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ABSTRACT

The potential presence of 5-methylcytosine as a sparse internal modification of mRNA was first raised in 1975, and a first
map of the modification was also part of the epitranscriptomics “big bang” in 2012. Since then, the evidence for its pres-
ence in mRNA has firmed up, and initial insights have been gained into the molecular function and broader biological rel-
evance of 5-methylcytosine when present in mRNA. Here, we summarize the status quo of the field, outline some of its
current challenges, and suggest how to address them in future work.
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INTRODUCTION

The nucleobase 5-methylcytosine (m>C) is well studied
among RNA methylations and abundant within transfer
(tIRNAs but also ribosomal (NRNA (Motorin and Helm
2022). Early evidence indicated the sparse presence of in-
ternal m°C also in mammalian (Dubin and Taylor 1975) and
several viral MRNAs (Dubin and Stollar 1975; Sommeretal.
1976; Dubin et al. 1977). Nevertheless, research into the
latter was abandoned for decades until bisulfite treatment
of cellular RNA combined with high-throughput sequenc-
ing (bsRNA-seq) provided a first noisy map of m>C posi-
tions in human mRNA (Squires et al. 2012). With better
sequencing and bioinformatic tools, we now have confi-
dence in the presence of typically several hundred m>C
sites in the MRNAs of mammalian somatic cells or cell lines
(e.g., Huang et al. 2019; Schumann et al. 2020; Hussain
2021; Dai et al. 2024).

Cells do not express a dedicated mRNA:m>C methyl-
transferase (MTase). Instead, mRNAs have been shown
to be modified by members of the NOL1/NOP2/SUN
domain family (NSUN1-7) of MTases (Reid et al. 1999;
Bohnsack et al. 2019; Chen et al. 2021), chiefly but not ex-
clusively, the tRNA:m°C MTases NSUN2 and NSUN6
(Squires et al. 2012; Yang et al. 2017; Huang et al. 2019;
Schumann et al. 2020; Liu et al. 2021a).

The presence of m>C can influence RNA structure; for
example, it affects tRNA folding or codon-anticodon inter-
actions (Motorin et al. 2010; Bohnsack et al. 2019). In con-
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trast, its roles in mRNA are thought to mostly arise through
preferential interaction with RNA-binding proteins (RBPs),
which then directmRNA fate, be it splicing (Ma et al. 2023),
export from the nucleus (Yang et al. 2017), or stability
(Yang et al. 2019b; Chen etal. 2021). An interdependence
between m>C and mRNA translation has also repeatedly
been seen (Huang et al. 2019; Schumann et al. 2020; Liu
et al. 2021a), although no mediating RBP has yet been
described.

In this Perspective, we summarize important develop-
ments in key areas of m°C in mRNA research. For more
in-depth information, the reader is directed to other recent
review articles (e.g., Garcia-Vilchez et al. 2019; Trixl and
Lusser 2019; Chen et al. 2021; Gao and Fang 2021; Guo
et al. 2021; Wiener and Schwartz 2021; Gilbert and
Nachtergaele 2023; Sun et al. 2023).

TRANSCRIPTOME-WIDE m>C MAPPING
TECHNOLOGIES

The m°C-Atlas database catalogs m>C sites from diverse
species by reanalyzing published mapping data (Ma
et al. 2022) and it also separately lists sites in MRNA for a
range of model organisms. Below, we briefly outline the
main mapping approaches for m>C; see Garcia-Vilchez et
al. (2019), Trix| and Lusser (2019), Xue et al. (2020), Gao
and Fang (2021), and Guo et al. (2021) for a more complete
description.

© 2024 Guarnacci and Preiss This article, publishedin RNA, is available
under a Creative Commons License (Attribution-NonCommercial 4.0
International), as described at http:/creativecommons.org/licenses/
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m°C in mRNA

The bsRNA-seq approach was used to generate most of
the currently available data. It can map m°C candidate
sites and their stoichiometry with single-nucleotide preci-
sion (Fig. 1A, top). Bisulfite treatment induces quantitative
conversion of cytosine to uracil, while m>C is resistant. It
was first combined with primer extension to detect specific
tRNA sites (Gu et al. 2005). 454 next-generation sequenc-
ing of PCR amplicons to map tRNA and rRNA sites was the
next step (Schaefer et al. 2009), before our group com-
bined the treatment with transcriptome-wide RNA-seq
based on the now obsolete SOLID technology (Squires
et al. 2012). BsRNA-seq has since been updated to use
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FIGURE 1. m>C mapping approaches. Schematics of the key principles
of current methods are shown. (A) Three approaches are based on
chemical transformation: bisulfite conversion (top) triggers the deami-
nation of nonmethylated cytidines to uridine, while 5-methylcytidine
is resistant. TAWO-seq (middle) involves two rounds of oxidation of
m?>C sites, ultimately leading to a C-to-"T (trihydrooxylated thymidine)
conversion; MePMe (bottom) relies on generation of a propargylic SAM
analog within cells which is then used by MTase enzymes to propargy-
late their target sites. After cell lysis, propargylate RNA fragments are
reacted with biotinazide by click chemistry and enriched on streptavi-
din-coated magnetic beads. (B) Antibody-based methods require im-
munoprecipitation using an antibody to specifically target either m>C
(meRIP—Ieft) or a MTase (miCLIP and Aza-IP—right). (C) Depiction of
a minlON sequencer for detection of m>C by direct poly(A)* RNA-
seq. Some figure panels were created with Biorender.com.

lllumina technology and more stringent bioinformatic
data analysis and applied in a range of organisms and con-
texts, including plants (Burgess et al. 2015) as well as ar-
chaea, bacteria, and yeast (Edelheit et al. 2013). Along
the way, the pendulum swung from quite liberal (e.g.,
Squires et al. 2012; Amort et al. 2017; Yang et al. 2017)
to highly stringent site calls that even raised doubt as to
whether m°C sites were present in mMRNA at all (Legrand
et al. 2017). Rui Zhang and colleagues then established a
set of criteria for conversion efficiency, sequence quality,
and coverage, as well as cut-off criteria for site stoichiom-
etry (Huang et al. 2019) that found broader acceptance
(Chen et al. 2019; Janin et al. 2019; Schumann et al.
2020; Liu et al. 2021a, 2022; Ortiz-Barahona et al. 2023).
Other m°C mapping approaches rely on antibodies.
m°C-RNA immunoprecipitation (m°C-RIP) entails RNA frag-
mentation followed by immunoprecipitation with anti-m>C
antibody and sequencing of enriched RNA (Fig. 1B, left;
Edelheit et al. 2013). m°C-RIP is universally deployable
and can report approximate site positions. It was used in a
range of organisms, including archaea (Edelheit et al.
2013), Arabidopsis (Cui et al. 2017; Yang et al. 2019a),
mouse (Luo et al. 2023), and human (Luo et al. 2022; Hu
et al. 2023; Wang et al. 2023b; Yang et al. 2023).
5-Azacytidine-mediated RNA  immunoprecipitation
(Aza-IP) (Fig. 1B; Khoddami and Cairns 2013) and methyl-
ation-individual nucleotide resolution cross-linking immu-
noprecipitation (miCLIP) (Fig. 1B, right; Hussain et al.
2013; George et al. 2017) both rely on trapping the
RNA:m°C MTase under investigation as a covalently at-
tached catalytic intermediate before RNA fragmentation,
immunoprecipitation, and sequencing. Both methods
can directly identify m°C site coordinates due to frequent
C-to-G transversions where the enzyme was covalently
bound. Aza-IP relies on prior incorporation of 5-azacyti-
dine into cellular RNA. This cytidine analog then reacts
with MTases but inhibits their release from RNA. Aza-IP
was used to characterize targets of human NSUN2 and
tRNA aspartic acid methyltransferase 1 (TRDMT1) but
could be used to identify RNA targets of endogenous
RNA:m°C MTases in any context if 5-azacytidine incorpo-
ration can be ensured and suitable anti-MTase antibodies
are available. In miCLIP, a tagged and mutated RNA:m°C
MTase is transiently expressed in cells. Mutation of a highly
conserved cysteine residue in the catalytic domain to ala-
nine again renders the enzyme unable to release from its
RNA target. miCLIP was used to study human NSUN2
(Hussain et al. 2013) and NSUNé (Van Haute et al. 2016)
but could be deployed more broadly as long as mutation
and overexpression of the RNA:m>C MTase is feasible.
Apart from the already mentioned features and advan-
tages, each of the above methods also has its own concep-
tual and technical limitations. All three antibody-based
methods lack the ability to report on the extent of
m>C modification at a given site. While m>C-RIP is
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straightforward and simple, it does not pinpoint m°C posi-
tions and will likely remain hampered by the limited affinity
and specificity of available anti-m°C antibodies. miCLIP
and Aza-IP overcome the latter limitations, but they intro-
duce new challenges as they reduce MTases from multiple
catalytic cycles to a single encounter with the substrate.
For MTases at or near endogenous expression level, this
means that only their most abundant substrates might re-
alistically be discoverable. miCLIP compensates for that
by overexpression of the enzyme, which might run the
risk of collateral methylation of RNAs that would not nor-
mally be targeted.

bsRNA-seq in turn is not completely selective for
m>C. While bisulfite treatment was reported to also quan-
titatively convert 3-methylcytosine, N4-acetylcytosine and
2'-O-methylcytidine, 5-hydroxymethylcytosine  (hm®>C),
and N4,2’-O-dimethylcytidine were found to be resistant
(Gu et al. 2005; Schaefer et al. 2009; Amort and Lusser
2017). The most severe problem with bsRNA-seq is, how-
ever, the threat of false positives due to incomplete con-
version of cytosines in structured regions of RNA.
Prolonged exposure to harsh thermal and pH conditions
is meant to guard against this but in turn causes severe
RNA fragmentation. Application of semi-arbitrary cut-offs
during data analysis, for example, >10% cytosine noncon-
version level and exclusion of clustered sites, combined
with the sparseness and often substoichiometric level of
m>C in mRNA, can suppress false positives but at the ex-
pense of increasing the rate of false negatives.

What is needed are better ways to map m°C transcrip-
tome-wide, and recent developments indicate that they
are now within reach. Ultrafast bisulfite sequencing (UBS-
seq) is an optimization of bsRNA-seq (Fig. 1A, top) that fea-
tures optimized incubation temperature and time to in-
crease m°C site calling confidence (e.g., >5% retained
cytosine cut-off) (Dai et al. 2024). Two new methods do
not rely on the complete conversion of unmodified cyto-
sines but instead detect an active change at modified sites,
thus largely overcoming false positive issues. Tet-assisted
peroxotungstate oxidation sequencing (TAWO-seq) con-
verts m>C via hm>C to trihydrooxylated thymine, which is
detected as a C-to-T conversion (Fig. 1A, middle; Yuan
etal. 2019). TAWO-seq has not yet been applied transcrip-
tome-wide. Metabolic propargylation for methylation se-
quencing (MePMe-seq) maps m®C as well as m°A
through metabolic labeling with a clickable precursor of
S-adenosyl-L-methionine, ultimately to cause reverse-tran-
scription stops in short-read sequencing data (Fig. 1A, bot-
tom; Hartstock et al. 2023). It remains to be seen if these
new methods can be further developed to also measure
the m>C/C ratio at detected sites.

Many in the epitranscriptomics field are looking to nano-
pore direct RNA sequencing (DRS) as the panacea for
modification mapping (Fig. 1C; Begik et al. 2022). In prin-
ciple, DRS should be able to distinguish most naturally oc-
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curring modifications from “regular” nucleosides without
chemical treatment or other manipulation of the input
RNA. Given DRS is a long-read technology, it can further
identify mRNA isoform-specific modifications and co-oc-
currence/dependence of modifications within the same
mRNA molecule. Nevertheless, the potentially subtle
and variable signal changes at the pore necessitate ad-
vanced computational tools for accurate and sensitive
data interpretation. Thus, the application of DRS and ad-
vanced algorithms to m°C mapping in mRNA has been
limited thus far but progress is being made. For example,
CHEUI (CH3 [methylation] estimation using ionic current) is
a new approach that processes signals with convolutional
neural networks to achieve high single-molecule accuracy
in detecting m®A and m>C sites and quantifying their stoi-
chiometry (Mateos et al. 2024).

ENZYMOLOGY OF m°C IN mRNA

Humans have eight RNA:m>C MTases, NSUN1-7 and
TRDMT1. While most of these have recognized “canoni-
cal” tRNA or rRNA targets (Bohnsack et al. 2019), several
have been shown to also methylate mRNA. NSUN2
(Motorin and Grosjean 1999; Brzezicha et al. 2006;
Auxilien et al. 2012; Van Haute et al. 2016) was first to be
implicated and emerged as the main mRNA:m>C MTase,
with NSUNé6 (Haag et al. 2015; Long et al. 2016; Liu
et al. 2017) a close second (Squires et al. 2012; Yang
et al. 2017; Huang et al. 2019; Schumann et al. 2020; Liu
et al. 2021a; Selmi et al. 2021). Very recently, improved
bsRNA-seq data analysis uncovered appreciable mRNA
methylation by NSUN1 and NSUN5 as well (Liu et al.
2023). Beyond that, there is some evidence for the modifi-
cation of at least specific mMRNAs by Nsun4 (Yang et al.
2022), NSUN7 (Ortiz-Barahona et al. 2023), and TRDMT1
(Xue et al. 2019).

It stands to reason that these enzymes will not abandon
their established substrate preferences when encounter-
ing mRNA. Indeed, several studies have shown that
NSUN2 (Huang et al. 2019; Schumann et al. 2020) as
well as NSUN6 (Liu et al. 2021a; Selmi et al. 2021) recog-
nize mRNA regions that resemble their respective tRNA
substrates. Rui Zhang and colleagues introduced a scheme
to classify m>C sites in the transcriptome and attribute
each to one of four NSUN family members (Fig. 2; Liu
et al. 2021a, 2023). NSUN2 is the major m>C:MTase for
tRNAs, modifying several positions in multiple tRNAs,
but most commonly at positions C:48-50, methylating
up to three consecutive cytosines at the junction
between the variable loop and the TyC stem-loop
(Bohnsack et al. 2019). NSUN2/Type | sites in mRNA best
resemble tRNA C:49 (Fig. 2A). Flanking regions exhibit
strong predicted base-pairing to mimic the TyC stem—
loop and approximate at least parts of the anticodon
stem, with the modified C followed by a 3’ G-rich motif
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FIGURE 2. mRNA site preferences of m>C MTases. (A) Schematic of
secondary structure (left; predicted based on neighboring base-pair-
ing propensity; “?” indicates uncertain/broken linkage within mRNA
strand) and enriched sequence context (logo on right) found for
Type | sites modified by human NSUN2 in mRNA. Type | sites mimic
the characteristics of C49 situated within the variable loop between
two stem sections of NSUN2 tRNA substrates (sequence context of
two such tRNA are shown below the Type | sequence logo, right). (B)
As in A but for Type Il sites modified by NSUNé in mRNA. (C)
Sequence logo of Type Il sites modified by NSUN5 in mRNA (top),
aligned with the conserved context of its canonical sites in 28S rRNA
of Homo sapiens, Caenorhabditis elegans, and Saccharomyces cerevi-
siae. (D) As in C but for Type IV sites modified by NSUN1 in mRNA.
Sequence logos in each panel were taken from Liu et al. (2023).

matching the canonical tRNA context (Fig. 2A). NSUN6
modifies position C:72 at the 3’ end of the acceptor stem
in specific tRNAs (Bohnsack et al. 2019). NSUNé/Type |l
sites form a predicted hairpin (Fig. 2B). Based on mutation
analyses and modeling of Type Il sites into the human
NSUN6-tRNA co-crystal structure (Liu et al. 2017), it was
shown that the based-paired section mimics the acceptor
stem and other key portions of the 3D tRNA structure while
the loop correctly presents the CUCCA motif to the en-
zyme (Liu et al. 2021a). NSUN5/Type Il and NSUN1/
Type IV sites consist of extended sequence motifs that
match the highly conserved contexts of their targets,
C:3782 and C:4113, respectively, in relatively unstructured
regions of 28s rRNA (Fig. 2C,D; Liu et al. 2023).

Multiple areas of m°C enzymology deserve further ex-
ploration. Not enough is currently known about the re-

maining NSUN family enzymes and TRDMT1, regarding
either their canonical and/or their mRNA targets, to ascer-
tain consensus substrate requirements. It is not clear why
NSUN2 near exclusively modifies a single cytosine posi-
tion in MRNA while it often modifies three consecutive po-
sitions within tRNAs. NSUN2-modified sites are enriched
in the 5 region of mMRNAs (Liu et al. 2023), while NSUN6
sites are concentrated in the 3’ region (Selmi et al.
2021). What are the additional features/processes guiding
each MTase to different mRNA regions? Part of the answer
is that 5" end enrichment of Type | sites in mammals cor-
relates with the evolutionary emergence of more struc-
tured 5" mRNA regions (Liu et al. 2022). Region-specific
placement of m®A follows an exon exclusion mechanism
based on steric hindrance by the exon-junction complex
(Uzonyi et al. 2023). Could something similar be at play
for m°C?

Further, at what stage in the mRNA life does it become
modified? A role of m>C in mRNA export (Yang etal. 2017)
and the occurrence of at least a proportion of m°C sites in
intronic regions (e.g., Schumann et al. 2020) suggest mod-
ification during initial pre-mRNA processing, but is this the
case for all m>C sites and all MTases involved? The latter
will critically depend on the intracellular localization of
the enzyme. NSUN2, NSUN7, and TRDMT1 are at least
partly localized in the nucleus, while NSUNG is a cytoplas-
mic protein. NSUN1 and NSUNS5 are predominantly found
in the nucleolus, while NSUN3 and NSUN4 are mitochon-
drial enzymes (Bohnsack et al. 2019). bsRNA-seq of nucle-
ar and cytoplasmic fractions suggests that NSUN2/Type |
sites are made early on during nuclear mRNA processing,
while NSUN6/Type Il are formed on mature mRNA in the
cytoplasm (Liu et al. 2021a); this should be expanded
upon in follow-up work. How can the nucleolar MTases
have effective encounters with mRNA? The answer might
lie in the observation that, contrary to Type | and Il sites,
NSUN5/Type Il and NSUN1/Type IV m°C sites are rare
in common experimental conditions. Instead, they were
identified in data from nocodazole-treated Hela cells
(Type HI/IV) and early stage vertebrate development
(Type Il) (Liu et al. 2023). These conditions feature nuclear
envelope breakdown allowing persistent contact between
nuclear/nucleolar MTases with mRNA in the cytoplasm (Liu
et al. 2022).

The expression level of relevant MTases will also affect
the pattern and extent of m>C deposition on mRNAs.
For example, during mouse embryogenesis, members of
the NSUN family are broadly expressed during gastrula-
tion but take on distinct tissue-selective patterns as devel-
opment proceeds (Chi and Delgado-Olguin 2013). Several
NSUN genes and TRDMT1 are dysregulated in cancer and
some other pathologies (Garcia-Vilchez et al. 2019). There
is thus much scope in searching for (patho-) physiological
conditions where the action of a given MTase on its
mRNA is both, more prominent and functionally relevant.
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There is also evidence that m>C can be “erased” in
mRNA, with oxidation to hm>C by the ten to eleven trans-
location 2 (TET2) dioxygenase as the first step (Shen et al.
2018). If and how this contributes to dynamic transcrip-
tomic changes in m°C level is not as clear; mRNAs contin-
ually turn over and thus changes in de novo methylation
can achieve as much.

MOLECULAR FUNCTIONS OF m°C IN mRNA

Much of the current information on the molecular function
of m>C in mRNA comes from transcriptome-wide bsRNA-
seq analyses with cell lines, studying the correlation of m>C
sites with other mRNA features. A relative enrichment of
sites near mRNA 5 ends, that is, around start codons,
was seen in mouse and human cells (Amort et al. 2017;
Yang et al. 2017; Chen et al. 2019; Schumann et al.
2020; Hartstock et al. 2023), suggesting a link to translation
(Fig. 3A) consistent also with a negative correlation be-
tween m°C presence and translation state measured by
polysome/ribosome  profiling (Huang et al. 2019,
Schumann et al. 2020; Liu et al. 2021a). This correlation
was strongest for 5 region sites and weak/absent for 3’
sites (Schumann et al. 2020; Liu et al. 2021a), suggesting
context-dependence of m>C function. The strongest asso-
ciation of 5’ sites with ribosome density, diminished upon
NSUNZ2 inactivation, was again reported very recently (Dai
et al. 2024) although, confusingly, this time a positive cor-
relation between m>C and mRNA translation was seen.
Although the above parallels NSUN2's preference for 5’
(Dai et al. 2024) and NSUN6's for 3’ sites (Selmi et al.
2021), the functional link to site location seems stronger
than with the MTase responsible, at least in model cell
lines such as Hela and HEK293. Finally, a transcriptome-
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FIGURE 3. Molecular functions of m>C in mRNA. Each of the pro-
posed functions of m°>C is illustrated along an mRNA schematic. (A)
Translation efficiency is affected through an unknown intermediary.
Several RBPs have been shown to preferentially recognize m>C in
mRNA to affect different outcomes: (B) ALYREF mediates nuclear ex-
port; YBX1 enhances mRNA stability by interacting with ELAV1 (C) or
PABC1a (D); (E) YBX2 mediates liquid-liquid phase separation; (F)
SRSF2 regulates splicing. Some figure panels were created with
Biorender.com.
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wide correlation between m°C site presence and in-
creased mRNA steady-state level, suggesting a role in pro-
moting mRNA stability, was also repeatedly noted (Chen
etal. 2019; Yang et al. 2019b; Schumann et al. 2020).

m°C function was also tested for individual mRNAs or re-
porters in specific contexts (Gao and Fang, 2021). For ex-
ample, NSUN2-mediated methylation in the cyclin-
dependent kinase inhibitor p27 mRNA 5" UTR reduced
translation (Tang et al. 2015), while modification of inter-
leukin-17A (IL17a) mRNA in the coding region (Wang
et al. 2017) and cyclin-dependent kinase 1 (CDK1)
mRNA in the 3’ UTR (Xing et al. 2015) both enhanced trans-
lation. NSUN2 enhanced the stability of fatty acid-binding
protein 5 (FABP5) mRNA via m>C methylation during oste-
osarcoma progression (Yang et al. 2023). NSUN2-depos-
ited methylation at several sites in interferon regulatory
factor 3 (IRF3) mRNA decreased its stability, reducing in-
flammation during viral infection (Wang et al. 2023a). It
was reported that NSUN2 and METTL3 cooperatively
modify the 3’ UTR of cyclin-dependent kinase inhibitor
p21 mRNA to enhance its translation during cellular senes-
cence (Li et al. 2017). In bone marrow-derived mesenchy-
mal stem cells, 3’ UTR located m°C deposition by NSUN4
cooperates with METTL3-mediated m°A to enhance SRY-
related high-mobility group box 9 (Sox?) mRNA translation
(Yang et al. 2022). NSUN1 modification of xeroderma pig-
mentosum gene D (XPD) mRNA was linked to its elevated
level in hepatocarcinoma cells (Sun and Ding 2023).
Similarly, NSUN5-dependent methylation of the mRNA
for zinc finger BED domain-containing protein 3 (ZBED3)
was shown to correlate with enhanced mRNA level in he-
patocellular carcinoma (Gu et al. 2024). Several NSUN6-
modified sites were transferred to reporter constructs
yielding, compared to C-to-T point-mutated controls,
slightly decreased expression level (Liu et al. 2021a).
NSUN7-mediated methylation in the coding sequence of
coiled-coil domain-containing 9B (CCDC9B) mRNA en-
hanced stability in liver cancer cell lines (Ortiz-Barahona
et al. 2023).

The main thrust to identify m>C molecular function has
been through the identification and further study of RBPs
that preferentially bind methylated mRNA motifs. Aly/
REF export factor (ALYREF) selectively promotes target
mRNA export from the nucleus (Fig. 3B; Yang et al.
2017), with recognized roles in controlling cell migration
(Xu et al. 2020) and adipogenesis (Liu et al. 2021b).
Y-box-binding protein 1 (YBX1) preferentially binds m>C-
decorated mRNAs through its cold shock domain, and
this is structurally well understood (Chen et al. 2019;
Yang et al. 2019b; Zou et al. 2020a). In human urothelial
carcinoma of the bladder (UCB), YBX1 recruits the ELAV-
like 1 (ELAVL1) RBP to increase the stability of the mRNA
for the oncogene heparin-binding growth factor (HDGF)
(Fig. 3C; Chen et al. 2019). In early zebrafish embryos,
YBX1 promotes the stability of m°C-containing maternal
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mRNAs through recruitment of the poly(A)-binding protein
cytoplasmic 1a (PABC1a) (Fig. 3D; Yang et al. 2019b).
Another YBX family member, testis-enriched YBX2, binds
m>C-containing mRNA in a similar mode to YBX1. YBX2
features an intrinsically disordered domain and has
propensity to undergo liquid-liquid phase separation.
m>C-containing RNA was shown to promote the formation
of YBX2 droplets in vitro. Extending observations to live
Hela cells, YBX2 footprints were enriched near 5’ region
m>C sites deposited by NSUN2, and the formation of
YBX2 droplets was diminished after NSUN knockout (Fig.
3E; Wang et al. 2022). Serine/arginine-rich splicing factor
2 (SRSF2) was shown to regulate the splicing of mRNA tar-
gets in chronic myeloid leukemia cells (Fig. 3F; Ma et al.
2023).

Despite an abundance of information, there are many
open questions regarding the true extent and diversity of
molecular functions of m>C in mRNA. The mRNA context
of a given m>C site (sequence, structure, location relative
to other cis-acting elements or bound, trans-acting RBPs)
is likely key. To address this, more reliable and more exten-
sive data on site enrichment along mRNA in different cel-
lular conditions will be needed. Many mappable sites in
mRNA are modified only at a low level; why is this? Are
only mRNA species with near stoichiometric methylation
level likely to show an appreciable effect of the modifica-
tion? Low-level methylation of a site could just be due to
collateral action of MTases present in the cells under inves-
tigation. Such sites might have no function in this context
but might “echo” physiological scenarios, yet to be stud-
ied for m°C, where the modification level will be much
higher. Alternatively, the modification might be present
at a high level, and thus consequential, only on minor
mRNA (splice-)isoforms or on mRNA molecules in specific
functional or subcellular contexts.

It is quite possible that RBPs other than the already rec-
ognized examples are affected by the presence of m°C at,
or near, their binding sites. To make a start in this direction,
well-curated, larger mC site sets could be used to identify
coenrichment with footprints of known RBPs, available, for
instance, through enhanced UV cross-linking and immuno-
precipitation sequencing data sets from ENCODE (Van
Nostrand et al. 2020). Several NSUN family members
have recurrently been identified by mRNA interactome
studies (Yang et al. 2017; Huang et al. 2019; Schumann
et al. 2020; Liu et al. 2021a, 2023; Ortiz-Barahona et al.
2023) suggesting that they might “linger” at modification
sites and thus themselves affect mRNA function. This is
perhaps not such a left-of-field suggestion, given that
NSUN enzymes can form covalent complexes with their
methylated substrates in a manner regulated by the S-
adenosylmethionine-to-S-adenosylhomocysteine  ratio
(Moon and Redman 2014) and the precedent of the
mRNA:m®A MTase METTL3 in a similar role (Schumann
et al. 2016).

Although mRNA processing, export, stability, and trans-
lation have all been implicated in m°C function, there is still
a relative lack of dedicated mechanistic studies with exem-
plary (model) mRNAs. Prototypical cellular conditions and
m>C site contexts that feature specific molecular functions
still need to be identified for such in-depth study, and as
seen recently in the m°A field, may throw up surprises
(Guca et al. 2024).

Rather than just being “read out” by an RBP, m>C might
also act more directly through influencing local mRNA
structure. Although the methyl group is not on the
Watson-Crick hydrogen-bonding face of the nucleobase,
it does promote base stacking and can alter RNA structure.
Further, depending on context, it can either strengthen ca-
nonical hydrogen bonding with guanine or, as in the case
with methylated C48 in tRNA, promote an unusual Levitt
pairing with G15 to assist in tRNA tertiary folding (Vare
et al. 2017; Bohnsack et al. 2019).

Finally, the potential for oxidized forms of m>C function-
ing in mMRNA is currently under-explored. For example,
hm>C was found in mRNA and suggested to either directly
enhance translation (Delatte et al. 2016) or else appear as
an intermediate in the removal of m°C to relieve inhibition
of editing by ADAR1 (Shen et al. 2018).

PHYSIOLOGICAL AND PATHOLOGICAL
FUNCTIONS OF m°C IN mRNA

The NSUN MTases are well recognized for their regulation
in development, link to genetic disease, and aberrant ex-
pression in various cancers, as summarized in Nombela
et al. (2021), Bohnsack et al. (2019), and Garcia-Vilchez
et al. (2019). For example, NSUN2 mutation causes auto-
somal-recessive intellectual disability (Khan et al. 2012).
Human NSUNZ2 was first described as a target of the Myc
oncogene that is up-regulated in skin carcinomas and a
range of tumors (Frye and Watt 2006). The functional stud-
ies of m>C deposition in specific mMRNAs described above
thus often started by observing the differential expression
of one of the NSUN genes. This was then expanded to
show the molecular and sometimes also phenotypic ef-
fects of preventing m°C in the selected mRNA. In this
way, links to infection, cell cycle and cancer were recurrent-
ly made. It remains difficult, however, to exclude the pos-
sibility that NSUN alteration drove the observed changes
at least in part through dysregulated modification of its ca-
nonical tRNA or rRNA substrates.

Studies that reported convergent results with both, ma-
nipulating the relevant NSUN MTase as well as the m>C-
sensing RBP, are thus on firmer ground even though these
RBPs are also known not to act exclusively through binding
m>C-containing mRNAs. Such is the case with a study in-
vestigating UCB (Chen et al. 2019). The authors found
that compared to adjacent normal tissue, UCB featured
frequent up-regulation of both NSUN2 and YBX1, as well
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as mMRNA hypermethylation correlating with mRNA over-
expression. MRNA hypermethylation was enriched in on-
cogenic pathways. Focusing on HDGF mRNA they
showed that its up-regulation by NSUN2 and YBX1 was
through an m°C site in its 3’ UTR (Fig. 3C). Using a mouse
xenograft model they further showed that tumor growth
was reduced by either NSUN2 or YBX1 depletion.
Importantly, HDGF knockdown similarly inhibited UCB
growth, and this could be restored by overexpressing
WT HDGF mRNA but not with a point-mutated variant
that lacked m>C in the 3' UTR (Chen et al. 2019).

Notwithstanding the UCB case above, notable physio-
logical effects are perhaps more likely to be driven by
MTase action on multiple mRNA species in a cellular tran-
scriptome. That way, potentially subtle molecular effects
on individual transcripts can converge on a strong out-
come. Remarkably, bsRNA-seq of developmental stages
in six vertebrate and invertebrate species (including flies,
fish, frogs, mice, and humans) showed a strong build-up
of m>C sites mainly in maternal mMRNAs during oocyte mat-
uration and into fertilized embryos, that declined again
rapidly after the maternal-to-zygotic transition. The extent
of this m°C site upswell increased during evolution; higher
animals gained many NSUN2-mediated at mRNA 5’ ends,
whereas humans were unique in acquiring thousands of
NSUNé6-mediated sites across the CDS and UTR regions
(Liu et al. 2022). NSUNS5 sites were also present in data
from human oocytes (Liu et al. 2023), and in mice,
NSUN5 was shown to be involved in oocyte function
through mRNA modification (Ding et al. 2022).

Several lines of evidence indicate a key role of m>C in
maternal mMRNA for proper maternal-to-zygotic transition.
In Drosophila, where NSUN2 is the major MTase for mater-
nal mMRNA, knockout of the gene in female flies led to early
developmental delay in offspring produced with wild-type
males (Liu et al. 2022). This concurs with findings that
YBX1 depletion led to early gastrulation arrest during
zebrafish embryogenesis (Yang et al. 2019). Further, the
Drosophila YBX1 homolog Ypsilon schachtel (YPS) is im-
portant for germline stem cell production in the ovary
(Zou et al. 2020b). Thus, this is another case of convergent
phenotypes driven by either NSUN2 or YBX1 depletion.

What we know thus far has confirmed early develop-
ment, the brain and cancer as scenarios where m>C in
mRNA is highly likely to be of considerable relevance.
More broadly, it suggests further searches for physiologi-
cal scenarios, where changes to mRNA:m>C MTases,
m>C-sensing RBPs, and m>C deposition in mRNA of con-
siderable magnitude combine, as promising avenues for
an exploration of the biological role of this mMRNA modifi-
cation. An experimental tool of considerable value would
be NSUN enzyme mutants that have selectively lost
their ability to modify mRNA but not their canonical sub-
strates, either by restricting their intracellular location
away from mRNA or through engineering their substrate
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specificity. An NSUN6 mutant that selectively lost tRNA
modification ability has already been described (Liu et al.
2021a).

CONCLUSIONS

As a survey of the literature has demonstrated, there are
promising leads for a molecular function of m°C in
mRNA, and how specific RPBs mediate it. These need to
be tested further and expanded upon. How the cellular en-
counters between mRNAs and the relevant MTases are fa-
cilitated is a related issue to explore more fully. Whereas
mRNA site numbers and their m>C/C ratio tend to be
low in typical cell culture conditions, they can swell to im-
pressive levels in specific biological contexts. We will need
better insight into the range of conditions where this oc-
curs, and this will critically depend on promising new de-
velopments in accurate transcriptome-wide m>C
mapping technology. Thus, the pursuit of that certain
something about m>C in mRNA should continue and will
continue to offer surprises and rewards.
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