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Abstract

RNA methylation modifications influence gene expression, and disruptions of these processes are often associated with various human dis-
eases. The common RNA methylation modification 5-methylcytosine (m®C), which is dynamically regulated by writers, erasers, and readers,
widely occurs in transfer RNAs (tRNAs), messenger RNAs (mRNAs), ribosomal RNAs (rRNAs), enhancer RNAs (eRNAs), and other non-coding
RNAs (ncRNAs). RNA m®C modification regulates metabolism, stability, nuclear export, and translation of RNA molecules. An increasing num-
ber of studies have revealed the critical roles of the m®C RNA modification and its regulators in the development, diagnosis, prognosis, and
treatment of various human diseases. In this review, we summarized the recent studies on RNA m®C modification and discussed the advances
in its detection methodologies, distribution, and regulators. Furthermore, we addressed the significance of RNAs modified with m®C marks in
essential biological processes as well as in the development of various human disorders, from neurological diseases to cancers. This review
provides a new perspective on the diagnosis, treatment, and monitoring of human diseases by elucidating the complex regulatory network of

the epigenetic m®C modification.
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Introduction

According to the MODOMICS database of RNA modifica-
tions updated in 2023 [1], over 170 RNA modifications have
been discovered. N®-methyladenosine (m®A) is the most com-
mon and widespread RNA modification in the majority of
eukaryotes which accounts for approximately 1% of all ade-
nine nucleotides. Cytosine methylated at carbon 5 with the
formation of 5-methylcytosine (m’C), which was first identi-
fied in 1958 in Escherichia coli [2], is another RNA modifica-
tion that has received much attention. Similar to m°A, m°>C
modification is reversible and can be influenced by proteins
known as writers, readers, and erasers. Although m’C modi-
fication is not as abundant as m®A modification, which
accounts for approximately 1% of all adenine nucleotides,
m’C modification comprises 0.02%-0.09% of all cytosine
nucleotides [3]. Recent studies have revealed that m°C is cru-
cial for expression, alternative splicing, transport, stability,
and translation of RNAs, and dysregulation of all these pro-
cesses may cause various human diseases.

Owing to technical limitations, previous approaches for
detecting m°C required substantial amounts of RNAs; hence,
methylated sites were reliably detected only in highly abun-
dant RNAs, such as transfer RNAs (tRNAs) and ribosomal
RNAs (rRNAs). Nano-flow liquid chromatography coupled
with triple tandem mass spectrometry (nLC-MS?) can quanti-
tatively detect the total amount of m*C markers, but it can-
not indicate the exact methylation sites in an RNA molecule

[4]. Next-generation sequencing (NGS) technologies, such as
m’C methylated RNA immunoprecipitation-sequencing
(MeRIP-seq) [5], methylation individual-nucleotide-
resolution cross-linking and immunoprecipitation with se-
quencing (miCLIP-seq) [6], RNA bisulfite sequencing (RNA-
BisSeq) [7], and Aza-immunoprecipitation with sequencing
(Aza-IP-seq) [8], facilitate the recognition of the precise loca-
tions of many m’C-modified nucleotides. However, many
current approaches for detecting RNA changes have high er-
ror rates, low specificity, and poor repeatability. These se-
quencing technologies have been comprehensively described
in previous articles [9]. Single-molecule sequencing, devel-
oped by Oxford Nanopore Technologies (ONT) in 2018,
represents a further advancement in precision through direct
RNA sequencing, eliminating the need for reverse transcrip-
tion or amplification steps [9,10]. The results indicate that
single-molecule sequencing directly identifies RNA changes,
providing a new way of investigating epitranscriptomic alter-
ations. Nevertheless, due to bioinformatic challenges, accu-
rate detection of RNA m’C modification remains
challenging. Therefore, there is a great need for new detection
technologies in m*C methylation research.

Although the m®>C methylation was first identified many
years ago, an explosive phase of research on this epigenetic
modification has only recently begun. According to a review
of the PubMed database, the development of techniques to
identify m>C sites using NGS has been the primary driver for
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Figure 1 Key milestones in the discovery of RNA m°C methylation modifications

Red represents the discovery of important m®C methylation-related regulatory molecules and green represents the development of m®C detection
technologies. m°C, 5-methylcytosine; tRNA, transfer RNA; mRNA, messenger RNA; mt, mitochondrial; eRNA, enhancer RNA; ncRNA, non-coding
RNA; IncRNA, long non-coding RNA; vtRNA, vault RNA; nLC-MS®: nano-flow liquid chromatography coupled with triple tandem mass spectrometry;
MeRIP-seq, methylated RNA immunoprecipitation-sequencing; miCLIP-seq, methylation individual-nucleotide-resolution cross-linking and
immunoprecipitation with sequencing; RNA-BisSeq, RNA bisulfite sequencing; Aza-IP-seq, Aza-immunoprecipitation with sequencing; hm°®C,
5-hydroxymethylcytosine; f°C, 5-formylcytosine; 5-hmrC, 5-hydroxymethylcytidine.

the boom in m’C modification studies. Many milestones
have been achieved, such as the discovery of m’C
methylation-associated proteins and the development of m°C
methylation-associated sequencing technologies. These mile-
stone events stimulated further studies into m’C modifica-
tion. The landmark discoveries related to RNA m’°C
modification research in the decades following its formal de-
scription in 1958 are shown in Figure 1.

RNA m>C methylation is detected in various animal tis-
sues, such as the bladder [11], liver [12], lung [13], and plants
such as Arabidopsis thaliana [5], as well as in different micro-
organisms (including bacteria, viruses, archaea, and yeast)
[14]. A summary of current research advances in the field of
m’C modification and its roles in human disorders is neces-
sary because of the widespread distribution of this epigenetic
marker. In this review, we explored the regulators of m°C
modification involved in its emergence, distribution in vari-
ous RNAs, and the impact of this epigenetic tag on RNA
functions. We focused on the important mechanisms affected
by RNA m’C modification in crucial biological processes,
such as embryonic development, cell fate determination, and
cancer progression. Additionally, we discussed the roles of
methylation with m*>C marks under various human patholog-
ical conditions and its potential applications in the treatment
of human diseases, ranging from neurological disorders
to cancers.

Distribution of RNA m®C methylation

RNA m’C methylation has been found in tRNAs, rRNAs,
messenger RNAs (mRNAs), and various non-coding RNAs
(ncRNAs), including long non-coding RNAs (IncRNAs) [15-
17] and circular RNAs [18]. Because of the requirement of
high RNA amounts for analysis, the two most abundant
groups of RNAs (tRNAs and rRNAs) account for the greatest
majority of m’C methylation. RNA m°C sites commonly ex-
ist in the variable regions and anticodon loops of tRNA mole-
cules. These sites stabilize tRNA secondary structure, while

also regulating codon identification and tRNA aminoacyla-
tion. In eukaryotic tRNAs, m’C residues cluster around the
intersection of the variable area and T¥C stem. In both eu-
karyotic and archaeal tRNAs, m®>C modifications often occur
at positions C48 and C49. Higher eukaryotes have an addi-
tional m°C residue at position C72 of the tRNA acceptor
stem [19]. The m>C methylation, which primarily affects pro-
tein synthesis, is found in nuclear, cytoplasmic, and mito-
chondrial rRNAs. In the nucleolus, NSUN1 and NSUNS
methylate the 25S rRNA in domain V [20]. In the cytoplasm,
NSUNT is responsible for the methylation of 25S rRNA [21],
whereas in the mitochondria, NSUN4 is responsible for the
methylation of cytosine 911 in the 12S rRNA [22]. However,
few RNA modifications have been discovered in less abun-
dant RNAs including microRNAs, small nuclear RNAs, and
small nucleolar RNAs [23,24].

Because of the advances in NGS technologies, nRNA m°C
methylation has been detected more frequently, gradually
becoming a new, intensively researched topic. To briefly
summarize, there are typically several hundred mRNA m’°C
sites in a given adult tissue in mammals. mRNA m’C is
prominently enriched in maternal mRNAs. Tumor cells
generally exhibit a higher density of mRNA m’C compared
to normal cells [25,26]. In contrast to the consensus RRACH
motif for m°A detected using RNA-BisSeq in most species,
the sequence feature for m*>C shows enrichment only around
the CG-rich region in distinct species [27,28]. In 2013,
Edelheit et al. first identified the consensus motif
AUCGANGU in prokaryotic mRNAs using bisulfite treat-
ment combined with m>C-specific RNA immunoprecipita-
tion [14]. Squires et al. demonstrated that in human mRNAs,
m’C is commonly found in both the coding regions and
untranslated regions (UTRs) [29]. Amort et al. have shown
that poly(A) RNAs exhibit distinct m’C modification pro-
files, with mouse embryonic stem cells displaying a greater di-
versity of methylated mRNAs compared to the brain,
although both cell types demonstrate an enrichment of these
modifications in 3’-UTRs. In contrast, there is a greater
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increase in the m>C frequency in nuclear poly(A) RNA than
in total poly(A) fractions, which may be related to RNA splic-
ing or transcript degradation processes [15].

Regulators of RNA m®C methylation and their
biological functions in mammals

Methyltransferases (writers)

The common characteristics of RNA m’C methyltransferases
include a catalytic domain with a structural core of approxi-
mately 270 amino acids and an S-adenosyl methionine-
binding site [30]. DNMT2 and the NSUN family members
(NSUN1-NSUN?7) catalyze the emergence of m’C modifica-
tion in mammals [31,32]. Although NSUN1, NSUN2, and
NSUNS are present in all eukaryotes, the remaining NSUN
family proteins are exclusively found in higher eukaryotes.
For the nucleophilic assault on carbon 6 of the target cytosine
in RNA, NSUN family enzymes employ cysteine from amino
acid motif VL. Figure 2 illustrates the sequence and structural
features of the RNA substrate specific to each enzyme.

The NSUN family members

NSUNT1 (also known as NOP2, NOLI1, or p120) is a nucleo-
lar protein that acts as an oncogene; its expression is dysregu-
lated in various cancers. The NOP2/NSUN1 homolog in
Saccharomyces cerevisiae catalyzes m°C deposition on the
25S rRNA at position C2870, which is close to the ribosome
peptidyl transferase center [33]. NSUN1, an rRNA methyl-
transferase, methylates cytosine at position C2982 of the
26S rRNA, which affects the health span and oogenesis
of Caenorbabditis elegans [34]. Data obtained using

Mitochondria

28S rRNA
m°C3782

=

miCLIP-seq in human cells showed that NSUN1 also cata-
lyzes the methylation of cytosine at position C4447 of the
28S rRNA. It regulates ribosome biogenesis by binding to
pre-rRNA transcripts and is responsible for regulating pre-
RNA processing through non-catalytic complex formation
with box C/D of small nucleolar RNAs [35].

NSUN2 is an m’C RNA methyltransferase with a broad
substrate specificity that targeting the majority of tRNAs and
ncRNAs, and it has also been recently identified as a
methylator of mRNAs as well [6,11,12,27,36-38]. NSUN2
methylates type I m°C sites, which have a downstream G-rich
triplet motif and are computationally anticipated to be
situated at the 5" end of putative hairpin structures. NSUN2
is predominantly localized in the nucleus. In 2019, Shinoda
et al. demonstrated the methylation of cytosines by NSUN2
in mitochondrial tRNAs at positions C48, C49, and C50
[39,40]. Vault RNAs (vtRNAs) are ncRNAs incapable of
encoding proteins [41]. However, vtRNAs have been
implicated in multiple cellular functions. In addition to
methylating mRNAs and tRNAs, NSUN2 has also been
reported to mediate RNA m°C methylation in veRNA1.1/1.3
to regulate epidermal differentiation [42].

NSUNS3 is mainly located in the mitochondria, where it
modifies the wobble position of mitochondrial methionine
tRNA (mt-tRNAM) to expand codon recognition in mito-
chondrial translation [43,44]. NSUNS3 plays an essential role in
mitochondrial translation, specifically methylating mitochon-
drial tRNA 5-formylcytidine modification [45]. Mutations in
the human NSUN3 gene have been associated with mitochon-
drial diseases. Previous studies have demonstrated that NSUN3
regulates embryonic stem cell differentiation by influencing

() O mt-tRNAs

tRNA m°C34

| “O tRNA m°C38

ﬁ " mt-rRNAs

12S rRNA
m*C8412

{
O 3O
J_@ tRNA m°C72

Type Il m°C sites

Figure 2 Sequence and structural features of the RNA substrates specific to each enzyme

rRNA, ribosomal RNA.
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mitochondrial activity [46]. Moreover, Nsun3 knockout in mice
results in embryonic lethality while mice with heart-specific
Nsun3 knockout in adulthood exhibit enlarged and fragmented
cristae [45].

NSUN4 interacts with MTERF4 to specifically methylate
an unknown residue in 16S rRNA within mitochondria both
in vitro and in vivo [47-49]. RNA-BisSeq has shown that in
mouse heart mitochondrial rRNAs, NSUN4 is responsible
for the methylation of cytosine 911 in the 12S rRNA of the
small subunit [50]. In 2020, Navarro et al. reported that
NSUN4 acts as a dual multisite-specific rRNA/tRNA methyl-
transferase in C. elegans mitochondria, influencing nematode
adaptation to higher temperatures [22].

NSUNS, a conserved rRNA methyltransferase, is responsi-
ble for the methylation at position C2278 of the 255 rRNA
in yeast as well as at position C3381 of the 26S rRNA in
worms, which modulates the lifespan of the organisms
[51,52]. Furthermore, NSUNS methylates the conserved hu-
man and mouse 28S rRNAs at positions C3782 and C3438,
respectively [20,53,54].

Previous studies have shown that NSUN6 is widely
expressed, with the highest levels in the testis and lowest lev-
els in the blood. This methyltransferase methylates both
tRNAs and mRNAs [42,44]. NSUNG6-specific methylated
sites are enriched in the 3’-UTR within the consensus se-
quence motif CTCCA [44]. In humans, NSUNG6 acts as a
tRNA methyltransferase, with threonine tRNA (tRNA™)
and cysteinyl tRNA (tRNA®**) being RNA substrates, and
C72 at the 3’ end of the tRNA acceptor stem as the target nu-
cleotide [55]. Previous studies have also revealed that
NSUNG is an mRNA m’C methyltransferase that targets type
II m°C sites containing a downstream UCCA motif [56-58].
NSUNG6 and NSUN2 work on distinct subsets of mRNA m°C
sites and together are responsible for nearly all m’C modifi-
cations in mRNAs, as shown by mRNA BisSeq [56].

NSUN7 was initially discovered as an enhancer RNA
(eRNA) m’C methylation transferase [59]. In liver cell model
systems, NSUN7 can methylate Pfkl-, Sirt5-, Idh3b-, and
Hmox2-associated eRNAs, influencing their stability, as con-
firmed by the Aza-IP-seq, RNA immunoprecipitation PCR
(RIP-gPCR), and Methylamp RNA bisulfite conversion meth-
ods [59].

DNMT2/TRDMT1

DNMT?2 is a DNA methyltransferase homolog that specifi-
cally methylates aspartic acid tRNA (tRNA®*P) [31]. In 2006,
DNMT?2 was shown to methylate C38 in the anticodon loop
of tRNAAPCYC) in mice, A. thaliana, and Drosophila mela-
nogaster [31]. In humans, it also acts as a tRNA methyltrans-
ferase that methylates cytosines in the anticodon loops of
FRNAAPIGUC) (RNAGHGEC) (RNAGHICUC) a1 4 (RNAVAIAAC)
[60,61]. Furthermore, Li et al. characterized the substrate prop-
erties and recognition mechanisms of DNMT2/TRDMT1. They
demonstrated that tRNASMSCC) is the preferential substrate of
human DNMT2/TRDMT1 i vitro. This tRNA m’C modifica-
tion promotes tRNA stability and translation of a specific subset
of genes [62].

Binding proteins (readers)

ALYREF

ALYREF contains a canonical RNA-binding motif and
mainly binds the 5’- and 3'-regions involved in mRNA export
[63]. ALYREF has the ability to recognize m’C sites and acts
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as an m°C nuclear reader [28]. It can mediate the transport of
m’C-modified RNAs from the cytoplasm to the nucleus and
maintain their stability. ALYREF has been implicated in the
development of several malignancies through m*>C modifica-
tion. Several m’C-modified mRNAs, including PFAS,
RABL6/TK1, LRRC8A, Myc, PKM2, and YAP1, have been
identified as potential ALYREF targets in cancer [64-66].
Moreover, ALYREF has been associated with viral replica-
tion; for example, it promotes retrovirus replication in an
RNA m’C modification-dependent manner [67]. By localiz-
ing m’C-modified YBX2 and SMO mRNAs and exporting
them from the nucleus to the cytoplasm, ALYREF increases
the production of YBX2 and SMO proteins, inhibits adipo-
genesis, and promotes myogenesis [68].

YBX1

YBX1 is a multifunctional protein containing an evolutionarily
conserved cold-shock domain (CSD). YBX1 belongs to the
RNA-binding protein (RBP) family and is involved in both
transcription and translation as a splicing factor [69].
Additionally, YBX1 can enhance the stability and expression
of gene transcripts by specifically recognizing the m*C modifi-
cation [11,70-72]. YBX1 plays an important role in multiple
diseases (including cancer) and maternal-to-zygotic transition
(MZT), in an m’C-dependent manner. YBX1 has been identi-
fied to target several genes, including TSPAN13 [71], PFKFB4
(73], TIAM2 [74], OSOX1 [75], ORAIZ [76], and
HDGF[11].

YBX2

YBX2 is a recently identified novel m’>C reader protein in the
cytoplasm. It is specifically more abundant in mammalian
testis than in other tissues and shares a conserved CSD with
the known RNA m>C reader YBX1 [77]. Further structural
analysis has revealed that W100 is the key residue responsible
for recognizing m*C-modified RNAs. YBX2 has the capacity
to promote liquid-liquid phase separation of m’C-labeled
RNA, both iz vivo and in vitro [78].

Fragile X mental retardation protein

Fragile X mental retardation protein (FMRP) is a cytoplasmic
RBP that regulates protein translation. In 2022, it was
discovered that FMRP serves as an m°C reader, acting as a
coordinator between the m*C writer TRDMT1 and eraser
ten-eleven translocation 1 (TET1), and this coordination
facilitates mRNA-dependent repair and cell survival in cancer
[79]. This study unveiled FMRP as a novel addition to the
family of RNA recognition proteins.

Serine/arginine-rich splicing factor 2

Serine/arginine-rich splicing factor 2 (SRSF2) is a member of
serine/arginine-rich (SR) proteins which are RBPs playing
important role in RNA splicing. SRSF2 is a multifunctional
protein that modulates RNA splicing, transcriptional
elongation, and RNA stability. In 2023, Ma et al. first
reported SRSF2 as a m*C-binding protein in which mutation
P95H is associated with poor outcome in leukemia. SRSF2
binds preferentially to m’C-modified RNAs with
specificity in the C(m°’C)GG context [80]. This was the
first reported a previously unrecognized reader of m’C
on mRNAs.
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Demethylases (erasers)

The TET family members

The TET family members include TET1, TET2, and TET3,
which are also known as DNA demethylases [81]. In 2014,
using LC-MS/MS, Fu et al. demonstrated that TETs oxidize
m’C to 5-hydroxymethylcytosine (hm’C) in the RNAs of
HEK293T cells [82]. In 2016, Delatte et al. mapped the
transcriptome-wide distribution of hydroxymethyleytidine
(hmrC) in RNAs in Drosophila cells and observed that the
Drosophila brain contained high levels of TET and hydroxy-
methylated RNAs. Additionally, they found that TET-
deficient fruit flies exhibited impaired brain development and
reduced level of RNA hydroxymethylation [83]. The TET
family has an impact on tRNA methylation, which subse-
quently influences tRNA translation. TET-mediated RNA
hydroxymethylation reduces the stability of crucial
pluripotency-promoting transcripts, such as Eed and
Jarid2 [84].

ALKBH1

ALKBH1 is a dioxygenase responsible for the sequential con-
version of m’C to hm’C and S-formylcytosine (£ C) at posi-
tion C34 of cytoplasmic and mitochondrial tRNAs. This
enzyme activity has been shown to affect mitochondrial activ-
ity by reducing translation and oxygen consumption [85,86].
In this context, the conversion of m’C into hm>C reduces the
overall m*C modification level. Therefore, both TETs and
ALKBHI1 are considered as RNA m’C methylation erasers.

The chemical RNA m’C methylation is a dynamically re-
versible process mediated by several enzymes and relevant
methylation recognition proteins as mentioned above. Table 1
summarizes the distribution of different regulators of RNA
m’C methylation and their targets.

RNA m°C methylation in crucial biological
processes

Dysregulation of RNA modification regulators affects vari-
ous biological activities. Below, we summarized the mecha-
nisms by which RNA m’C methylation plays important roles
in embryonic development, cell fate determination, and can-
cer progression. Figure 3 shows the roles of the m°C epige-
netic alteration in multiple biological processes.

RNA m®°C methylation in embryonic development

MZT is a critical process that involves the fusion of two dis-
tinct gametes (sperm and oocyte), resulting in a totipotent zy-
gote state. In 2019, Yang et al. demonstrated that in
zebrafish, RNA m°C methylation regulates the stabilization
of maternal mRNAs during MZT through the YBX1/
PABPC1A-TRP4S signaling pathway [72]. In 2022, Liu et al
reported that Drosophila, a invertebrate animal whose em-
bryos lack maternal mRNA m°C due to the knockout of
Nsun2, can also experience cell cycle delays and fail to
promptly initiate MZT [87].

Moreover, NSUNS deficiency decreased m’C levels in
exons and 3’-UTRs, which altered the efficiency of
Mad2[2 and Gdf9 translation in the mouse ovary. NSUNS
deficiency impaired follicular genesis and development, indi-
cating that m’C-regulated stability of maternal NsunS
mRNA is required for MZT [88]. These studies highlight the
critical role of mMRNA m®C methylation in the early develop-
ment of invertebrates and vertebrates.

RNA m®C methylation in cell fate determination

RNA m’C methylation plays a crucial role in regulating
various aspects of cell fate decisions, including proliferation,
differentiation, motility, apoptosis, and ferroptosis. For ex-
ample, NSUN2-mediated m’C methylation of the CNTTB1
mRNA has been shown to modulate uveal melanoma cell
proliferation and migration through the induction of cell cy-
cle G1 arrest [89]. RNA m’C methylation is also involved in
cell differentiation. In 2019, Sajini et al. reported that dele-
tion of NSUN2 influenced the methylation of vtRNA1.1,
and the unmethylated vtRNA1.1 was recognized by SRSF2
to regulate epidermal differentiation [42]. NSUN2-mediated
m’C methylation in tRNAs is believed to be essential for
the differentiation and motility of epidermal and neuroepi-
thelial stem cells [90,91]. Owing to the critical role of
NSUN2 in facilitating neural stem cell differentiation,
NSUN?2 deficiency has been associated with several develop-
mental diseases.

RNA m’C methylation regulates cell death (apoptosis and
ferroptosis). Apoptosis is an active physiological process of
cell death under certain physiological or pathological condi-
tions, controlled by intrinsic genetic mechanisms. NSUN2
can alleviate doxorubicin (DOX)-induced myocardial injury
and apoptosis through NRF2-mediated antioxidant activity
in an m’C-dependent manner [92]. Liu et al. reported that
NSUNS inhibited ferroptosis by targeting ferritin heavy and
light chains and improved the survival of transplanted bone
marrow-derived mesenchymal stem cells in an m’C-depen-
dent manner [93].

RNA m®C methylation in cancer progression

RNA m’C methylation has been extensively studied during
cancer progression. NSUN2 is an important m’C writer that
plays an important role in various cancers, including esopha-
geal squamous cell carcinoma (ESCC), urothelial carcinoma
of the bladder (UCB), gastric cancer (GC), hepatocellular car-
cinoma, and osteosarcoma. Mechanistically, NSUN2 pro-
motes tumor development mainly through the methylation of
related mRNAs and IncRNAs. It has been reported that
tRNA m>C has a significant impact on the survival of tumor-
initiating cells, as well as on tumor development and metasta-
sis, and this effect is induced by Nsun2 knockout [94].
NSUN3-deficient tumor switched to glycolysis and failed to
metastasize, which is attributed to the modulation of mito-
chondrial m°C and £°C [95]. Figure 3C shows specific molec-
ular mechanisms through which RNA m’C methylation
promotes tumor development.

RNA m°C methylation in human diseases
Hereditary diseases

In humans, mutations in NSUN2 can lead to disorders ac-
companied by mental disability. In 2012, Lia Abbasi-Moheb
et al. reported two nonsense mutations and one splicing mu-
tation that caused a loss of NSUN2 function in three inde-
pendent consanguineous Iranian and Kurdish families. To
further investigate the role of mutated NSUN2, the NSUN2
ortholog CG6133 was deleted in Drosophila, which resulted
in severe short-term memory abnormalities in mutant flies
[96]. In the same year, Khan et al. identified the missense
change ¢.2035G>A (p.Gly679Arg) within NSUN2. In a
mouse model, transfection with such mutant Nsun2 caused
cognitive disturbances [97]. Martinez et al. first reported that
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A RNA m°C methylation in embryonic development
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Figure 3 Roles of RNA m°C methylation in crucial biological processes

C RNA m°C methylation in cancer progression
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Roles of RNA m®C methylation in embryonic development (A), cell fate determination (B), and cancer progression (C). MZT, maternal-to-zygotic
transition; ESCC, esophageal squamous cell carcinoma; UCB, urothelial carcinoma of the bladder; BMSC, bone marrow mesenchymal stem cell; GC,

gastric cancer; UM, uveal melanoma; DOX, doxorubicin.

mutations in NSUN2 cause Dubowitz-like syndrome, which
is characterized by a constellation of mild microcephaly,
growth and mental retardation, eczema, and peculiar facies.
These manifestations were likely caused by the lack of m°C
modifications in tRNA*PSTC [98]. In 2014, Blancono et al.
reported that the accumulation of 5’ tRNA fragments in the
absence of NSUN2 reduced protein translation rates and acti-
vated stress pathways [36]. These studies demonstrate the im-
portance of NSUN2-induced methylation of tRNAs for
normal cognitive development. These studies also provide a
basis for our understanding of NSUN2 functions and facili-
tate the diagnosis and treatment of NSUN2-related diseases.

Mitochondrial respiratory chain complex deficiency
Mitochondrial deficiency disorders are characterized by mi-
crocephaly, failure to thrive, recurrently elevated plasma lac-
tate levels, muscle weakness, proximal exacerbated external
ophthalmoplegia, and convergence nystagmus. Haute et al.
reported that a mutation in NSUN3 led to m>C deficiency in
mt-tRNAM®® at position C34 (m>C34), which resulted in a
lack of £°C at the same tRNA position, eventually leading to
mitochondrial respiratory chain complex deficiency [44,99].
These results show that NSUNS3 is essential for the efficient
translation and activity of proteins in the mitochondria.

Williams-Beuren syndrome

The deletion of NSUNS is linked to Williams—Beuren syn-
drome (WBS), which is characterized by a unique cognitive
profile. This profile includes relatively intact expressive lan-
guage, difficulties with facial processing, and significant
impairments in spatial recognition [100]. NSUNS deletion
has been observed in approximately 95% of patients with
WBS [101]. Spatial cognitive impairment has been observed
in NsunS-knockout mice. NsunS deletion suppressed the ac-
tivity of the N-methyl-D-aspartic acid (NMDA) type of gluta-
mate receptors in neuronal cells, which could possibly be
attributed to disrupted development and function of oligo-
dendrocyte precursor cells. This resulted in deficits in NMDA
receptor-dependent long-term potentiation and spatial cogni-
tive abilities [102]. Haploinsufficiency of NSUNS in fibro-
blasts of WBS patients resulted in a partial loss of the
m>C3782 modification in the 28S rRNA, which led to a re-
duction in total protein synthesis due to altered ribo-
somes [20].

Cardiac outflow tract disorders

NSUNS mutation is associated with the development of out-
flow tract (OFT) disorders. In a recent study conducted by
Wang et al., four potential pathogenic mutations were found
in the coding region of the NSUNS gene in 132 patients with
tetralogy of Fallot and 2000 controls. Mechanistic studies
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have shown that NSUNS is required for normal OFT mor-
phogenesis and regulates the Tpm1 gene as an m’C methyl-
transferase [103]. The detection of NSUNS mutation can
facilitate the diagnosis of OFT [104].

Cancers

Abnormal patterns of RNA methylation with m®>C marks are
found in many cancers, including ESCC, UCB, GC, pancre-
atic cancer, and hepatocellular carcinoma. Methylation of
various mRNAs and IncRNAs has oncogenic and metastasis-
promoting effects.

In ESCC, a IncRNA NMR, methylated by NSUN2, was
found to be significantly up-regulated. This up-regulation
was associated with tumor metastasis and drug resistance.
NMR bound directly to the chromatin regulator BPTF, po-
tentially promoting MMP3 and MMP10 expression through
the ERK1/2 pathway by recruiting BPTF to chromatin. This
suggests a mechanistic link between NMR and MMP3/
MMP10 expression [105]. Another study reported that
NSUN2-mediated methylation of RNAs with m’C marks pro-
moted ESCC progression through LIN28B-dependent GRB2
mRNA stabilization [106].

In UCB, NSUN2, along with YBX1, stabilizes mRNA of the
oncogene HDGF, which mediates UCB pathogenesis in
humans. This provides a therapeutic rationale for targeting the
NSUN2/YBX1/m’C-HDGF signaling axis in UCB patients
[11]. In addition, a recent study reported that NSUN2 and
ALYREEF facilitated UCB progression by influencing RABL6/
TK1 mRNA splicing and RNA stabilization [66]. NSUN2 was
also abundantly expressed in GC and linked with poor prog-
nosis in patients due to its promotion of the proliferation and
metastasis of GC cells in vitro by targeting PIK3R1 and
PCYT1A [107]. In hepatocellular carcinoma, NSUN2 acted as
an oncogene by methylating IncRNA H19, which then bound
to G3BP1, promoting its stabilization, thereby leading to car-
cinogenesis [108]. NSUN2 accelerated osteosarcoma develop-
ment by increasing FABPS mRNA stability through m°C
modification [109]. In addition, NSUN2 suppressed epithelial
differentiation in pancreatic cancer through mRNA m’C mod-
ification [110]. NSUN2 was also involved in chemotherapy re-
sistance in various tumors. For example, cis-expression
quantitative trait loci (cis-eQTLs) in NSUN2 promoted ESCC
progression and radio-chemotherapy resistance through
mRNA m’C modification [111].

NSUNG6 regulated cell proliferation and was shown to be
down-regulated in pancreatic cancer [112]. Awahet et al. dis-
covered that elevated NSUNG6 expression improved survival
in glioblastoma and other malignancies. NSUN6 also regu-
lated the sensitivity to chemotherapeutic drugs. For example,
NSUNG6 affected the response to temozolomide therapy
through the m’C-mediated regulation of NELFB and
RPS6BK2 mRNA expression in glioblastoma [113].

The deletion of DNMT2/TRDMT1 in cancer cells im-
paired the DOX-induced unfolded protein response and in-
creased the susceptibility of cancer cells to endoplasmic
reticulum stress-induced death [114]. Knocking out the
DNMT2/TRDMT1 gene in drug-treated glioblastoma cells
led to a decrease in the number of apoptotic and senescent
cells, a reduction in interleukin-8 levels and autophagy, and
an increase in the number of necrotic cells, compared with
those observed in drug-treated glioblastoma cells with
unmodified levels of DNMT2/TRDMT1 [115]. Moreover,
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redox homeostasis, proliferation-related pathways, and
DNMT2/TRDMT1-based effects could be modulated as part
of an anti-osteosarcoma strategy, reflecting the diverse phe-
notypic features of osteosarcoma cells [116]. DNMT2 has
been implicated in the response of cancer cells to drugs.

In addition to the role of these methyltransferases in tu-
morigenesis and development, demethylation enzymes also
play an important role in cancer. A recent study by Li et al.
reported that TET2 could act as an m’C eraser to regulate
leukemia stem cell homing and self-renewal through m®C-me-
diated TSPAN13 mRNA stability. Mechanistically, TET2 defi-
ciency causes m>C accumulation in TSPAN13 mRNA; YBX1
selectively identifies the modification and improves the stabil-
ity and expression of TSPAN13 transcripts [71]. This finding
suggests that TET2 plays an important role in acute myeloid
leukemia as an mRNA m’C demethylase.

Recent studies using data mining from the Gene Expression
Omnibus and The Cancer Genome Atlas databases have also
demonstrated that m’C regulators could predict the prognosis
of various cancers [117-124]. Although these findings can
assist in the clinical diagnosis, treatment, and prognosis of can-
cer, the molecular mechanisms underlying the effects of these
regulators on cancer development have not been thoroughly
investigated. Therefore, there is an urgent need to study the
functions of RNA m’C methylation in tumorigenesis, metasta-
sis, and therapeutic interventions.

Other diseases

Infertility

Recently, there have been several reports on the relationship
between NSUN7 mutation and infertility. Sperm motility
defects and infertility have been observed in male mice with a
mutation in Nsun7 [125]. The chemically induced mutation
of Ste5]cs1 in Nsun7 induced defects in the motility of sperm
and infertility in male mice; however, the molecular mecha-
nism of this phenotype remains unclear [125]. Researchers
have found that deletion of adenine at position A11337 in
exon 4 of NSUN7 produced an abortive, shorter protein
product and was linked to sperm motility problems in infer-
tile men [126]. Furthermore, the transversion mutation
T26248G in exon 7 of NSUNY altered protein folding and
led to a reduction in sperm motility in asthenospermic
men [127].

Autoimmune diseases

Systemic lupus erythematosus (SLE) is a complex autoim-
mune disorder characterized by the loss of normal CD4*
T cell activity balance. Using chromatography-coupled triple
quadrupole mass spectrometry, Guo et al. studied 11 methyl-
ation modifications, including m°C, and discovered that
CD4" T cells from SLE patients had lower m’C levels but
more m’C-containing mRNAs than CD4" T cells from
healthy controls. Subsequent RNA-BisSeq and bioinformatics
analysis revealed that the majority of hypermethylated or up-
regulated genes in SLE were involved in immune-related and
inflammatory pathways, such as cytokine signaling, inter-
feron signaling, and immune system [128].

Colitis

As reported by Yang et al. [129], NSUN2 deficiency in Th17
cells reduced the stability of m’C-modified mRNAs such as
Il17a and Il17f, resulting in improved colitis development
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generated by Th17 cells in a newly described dextran sulfate
sodium (DSS)-induced animal colitis model. RORyt could fa-
cilitate the binding of NSUN2 to chromatin areas of their tar-
gets resulting in transcription-coupled m*C production and
increase mRNA stability. This study demonstrated that
NSUN2 could be a therapeutic target for autoimmune ill-
ness [129].

Infectious diseases

RNA m’C methylation also plays a crucial function in viral
infections. NSUN2 has been shown to promote the replica-
tion of many viruses, such as human metapneumovirus,
respiratory syncytial virus, Sendai virus, vesicular stomatitis
virus, and human immunodeficiency virus (HIV), through the
m’C-dependent pathway [130,131]. In contrast, the HIV-1
restriction factor NSUN1 was reported to interact with HIV-
1 transactivation response region (TAR) RNA through com-
petition with the HIV-1 Tat protein and contribute to m*C
modification of TAR, which inhibited HIV-1 transcription
and promoted viral latency [132]. Another m°C methyltrans-
ferase, DNMT?2, was found to promote HIV-1 RNA stability
through RNA methylation [133]. In 2020, Eckwahl et al. dis-
covered an unusually high amount of m*C in murine leuke-
mia virus genomic RNA, compared with that in uninfected
cellular mRNAs. The reader protein ALYREF, which
uniquely identifies m*>C modifications of viral RNA, was also
shown to regulate viral production [67]. Based on these find-
ings, the modulation of m’C methylation may facilitate the
treatment of viral infectious diseases.

In summary, RNA m°C methylation is a molecular mech-
anism that controls the expression of eukaryotic genes im-
portant for a wide range of human diseases. The emergence
of novel genome-wide sequencing technologies has revealed
anomalous m®C modifications and their corresponding reg-
ulatory proteins in a range of human diseases. Mutations
and variations in the expression of genes encoding numer-
ous NSUN proteins have been associated with various hu-
man diseases, emphasizing the need for further
characterization of this RNA methyltransferase family. In
this section, we highlighted recent advances in elucidating
the functions of m*C alterations and their associated regula-
tors in important disease categories, including hereditary
disorders, cancers, infectious diseases, and other pathologi-
cal conditions, such as infertility and immune diseases

(Table 2).

Potential applications of RNA m°C
methylation in human diseases

Given that mutations, deletions, or variants in the genes of
many NSUN family proteins are associated with a variety of
neurological disorders, detecting these changes can facilitate
the diagnosis of these neurological disorders. With the
advancements in gene therapy, these proteins can also serve
as potential targets for disease treatment. Additionally, vari-
ous regulatory factors of m°C methylation have been associ-
ated with tumor development, invasion, and metastasis.
These regulatory factors can also be employed as biomarkers
for cancer prediction and disease progression. Previous stud-
ies have revealed several m’C methylation transferase
enzymes that could influence viral replication. Agonists and
inhibitors targeting these enzymes can be explored as

therapeutic options for viral infectious diseases. Furthermore,
m’C methylation modifications have been associated with
conditions such as SLE, colitis, and male infertility, offering
the potential for disease monitoring in these cases. As re-
search into the etiology of human diseases continues, RNA
m’C methylation may be employed in the diagnosis, detec-
tion, and treatment of a broader spectrum of disorders. In
conclusion, we believe that RNA m’C methylation may have
significant potential in the diagnosis, prognosis, and treat-
ment of human diseases. Figure 4 shows the potential appli-
cations of RNA m*C methylation.

Final remarks and the outlook

The role of epigenetic RNA changes in chromatin remodeling
and gene expression is becoming increasingly evident. RNA
m’C modifications and their regulators are found in various
subcellular organelles, including the cytoplasm, Golgi appa-
ratus, nuclear particles, and mitochondria. Gaining insight
into how RNA epigenetics regulates the activities of these
subcellular organelles would improve our ability to describe a
variety of physiological processes as well as pathological con-
ditions. Despite substantial advances in understanding the
physiological significance of RNA epigenetics, the precise
mechanisms through which RNA loci are altered and how
regulators of epigenetic modifications influence disease pro-
gression remain largely unknown. The development of reli-
able methods for detecting m’C modifications is critical for
understanding the regulation of RNA properties. Moreover,
whether m*C modifications co-regulate gene expression in
cooperation with other methylation modifications, such as
m°A, 1-methyladenosine (m'A), and N’-methylguanosine
(m’G), remains unknown. The question of the intrinsic link
between these methylation modifications should be explored
in future studies.

In recent years, although much progress has been made in
understanding the mechanisms of RNA m’C methylation
through the development of various methods such as MeRIP-
seq, RNA-BisSeq, and nanopore sequencing, there remain
several unresolved questions. First, studies on RNA m°C
modification have mainly focused on RNA methyltransfer-
ases, and little is known about m>C erasers for various RNA
species. Therefore, it is important to identify novel m’C read-
ers and erasers to understand the mechanisms underlying var-
ious human diseases. Second, RNA alterations and its
associated regulators have a high potential for use as diagnos-
tic and prognostic tools, as well as therapeutic intervention
targets. However, given the importance of RNA m’C modifi-
cations, much work remains to be done to fully understand
their pathophysiological significance and the roles of associ-
ated regulators in human diseases. Therefore, it is critical to
create animal models with knockout of methylation-related
proteins to investigate their precise functions, which has not
been the focus of previous studies. Third, there are few spe-
cific activators and inhibitors of proteins mediating m°C
modification, which limits the options available for treatment
of human diseases caused by disturbances in epigenetic meth-
ylation marks. Therefore, the development of specific methyl-
transferase agonists and inhibitors should be a major
direction for future research.
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