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Bone and tissue degeneration are the most common skeletal disorders that
seriously affect people’s quality of life. N6-methyladenosine (m6A) is one of the
most common RNA modifications in eukaryotic cells, affecting the alternative
splicing, translation, stability and degradation of mRNA. Interestingly, increasing
number of evidences have indicated that m6A modification could modulate the
expression of autophagy-related (ATG) genes and promote autophagy in the
cells. Autophagy is an important process regulating intracellular turnover and is
evolutionarily conserved in eukaryotes. Abnormal autophagy results in a variety
of diseases, including cardiomyopathy, degenerative disorders, and
inflammation. Thus, the interaction between m6A modification and
autophagy plays a prominent role in the onset and progression of bone and
tissue degeneration. In this review, we summarize the current knowledge
related to the effect of m6A modification on autophagy, and introduce the
role of the crosstalk between m6A modification and autophagy in bone and
tissue degeneration. An in-depth knowledge of the above crosstalk may help to
improve our understanding of their effects on bone and tissue degeneration
and provide novel insights for the future therapeutics.
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1 Introduction

Bone and tissue degeneration are common disorders with societal and economic
impacts. The most common skeletal degeneration includes osteoporosis, arthritis, and
lumbar muscle degeneration, and the common tissue disorders include intervertebral disc
degeneration (IVDD) and disc herniation. The above degenerative disorders are
characterized by dysfunctional bone- or tissue-derived stem or progenitor cells, and
aberrant activation of signaling pathways such as the PTEN, WNT, SIRT1 pathways, and
other related signaling pathways (Xiong et al., 2019a; Mi et al., 2020a; Zhang et al., 2023).
Currently, researchers in the field of degeneration have focused on discovering the
molecular mechanisms mediating the regeneration process and developing new
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therapeutic strategies for improving the health of patients
diagnosed with bone and tissue degeneration (Xiong et al,
2019b; Yu et al., 2020).

N6-methyladenosine (m6A) is one of the most prominent
post-transcriptional modifications in eukaryotic mRNA (Mi
et al,, 2020b; Ren et al.,, 2022). m6A functionally regulates the
eukaryotic transcriptome by influencing mRNA splicing, export,
subcellular localization, translation, stability, and decay. Thus,
aberrant m6A methylation modulates biological processes and
promotes human diseases (Li et al., 2022a). Numerous studies
have revealed that m6A methylation plays a crucial role in the
regulation of the degeneration process and mediates the
occurrence and progression of multiple degeneration-related
disorders (Li et al., 2022b; Peng et al, 2022). Intriguingly,
prior studies reported that epigenetic modifications including
m6A methylation played a prominent role in autophagy
regulation (Tang et al, 2022; Wilkinson et al, 2022).
Moreover, m6A modification has been reported to directly
regulate the expression of autophagy-related (ATG) genes and
modulate the cellular autophagy level, and the effects of the m6A
methylation on autophagy are dependent on the disease context
(Han et al., 2021).

In this review, we aim to summarize the current findings
related to the effect of m6A modification on autophagy, and
introduce the crosstalk between m6A modification and
autophagy with regards to bone and tissue degeneration. An
in-depth knowledge of the m6A modification-autophagy axis
may expand our understanding of their effects on bone and tissue
degeneration and provide novel insights for developing novel
therapeutic strategies in the future.

2 The current sight of m6A
modifications

m6A modification is one of the most abundant modifications
in eukaryotic mRNA and is regulated by both m6A
methyltransferase and demethylase, which are specifically
recognized and bound by the m6A recognition protein (Chen
et al, 2022a). m6A modification is dynamically controlled by
“writers”, “erasers”, and the “readers”, which are the main
methylation-related reading proteins (Table 1) (Shen et al,
2022a). m6A modification affects different stages of mRNA
processing including its splicing, nuclear output, stability and
translation, and plays a crucial role in gene expression (Zheng
et al, 2022). In recent years, owing to the continuous
of methylated RNA
technology (MeRIP), methylated RNA immunoprecipitation

development immunoprecipitation

sequencing (MERIP-seq), liquid chromatography-tandem
mass spectrometry (LC-MS/MS) and high-throughput
sequencing, the methylation modification sites and

distribution can be thoroughly identified and analyzed (Sun
et al,, 2022; Wang et al., 2022). Currently, m6A modifications
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have been reported to be involved in the modulation of a variety
of chronic inflammatory conditions, pathological processes, and
metabolism-related diseases (Grenov et al., 2022; Yang et al,
2022).

2.1 Enzymes involved in m6A
modifications

m6A  “Writers”, the m6A methyltransferase complex,
catalyzes the transfer of methyl groups from S-adenosyl
methionine (SAM) to the nitrogen atom at the 6th position of
adenine (Yu et al,, 2021). m6A writers includes METTL3,
METTL14, WTAP, KIAA1429 (VIRMA), RBM15, HAKAJ,
ZC3H13 (KIAA0853), and METTL16 (Qi et al, 2022). The
METTL3-METTL14 methyltransferase complex has been well-
documented for its regulatory role in m6A methylation (Liu et al.,
2014; Wang et al., 2016). An excellent piece of previous work has
suggested that METTL3 primarily functioned as the catalytic
core, while METTL14 provided the RNA-binding platform,
providing a prominent framework for the functional research
of m6A methylation (Wang et al., 2016). Furthermore, another
study revealed that METTL3 could interact with the homologous
protein METTL14, and form a heterodimer complex, and that
the METTL3/METTL14 complex co-catalyzed —m6A
modification of the target RNA (Liu et al, 2014). In addition
to the METTL3-METTL14 methyltransferase complex, m6A-
METTL-associated protein complex (MAPC) was also widely
reported to be involved in the initiation of m6A modification.
The MAPC is mainly formed by the interaction of the junction
proteins including WTAP, KIAA1429, RBM15, ZC3H13 and
HAKAI (Zhang et al,, 2022). Although the RNA splice factor
WTAP, has no methyltransferase activity, it acts as a connector
protein to recruit the m6A-METTL complex to localize at the
nuclear speckle, and thereby regulates the location of m6A
modification (Paramasivam et al., 2021). Increasing number of
studies have reported new m6A “writers”, such as METTLS5,
METTL16, and ZCCHC4 (Oerum et al., 2021; Ruszkowska,
2021), suggesting that RNA methyltransferases may include
the reported proteins as well as other components, which
need to be identified.

m6A “erasers” are able to “elucidate” m6A modifications of
the target RNA. Up to date, the fat mass and obesity associated
protein (FTO) and ALKB homolog 5 (ALKBH5) are the main
components of the m6A demethylases (Shen et al., 2022b). FTO-
mediated m6A demethylation has been widely found in multiple
biological processes (Li et al., 2017; Wang et al., 2021; Chen et al.,
2022b). Li et al. (Li et al., 2017) demonstrated that FTO had a
prominent oncogenic role in the development of acute myeloid
leukemia (AML) in an m6A-dependent manner. Specifically,
FTO
leukemogenesis, suppressed
mediated AML cell differentiation, through the reduction of

promoted  leukemic cell transformation and

and all-trans-retinoic  acid-
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mo6A levels in ASB2 and RARA mRNA transcripts (Li et al.,
2017). In bone homeostasis, it was reported that FTO was able to
markedly suppress the osteoblastic differentiation of bone
marrow derived mesenchymal stem cells (BMSCs) through the
demethylation of the m6A modification of runt related
transcription factor 2 (Runx2) mRNA (Wang et al., 2021).
Intriguingly, Chen et al. (Chen et al,, 2022b) found that FTO
enhanced the osteogenic differentiation of BMSCs by reducing
the stability of PPARG mRNA in an YTHDFI1-dependent
manner. These seemingly contradictory findings suggest that
the role of FTO in regulating bone formation requires further in-
depth and accurate investigation. As the second class of m6A
“erasers”, ALKBH5 is a Fe’" and a -ketoglutarate-dependent
non-heme oxygenase, with a strong ability to demethylate m6A
methylation of mRNA (Yu et al, 2022). Up-regulation of
ALKBHS5 was found to promote demethylate in osteosarcoma
cells and suppress cell proliferation and migration, which
suggested that ALKBH5 could serve as a potential therapeutic
target for treating human osteosarcoma (Yang et al., 2022).
The m6A “readers” can selectively recognize the m6A
methylation modifications in the target RNA, and participate
in various of stages of RNA metabolism (Zhang and Su, 2022).
“Readers” include proteins containing YTH domains (YTHDF1/
2/3 and YTHDCI1/2),
including heterogenous nuclear ribonucleoprotein (HNRNP)
C (HNRNPC), G (HNRNPG), and A2B1 (HNRNPA2B1), and
insulin-like growth factor 2 binding proteins (IGF2BPs), which
are members of a protein family closely associated with several
ageing diseases (Li et al., 2022¢; Li et al, 2022d). Different
“readers” have different cellular localizations and thus perform
multiple biological functions (Li et al., 2022d). YITH domain
family protein 1 (YTHDFI) initiatess RNA translation by
interacting with the

heterogeneous  ribonucleoproteins

translation initiation factors and
ribosomes, whereas the YTH domain family protein 2
(YTHDE2) selectively binds to m6A modified transcripts and
promotes their degradation (Li et al.,, 2022¢). YTHDF1/2 and
YTHDEFS3 play synergistic roles in promoting YTHDFI-mediated
translation and suppress YTHDF2-mediated m6A modification
(Li 2022d).

YTHDEF2 induced an oncogenic and drug-desensitizing effects

et al, For example, it was reported that
in a m6A modification-dependent manner, and could potentially
serve as an immune modulating target for intrahepatic
cholangiocarcinoma therapy (Huang et al., 2022).

2.2 Effect of m6A modifications on mRNA
metabolism

mRNA transcription is the process that initiates protein
synthesis, and the post-transcriptional modulation of mRNA
is controlled by a wide variety of molecular mechanisms.
Generally, m6A methylation has been demonstrated to
regulate multiple stages of mRNA metabolism (Pan et al,
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2021; Wu et al., 2021; Chen et al., 2022¢). Chen et al. (Chen
et al, 2022c) performed a comprehensive analysis of the
relationship between METTLI16-mediated m6A methylation
IVDD, that the of
METTL16 impaired the balance between splicing, maturation,
and degradation of MAT2A pre-mRNA and exacerbated IVDD.
Furthermore, as the primary demethylase, ALKBH5 was found to
inhibit the m6A modification of FOXO3 and enhance its stability
(Wu et al,, 2021). Here, the anti-tumor effects of ALKBH5 were
investigated in-depth, which showed that downregulation of

and and showed elevated levels

ALKBH5 was associated with poor prognosis in colorectal
cancer patients, and revealed that targeting the FOXO3/miR-
21/SPRY2 signaling axis could be of therapeutic value for
colorectal cancer patients (Wu et al, 2021). Similarly, the
critical role of m6A “readers” in mRNA regulation has been
well-documented (Pan et al., 2021; Xu et al., 2022). The recent
study from Xu et al. (Xu et al, 2022) demonstrated the
relationship between YTHDF2 expression and the activation
of mTOR/AKT signaling pathway, and showed that the up-
regulation of YTHDF2 induced the expression of mTOR
mRNA and exacerbated the development of lung squamous

cell carcinoma.

2.3 Effect of m6A modifications on the
maturation of non-coding RNAs

Non-coding RNAs include rRNA, tRNA, snRNA, snoRNA,
miRNA, IncRNA, and circRNA. They have a variety of known
functions, and at the same time, some of the non-coding RNAs
have unknown functions. It was widely reported that m6A
methylation is involved in mediating cell proliferation by the
induction of miRNA maturation, and the translation and
degradation of circRNA, and by altering the stability of
IncRNAs (Lin et al., 2020a; Du et al, 2022; Liu and Jiang,
2022; Yan et al., 2022). METTL3-mediated m6A modification
has been reported to promote the maturation of miR-146a-5p,
which exacerbates the development of bladder cancer (Yan et al.,
2022). Furthermore, METTL3 was previously demonstrated to
enhance the binding ability of pri-miRNA-589-5p with DGCRS,
promoting the malignant progression of hepatoma (Liu and
Jiang, 2022). indicated that
deoxycholic acid could suppress tumor development by

Similarly, a recent study

decreasing the maturation of miR-92b-3p in a m6A-
dependent manner (Lin et al, 2020a). Moreover, m6A
modification was also reported to regulate the translation and
degradation of circRNA (Du et al., 2022). circ_0095868 has been
identified as a new oncogenic non-coding RNA that was
significantly over-expressed in hepatocellular carcinoma (Du
et al., 2022). Mechanistically, the m6A “reader” IGF2BP1 was
shown to bind to circ_0095868 and promote the stability of
circ_0095868 (Du et al., 2022). The role of m6A modification in
IncRNA metabolism has also been well-documented (Dai et al.,
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FIGURE 1

Schematic diagram of m6A methylation regulating autophagy.

2022). A recent study from Dai et al. (Dai et al., 2022) reported
that METTL16 could target the IncRNA RABI1B-ASI, and
impair its stability by elevating the level of m6A. All these
findings indicate the strong role of m6A methylation in
regulating non-coding RNAs metabolism and function.

3 Interaction between m6A and
autophagy

3.1 Overview of autophagy

Autophagosome is a double-membrane-bound structure
which is an important hallmark of the initiation of autophagy,
having the ability to bind to the target cellular components
(Affortit et al,
detrimental

2022). Tthe autophagosomes deliver the
the
enzymolysis and degradation (Affortit et al,

cellular components to lysosome  for
2022). A wide
range of ATG genes were previously demonstrated to be
involved in this regulatory process (Zhang and Klionsky,
2022). Cellular stress states such as oxidative stress injury,
hypoxia, and severe nutritional deficiency, were reported to
suppress the activity of mTOR complex and activate the Unc-
51 like kinase 1/2 (ULK1/2) signaling (Zhang and Klionsky,
2022). The activated ULK1/2 kinase could then induce the
formation of FIP200-ATG13 complex, which further increased
the level of phosphorylated ULK protein (Zhang and Klionsky,
2022). Subsequently, FIP200-ATG13 complex and the activated
phosphorylated ULK proteins recruited more ATG proteins and
promoted the formation of double-membrane autophagosomes
(Affortit et al,, 2022; Deretic and Lazarou, 2022; Zhang and
Klionsky, 2022). LC3-II, one of the members of the LC3 family,
has been well-documented to promote the formation of
autolysosomes through the fusion of the autophagosomes to

the lysosomes (Yao et al., 2022), which is a delicately-controlled
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dynamic process called the autophagy flux (Figure 1). Currently,
emerging evidence has indicated that m6A methylation played a
prominent role in the modulation of autophagy, and that the
mo6A-autophagy axis was dependent on the disease context.

3.2 Association between m6A and
autophagy

m6A modification and the related factors regulate autophagy
by modulating ATG expression and autophagy-related signaling
pathways (Lin et al., 2020b; Li et al., 2020; Shen et al., 2022¢). Li
et al. (Li et al, 2020) found that the demethylase ALKBHS5,
suppressed the level of m6A modification of FIP200 mRNA and
induced the expression of FIP200. The FIP200-mediated
autophagy flux could subsequently reduce the apoptotic rate
of nucleus pulposus cells (NPCs), and thereby ameliorate the
development of IVDD (Li et al., 2020). Furthermore, Shen et al.
(Shen et al., 2022¢) reported that the down-regulation of m6A
modification by FTO overexpression suppressed autophagy,
which further alleviated liver fibrosis by inducing ferroptosis
in hepatic stellate cells. Similarly, METTL3 has been shown to
promote the methylation of FOXO3 and induce its binding to
YTHDFI1 to promote the translation of FOXO3 mRNA, which
further inhibited the expression of ATG and suppressed
autophagy (Lin et al., 2020b).

It is widely known that the dysregulation of autophagy
caused diseases, many of which were closely associated with
bone and tissue degeneration. Prior studies have revealed the
marked impairment of autophagy in degenerative tissues (Zhong
et al, 2022). Enhanced autophagy flux ameliorates oxidative
stress, alleviates the progression of degenerative alterations,
and enhances the cellular regenerative activity (Yao et al,
2018; Zheng et al,, 2021). Increasing number of studies have
indicated that m6A-mediated autophagy was involved in the
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The role of m6A-autophagy axis in the regulation of IVDD development and the underlying mechanisms. NPCs, nucleus pulposus cells; VDD,

intervertebral disc degeneration; MSCs, mesenchymal stem cells.

regulation of IVDD and other degenerative diseases (Yao et al.,
2018). Taken together, impaired autophagy is associated with the
development of degenerative diseases, wherein the m6A
autophagy axis plays a critical regulatory role in this process.

4 Role of m6A-autophagy axis in the
regulation of degenerative diseases

Degenerative changes in NPCs are known to aggravate
IVDD, which is the main cause of lower back pain (He et al,
2022). It has been shown that autophagy played a beneficial role
in preventing the degeneration of NPCs and markedly
ameliorated the progression of IVDD (Li et al, 2021).
Similarly, senescence and dysregulation of MSCs are the most
prominent reasons for the onset and progression of osteoporosis.
Therefore, by enhancing autophagy, cellular senescence and
osteogenic differentiation can be significantly rejuvenated.

A recent study showed that the co-culture of MSCs and NPCs
elevated the expression of the demethylase ALKBHS5, and
inhibited m6A modification, which then enhanced the
stability of FIP200 and subsequently promoted autophagy (Li
et al,, 2020). Furthermore, the enhanced autophagy was found to
significantly promote the survival of NPCs and ameliorate the
development of IVDD (Li et al., 2020). Mechanistically, in the
cellular model of IVDD, m6A modification of FIP200 mRNA
occurred, and the m6A “reader” YTHDF2 bound to the modified
FIP200 transcripts and impaired their stability. However, in the
co-culture model with MSCs and NPCs, MSCs significantly
promoted the expression of AKLBHS5 in the NPCs, which
subsequently demethylated the FIP200 mRNAs and prevented
their Consequently, the FIP200-mediated
autophagy activity was promoted, which enhanced the

degradation.

survival of NPCs (Figure 2). In the cellular and animal
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models of osteoarthritis (OA), METTL3 expression was found
to be suppressed (He et al., 2022). Furthermore, METTL3 was
found to significantly inhibit inflammation-induced apoptosis
and autophagy in chondrocytes and was beneficial for delaying
the progression of OA (He et al, 2022). Mechanistically, the
inhibition of METTL3 decreased the levels of m6A modified
BCL-2 and impaired the YTHDFI-mediated mRNA
transcription of BCL-2 (He et al, 2022). These findings
indicated that METTL3 suppressed apoptosis and autophagy
of chondrocytes under inflammatory conditions through the
regulation of the m6A-autophagy axis.

5 Future perspectives

In summary, the above studies highlight that m6A
modification is closely associated with the autophagy process.
The up-regulation or suppression of autophagy by m6A
methylation mainly depends on the level of m6A, the function
of the downstream targets, and the changes in target RNA after
methylation. Currently, a large number of studies have
demonstrated that m6A modification could regulate the
initiation and activation of autophagy by modulating the
expression of ULKI, FIP200, and ATG5, ATG7, respectively.
Although several researchers have focused on the molecular
mechanisms involved, further in-depth studies are urgently
needed to elucidate the interaction between m6A modification
and autophagy under different pathological conditions.

Currently, the majority of studies have focused on the
the
mechanisms of m6A on its downstream targets are still

mediators of m6A. However, direct  regulatory

unclear. For example, in hypoxia-induced cancer cells,
YTHDF1 was found to enhance autophagy in hepatoma

carcinoma cells by enhancing the translation of ATG2A and
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TABLE 1 The common “Writers”, “Erasers”, and “Readers” of m6A methylation.

Category Genes

Writer METTL3, METTL14, METTL16, WTAP,
KIAA1492,RBM15, HAKAI
Eraser FTO, ALKBH5
e
Reader YTHDF1, YTHDF2, YTHDEF3

Function

Catalyze RNA methylation in vitro and in vivo

® Mediate the demethylation of m6A

Recognize the information of RNA methylation modification and participate in the translation and

degradation of downstream RNA

ATG14 (Li et al,, 2021). Whether YTHDF1 could directly affect
the expression of ATG2A and ATG14 in an m6A-independent
manner and how the changes in m6A regulated ATG2A and
ATGI14, are topics that need further in-depth research.
Additionally, the biggest challenge for revealing the interplay
between m6A and autophagy in degenerative diseases is that
there are often multiple functions of m6A in different diseases.
m6A methylation may act as a “double-edged sword”. For
example, m6A not only inhibits the occurrence of IVDD by
amelioration of apoptosis in NPCs (Li et al., 2020), but also
aggravates apoptosis by inhibiting autophagy (Wang et al., 2020;
Chen et al., 2021a; Chen et al., 2021b). The effect of m6A-
autophagy axis in various degenerative diseases and the
associated mechanisms need further investigation.

The interaction between m6A methylation and autophagy is
a attractive topic in cellular biology research; in-depth
understanding of the regulators of RNA modification expands
the knowledge of the underlying molecular mechanisms.
However, more in-depth explorations are required to develop
novel therapeutic strategies based on the interaction between
m6A methylation and autophagy.

Author contributions

XW and JW wrote the manuscript; QW and PL reviewed
some papers and participated in the preparation of the
manuscript; HZ provided the idea and supervised this study.
Funding

HZ, Key R & D plan of Shaanxi Province (No. 2021SF-025),

Free exploration project of Xi'an Jiaotong University (No.

References

Affortit, C., Blanc, F., Nasr, J., Ceccato, J. C., Markossian, S., Guyot, R., et al.
(2022). A disease-associated mutation in thyroid hormone receptor al causes
hearing loss and sensory hair cell patterning defects in mice. Sci. Signal. 15,
eabj4583. doi:10.1126/scisignal.abj4583

Frontiers in Bioengineering and Biotechnology

xzy012022130); XW, Key R & D plan of Shaanxi Province
(No. 2022SF-532)

Acknowledgments

The authors would like to thank all the reviewers who
participated in the review and MJEditor (www.mjeditor.com)
for its linguistic assistance during the preparation of this

manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.
978283/full#supplementary-material

Chen, L., Zhang, M., Chen, P., Xiong, X. f, Liu, P. q, Wang, H. b,, et al. (2022).
The m6A demethylase FTO promotes the osteogenesis of mesenchymal stem cells
by downregulating PPARG. Acta Pharmacol. Sin. 43, 1311-1323. doi:10.1038/
541401-021-00756-8

frontiersin.org


http://www.mjeditor.com
https://www.frontiersin.org/articles/10.3389/fbioe.2022.978283/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2022.978283/full#supplementary-material
https://doi.org/10.1126/scisignal.abj4583
https://doi.org/10.1038/s41401-021-00756-8
https://doi.org/10.1038/s41401-021-00756-8
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.978283

Wen et al.

Chen, P, Shi, G, Liu, T,, Li, B,, Jiang, S. D., Zheng, X. F,, et al. (2022). Oxidative
stress aggravates apoptosis of nucleus pulposus cells through m6A modification of
MAT2A pre-mRNA by METTL16. Oxid. Med. Cell. Longev. 2022, 1-15. doi:10.
1155/2022/4036274

Chen, X., Wang, J., Tahir, M., Zhang, F., Ran, Y., Liu, Z,, et al. (2021). Current
insights into the implications of m6A RNA methylation and autophagy
interaction in human diseases. Cell Biosci. 11, 147. doi:10.1186/s13578-021-
00661-x

Chen, Y., Wang, J., Xu, D., Xiang, Z., Ding, J., Yang, X,, et al. (2021). m°A
mRNA methylation regulates testosterone synthesis through modulating
autophagy in Leydig cells. Autophagy 17, 457-475. doi:10.1080/15548627.
2020.1720431

Chen, Y., Wu, Y., Zhu, L., Chen, C, Xu, S, Tang, D,, et al. (2022). METTL3-
Mediated N6-methyladenosine modification of Trim59 mRNA protects against
sepsis-induced acute respiratory distress syndrome. Front. Immunol. 13, 897487.
doi:10.3389/fimmu.2022.897487

Dai, Y., Liu, Y., Li, J, Chen, M. t., Huang, M., Wang, F., et al. (2022).
METTL16  promotes hepatocellular  carcinoma  progression  through
downregulating RAB11B-AS1 in an m6A-dependent manner. Cell. Mol. Biol.
Lett. 27, 41. doi:10.1186/s11658-022-00342-8

Deretic, V., and Lazarou, M. (2022). A guide to membrane atg8ylation and
autophagy with reflections on immunity. J. Cell Biol., €202203083. undefined.
doi:10.1083/jcb.202203083

Du, A, Li, S, Zhou, Y., Disoma, C., Liao, Y., Zhang, Y., et al. (2022). M6A-
mediated upregulation of circMDK promotes tumorigenesis and acts as a
nanotherapeutic target in hepatocellular carcinoma. Mol. Cancer 21, 109. doi:10.
1186/512943-022-01575-z

Grenov, A., Hezroni, H., Lasman, L., Hanna, J. H., and Shulman, Z. (2022).
YTHDEF2 suppresses the plasmablast genetic program and promotes germinal
center formation. Cell Rep. 39, 110778. doi:10.1016/j.celrep.2022.110778

Han, L., Lei, G, Chen, Z, Zhang, Y., Huang, C, and Chen, W. (2021).
IGF2BP2 regulates MALAT1 by serving as an N6-methyladenosine reader to
promote NSCLC proliferation. Front. Mol. Biosci. 8, 780089. doi:10.3389/fmolb.
2021.780089

He, Y., Wang, W., Xu, X,, Yang, B., Yu, X,, Wu, Y., et al. (2022). Mettl3 inhibits the
apoptosis and autophagy of chondrocytes in inflammation through mediating
Bcl2 stability via Ythdfl-mediated m6A modification. Bone 154, 116182. doi:10.
1016/j.bone.2021.116182

Huang, C, Zhu, Y., Xu, Q.,, Chen, S.,, Huang, Y., Zhao, G, et al. (2022).
YTHDF2 promotes intrahepatic ~cholangiocarcinoma progression and
desensitises cisplatin treatment by increasing CDKN1B mRNA degradation.
Clin. Transl. Med. 12, e848. doi:10.1002/ctm2.848

Li, G, Luo, R, Zhang, W., He, S., Wang, B., Liang, H., et al. (2022). m6A
hypomethylation of DNMT3B regulated by ALKBH5 promotes intervertebral disc
degeneration via E4F1 deficiency. Clin. Transl. Med. 12, €765. doi:10.1002/
ctm2.765

Li, G, Ma, L, He, S., Luo, R,, Wang, B., Zhang, W, et al. (2022). WTAP-mediated
m6A modification of IncRNA NORAD promotes intervertebral disc degeneration.
Nat. Commun. 13, 1469. doi:10.1038/s41467-022-28990-6

Li, G, Song, Y., Liao, Z., Wang, K., Luo, R,, Lu, S,, et al. (2020). Bone-derived
mesenchymal stem cells alleviate compression-induced apoptosis of nucleus
pulposus cells by N6 methyladenosine of autophagy. Cell Death Dis. 11, 103.
doi:10.1038/s41419-020-2284-8

Li, H,, Zhong, Y., Cao, G., Shi, H,, Liu, Y., Li, L, et al. (2022). METTL3 promotes
cell cycle progression via m°A/YTHDF1-dependent regulation of CDC25B
translation. Int. J. Biol. Sci. 18, 3223-3236. doi:10.7150/ijbs.70335

Li, Q, Ni, Y,, Zhang, L, Jiang, R, Xu, ], Yang, H,, et al. (2021). HIF-la-induced
expression of m6A reader YTHDF1 drives hypoxia-induced autophagy and malignancy
of hepatocellular carcinoma by promoting ATG2A and ATGI4 translation. Signal
Transduct. Target. Ther. 6, 76. doi:10.1038/s41392-020-00453-8

Li, S., Zhang, L., and Zou, G., (2022). Infralimbic YTHDF1 is necessary for the
beneficial effects of acute mild exercise on auditory fear extinction retention. Cereb.
Cortex. undefined: undefined.

Li, Z., Weng, H., Su, R, Weng, X., Zuo, Z, Li, C, et al. (2017). FTO plays an
oncogenic role in acute myeloid leukemia as a N 6 -methyladenosine RNA
demethylase. Cancer Cell 31, 127-141. doi:10.1016/j.ccell.2016.11.017

Lin, R, Zhan, M., Yang, L, Wang, H., Shen, H., Huang, S., et al. (2020).
Deoxycholic acid modulates the progression of gallbladder cancer through N6-
methyladenosine-dependent microRNA maturation. Oncogene 39, 4983-5000.
doi:10.1038/s41388-020-1349-6

Lin, Z., Niu, Y., Wan, A, Chen, D., Liang, H., Chen, X,, et al. (2020). RNA m °A
methylation regulates sorafenib resistance in liver cancer through FOXO 3-
mediated autophagy. EMBO J. 39, €103181. doi:10.15252/embj.2019103181

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2022.978283

Liu, J., and Jiang, K. (2022). METTL3-mediated maturation of miR-589-5p
promotes the malignant development of liver cancer. J. Cell. Mol. Med. 26,
2505-2519. doi:10.1111/jcmm.16845

Liu, J., Yue, Y., Han, D., Wang, X, Fu, Y., Zhang, L., et al. (2014). A METTL3-
METTL14 complex mediates mammalian nuclear RNA N6-adenosine methylation.
Nat. Chem. Biol. 10, 93-95. do0i:10.1038/nchembio.1432

Mi, B., Xiong, Y., Yan, C.,, Chen, L., Xue, H.,, Panayi, A. C, et al. (2020).
Methyltransferase-like 3-mediated N6-methyladenosine modification of miR-
7212-5p drives osteoblast differentiation and fracture healing. J. Cell. Mol. Med.
24, 6385-6396. doi:10.1111/jcmm. 15284

Mi, B, Yan, C, Xue, H., Chen, L., Panayi, A. C., Hu, L., et al. (2020). Inhibition of
circulating miR-194-5p reverses osteoporosis through wnt5a/p-catenin-dependent
induction of osteogenic differentiation. Mol. Ther. - Nucleic Acids 21, 814-823.
doi:10.1016/j.0mtn.2020.07.023

Oerum, S., Meynier, V., Catala, M., and Tisne, C. (2021). A comprehensive review
of m6A/m6Am RNA methyltransferase structures. Nucleic Acids Res. 49,
7239-7255. doi:10.1093/nar/gkab378

Pan, H,, Pan, Z., Guo, F., Meng, F., Zu, L., Fan, Y, et al. (2021). MicroRNA-1915-
3p inhibits cell migration and invasion by targeting SET in non-small-cell lung
cancer. BMC Cancer 21, 1218. doi:10.1186/s12885-021-08961-8

Paramasivam, A., George, R., and Priyadharsini, J. V. (2021). Genomic and
transcriptomic  alterations in m6A regulatory genes are associated with
tumorigenesis and poor prognosis in head and neck squamous cell carcinoma.
Am. J. Cancer Res. 11, 3688-3697.

Peng, J., Zhan, Y., and Zong, Y. (2022). METTL3-mediated LINC00657 promotes
osteogenic differentiation of mesenchymal stem cells via miR-144-3p/BMPR1B
axis. Cell Tissue Res. 388, 301-312. doi:10.1007/s00441-022-03588-y

Qi, S., Mota, J., and Chan, S, (2022). NRNA binding to human METTL3-
METTL14 restricts -deoxyadenosine methylation of DNA in vitro. Elife 11.
undefined.

Ren, J., Li, Y., Wuermanbieke, S., Hu, S, and Huang, G. (2022). N6-
methyladenosine (m6A) methyltransferase METTL3-mediated
LINCO00680 accelerates osteoarthritis through m6A/SIRT1 manner. Cell Death
Discov. 8, 240. doi:10.1038/s41420-022-00890-0

Ruszkowska, A. (2021). METTLI16, methyltransferase-like protein 16: Current
insights into structure and function. Int. J. Mol. Sci. 22, 2176. undefined. doi:10.
3390/ijms22042176

Shen, D., Wang, B., Gao, Y., Zhao, L., Bi, Y., Zhang, J., et al. (2022). Detailed
resume of RNA m6A demethylases. Acta Pharm. Sin. B 12,2193-2205. doi:10.1016/
j.apsb.2022.01.003

Shen, M., Guo, M,, Li, Y., Wang, Y., Qiu, Y., Shao, ], et al. (2022). m6A
methylation is required for dihydroartemisinin to alleviate liver fibrosis by
inducing ferroptosis in hepatic stellate cells. Free Radic. Biol. Med. 182,
246-259. doi:10.1016/j.freeradbiomed.2022.02.028

Shen, W., Zhu, M., Wang, Q., Zhou, X., Wang, J., Wang, T, et al. (2022). DARS-
AS1 recruits METTL3/METTLI4 to bind and enhance DARS mRNA m°A
modification and translation for cytoprotective autophagy in cervical cancer.
RNA Biol. 19, 751-763. doi:10.1080/15476286.2022.2079889

Sun, S, Liu, Y., Zhou, M., Wen, ], Xue, L., Han, S., et al. (2022). PA2G4 promotes
the metastasis of hepatocellular carcinoma by stabilizing FYN mRNA in a
YTHDEF2-dependent manner. Cell Biosci. 12, 55. doi:10.1186/s13578-022-00788-5

Tang, F., Chen, L., Gao, H., Xiao, D., and Li, X. (2022). m6A: An emerging role in
programmed cell death. Front. Cell Dev. Biol. 10, 817112. doi:10.3389/fcell.2022.
817112

Wang, ], Fu, Q,, Yang, J,, Liu, J. L., Hou, S. M., Huang, X,, et al. (2021). RNA N6-
methyladenosine demethylase FTO promotes osteoporosis through demethylating
Runx2 mRNA and inhibiting osteogenic differentiation. Aging (Albany NY) 13,
21134-21141. doi:10.18632/aging.203377

Wang, X., Feng, J., Xue, Y., Guan, Z., Zhang, D, Liu, Z,, et al. (2016). Structural
basis of N(6)-adenosine methylation by the METTL3-METTL14 complex. Nature
534, 575-578. doi:10.1038/nature18298

Wang, X., Wu, R, Liu, Y., Zhao, Y., Bi, Z,, Yao, Y., et al. (2020). m°A mRNA
methylation controls autophagy and adipogenesis by targeting Atg5 and Atg7.
Autophagy 16, 1221-1235. doi:10.1080/15548627.2019.1659617

Wang, Z., Pan, ], Hu, J., Zhang, J. Q,, Huang, L., Huang, Y., et al. (2022). SRSF3-
mediated regulation of N6-methyladenosine modification-related IncRNA ANRIL
splicing promotes resistance of pancreatic cancer to gemcitabine. Cell Rep. 39,
110813. doi:10.1016/j.celrep.2022.110813

Wilkinson, E., Cui, Y., and He, Y. (2022). Roles of RNA modifications in diverse
cellular functions. Front. Cell Dev. Biol. 10, 828683. doi:10.3389/fcell.2022.828683

Wu, X,, Dai, M., Li, J., Cai, J., Zuo, Z., Ni, S., et al. (2021). m(6 A demethylase
ALKBHS5 inhibits cell proliferation and the metastasis of colorectal cancer by

frontiersin.org


https://doi.org/10.1155/2022/4036274
https://doi.org/10.1155/2022/4036274
https://doi.org/10.1186/s13578-021-00661-x
https://doi.org/10.1186/s13578-021-00661-x
https://doi.org/10.1080/15548627.2020.1720431
https://doi.org/10.1080/15548627.2020.1720431
https://doi.org/10.3389/fimmu.2022.897487
https://doi.org/10.1186/s11658-022-00342-8
https://doi.org/10.1083/jcb.202203083
https://doi.org/10.1186/s12943-022-01575-z
https://doi.org/10.1186/s12943-022-01575-z
https://doi.org/10.1016/j.celrep.2022.110778
https://doi.org/10.3389/fmolb.2021.780089
https://doi.org/10.3389/fmolb.2021.780089
https://doi.org/10.1016/j.bone.2021.116182
https://doi.org/10.1016/j.bone.2021.116182
https://doi.org/10.1002/ctm2.848
https://doi.org/10.1002/ctm2.765
https://doi.org/10.1002/ctm2.765
https://doi.org/10.1038/s41467-022-28990-6
https://doi.org/10.1038/s41419-020-2284-8
https://doi.org/10.7150/ijbs.70335
https://doi.org/10.1038/s41392-020-00453-8
https://doi.org/10.1016/j.ccell.2016.11.017
https://doi.org/10.1038/s41388-020-1349-6
https://doi.org/10.15252/embj.2019103181
https://doi.org/10.1111/jcmm.16845
https://doi.org/10.1038/nchembio.1432
https://doi.org/10.1111/jcmm.15284
https://doi.org/10.1016/j.omtn.2020.07.023
https://doi.org/10.1093/nar/gkab378
https://doi.org/10.1186/s12885-021-08961-8
https://doi.org/10.1007/s00441-022-03588-y
https://doi.org/10.1038/s41420-022-00890-0
https://doi.org/10.3390/ijms22042176
https://doi.org/10.3390/ijms22042176
https://doi.org/10.1016/j.apsb.2022.01.003
https://doi.org/10.1016/j.apsb.2022.01.003
https://doi.org/10.1016/j.freeradbiomed.2022.02.028
https://doi.org/10.1080/15476286.2022.2079889
https://doi.org/10.1186/s13578-022-00788-5
https://doi.org/10.3389/fcell.2022.817112
https://doi.org/10.3389/fcell.2022.817112
https://doi.org/10.18632/aging.203377
https://doi.org/10.1038/nature18298
https://doi.org/10.1080/15548627.2019.1659617
https://doi.org/10.1016/j.celrep.2022.110813
https://doi.org/10.3389/fcell.2022.828683
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.978283

Wen et al.

regulating the FOXO3/miR-21/SPRY2 axis. Am. J. Transl.
11209-11222.

Xiong, Y., Cao, F., Hu, L., Yan, C,, Chen, L., Panayi, A. C,, et al. (2019). miRNA-
26a-5p accelerates healing via downregulation of PTEN in fracture patients with
traumatic brain injury. Mol. Ther. - Nucleic Acids 17, 223-234. doi:10.1016/j.omtn.
2019.06.001

Xiong, Y., Mi, B., Liu, M., Xue, H., Wu, Q. p., and Liu, G. h. (2019). Bioinformatics
analysis and identification of genes and molecular pathways involved in synovial
inflammation in rheumatoid arthritis. Med. Sci. Monit. 25, 2246-2256. doi:10.
12659/msm.915451

Xu, P., Hu, K,, Zhang, P., Sun, Z. G., and Zhang, N. (2022). Hypoxia-mediated
YTHDE2 overexpression promotes lung squamous cell carcinoma progression by
activation of the mTOR/AKT axis. Cancer Cell Int. 22, 13. d0i:10.1186/s12935-021-
02368-y

Yan, R, Dai, W., Wu, R,, Huang, H., and Shu, M. (2022). Therapeutic targeting
m6A-guided miR-146a-5p signaling contributes to the melittin-induced selective
suppression of bladder cancer. Cancer Lett. 534, 215615. doi:10.1016/j.canlet.2022.
215615

Yang, Z., Cai, Z, Yang, C,, Luo, Z, and Bao, X. (2022). ALKBH5 regulates
STATS3 activity to affect the proliferation and tumorigenicity of osteosarcoma via an
m6A-YTHDF2-dependent manner. EBioMedicine 80, 104019. doi:10.1016/j.ebiom.
2022.104019

Yao, J., Qiu, Y., Frontera, E,, Jia, L., Khan, N. W,, Klionsky, D. J., et al. (2018).
Inhibiting autophagy reduces retinal degeneration caused by protein misfolding.
Autophagy 14, 1226-1238. doi:10.1080/15548627.2018.1463121

Yao, Y., Zhu, J., Qin, S., Zhou, Z., Zeng, Q., Long, R,, et al. (2022). Resveratrol
induces autophagy impeding BAFF-stimulated B-cell proliferation and survival by
inhibiting the Akt/mTOR pathway. Biochem. Pharmacol. 202, 115139. doi:10.1016/
j.bcp.2022.115139

Yu, D, Horton, J. R., Yang, J., Hajian, T., Vedadi, M., Sagum, C, et al. (2021).
Human MettL3-MettL14 RNA adenine methyltransferase complex is active on
double-stranded DNA containing lesions. Nucleic Acids Res. 49, 11629-11642.
doi:10.1093/nar/gkab460

Res. 13,

Frontiers in Bioengineering and Biotechnology

08

10.3389/fbioe.2022.978283

Yu, T., Wang, Z., You, X,, Zhou, H., He, W,, Li, B,, et al. (2020). Resveratrol
promotes osteogenesis and alleviates osteoporosis by inhibiting p53. Aging (Albany
NY) 12, 10359-10369. doi:10.18632/aging.103262

Yu, T, Yao, L, Yin, H, Teng, Y., Hong, M, and Wu, Q. (2022).
ALKBH5 promotes multiple myeloma tumorigenicity through inducing
mC®A-demethylation of SAV1 mRNA and myeloma stem cell phenotype. Int.
J. Biol. Sci. 18, 2235-2248. doi:10.7150/ijbs.64943

Zhang, L., and Su, X. (2022). Bioactive peptide inhibits acute myeloid leukemia
cell proliferation by downregulating ALKBHS5-mediated m6A demethylation of
EIF4EBP1 and MLST8 mRNA. Cell. Oncol. 45, 355-365. doi:10.1007/s13402-022-
00666-9

Zhang, N., Ding, C., Zuo, Y., Peng, Y., and Zuo, L. (2022). N6-methyladenosine
and neurological diseases. Mol. Neurobiol. 59, 1925-1937. doi:10.1007/s12035-022-
02739-0

Zhang, W., Zhou, X., Hou, W., Chen, E,, Ye, C., Chen, M., et al. (2023). Reversing
the imbalance in bone homeostasis via sustained release of SIRT-1 agonist to
promote bone healing under osteoporotic condition. Bioact. Mat. 19, 429-443.
doi:10.1016/j.bioactmat.2022.04.017

Zhang, Z., and Klionsky, D. J. (2022). CCT2, a newly identified aggrephagy
receptor in mammials, specifically mediates the autophagic clearance of solid protein
aggregates. Autophagy undefined, 1483-1485. doi:10.1080/15548627.2022.2083305

Zheng, Q., Shen, H., Tong, Z., Cheng, L., Xu, Y., Feng, Z, et al. (2021). A
thermosensitive, reactive oxygen species-responsive, MR409-encapsulated hydrogel
ameliorates disc degeneration in rats by inhibiting the secretory autophagy
pathway. Theranostics 11, 147-163. doi:10.7150/thno.47723

Zheng, Y., Li, Y., Ran, X,, Wang, D., Zheng, X., Zhang, M., et al. (2022).
Mettl14 mediates the inflammatory response of macrophages in atherosclerosis
through the NF-«xB/IL-6 signaling pathway. Cell. Mol. Life Sci. 79, 311. doi:10.1007/
s00018-022-04331-0

Zhong, H.,, Yang, C., Gao, Y., Cao, P., Tian, Y., Shen, X,, et al. (2022). PERK
signaling activation restores nucleus pulposus degeneration by activating autophagy
under hypoxia environment. Osteoarthr. Cartil. 30, 341-353. doi:10.1016/j.joca.
2021.11.005

frontiersin.org


https://doi.org/10.1016/j.omtn.2019.06.001
https://doi.org/10.1016/j.omtn.2019.06.001
https://doi.org/10.12659/msm.915451
https://doi.org/10.12659/msm.915451
https://doi.org/10.1186/s12935-021-02368-y
https://doi.org/10.1186/s12935-021-02368-y
https://doi.org/10.1016/j.canlet.2022.215615
https://doi.org/10.1016/j.canlet.2022.215615
https://doi.org/10.1016/j.ebiom.2022.104019
https://doi.org/10.1016/j.ebiom.2022.104019
https://doi.org/10.1080/15548627.2018.1463121
https://doi.org/10.1016/j.bcp.2022.115139
https://doi.org/10.1016/j.bcp.2022.115139
https://doi.org/10.1093/nar/gkab460
https://doi.org/10.18632/aging.103262
https://doi.org/10.7150/ijbs.64943
https://doi.org/10.1007/s13402-022-00666-9
https://doi.org/10.1007/s13402-022-00666-9
https://doi.org/10.1007/s12035-022-02739-0
https://doi.org/10.1007/s12035-022-02739-0
https://doi.org/10.1016/j.bioactmat.2022.04.017
https://doi.org/10.1080/15548627.2022.2083305
https://doi.org/10.7150/thno.47723
https://doi.org/10.1007/s00018-022-04331-0
https://doi.org/10.1007/s00018-022-04331-0
https://doi.org/10.1016/j.joca.2021.11.005
https://doi.org/10.1016/j.joca.2021.11.005
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.978283

	Interaction between N6-methyladenosine and autophagy in the regulation of bone and tissue degeneration
	1 Introduction
	2 The current sight of m6A modifications
	2.1 Enzymes involved in m6A modifications
	2.2 Effect of m6A modifications on mRNA metabolism
	2.3 Effect of m6A modifications on the maturation of non-coding RNAs

	3 Interaction between m6A and autophagy
	3.1 Overview of autophagy
	3.2 Association between m6A and autophagy

	4 Role of m6A-autophagy axis in the regulation of degenerative diseases
	5 Future perspectives
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


