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challenges of m®A-containing ncRNAs and RNA m®A as therapeutic targets in human diseases
and their future perspective in translational roles.
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Introduction reversible and dynamic post-transcriptional modification in

Epigenetic regulation is critical to many fundamental
cellular processes and contributes towards the diversity of
physiopathology functions.™ In the last few decades,
histone and DNA modifications have been extensively
investigated, and many excellent breakthroughs have been
made from bench to clinical application.”> Recently, RNA
modifications have gained widespread interest. An ever-
increasing number of studies have identified a number of
RNA modifications in the eukaryotic transcriptome,
including 5-methylcytosine (m>C), pseudouridine (¥), N'-
methyladenosine (m'A), and N®-methyladenosine (m°A)
methylation.® Among them, the RNA m®A methylation is
most abundant in eukaryotes and has been observed to be
consistently conserved in mammals. RNA m°A modification
participates in the modulation of RNA metabolism and
various pathophysiological processes, such as translation,
RNA splicing, and degradation.” Dysregulation of RNA m°A
methylation is closely related to the occurrence and
development of various diseases including tumorigenesis,
Alzheimer’s disease, and cardiovascular diseases.® '°

Non-coding RNAs (ncRNAs) are RNA molecules that are
not translated into proteins. Contrary to earlier views, they
have been identified to have myriad biological roles and are
emerging as master regulators of cellular processes."
Various types of ncRNAs have been reported, such as
microRNAs (miRNAs), ribosomal RNAs (rRNAs), long non-
coding RNAs (IncRNAs), small nuclear RNAs (snRNAs), and
circular RNAs (circRNAs). With the development of more
practical methods for examining RNA m®A modifications,
insights into the underlying mechanisms have been uncov-
ered in recent years."””” ' The m®A modification can be
used to modify all the different types of RNAs. Although
great progress has been made in the scientific approach
involved in understanding the regulatory mechanism of RNA
mP®A modification in mRNAs, the deposition of m®A modifi-
cations in ncRNAs and its underlying regulatory roles are
still in its infancy. In this review, we will discuss the
research advances in the realm of RNA m®A modification
and its function in ncRNAs primarily on miRNAs, IncRNAs,
and circRNAs, and address the potential therapeutic stra-
tegies to target RNA m®A regulators for disease therapy, as
well as outline some outstanding questions and challenges
that require further exploration in this field.

Regulation of RNA m®A modification

The RNA m°A modification was first discovered in mRNA
fractions obtained from Novikoff-hepatoma cells." ' Like
DNA methylation, RNA m®A methylation also has a

mammalian.'” Both efficacy and abundance of m®A modi-
fication on RNA are regulated under the dynamic interac-
tion among methyltransferases (“writers”), demethylases
(“erasers”), and binding proteins (“readers”) (Fig. 1)’.

Methyltransferases are generally referred to as
“writers”. They consist of nuclear methyltransferases made
up of methyltransferase-like 13 (METTL3), METTL14, and
WTAP, which append the m®A modification and thereby
significantly influence certain physio-pathological pro-
cesses.'® METTL3 and METTL14 contain a methyltransferase
domain (MTD) that can catalyze the transfer of a methyl
group from S-adenosylmethionine to the N® of adenosine
(A). The crystal structure of the METTL3-METTL14 hetero-
dimer reveals that METTL3 and METTL14 are tightly bound
to each other.’® WTAP has been functionally linked to its
role in alternative splicing and mediates METTL3/14 com-
plex localized to the nuclear speckles.?’~?? |n addition, the
METTL3/METTL14/WTAP complex recruits other cofactors,
such as RBM15, METTL16, and RBM15B (which directs the
adenosine methylation in mRNAs and lncRNAs), KIAA1429,
and ZC3H13 to mediate the methylation of methyl-
transferases to RNAs.”>~%°

Demethylases, also named “erasers”, include o-keto-
glutarate-dependent  dioxygenase alkB homolog 5
(ALKBH5), and fat mass and obesity-associated protein
(FTO), that catalyze RNA m®A demethylation.”"?®?” Both
ALKBH5 and FTO belong to the Fe (ll)/a-ketoglutarate
dependent dioxygenase enzyme family. FTO was the first
identified RNA m®A demethylase in mammal cells,?” and
ALKBH5 was the second one to be discovered. Unlike FTO,
which can demethylate both DNA and RNA m®A methyla-
tions, ALKBH5 only specifically demethylated m®A-modifi-
cations of RNA.?® Besides, another alkB family protein
ALKBH3 was also found to demethylate m®A modifications in
tRNA.Z° However, another contrasting study suggested that
ALKBHS3 could specifically demethylate only m'A and m®C in
tRNA, but demonstrated no demethylase activity on m°A
modifications.>® Therefore, if ALKBH3 has demethylase
activity on tRNA m°A modification remains conflicting and
requires further investigation.

The entire process of RNA m®A modifications seems to be
limited to methylation and demethylation. However, these
chemical modifications could have a direct effect on RNA
transcription by affecting several properties such as RNA
secondary structure, charge, protein-RNA interactions, and
base-pairing, which in turn modulate gene expression by
regulating RNA processing, localization, translation, and
degradation.®' RNA m®A binding proteins, including hetero-
geneous nuclear ribonucleoprotein (HNRNP) proteins, YT521-
B homology (YTH) domain family, and insulin-like growth
factor 2 mRNA-binding protein (IGF2BP) family, are termed
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The dynamic and reversible RNA m®A modification process. meA modifications on RNAs are regulated by the dynamic

interaction between methyltransferases (“writers”), demethylases (“erasers”), and binding proteins (“readers").

as "readers” that can specifically recognize m®A sites, which
shows that m®A modification could affect RNA processing by
recruiting specific proteins.”>2~3* The YTH protein family is
composed of a series of proteins such as YTHDF1-3 and
YTHDC1-2 that recognize m®A-modified transcripts. YTHDF1
selectively binds to m®A-methylated mRNA and increases
mRNA translation efficiency.>®> On the contrary, YTHDF2
selectively binds to m®A modification that regulates RNA
degradation.®®*” Alternatively, YTHDF3 binds to m®A-modi-
fied transcripts along with either YTHDF1 or YTHDF2, indi-
cating the close association among YTHDF1-3 proteins to
regulate the turnover (translation and decay) of mRNA tar-
gets.>® Unlike YTHDFs located in the cytosol, YTHDC1 and
YTHDC2 are nuclear proteins. YTHDC1 regulates m®A meth-
ylated RNA splicing and nuclear export.>**° YTHDC2 contains
a DEAH RNA helicase domain as well as a YTH m®A binding
domain. Hence, the role of YTHDC2 in cells is much more
complicated and remains uncertain. It has been reported
that YTHDC2 could modulate the translation efficiency of
the m®A-containing target mRNA and decrease its abun-
dance.*' The IGF2BP proteins also recognize the m®A-modi-
fied mRNA, but in contrast with the YTH family proteins,
enhance the mRNA stability and translation.>>*>** With
respect to HNRNP “readers”, the m®A RNA modification al-
ters the local structure of RNA, thereby, increasing the
accessibility of target RNA to bind with HNRNP proteins.***
Moreover, HNRNPA2B1 also participates in primary miRNA
processing and alternative splicing.>*

Mutual regulation between RNA m°A
modification and miRNAs

MicroRNAs (miRNAs) are a group of non-coding single-
stranded RNAs with a length of about 22 nucleotides,
involved in the modulation of post-transcriptional gene
expression.“*~*’ The biogenesis of miRNA is primarily pro-
duced by the transcriptional activity of RNA polymerase ||
or lll to form the primary miRNAs (pri-miRNAs). Then the
pri-miRNAs are processed by endonuclease Drosha and
double-stranded RNA binding protein DGCR8 to generate
precursor miRNAs (pre-miRNAs). Finally, the pre-miRNAs
are transported to the cytoplasm by RanGTP and exportin-5
to form mature miRNAs, spliced by the endoribonuclease
Dicer. RNA m®A modifications have been found to take part
in the regulation of pri-miRNA processing and pre-miRNA
splicing (Fig. 2).

RNA mPA methyltransferases have been reported to
methylate pri-miRNAs, and consequently increase the
binding and processing of pri-miRNAs by DGCR8 and in-
crease the splicing by Dicer to pre-miRNAs.”®>" The RNA-
binding protein HNRNPA2B1 has been shown to recognize
the m®A-containing pri-miRNAs and affect pri-miRNAs pro-
cessing.>* Altered m®A RNA modification of pri-miRNAs or
pre-miRNAs not only induces the change in the expression
levels of many mature miRNAs but also takes critical roles
in various diseases.’® 52 METTL3-mediated m®A methylation
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of pre-miR-320 has been found to promote osteogenic dif-
ferentiation of bone marrow-derived mesenchymal stem
cells.>® During the progression of pancreatic cancer, hypo-
methylation of the METTL3 promoter was observed to in-
crease its expression, significantly elevating the m°A
deposition of pri-miR-25 to promote the generation of
mature miR-25, and consequently, aggravating the devel-
opment and progression of pancreatic cancer.’® Similarly,
METTL3 was seen to promote bladder cancer via acceler-
ating pri-miR-221/222 maturation in an RNA m®A-depen-
dent manner.’? Another study also reported that METTL3
up-regulation could contribute to the abnormal m®A modi-
fication in colorectal cancer and exacerbate tumor metas-
tasis via the methylation of pri-miR-1246.>> On the
contrary, forced expression of METTL3 was noted to alle-
viate colistin-induced renal injury by modulating the miR-

— — — — —

873—5p maturation process through DGCR8 in an m°®A-
dependent manner.’® Unlike METTL3, METTL14-mediated
m®A methylation of pri-miR-375 processing was able to up-
regulate the expression and the maturation of miR-375, and
thereby, inhibit colorectal cancer cell growth and metas-
tasis.>” Moreover, METTL14/m°A was also reported to sup-
press tumor invasion and metastasis by regulating the
processing of miR-126 by DGCR8 in hepatocellular
carcinoma.”®

RNA m®A demethylases also contribute to the methyl-
ation status of miRNAs. Contrary to the well-characterized
role of methyltransferase in the context of miRNA-pro-
cessing, the specific function of demethylases is not quite
thoroughly studied. Demethylase ALKBH5 has been found to
interact with DEAD-box RNA helicase DDX3 and recruited
AGO2 protein to modulate the expression of methylated-
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Figure 2 The regulation of RNA m®A methylation on miRNAs. RNA m®A methylation participates in the regulation of pri-miRNAs
processing and pre-miRNA splicing to modulate the expression of mature miRNAs, and consequently, to regulate miRNA and target

mRNA interaction.
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miRNAs.>° Besides, ALKBH5 was also observed to negatively
regulate miR-7 expression through physical interaction with
HuR to suppress the process of miR-7 during epithelial
ovarian cancer progression.®® Interestingly, the knockdown
of another RNA m®A demethylase FTO was able to reduce
miRNA expression without affecting the primary transcripts
of many miRNAs.®' FTO knockdown in cardiomyocytes could
increase miR-133a expression via the m°A binding protein
IGF2BP2.%> Thus, further investigations to illustrate the
underlying regulatory mechanisms of demethylases would
have a tremendous impact on understanding their role in
miRNA biogenesis.

In addition to the regulation of miRNAs by RNA m°A
modification, the 3’- untranslated RNA region (UTR) of
effector mRNAs can also be targeted by mature miRNAs to
facilitate the degradation of targeted mRNAs and inhibit
protein translation. miR-145 regulated RNA m®A modifica-
tion via targeting the 3’-UTR of m®A modification reader
protein YTHDF2.%® Also, miR-4429 has been found to pre-
vent gastric cancer progression by regulating its target gene
METTL3.%* Moreover, YTHDF1 was also identified to
contribute to the glioma progression, through the role of
miR-3436 that bound to the 3’-UTR of YTHDF1 upstream to
regulate YTHDF1 expression in glioma.®®> Taken together,
the miRNA-m®A methylation can regulate each other in
both ways. On one hand, RNA m®A methylation participates
in the regulation of pri-miRNAs processing and pre-miRNA
splicing to modulate mature miRNA expression. On the

Table 1

other hand, miRNAs could act as the upstream factor of RNA
méA methylation regulator proteins by targeting their
mRNAs (Table 1).

Mutual regulation between RNA m®A
modification and IncRNAs

Accumulating evidence indicates that IncRNAs take critical
roles in various biological functions and the pathophysi-
ology of many diseases. Like messenger RNAs (mRNAs),
INcRNAs are transcribed by RNA polymerase Il and undergo
splicing, capping, and polyadenylation.®®®” Since the dis-
covery of IncRNAs, numerous underlying mechanisms
involved in their post-transcriptional regulation have been
unraveled. Based on recent research on the distribution of
mCA in the transcriptome, IncRNAs with m®A modification
have been identified and reported to take part in the
physiology and pathology of human diseases.®®7°

In recent years, an increasing number of studies have
reported m®A modifications on IncRNAs and have expanded
our knowledge about the regulatory mechanisms of IncRNA
as well as their m®A methylation (Fig. 3). One of the pro-
posed mechanisms is called the *m®A-switch” wherein the
RNA m®A modification would alter the local structure of
IncRNA and control RNA-protein interactions for biological
regulation.**> m8A-methylated hairpin formation of the
INcRNA  metastasis-associated lung adenocarcinoma

Mutual regulation between RNA m°A modification and miRNAs.

miRNAs RNA m®A effectors Mechanism

Biological function References

The effect of RNA m®A methylation on miRNA

miR-320 METTL3 METTL3 mediated m®A methylation Promotes osteogenic differentiation 53
on pre-miR-320

miR-25 METTL3 METTL3 increased the m°A deposition Promotes progression of pancreatic 54
in pri-miR-25 cancer

miR-221/222 METTL3 METTL3 elevated the m®A deposition Promotes bladder cancer 52
in pri-miR-221/222

miR-1246 METTL3 METTL3 increased the m®A deposition Promotes colorectal cancer and 55
in pri-miR-1246 tumor metastasis

miR-873—5p METTL3 METTL3 modulated miR-873—5p Alleviates colistin-induced renal 56
mature process through DGCR8 injury

miR-375 METTL14 METTL14 mediated m®A methylation  Inhibits colorectal cancer cell growth 57
on pri-miR-375 processing and metastasis

miR-126 METTL14 METTL14/mCA regulated miR-126 Inhibits hepatocellular carcinoma 58
processing by DGCR8

miR-7 ALKBH5 ALKBH5 suppressed miR-7 processing Promotes epithelial ovarian cancer 60

miR-133a FTO FTO knockdown increased miR-133a  Prevents cardiac proliferation and 62
expression via m®A binding protein promotes cardiac pathological
IGF2BP2 hypertrophy

The effect of miRNA on RNA m6A methylation

miR-145 YTHDF2 3'-UTR of YTHDF2 targeted by miR- YTHDF2 correlated with increased 63
145 malignancy of hepatocellular

carcinoma.

miR-4429 METTL3 3'-UTR of METTL3 targeted by miR- Prevents gastric cancer progression 64
4429

miR-3436 YTHDF1 3'-UTR of YTHDF1 targeted by miR- High expression of YTHDF1 in glioma 65

3436

was associated with worse overall
survival
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Figure 3 The regulation of IncRNAs by RNA m®A modifica-

tion. RNA m®A modification of IncRNAs has an impact on RNA-
protein interaction (e.g., MALAT1) and chromatin remodeling
(e.g., Xist).

transcript 1 (MALAT1), one of the well-characterized
INncRNAs, resulted in a much stronger binding of MALAT1
with heterogeneous nuclear ribonucleoprotein C and het-
erogeneous nuclear ribonucleoprotein G, thus affecting
nucleus gene expression and maturation®®**.*> Akin to
MALAT1, X-inactive specific transcript (Xist) is highly
methylated with many m®A modification sites.”> Several
proteins which are the components of the m®A methylation
complex and the m®A binding proteins, including RBM15/
15B, WTAP, METTL3, and YTHDC1, have been identified to
bind Xist and are in fact required for Xist-mediated tran-
scriptional silencing of genes on the X chromosome.?*7"72

The regulation between m°A modification and IncRNAs
also contributes to critical pathological roles in several
diseases (Fig. 4). In glioma, METTL3 promoted the malig-
nant progression of gliomas through up-regulation of m°A
methylated-MALAT1 stability.”* Several investigations have
focused on discovering the mechanism for the oncogenic
role of m°A methylated-MALAT1; using mutations and
super-resolution imaging, the m®A modification on MALAT1
was demonstrated to be recognized by YTHDC1 which taken
an essential role in regulating the metastatic potential of
cancer cells.”* One study revealed that MALAT1 bound to
METTL14 mediated the interaction between fusion protein
PML-RARea, and aggravated the leukemia progression by
modulating chimeric mRNA export via YTHDC1 recogni-
tion.”® Similarly, METTL14-mediated RNA m®A modification
regulated Xist expression in colorectal cancer and contrib-
uted towards tumor growth and invasion.”® Interestingly,
another study found that Xist-mediated gene silencing is
mostly attributed to synergistic actions of Spen/A-repeat
and Polycomb/B-repeat, on comparison with LBR and

Rbm15/m®A-methyltransferase complex that contributes
minorly in mouse embryonic stem cell-based models.”’
These studies appear to be inconsistent indicating that the
role of m®A modification on IncRNAs might be selectively
regulated or show distinct regulatory function under spe-
cific stimulants in a cell type-specific manner. Further
studies focusing on the specific pathological role of m°A-
methylated RNA during different diseases are essential as
this would be an opportunity to better clarify the associa-
tion between m°A RNA modifications and IncRNAs under
specific conditions.

In addition to MALAT1 and Xist, other m®A-methylated
IncRNAs have also been identified. Colorectal cancer-asso-
ciated IncRNA RP11 can be positively regulated by RNA m°A
modification and enhance cancer cell metastasis.”® m°A-
methylated IncRNA NEAT1 facilitated oncogenic complex,
and NEAT1 with a high m°A level corelated with the bone
metastasis of prostate cancer.”® Another IncRNA, FAM225A,
which was an oncogenic m®A-methylated IncRNA in naso-
pharyngeal carcinogenesis, has been found to act as the
competing endogenous RNA for miR-590—3p and miR-1275
to promote carcinoma development and progression.® In
gastric cancer, IncRNA THAP7-AS1 was up-regulated and
facilitated CUL4B entry into the nucleus to promote gastric
cancer cell growth, invasion, and metastasis.®' A further in-
depth study revealed that METTL3-mediated m®A methyl-
ation stabilized THAP7-AS1 by m°A binding to protein
IGF2BP1.8" METTL3 also increased m®A-modified IncRNA
SNHG17 to promote gefitinib resistance in lung adenocar-
cinoma.®” RNA m®A-modified IncRNA LINREP up-regulation
promoted glioblastoma multiforme progression and its up-
regulation was related to poor prognosis in glioma pa-
tients.®> Mechanistically, METTL3 suppression decreased
the m®A methylation level and RNA expression level of
LINREP, and the stability of LINREP was enhanced by HuR in
an m®A-dependent manner.?® Similarly, m®A methylation in
RMRP and DIAPH1-AS1 also enhanced its stability, and RMRP
or DIAPH1-AS1 elevation facilitated cancer progression.®*%°
In addition to regulating expression, IncRNA splicing was
also found to be regulated by RNA m®A methylation. In
gemcitabine resistance pancreatic cancer cells, the m®A
modification level of [ncRNA ANRIL was significantly
increased, and METTL3-mediated m®A methylation eleva-
tion played a pivotal role in the occurrence of SRSF3-
mediated ANRIL splicing events.®® Except for oncogenic
(ncRNAs, (ncRNAs with m®A modification have also been
found to inhibit the progression of cancers. METTL16
directly bound mfA-methylated IncRNA RAB11B-AS1 and
decreased its stability, RAB11B-AS1 down-regulation led to
poor prognosis in patients with hepatocellular carcinoma.®’
LncRNA ZNRD1-AS1 was inhibited by m®A binding protein
YTHDC2, and overexpression of ZNRD1-AS1 suppressed the
progression of lung cancer.® LncRNA GAS5 was negatively
regulated by the m®A reader YTHDF3 and suppressed the
progression of colorectal cancer.®’ WTAP-mediated m°A
methylation on IncRNA NORAD can promote nucleus pul-
posus cells’ senescence and intervertebral disc degenera-
tion development.®® Mechanically, the stability of IncRNA
NORAD was regulated by YTHDF2 in an RNA m®A-dependent
manner, and histone modification H3K4me3-induced WTAP
would increase NORAD’s m°®A methylation level and pro-
mote its degradation.”® In addition, knockdown of m°A-
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modified mmu-lncRNA 121686/hsa-IncRNA 520657 can
attenuate acute kidney injury.”’ RNA m®A reader YTHDC1
can decrease m°A-modified IncRNA FENDRR’s stability to
enhance pyroptosis in hypoxic pulmonary artery endothelial
cells.”? Moreover, similar to miRNAs, IncRNAs could also be
found to regulate the expression of RNA m®A effectors to
affect cellular m®A methylation and recognition. LncRNA
DNA methylation-deregulated and RNA m°A reader-coop-
erating IncRNA (DMDRMR) enhances the activity of IGF2BP3
thereby regulating its target genes in an m®A-dependent
manner.”®> MALAT1 increased IGF2BP2 expression in thyroid
cancer and promoted its target gene MYC expression
through m®A recognition.’® Considering all the recent
research in m°A regulation of IncRNAs, like the variety of
IncRNA functions and mechanisms, the m®A RNA modifica-
tions on IncRNAs have a very complex and changeable
regulatory mechanism. Towards understanding this, further
studies are certainly necessary to explore the role of m®A-
methylated IncRNAs that could provide new insights with
respect to diseases diagnosis, treatment, and prognosis, as
well as expand our fundamental understanding of the "RNA
metabolism” world (Table 2).

Mutual regulation between RNA m°A
modification and circular RNAs

Apart from traditional ncRNAs, circular RNAs (circRNAs) are
emerging as a novel class of endogenous ncRNAs that form
covalently closed circle structures. CircRNAs are widely
distributed throughout the body, across different types of
tissues and organs, and participate in diverse biological and
pathophysiological processes.”> ®” CircRNAs have been
found to function as miRNA decoys and bind to RNA-binding
proteins.®® Some circRNAs can be translated into proteins or
peptides to exert their regulatory roles.”® Like mRNAs and
other ncRNAs, mutual regulation between RNA m®A and
circRNAs also contributes to circRNAs’ biology and
function.”® 1%

A recent study on genome-wide profiling revealed that
RNA m®A modifications were widespread in circRNAs, and
exhibited distinct m®A patterns compared with mRNAs. '
CircRNAs can also be translated into proteins in a cap-in-
dependent translation mechanism through an internal ri-
bosomal entry site or RNA m°A modification.”®'0?
Therefore, the translation efficiency of m®A-methylated
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Figure 4 Mutual regulation between RNA m®A and IncRNAs in human diseases. RNA mPA regulates m®A-methylated-lncRNAs and
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Table 2  Mutual regulation between RNA m®A modification and IncRNAs.

LncRNAs RNA m°A effectors Mechanism Biological function References
The effect of RNA
m®A methylation
on [NncRNA
MALAT1 METTL3 METTL3 up-regulates m®A- Promotes the progression of 73
methylated MALAT1 stability gliomas
MALAT1 YTHDC1 M®A-methylated MALAT1 Promotes cancer metastasis 74
recruits YTHDC1 to nuclear
speckles
MALAT1 YTHDC1 MALAT1 modulates chimeric Promotes leukemia progression 75
mRNAs export
Xist METTL14 METTL14-mediated m°®A Suppresses colorectal cancer 76
modification down-regulates metastasis
Xist
RP11 METTL3/ALKBH5 mPA modification up-regulates  Promotes cancer cell 78
RP11 expression metastasis
NEAT1 METTL3 RNA m®A-methylated NEAT1 Promotes bone metastasis of 79
facilitates oncogenic complex prostate cancer
FAM225A / FAM225A modulate ITGB3 Promotes nasopharyngeal 80
expression by binding to miR- carcinoma tumorigenesis and
590-3p and miR-1275 metastasis
THAP7-AS1 METTL3, IGF2BP1 METTL3-mediated m®A Promotes gastric cancer 81
methylation stabilizes THAP7-
AS1 by IGF2BP1
SNHG17 METTL3 METTL3 increases the m°A Promotes gefitinib resistance in 82
methylation and stability of lung adenocarcinoma
SNHG17
LINREP METTL3 METTL3 knockdown decreases Promotes glioblastoma 83
the m®A methylation level and  multiforme progression
RNA expression level of LINREP
RMRP METTL3 RNA m®A methylation in RMRP Facilitates non-small cell lung 84
enhances its stability cancer progression
DIAPH1-AS1 WTAP RNA m®A methylation in Facilitates nasopharyngeal 85
DIAPH1-AS1 enhances its carcinoma growth and
stability metastasis
ANRIL METTL3 METTL3-mediated m®A Promotes gemcitabine 86
methylation elevation takes a resistance in pancreatic cancer
crucial role in the occurrence
of SRSF3-mediated ANRIL
splicing events
RAB11B-AS1 METTL16 METTL16-mediated m°A Suppresses the progression of 87
methylation on IncRNA RAB11B-  hepatocellular carcinoma
AS1 and decreases its stability
ZNRD1-AS1 YTHDC2 YTHDC2 down-regulates Suppresses the progression of 88
ZNRD1-AS1 lung cancer
GAS5 YTHDF3 YTHDF3 facilitates m®A- Suppresses the progression of 89
modified GAS5 degradation colorectal cancer
NORAD WTAP, YTHDF2 WTAP-mediated m®A Inhibits nucleus pulposus cells 90
methylation on IncRNA NORAD  senescence
promotes the degradation of
IncRNA NORAD in a YTHDF2-
dependent manner
mmu-lncRNA METTL3 METTL3 knockdown decreases  Aggravates acute kidney injury 91
121686/hsa-IncRNA the m®A methylation level of
520657 mmu-lncRNA 121686/hsa-
IncRNA 520657
FENDRR YTHDC1 YTHDC1 can decrease m°A- Inhibits hypoxic pulmonary 92

modified FENDRR’s stability

artery endothelial cell
pyroptosis
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Table 2 (continued)

LncRNAs RNA m®A effectors

Mechanism

Biological function References

The effect of IncCRNA on
RNA m6A methylation

DMDRMR IGF2BP3

MALAT1 IGF2BP2

DMDRMR enhances the activity
of IGF2BP3 to regulate target

genes

MALAT1 up-regulates IGF2BP2

and enhances MYC expression

via m®A modification

Facilitates tumor growth and 93
metastasis
Promotes thyroid cancer 94

progression

recognition

circRNAs, which followed a non-canonical translation
pathway for protein synthesis, was positively regulated by
the m°A levels. Specifically, this m°A-driven translation
was initiated by the binding of YTHDF3 and translation
initiation factors elF4G2 and elF3A.%® Circ-ZNF609 was the
most well-studied translated circRNA, which was trans-
lated into a protein in response to heat shock.'> RNA m°A
regulates circ-ZNF609 translation via YTHDF3 and
elF4G2.°° Recently, our group reported that down-regu-
lation of circ-ZNF609 could promote heart repair.'®
Mechanistically, m®A modified-circ-ZNF609 was reported
to exert its regulatory role via regulating another m°A
modified mRNA, Yap expression, demonstrating the crit-
ical role of m®A modification in circRNA regulatory func-
tion. "% M®A-modified circRNA circE7 was also identified to
be bound to polysomes and translated to E7 oncoprotein,

RNA POl I
m7G
Nucleus @ m6A A / V w \ "
mRNA
circRNA
Cytoplasm
YTHDF3 eIF3A

IRES
@ @ elF4G2

\/\/\/\...“

CAP-
indepedent CAP-depedent
translation translation

Figure 5
circRNAs.

\/ RNA POl I

which was essential for the transforming potential of
human papillomaviruses.'®® In eukaryotic cells, apart from
the canonical cap-dependent translation initiation ma-
chinery, non-canonical translation mechanisms have been
detected and proposed to be associated with stress re-
sponses.'®® The fundamental role of m®A-driven trans-
lation of circRNAs remains largely unknown, and any
further investigations on m®A modifications and circRNA
translation, as well as their regulatory roles correlated
with human health, would be of great significance.
CircRNAs are more stable and have a longer half-life
compared with their parent linear mRNAs due to their
cyclized structure, along with the fact that circRNA
degradation mechanisms are more complex and specific
(Fig. 5). CircCDR1 can be cleaved and degraded in a miRNA-
dependent manner.’”” During innate immune responses,

‘\/ RNA POI I

OO D

YTHDF2 G3BP1

@HRSPﬂ (;;% PR g@

Rnase P/MRP RNase L

UPF1
complex

circRNA degradation

The regulation of circRNAs by RNA m®A modification. RNA m®A methylation regulates the translation and degradation of
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circRNAs have been observed to be degraded by endor-
ibonuclease RNase L."% Additionally, RNA m®A methylation
participates in the regulation of m®A-methylated circRNA
decay.’® Usually, m®A containing circRNAs are recognized
by YTHDF2 in an HRSP12-dependent way, and therefore,
degraded by RNase P/MRP. In addition, highly structured
circRNA degradation can also be mediated by UPF1 and its
binding partner G3BP1.""? In fact, RNA m®A-binding proteins
YTHDFs are important for stress granule formation.""
Because G3BP1 is the marker gene of stress granule for-
mation, RNA m®A modification might also contribute to
structure-mediated circRNA decay. Therefore, other po-
tential regulatory mechanisms in which RNA m°A modifi-
cation is involved in circRNA decay are certainly worth
exploring.

Aberrant expression of circRNA is closely related to
many diseases.’®"">""3 Also, dysregulation of m°A RNA
modifications has been observed in various pathological
processes. Despite a limited number of investigations on
the function of m®A-methylated circRNAs in diseases, a
certain level of understanding regarding this process has
been reached (Fig. 6). Endogenous m®A-containing circRNA
can be recognized by YTHDF2 and inhibit innate immu-
nity.' Also, circRNAs with m®A modification exerted
crucial roles during cancer progression. circNSUN2 has been
found to be up-regulated in colorectal carcinoma patients
with liver metastasis, wherein the RNA m®A modification of
circNSUN2 was seen to promote its cytoplasmic export, and
consequently, stabilized Hmga2 mRNA to facilitate the
aggressiveness of cancer."' Similarly, another circRNA
circ3823 promoted colorectal cancer progression via
sponging miR-30c-5p. Mechanically, the RNA m®A modifi-
cation that occurred in circ3823, regulated its decay via
YTHDF3 and ALKBH5.""® Besides, the expression of circCUX1

was observed to be increased in head and neck squamous
cell carcinoma patients resistant to radiotherapy. Here,
METTL3-mediated m®A modification on circCUX1 stabilized
its expression and predicted a poor survival outcome.'"® A
similar phenomenon was observed with circRNA-SORE,
circMDK, and circCCDC134.""7~ " Elevated RNA m°A level
in circRNA-SORE increased its stability and sustained sor-
afenib resistance in hepatocellular carcinoma.""’” Also,
IGF2BP1  stabilized m"A-methylated circMDK  (hsa_-
circ_0095,868) and promoted tumorigenesis in hepatocel-
lular carcinoma.''® ALKBH5-mediated m®A modification on
circCCDC134 controlled its stability and can enhance cer-
vical cancer metastasis in a YTHDF2-dependent manner.'"’
In addition to direct methylation on circRNAs, RNA m°A
methylation also occurred in the flanking sequences of
circ1662 affecting its biogenesis in colorectal cancer.'?
Moreover, circRNAs took part in the dynamic regulation of
mCA by altering the activity or expression of RNA m®A ef-
fectors. CircPTPRA was identified to disrupt the mCA-
modified RNA recognition of IGF2BP1 by interacting with
IGF2BP1 KH domains to inhibit bladder cancer progres-
sion."?" CircZBTB20 enhanced the interaction between RNA
m°A demethylases ALKBH5 and Nr4a? mRNA to maintain
group 3 innate lymphoid cell homeostasis.'”? CircEZH2
increased the stability of m®A reader IGF2BP2 and aggra-
vated colorectal cancer.'”® CircPDE5A bound to WTAP and
inhibited WTAP-mediated m®A modification of Eif3c mRNA
to suppress prostate cancer metastasis.'?* Notably, circ-
STAG1 ameliorated depressive behavior in mice by
decreasing the translocation of ALKBH5 to the nucleus and
further promoted the fatty acid amide hydrolase mRNA m°A
methylation.'”®> Another m°®A demethylase, FTO, directly
bound to circRAB11FIP1 facilitating its mRNA expression in
ovarian cancer.'?® Along with reader and demethylases,

IGF2BP1 j[ ALKBHS5 '

/ \ \

YTHDF3 ] YTHDC1 ] YTHDF3 ]

METTL3 l
elF4G2 ] IGF2BP2 ] [ ALKBH5 l
circ-ZNF609 circNSUN2 circ3823

/o\

circ1662

\ v/

circCUX1 circMDK circCCDC134

! { !
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proliferation ischemialrep
erfusion

QYESEaneEE] hepatocellular Cervical
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0 carcinoma cancer
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t
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Figure 6 Mutual regulation between RNA m®A and circRNAs in human diseases. Aberrant expression of méA-methylated circRNAs
in human diseases. circRNAs are also involved in the dynamic regulation of RNA m®A.
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Table 3  Mutual regulation between RNA m®A modification and circRNAs.

circRNAs RNA m°A effectors Mechanism Biological function References

The effect of RNA m®A methylation on circRNA

circ-ZNF609 YTHDF3, elF4G2 mCA regulates circZNF609 Regulates myoblast 98, 99, 103
translation via YTHDF3 and proliferation
elF4G2

circ-ZNF609 YTHDF3 mCA-modified circ-ZNF609 Regulates cardiomyocyte 104
regulates the expression of survival
m®A-modified Yap via binding
to YTHDF3

circE7 / m®A-modified circE7 translated Highly associated with human 105
to produce E7 oncoprotein papillomaviruses

circNSUN2 YTHDC1, IGF2BP2 m®A modification of circNSUN2 Promotes colorectal cancer 114
increases export to the metastasis progression
cytoplasm and enhances the
stability of HWGA2 mRNA via
IGF2BP2

circ3823 YTHDF3, ALKBH5 m®A modification presents in Promotes colorectal cancer 115
circ3823 and regulates its progression
decay

circCUX1 METTL3 METTL3 mediated m°A Predicts a poor survival 116
methylation of circCUX1 and outcome of hypopharyngeal
stabilizes its expression squamous cell carcinoma

circRNA-SORE / mC®A modification of circRNA- Maintenance of sorafenib 117
SORE increases its stability resistance in hepatocellular

carcinoma

circMDK IGF2BP1 IGF2BP1 stabilizes m®A- Promotes tumorigenesis in 118
methylated circMDK hepatocellular carcinoma

circCCDC134 ALKBH5 ALKBH5-mediated m®A Enhances cervical cancer 119
modification on circCCDC134 metastasis
controlled its stability

circ1662 METTL3 METTL3 induces circ1662 Promotes colorectal cancer 120
expression by binding its metastasis
flanking sequences and
installing m®A modifications

The effect of circRNA on RNA m6A methylation

circPTPRA IGF2BP1 CircPTPRA interacts with Suppresses bladder cancer 121
IGF2BP1 KH domains to disturb progression
IGF2BP1’s m®A-modified RNA
recognition

circZbtb20 ALKBH5 circZbtb20 enhances the Maintenance of group 3 innate 122
interaction of Alkbh5 with lymphoid cells homeostasis
Nr4a1 mRNA

circEZH2 IGF2BP2 circEZH2 increases the stability Aggravates colorectal cancer 123
of m®A reader IGF2BP2

circPDE5SA WTAP circPDE5A binds to WTAP and Suppresses prostate cancer 124
inhibits WTAP-mediated m°®A metastasis
modification of Eif3c mRNA

CircSTAG1 ALKBH5 circSTAG1 captures ALKBH5 Attenuates depressive-like 125
and decreases the behaviors in mice
translocation of ALKBH5 into
nucleus, leading to ALKBH5’'S
targeted mRNA degradation

CircRAB11FIP1 FTO circRAB11FIP1 directly binds to CircRAB11FIP1 induces 126
Fto mRNA and promotes its autophagy accelerating
expression proliferation and invasion in

epithelial ovarian cancer
CircMEG3 METTL3 CircMEG3 inhibits METTL3 Inhibits human liver cancer 127

expression

growth

(continued on next page)
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Table 3 (continued)
circRNAs RNA mCA effectors Mechanism Biological function References
CircGPR137B FTO mPA-demethylation promotes Suppresses hepatocellular 129
circGPR137B and circGPR137B carcinoma
up-regulates FTO
Circ-ZNF609 METTL14, FTO mPA-methylation promotes Aggravates doxorubicin- 128

circ-ZNF609 and circ-ZNF609

inhibits FTO

induced cardiotoxicity

mC®A methyltransferase METTL3 was found to be suppressed
by circMEG3. Increased expression of circMEG3 was
observed to act as an anti-tumor factor in human liver
cancer."”” Moreover, circRNA-m®A modification can form a
feedback loop to mutually regulate each other and exert
function in cells."”®"?° M®A-modified circGPR137B inhibited
hepatocellular carcinoma via forming a feedback loop with
FTO."”° Similarly, RNA m®A-regulated circ-ZNF609 allevi-
ated doxorubicin-induced cardiotoxicity by promoting FTO
expression.'?® Collectively, these studies implicate that the
regulatory interaction between RNA m®A modification and
circRNAs could be highly associated with human health, and
future research in this direction could lead to better ther-
apeutic intervention for many diseases (Table 3).

Therapeutic strategies to modulate the RNA
m®A regulators

RNA modification plays important roles in normal physio-
logical conditions and various diseases. Targeting epige-
netic regulators has provided new therapeutic strategies
for human diseases.’**"*" Like histone modification and
DNA methylation, small molecules targeting RNA m°A reg-
ulators have been developed. Rhein was the first identified
FTO small molecule inhibitor, and rhein caused the increase
of MRNA m®A levels in cells.'*? However, rhein bound to the
nucleic acid-binding site and demonstrated little selectivity
for the AlkB subfamily. Using a high-throughput fluores-
cence polarization assay, meclofenamic acid has been
discovered to inhibit RNA m°A demethylase FTO.'?
Different from the 2-oxoglutarate-tethering screen strat-
egy, meclofenamic acid specifically inhibits FTO over
ALKBH5, which would provide opportunities for specific
targeting FTO for biological and therapeutic studies. Other
FTO inhibitors, FB23 and FB23-2, displayed therapeutic
effects in acute myeloid leukemia."* In addition to tar-
geting RNA m®A demethylase, small molecule targeting RNA
mPA methyltransferase inhibitors were also developed. S-
adenosylhomocysteine (SAH) demonstrated inhibitory ef-
fects on METTL3-METTL14 complex. ' UZH1a was a METTL3
inhibitor with high—nanomolar activity, UZH1a treatment
reduced cellular m®A level and induced acute myeloid
leukemia MOLM-13 cell apoptosis.’*® Besides, STM2457, a
bioavailable inhibitor of METTL3, has been characterized
and developed as a therapeutic strategy against acute
myeloid leukemia.’>” Notably, STM2457 was also the first
known small molecule inhibitor of an RNA methyltransfer-
ase which demonstrated in vivo activity and therapeutic
efficacy. In addition, inhibitors that were targeted to RNA

m®A binding proteins can also provide new therapeutic
opportunities for diseases. Tegaserod has been identified as
a specific YTHDF1 inhibitor and Tegaserod treatment
inhibited acute myeloid leukemia progression via
YTHDF1."*® Despite some scientific advances, understand-
ing epigenetic therapies for disease treatment is only just
beginning. Further studies to develop new inhibitors tar-
geting RNA m°A regulators with improved specificity and
much more favorable pharmacokinetic profiles would pro-
vide better opportunities for RNA m®A regulators-based
therapeutic interventions.

Conclusions and perspectives

In the past few years, thanks to the tremendous progress of
new technologies, precise detection of m°A-depositions
and efficient m®A methylation installation systems have
been developed.”*'*" An increasing number of in-
vestigations have demonstrated the important roles of m®A
RNA modification in physiological and pathological pro-
cesses. Recently, more attention has been bestowed on
studying the regulation of m®A deposition on RNA, espe-
cially in the context of ncRNAs. Studying m®A RNA modifi-
cations on ncRNAs is undoubtedly of great importance
specifically to deepen our understanding of their biological
roles and clinical implications.

Though tremendous progress has been made in recent
times, to better uncover this RNA m®A-ncRNAs epigenetic
regulation network, several questions need to be further
explored. First, the understanding of the underlying
mechanisms regarding the m®A modification and ncRNAs
remains limited. This is more relevant, especially in a
specific context, wherein the RNA m®A modification and
ncRNAs regulation always exhibit cell- or tissue-specific
interaction. Future studies to address the cell-type spe-
cific regulation under a particular context (disease or
normal) represent an important area of investigation.
Second, RNA m®A modifications and ncRNA dysregulation
are closely associated with many human diseases. How-
ever, since most of the elaborate studies are still focused
on the field of cancer, there is a growing need to explore
the biological functions and clinical implications of RNA
mfA modifications in other diseases. Future efforts to
develop new sequencing and detection technologies for
not only RNA m®A modification but also ncRNAs, especially
IncRNAs and circRNA, would surely move this field forward
and provide greater insight into understanding exact
mechanisms as well as a potential strategy for the treat-
ment of human diseases.
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While there have been reviews summarizing the
research progress of RNA m®A over the past few years, it is
important to note that our understanding of RNA m°A and
its potential applications in medical research is constantly
evolving with the rapid advancements in literature. In this
present review, we summarized the latest information
about the mutual regulation between RNA m®A modifica-
tion and ncRNAs, with a specific focus on miRNAs, IncRNAs,
and circRNAs. Also, we have discussed the challenges of
méA-containing ncRNAs and RNA m®A as therapeutic tar-
gets in human diseases and their future perspective in
translational roles. The growing understanding of RNA m®A
modification has led to the development of RNA m®A
-based therapeutic interventions. RNA mC®A-modified
genes and their regulatory factors are expected to be
potential therapeutic targets. One of the attractive areas
is the development of new inhibitors targeting m°A-regu-
latory factors, including RNA m°®A methyltransferase,
demethylase, and specific binding protein, and explora-
tion of the relationship between enzyme/reader inhibition
and disease phenotypes. Considering the complexity and
global effects of RNA m®A methylation regulation and
recognition, comprehensive experiments and population-
based data are required before the therapeutic potential
of those inhibitors can be clinically evaluated. With the
rapid progresses in gene editing technologies, gene edit-
ing-based technologies on RNA modifications have been
designed and remarkable progress has been ach-
ieved.™?1*3 Using gene editing technology to regulate
specific target transcript’s m®A methylation level is
another promising therapeutic strategy for RNA mCA
-based therapeutic interventions. Further investigation to
apply gene-editing based- RNA m®A control in living or-
ganisms might offer a precise tool to regulate RNA m°A
modification with high efficiency and specificity.
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