while minimizing sys-
temic side effects [68]. Furthermore, the multitarget nature
of ncRNAs, including miRNAs, can increase the therapeu-
tic potential of MSCs [69]. Therefore, studying the impact
of m6A modification on miRNA activity may facilitate its
application in osteogenic therapies and expand its clinical
value in treating bone diseases.
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Fig. 1. Osteogenic signaling pathways of mesenchymal stem cells (MSCs). The osteogenic differentiation of bone marrow mesenchy-
mal stem cells (BMSCs) involves multiple signaling pathways, including the BMP-Smad, Wnt/β-catenin, parathyroid hormone (PTH),
PI3K-AKT, and JAK/STAT pathways, which promote the expression of bone-related genes such as Col1A1 and OCN through transcrip-
tion factors such as Runt-related transcription factor 2 (RUNX2) and Osterix (Osx). Myeloid differentiation primary response protein
88 (MYD88), an upstream regulator of NF-κB, activates NF-κB, inhibiting osteogenesis. Conversely, NF-κB promotes chondrocyte
development by binding to the SRY-box transcription factor 9 (SOX9) promoter, promoting chondrogenic differentiation. BMPR, bone
morphogenetic protein receptor; SMAD, small mothers against decapentaplegic; GH, growth hormone; LRP, low-density lipoprotein-
related protein; GSK-3β, glycogen synthase kinase-3 beta; CKIα, casein kinase I alpha; APC, adenomatous polyposis coli; TCF, T-cell
Factor; LEF, lymphoid enhancer-binding factor; FGF, fibroblast growth factor; cAMP, cyclic adenosine monophosphate; PKA, protein
kinase A; CREB, cAMP-responsive element-binding protein; C/EBPs, CCAAT-enhancer-binding proteins; BMP, bone morphogehetic
protein; Wnt, wingless-related integration site; PI3K, phosphoinositide 3-kinase; Akt, protein kinase B. Created with BioRender.com.

3. m6A Modification Promotes the
Chondrogenic Differentiation of MSCs

OA is a degenerative joint disease marked by joint
deformity, pain, loss of function, and excessive inflamma-
tion, with the knee being the most commonly affected area
[70–72]. Inflammation plays a central role in the onset and
progression of OA. Macrophages activate the nucleotide-
binding domain, leucine-rich–containing family, pyrin
domain–dontaining-3 (NLRP3) inflammasome, thereby re-
leasing pro-inflammatory mediators and cytokines (such as
IL-1β and IL-18). These substances increase the expression
of matrix metalloproteinase 13 (MMP13) in chondrocytes,
accelerating the degradation of the cartilage matrix and im-
pairing chondrocyte function [73–75]. While the SRY-box

transcription factor 9 (SOX9) regulates the expression of
collagen types II, IX, and XI, as well as aggrecan, pro-
moting cartilage repair, with NF-κB modulating the role of
SOX9 in chondrogenesis [76–78].

BMSCs are progressively being recognized as an in-
novative therapeutic modality for OA. Their principal bio-
logical functionalities encompass: (1) The capacity to dif-
ferentiate into chondrocyte-like cells within the joint mi-
lieu, thereby compensating for the impaired chondrocyte
function observed during the progression of OA [79]. (2)
The ability to mediate therapeutic effects through the se-
cretion of Extracellular Vesicles (EVs), which play a pivotal
role in the management of OA [80]. Consequently, a deeper
understanding of the mechanisms by which m6A modifica-
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tions regulate these biological functions of BMSCs could
provide new strategies for OA treatment.

3.1 Chondrogenic Differentiation
BMSCs have the potential to differentiate into chon-

drocytes, and the key to treating cartilage defects is
to enhance their proliferation and differentiation [81].
An investigation has demonstrated that the m6A modi-
fication, facilitated by METTL3 and collaborating with
the 5-methylcytosine (m5C) modification mediated by
NOP2/Sun RNA methyltransferase 4 (Nsun4), promotes
the translation of SOX9 by recruiting YTHDF2 and eukary-
otic translation elongation factor 1 alpha 1 (eEF1α-1), thus
enhancing the chondrogenic differentiation of BMSCs [82].
Additionally, METTL3 protects the cartilage matrix and
promotes the chondrogenic differentiation of synovial mes-
enchymal stem cells by inhibiting the expression of MMP3,
MMP13, and GATA-binding protein 3 (GATA3) [83].

Furthermore, research findings have indicated that
collagen hydrogels, which bear resemblance to the natu-
ral cartilage matrix, offer a malleable environment con-
ducive to cell adhesion, proliferation, and differentiation.
By downregulating FTO and reducing the expression of cy-
toskeletal recombinant proteins actinin-alpha 1 (ACTN1)
and ACTN4, which regulate adhesion and the actin cy-
toskeletal signaling pathways, collagen hydrogels facilitate
the chondrogenic differentiation of BMSCs [84]. These
findings indicate new opportunities for the use of collagen
hydrogels in OA treatment.

3.2 Mesenchymal Stem Cell-Derived Extracellular
Vesicles (MSC-EVs) for the Treatment of Osteoarthritis

While mesenchymal stem cell therapy (MSCT) has
shown great potential in treating various diseases, chal-
lenges such as poor MSC survival, low permeability, and
limited blood circulation in bone tissue have hindered its
broader application [19]. Consequently, MSCs primarily
exert their therapeutic effects through the secretion of cy-
tokines and exosomes rather than through the direct action
of the cells themselves [85–87]. MSC-EVs exhibit inher-
ent targeting properties towards injured tissues and display
minimal immunogenicity, thereby mitigating the likelihood
of transplant rejection. This renders them exceptionally
safe for clinical applications, and they have been inves-
tigated as drug-delivery vectors for targeted tissue repair
[88].

MSC-EVs are extracellular vesicles that are approx-
imately 40–150 nm in size and contain various bioactive
molecules, such as proteins, lipids and RNA, which are key
to the therapeutic effects of MSCs [89]. Recent research
indicates that m6A modification serves as a downstream
effector of MSC-EVs. In this context, MSC-EVs modu-
late the activity of methyltransferases within recipient cells,
subsequently impacting cellular functionalities. For exam-
ple, human umbilical cord-derived MSC-EVs (hucMSC-
EVs) carry miR-1208, which inhibits METTL3 activity in

macrophages, reducing the m6A levels of NLRP3 mRNA,
alleviating inflammation, and suppressing MMP13 expres-
sion in chondrocytes, ultimately slowing the progression
of OA in mice [10]. However, BMSC-EVs downregu-
lateMETTL3 activity in chondrocytes, promoteACSL4 ex-
pression, inhibit ferroptosis, and protect cartilage [90].

Furthermore, MSC-EVs can transport methylation
enzymes such as FTO, directly regulating chondrocyte
function in an m6A-dependent manner. For example,
FTO-overexpressing MSC-derived EVs (FTO-EVs) regu-
late chondrocyte autophagy and apoptosis in a YTHDF2-
dependent manner by upregulating autophagy-related pro-
teins ATG5 and ATG7 while downregulating the pro-
apoptotic gene BNIP3, thus triggering autophagy and in-
hibiting apoptosis, providing a novel therapeutic target for
OA treatment [91].

While MSCT involves transplantation, MSC-EVs can
be administered via injection, avoiding the complex proce-
dures involved in cell culture and expansion, thereby sim-
plifying the treatment process [92]. Furthermore, MSC-
EVs exhibit natural biocompatibility and lower toxicity,
with fewer side effects than traditional drug therapies, mak-
ing them a promising strategy for arthritis treatment and of-
fering new therapeutic options for patients [93,94]. How-
ever, current research on the impact of m6A modification
on the formation and secretion of MSC-EVs remains lim-
ited, and further development of techniques to regulate the
specific cargo within MSC-EVs is needed. Table 1 (Ref.
[10,90,91]) shows a summary of the therapeutic effects of
MSCs-EVs on osteoarthritis.

4. m6A Modification Inhibits the
Differentiation of MSCs Into Palmitic Lipids

MSCs are a vital source of adipocytes, and their adi-
pogenic differentiation is also regulated by m6A modifica-
tion [95], primarily through the ERK1/2 and peroxisome
proliferator-activated receptor (PPAR) signaling pathways.
PPAR-γ, a crucial regulatory factor, governs both adi-
pogenesis and osteogenesis, with its upregulation closely
linked to bone loss and increased adipogenic differentiation
[96,97].

FTO has been demonstrated to promote osteogenic
differentiation of BMSCs by reducing PPAR-γ expression
through demethylation. Conversely, FTO has also been
shown to inhibit osteogenesis and accelerate adipogenic dif-
ferentiation by upregulating PPAR-γ through growth dif-
ferentiation factor 11 (GDF11) [98,99]. Research has in-
dicated that demonstrated that when METTL14 is overex-
pressed in BMSCs obtained from patients with steroid—
associated osteonecrosis of the femoral head, it can pro-
mote osteogenic differentiation through the regulation of
RUNX2 and PPAR-γ [100], suggesting that METTL14
may serve as an upstream regulator of the FTO-PPAR-γ
axis. Furthermore, Insulin-like growth factor 2 binding
protein 3 (IGF2BP3) augments myosin light chain kinase
(MYLK) expression through m6A modification, thereby
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Table 1. Summary of the therapeutic effects of MSCs-EVs on osteoarthritis.
EVs content m6A regulatory factors Research subjects Route of administration Publication date References

hucMSCs-EVs METTL3 C57BL/6 NLRP3-/- Intra-articular injection 07/2022 [10]
rat BMSC-Exos METTL3 SD Rat model of OA Intra-articular injection 02/2024 [90]
ratBMSC-Exos FTO C57BL/6J Not specified 8/2024 [91]
MSCs-EVs, mesenchymal stem cells-derived extracellular vesicles; EVs, extracellular vesicles; hucMSC-EVs, human umbilical
cord-derived MSC-EVs; m6A, N6-methyladenosine; METTL3, methyltransferase-like 3; FTO, fat mass and obesity-associated
protein; OA, osteoarthritis; C57BL/6J, C57 black 6 Jackson laboratory mouse; NLRP3, nucleotide-binding domain, leucine-rich–
containing family, pyrin domain–dontaining-3.

inhibiting the phosphorylation of the ERK1/2 pathway
and consequently impeding MSC adipogenic differentia-
tion [101]. In vivo investigations have demonstrated that the
overexpression of IGF2BP3 in MSCs derived from abdom-
inal adipose tissue can lead to a reduction in body weight in
mice and ameliorate insulin resistance [102].

In the tumor microenvironment, adipocytes derived
fromMSCs contribute to tumor growth and drug resistance
by accumulating free fatty acids and releasing adipokines
[103–105]. Study has shown that loss of METTL3 pro-
motes MSC adipogenic differentiation by inhibiting the
AKT1 signaling pathway, accelerating cancer progression,
and increasing resistance to cytarabine in acute myeloid
leukemia (AML) [106]. Therefore, targeting m6A modi-
fication to regulate the AKT signaling pathway presents a
potential strategy for overcoming chemotherapy resistance
in AML [107].

In the context of endocrine diseases, obesity exac-
erbates insulin resistance, worsening glucose metabolism
in diabetic patients [108]. Thus, targeting the regula-
tion of adipogenic differentiation in adipose-derived MSCs
may offer a novel approach to alleviate insulin resistance
in obese diabetic patients [101]. m6A modification has
demonstrated significant therapeutic potential in inhibiting
MSC adipogenic differentiation, providing promising new
targets for treatment. Further exploring the specific regula-
tory mechanisms of m6A modification in this process will
offer crucial theoretical insights and therapeutic strategies
for addressing adipose-related diseases and cancer drug re-
sistance.

5. m6A Modification Modulates the
Immunoregulation and Microenvironment of
MSCs

MSCs communicate information with the surround-
ing microenvironment and cells through paracrine effects,
thereby regulating inflammatory responses, influencingmi-
croenvironmental status, and exerting immunomodulatory
functions. Research indicates that MSCs can modulate cell
functions and the microenvironment by regulating the ac-
tivity of m6A-modifying proteins in nearby cells. The ex-
change of information is of significant importance for the
processes of tissue repair, immune homeostasis, and the im-
provement of pathological states. For example, MSCs re-

duce inflammation and improve kidney injury in diabetic
nephropathy (DN) mice by inhibiting WTAP expression in
renal tubular epithelial cells (HK-2), which leads to de-
creased Enolase 1 expression and reduced secretion of in-
flammatory factors [109]. Conversely, research has demon-
strated that the microenvironment is capable of regulating
the pluripotency of MSCs at the post-transcriptional level.
For example, TNF-α present within the microenvironment
inhibits the differentiation of MSCs into sweat gland cells
by downregulating the expression of FTO in MSCs [110].

5.1 The Immunoinflammatory Functions of BMSCs
MSCs are vital in maintaining immune and inflamma-

tory homeostasis [111,112]. As key immune cells, mono-
cytes can be recruited by MSCs from peripheral blood to
inflamed tissues, where they differentiate into either M1
pro-inflammatory or M2 anti-inflammatory macrophages
[113]. This procedure is of paramount importance for the
preservation of immune homeostasis. The recruitment of
monocytes induced by MSCs and the polarization of M1
macrophages play significant roles in the pathogenesis of
a diverse range of diseases, such as ankylosing spondylitis
(AS), spinal cord injury, and inflammatory bowel disease
(IBD) [114].

MSC-EVs facilitate the polarization of macrophages
towards an anti-inflammatory phenotype by regulating
m6A modification, thereby exerting immunoregulatory ef-
fects [115]. For instance, hucMSC-EVs can upregulate and
enhance the binding of METTL3 to Slc37a2 mRNA, in-
creasing Slc37a2 expression and promoting the polarization
of macrophages towards the M2 anti-inflammatory pheno-
type, which alleviates IBD [12]. Study has also shown that
specific treatments of MSCs can regulate the contents of
MSC-EVs via m6A modification. For example, melatonin
administration results in a reduction in METTL3 expres-
sion in MSCs. This leads to an increase in the levels of
the deubiquitinase ubiquitin specific peptidase 29 (USP29)
in extracellular vesicles derived from MSCs. Extracellular
vesicles containing USP29 interact with nuclear factor-like
2 (NRF2) in macrophages, thereby promoting the deubiqui-
tination of NRF2 and increasing its stability. This, in turn,
induces the anti-inflammatory M2 macrophage phenotype.
This intricate process facilitates functional recovery in mice
following spinal cord injury (SCI) [116].
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Fig. 2. The role of m6Amodification in the Interaction betweenMSCs and macrophages. MSCs recruit monocytes to inflammatory
sites, where they differentiate into M1 proinflammatory or M2 anti-inflammatory macrophages. METTL16 in MSCs inhibits monocyte
recruitment by degrading monocyte chemoattractant protein 1 (MCP1) mRNA via YTH domain-containing family protein 2 (YTHDF2).
hucMSCs-EVs suppressMETTL3 in macrophages through miR-1208, decreasing NLRP3m6A levels and proinflammatory factor levels.
Macrophage-secreted TNF-α upregulates engulfment and cell motility protein 1 (ELMO1) via METTL14, guiding MSC migration and
promoting pathological osteogenesis. Thus, MSCs regulatemonocyte recruitment and polarizationwhile being influenced bymacrophage
feedback. Created with BioRender.com.

While MSCs influence monocyte recruitment and po-
larization, macrophages also affect them. For example,
in diabetic peri-implantitis, M1 macrophage polarization is
also present, and an “information exchange” between in-
flammatory cells and alveolar boneMSCs inhibits MSC os-
teogenic differentiation [117]. Recent study suggests that
reduced ALKBH5 expression may be how macrophages
inhibit MSC osteogenic differentiation in diabetic peri-
implantitis [118]. The interaction between MSCs and
monocytes is also evident in AS. AS-MSCs secrete mono-
cyte chemoattractant protein 1 (MCP1) and C-C motif
chemokine ligand 2 (CCL2), leading to monocyte infiltra-
tion and M1 polarization, exacerbating chronic inflamma-
tion [119]. Furthermore, TNF-α secretion promotes m6A
modification of engulfment and cell motility 1 (ELMO1)
in MSCs via METTL14, increasing its expression and driv-
ing pathological MSC migration and Osteogenesis in AS
[13]. However, MSCs overexpressing METTL16 can in-
hibit monocyte recruitment by degrading MCP1 mRNA
through YTHDF2, suggesting a potential strategy for alle-
viating chronic inflammation in AS [120] (Fig. 2).

Research has also shown that pro-inflammatory fac-
tors in the microenvironment can induce MSCs to ex-
press immunosuppressive molecules, enhancing their im-
munosuppressive effects. For instance, IFN-γ activates

the ERK signaling pathway in MSCs and induces WTAP
phosphorylation, upregulating the expression of immuno-
suppressive molecules via YTHDF1, thus enhancing MSC-
mediated inhibition of activated T cells. This mechanism
underscores the potential application of MSCs in treating
immune-mediated inflammatory diseases [121].

In summary, m6A modification plays a crucial role
in the interaction between MSCs and immune cells and in
immunomodulation, influencing the progression of various
diseases. MSCs also play a key role in the tumormicroenvi-
ronment, and m6A modification is involved and has signif-
icant impacts. Next, we will delve into the specific mecha-
nisms of m6Amodification in the tumor microenvironment
and related research progress.

5.2 Tumor Microenvironment

MSCs are critical in shaping the tumor microenviron-
ment and regulating tumor cell functions, influencing tu-
mor proliferation, metastasis, angiogenesis, and immune
evasion [122,123]. MSCs can be reprogrammed within
different microenvironments through various mechanisms,
inducing epithelial-mesenchymal transition (EMT), pro-
moting cell proliferation, maintaining the tumor stem cell
niche, and modulating tumor metabolism [124]. For exam-
ple, exosomes derived from gastric cancer cells upregulate
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colony-stimulating factor 2 (CSF2) through the IGF2BP2-
dependent m6A pathway, thereby inducing the ubiquitina-
tion of Notch1 and inhibiting its signaling cascade. This
reprograms MSCs into a pro-tumor phenotype, enhancing
gastric cancer cell proliferation, migration, and drug resis-
tance, and providing new therapeutic targets and interven-
tion strategies for gastric cancer [125–127].

Moreover, MSC-EVs hold significant regulatory and
therapeutic potential in the tumor microenvironment.
MSC-EVs can transport proteins, lipids, nucleic acids, and
RNA demethylases [128,129]. For instance, the exosomes
derived from bone marrow mesenchymal stem cells (FTO-
EVs) can demethylate long non-coding RNA long non-
coding RNA of colorectal cancer (GLCC1), thereby acti-
vating the c-Myc signaling pathway and augmenting the in-
vasiveness and drug resistance of acute myeloid leukemia
cells [130]. In vivo study have also shown that BMSC-
EVs loaded with shRNA-ALKBH5 can inhibit the ex-
pression of the ubiquitin-conjugating enzyme ubiquitin-
conjugating enzyme E2C (UBE2C), reduce the ubiquitina-
tion and degradation of p53, and suppress the stemness,
proliferation, and metastasis of triple-negative breast can-
cer (TNBC) cells [131].

The anti-inflammatory and anti-cancer effects of m6A
modification in MSCs provide new opportunities for iden-
tifying therapeutic targets. m6A modification can regulate
paracrine functions, modulating immune responses and in-
flammation to improve disease microenvironments. In can-
cer therapy, m6A modification inhibits tumor proliferation
and metastasis by controlling signaling between MSCs and
tumor cells. Targeting m6A modification can enhance the
anti-inflammatory effects of MSCs, reducing inflammatory
factors through gene regulation and offering new therapeu-
tic avenues for inflammation-related diseases and cancer.
Therefore, further understanding of its specific mechanisms
will be crucial for developing novel treatment strategies.

6. m6A Modification Leads to Other
Functional Changes in MSCs

MSCs are adult stem cells found in a wide range of
tissues, including bone marrow, heart, lungs, and adipose
tissue [2]. m6A modification plays a crucial role in reg-
ulating MSC differentiation, but abnormal differentiation
can lead to the progression of various diseases. For in-
stance, METTL3 promotes the aberrant differentiation of
MSCs into myofibroblasts in lung tissue, contributing to
pulmonary fibrosis [132]. In aortic valve interstitial cells,
METTL3 enhances osteogenic differentiation, leading to
aortic valve calcification (AVC) [133,134]. Additionally,
under hypoxic conditions, METTL3 drives the differentia-
tion of ADSCs into vascular smoothmuscle cells (VSMCs),
accelerating the progression of myocardial infarction (MI)
[135]. These findings highlight the critical role of m6A
modification in controllingMSC differentiation and disease
progression, offering new potential therapeutic targets for
related conditions.

MSC-EVs can also regulate various cellular functions
by modulating m6A modification. For example, MSC-EVs
play a neuroprotective role in neurological disorders by re-
ducing neuronal damage and improving recovery after is-
chemic stroke. Kruppel-like factor 4 (KLF4) in BMSC-EVs
targets lncRNA-ZFAS1 in neurons damaged by stroke, up-
regulating FTO, reducing dynamin-related protein 1 (Drp1)
expression, increasing translocase of outer mitochondrial
membrane 20 (TOM20) levels, mitigating mitochondrial
dysfunction, and alleviating neuronal injury [136]. Addi-
tionally, MSC-EVs loaded with si-FTO can be delivered to
the brains of animal models, where they stabilize ataxia-
telangiectasia mutated (ATM) mRNA, suppress α-Syn ex-
pression, reduce dopaminergic neuron death, and slow the
progression of Parkinson’s disease (PD) [137]. Further-
more, miR-335-5p in hucMSC-EVs suppresses METTL14,
reducing m6A modification of integrin beta 4 (ITGβ4),
alleviating acute lung injury (ALI), and promoting lung
tissue regeneration [138]. MSC-EVs also regulate lipid
metabolism in hepatocytes, slowing the progression of non-
alcoholic fatty liver disease (NAFLD). miR-627-5p derived
from hucMSCs improves glucose and lipid metabolism by
inhibiting FTO expression, reducing liver damage, and pre-
senting a potential therapeutic approach for NAFLD [139].
Additionally, MSC-EVs can serve as carriers for hypoxia-
inducible factor 1 alpha (HIF-1α). Overexpressed HIF-
1α-EVs can enhance YTHDF1 expression in pancreatic β-
cells, boosting autophagy-related proteins (ATG5, ATG2A,
ATG14), reversing hypoxia-induced apoptosis and aging in
β-cells, and providing a potential strategy to improve the
success rate of islet transplantation [140] (Table 2, Ref.
[10,12,16,90,130,131,137,138,140,141]).

7. Summary and Discussion
In recent years, the roles of m6A modification in

MSCs, especially in regulating osteogenic differentiation,
antiaging, autophagy, and immunomodulation, have drawn
much attention. MSCs can differentiate into various cell
types and self-renew; thus, they have great potential in treat-
ing bone diseases and immune disorders and in regenera-
tive medicine. However, the functions of MSCs and their
regulatory mechanisms are complex. As a critical epige-
netic regulatory mechanism, m6A modification profoundly
influences MSC biological functions through various sig-
naling pathways and targets.

Firstly, m6A modification plays a crucial role in pro-
moting MSC differentiation. Additionally, m6A modifica-
tion mitigates MSC aging by modulating autophagy, ox-
idative stress, and mitochondrial function, thus enhancing
their potential for use in bone repair and anti-aging ther-
apies. Targeted regulation of m6A factors like METTL3
and ALKBH5 has been recognized as an effective strategy
for treating osteoporosis, fractures, and arthritis. Moreover,
m6A modification helps alleviate obesity and insulin resis-
tance by inhibiting adipogenic differentiation pathways,
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Table 2. Summary of the effects of MSC-EVs on cell function through the regulation of m6A regulatory factors.
EVs sources EVs contents Acting cell m6A regulatory factors m6A-modified

molecule
Molecular function Reference

huMSCs miR-1208 Macrophage Inhibit METTL3 NLRP3 Inhibiting NLRP3 inflammasome activation and the release of
inflammatory factors helps alleviate OA.

[10]

huMSCs / Macrophage Upregulated METTL3 Slc37a2 Upregulating Slc37a2 expression promotes the polarization of
anti-inflammatory M2 macrophages and alleviates inflammatory

bowel disease.

[12]

huMSCs miR-335-5P AEC Inhibit METTL14 ITGβ4 Inhibiting ITGβ4 expression and the inflammatory response
alleviates ALI.

[138]

hucMSCs miR-26a-5p NPCs Inhibit METTL14 NLRP3 IGFBP2-dependent reduction of NLRP3 expression prevents focal
cell death and alleviates IVDD.

[141]

huMSCs si-FTO Dopamine
neuron

/ ATM Increased expression of the apoptosis-related factor ATM
promotes α-Syn expression, reduces cell death, and alleviates PD.

[137]

BMSCs FTO Acute leukemia
cell

/ LncRNA
GLCC1

Activating the GLCC1-IGF2BP-Cmyc complex enhances drug
resistance and aggressiveness in AML.

[130]

BMSCs shRNA-ALKBH5 Triple-negative
breast cancer

cells

Inhibition of ALKBH5 UBE2C Reduced expression of UBE2C decreases p53 ubiquitination and
degradation, thereby inhibiting cell stemness and metastasis.

[131]

BMSCs FTO Chondrocyte / Atg5/7 The YTHDF2-dependent promotion of autophagy proteins ATG5
and ATG7 triggers autophagy, which inhibits apoptosis.

[16]

BMSCs / Chondrocyte Inhibit METTL3 ACSL4 Reducing m6A modification of ACSL4 prevents cellular
ferroptosis and alleviates OA.

[90]

BMSCs HIF-1α Islet β cells Upregulated YTHDF1 Atg5/2/14 Promoting the expression of autophagic proteins ATG5, ATG2,
and ATG14B to counteract hypoxia-induced cell apoptosis and

senescence.

[140]

OA, osteoarthritis; ALI, acute lung injury; IVDD, intervertebral disc degeneration; PD, Parkinson’s disease; AML, acute myeloid leukemia; AEC, alveolar epithelial cell; NPCs, nucleus
pulposus cells; LncRNA, long noncoding RNA; IGF2BP, insulin-like growth factor 2 binding protein; ITGβ4, integrin beta 4; HIF-1α, hypoxia-inducible factor 1 alpha; ATG, autophagy-
related protein; IGFBP2, insulin-like growth factor binding protein 2; ATM, ataxia-telangiectasia mutated; ALKBH5, alkB homolog 5; UBE2C, ubiquitin-conjugating Enzyme E2 C;
ACSL4, acyl-CoA synthetase long-chain family member 4; GLCC1, long non-coding RNA of colorectal cancer.
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improving the tumor microenvironment, and reducing can-
cer cell stemness, metastasis, and drug resistance. Sec-
ondly, in the realm of immunomodulation, m6A modifica-
tion significantly reduces inflammation by regulating MSC
recruitment of monocytes, inhibiting inflammasome forma-
tion, and controlling the polarization of M1 macrophages.
Furthermore, the interaction between immune cells and the
microenvironment also impacts MSC function. Research
indicates that MSC paracrine signaling modulates immune
function by influencing the activity of m6A-modifying pro-
teins [135].

MSCs hold significant potential for treating cardiovas-
cular diseases (CVD) by promoting angiogenesis, reducing
inflammation, and improving heart function [47,142]. The
knockout of ALKBH5 has been shown to enhance the via-
bility of AMSCs and improve heart function in mice [141].
Also, microRNAs from MSC-EVs offer a new approach
to treating CVD. Research suggests that miRNAs within
MSC-EVs can regulate the activity of m6A-modifying pro-
teins in target cells, thereby modulating cellular functions
[136]. However, the impact of m6A modification on the
generation and secretion of MSC-EVs warrants further in-
vestigation.

Future research should focus on several key areas:
First, a deeper analysis of the specificmechanisms bywhich
various m6A regulatory factors (such as METTL3, FTO,
etc.) influence MSC differentiation and immune regula-
tion will aid in developing precision treatment strategies
for specific diseases. Second, integrating high-throughput
sequencing technology with gene editing tools will further
elucidate the global role of m6A modification in regulating
MSC function and its potential targets. These approaches
are expected to optimize the therapeutic effects of MSCs in
orthopedic diseases, immune-related disorders, and regen-
erative medicine.

Notably, m6A modification research has revealed
multiple new avenues for the clinical application of MSCs.
In the treatment of bone diseases, further research on en-
hancement of the osteogenic differentiation ability ofMSCs
by regulating m6A modification may lead to the develop-
ment of novel bone repair materials or cell-based treatment
regimens. For example, gene-editing techniques can be
used to upregulate the expression ofMETTL3 inMSCs, en-
hancing their osteogenic differentiation for the treatment of
bone defects or osteoporosis. In the treatment of immune-
related diseases, regulating m6Amodification can optimize
the immunomodulatory function of MSCs. In inflamma-
tory bowel disease, by modulating m6A-related molecules
in MSC-EVs, it is possible to promote the polarization of
macrophages into the anti-inflammatory M2 type, thereby
reducing the inflammatory response. In the field of can-
cer treatment, targeting m6A modification to affect the in-
teraction between MSCs and tumor cells can inhibit tu-
mor growth and metastasis. For example, by regulating
m6A modification, the supportive effect of MSCs on tu-
mor cells can be reduced, and the sensitivity of tumor cells

to chemotherapeutic drugs can be increased, providing new
ideas and methods for cancer treatment.

8. Conclusions
In conclusion, this review comprehensively elucidates

the role of m6A modification in MSCs. It significantly im-
pacts MSC differentiation, including promoting osteogenic
and chondrogenic while inhibiting adipogenic differentia-
tion, offers new strategies for skeletal and metabolic dis-
eases and cancer treatment. In immunomodulation, it’s cru-
cial for the interaction between MSCs and immune cells,
potentially optimizing MSC-based therapies for immune-
mediated diseases. In the tumor microenvironment, target-
ing m6A modification in MSCs may develop new cancer
therapies. However, the precise mechanisms and transla-
tion to clinical applications need further study. Overall, re-
search on m6A modification in MSCs has great potential
for advancing regenerative medicine and disease treatment.
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