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ABSTRACT

RNA 2’-O-methylation (Nm) is highly abundant in noncoding RNAs including ribosomal RNA (rRNA), transfer RNA (tRNA),
and small nuclear RNA (snRNA), and occurs in the 5’ cap of virtually all messenger RNAs (mRNAs) in higher eukaryotes.
More recently, Nm has also been reported to occur at internal sites in mRNA. High-throughput methods have been
developed for the transcriptome-wide detection of Nm. However, these methods have mostly been applied to abundant
RNAs such as rRNA, and the validity of the internal MRNA Nm sites detected with these approaches remains controversial.
Nonetheless, Nmin both coding and noncoding RNAs has been demonstrated to impact cellular processes, including trans-
lation and splicing. In addition, Nm modifications at the 5’ cap and possibly at internal sites in mMRNA serve to prevent the
binding of nucleic acid sensors, thus preventing the activation of the innate immune response by self-mRNAs. Finally, Nm
has been implicated in a variety of diseases including cancer, cardiovascular diseases, and neurologic syndromes. In this re-
view, we discuss current challengesin determining the distribution, regulation, function, and disease relevance of Nm, as well
as potential future directions for the field.
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INTRODUCTION rate mapping of internal Nm in mRNA remains a challenge,
and the true abundance, distribution, and physiologic rele-
vance of internal Nm in mRNA remain controversial
(Motorin and Marchand 2018). The stoichiometry of Nm in
noncoding RNAs varies in different physiologic and patho-
logic states, and the modulation of Nm levels has functional
consequences in diverse processes including translation,
splicing, and innate immunity (Hyde and Diamond 2015;
Bohnsack and Sloan 2018; Monaco et al. 2018). Currently,
our understanding of the regulation of Nm is limited by
methodological challenges in measuring and manipulating
Nm levels at specific sites. Dysregulation of Nm has been
noted in a variety of human diseases, but much of this
data is correlative, and the contribution of Nm to disease
pathogenesis remains unclear (Dimitrova et al. 2019).

In this review, we aim to provide an overview of Nm mod-
ificationsin RNA, focusing on whatwe view as key issues that
are either controversial or largely unresolved: (i) Mapping
and measurement—where is Nm located in RNA, and
how much? (ii) Regulation—when and where does Nm

Methylation of the 2’-hydroxyl group ofthe ribose sugar ofa
nucleotide, or 2’-O-methylation (Nm), is an abundant post-
transcriptional modification found in diverse classes of non-
coding and coding RNAs (Fig. 1; Héfler and Carlomagno
2020). Nm s highly abundantin noncoding RNAs, especial-
ly ribosomal RNA (rRNA), transfer RNA (tRNA), and small nu-
clear RNA (snRNA) (Maden 1990; Krogh et al. 2017;
Marchandetal.2017). In addition, Nmisan essential feature
of the 5’ cap of eukaryotic messenger RNA (MRNA) and a
characteristic feature of the 3’ end of Piwi-interacting RNA
(PiRNA) in animals and microRNA (miRNA) in plants (Yu
et al. 2005; Saito et al. 2007; Galloway and Cowling 2019).
More recently, several reports have described internal Nm
modifications in mRNA, with evidence of physiologic rele-
vance despite seemingly low stoichiometry of modification
(Dai et al. 2017; Bartoli et al. 2018; Elliott and Holley 2021;
Leighton et al. 2022; Tang et al. 2023). However, the accu-
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FIGURE 1. Nm in cellular RNAs. (A) Nm refers to 2'-O-methylation of
the ribose moiety of a ribonucleotide N. (B) Nm occurs in noncoding
RNAs including rRNA, tRNA, and snRNA, as well as at the 3’ end of
miRNAs and piRNAs. (C) Nm also occurs in the mRNA 5 cap and
more recently has been reported to occur at internal sites in mRNA.
Created with BioRender.com.

change, andwhatregulates Nm levels? jii) Functional impli-
cations—how does Nm alter RNA function and fate? and (iv)
Disease relevance—how is Nm important to health and
disease?

MAPPING AND MEASUREMENT OF Nm

Although there are no reported antibodies that selectively
bind to Nm, the 2’-O-methylation of ribonucleotides con-
fers several chemical properties that can be exploited for
the site-specific mapping of Nm in RNA, including resis-
tance to alkaline hydrolysis, periodate oxidation, and enzy-
matic cleavage, as well as steric hindrance during reverse
transcription (RT) (Table 1; Motorin and Marchand 2018).

One commonly used method for the high-throughput map-
ping of Nm is RiboMeth-seq, which detects Nm sites as
gaps in 5'- and 3’-end coverage indicating resistance to al-
kaline hydrolysis (Birkedal et al. 2015; Krogh et al. 2016;
Marchand et al. 2016). In contrast, RibOxi-seq and Nm-
seq detect Nm sites as 3'-end peaks after the treatment of
fragmented RNA with multiple cycles of periodate oxida-
tion (Dai etal. 2017; Zhu et al. 2017). NJU-seq takes advan-
tage of the resistance of Nm to cleavage by Mycoplasma
genitalium RNase R (MgR) (Tang et al. 2024). Methods ex-
ploiting the steric properties of Nm include 20Me-seq
and MeTH-seq, which detect the termination of RT at Nm
sites under restrictive conditions with either low deoxynu-
cleotide triphosphate (ANTP) or low magnesium concentra-
tions(Incarnatoetal.2017; Bartolietal. 2018), and Nm-Mut-
seq, which uses an engineered reverse transcriptase to
identify Nm sites as base mutations in the RT step, butis un-
able to detect Um (Chen et al. 2023). Emerging reports sug-
gest that nanopore sequencing can map Nm at *2 nt
resolution based on Nm-induced changesin the currentsig-
nal (Stephenson etal. 2022). Despite these many approach-
esthataccurately detect Nm sites on highly abundant rRNA
and should theoretically enable site-specific detection of
Nm on mRNA, there is little to no agreement between the
methods as to specific mMRNA sites that are subject to Nm
modification.

Thisinability to conclusively map Nmssiteson mRNA likely
relates in part to the fact that mMRNA Nm sites are incom-
pletely methylated. Of the high-throughput methods for
Nm mapping, only RiboMeth-seq has been shown to quan-
titatively measure absolute Nm fraction, yet it is impractical
for application to mRNA due to the high depth of sequenc-
ing required (Marchand et al. 2016; Motorin and Marchand
2018). For Nmsites in rRNA, the stoichiometry of Nm deter-
mined by RiboMeth-seq correlates well with the Nm stoichi-
ometry measured by liquid chromatography (LC) with
tandem mass spectrometry (MS) (Marchand et al. 201¢;
Motorin and Marchand 2018; Taoka et al. 2018).
20Me-seq, Nm-Mut-seq, and NJU-seq can capture relative

TABLE 1. High-throughput methods for site-specific mapping of Nm sites in RNA

Method Approach Stoichiometry Applications
RiboMeth-seq (Marchand et al. 2016) Alkaline hydrolysis Absolute rRNA, tRNA, snRNA
RibOxi-seq (Zhu et al. 2017) Periodate oxidation No rRNA

Nm-seq (Dai et al. 2017) Periodate oxidation No rRNA, mRNA, miRNA, piRNA
20Me-seq (Incarnato et al. 2017) RT at low [dNTP] Relative rRNA

MeTH-seq (Bartoli et al. 2018) RT at low [Mg] No mRNA

Nm-Mut-seq (Chen et al. 2023) Engineered RTase Relative rRNA, mRNA

NJU-seq (Tang et al. 2024) MgR cleavage Relative rRNA, mRNA

(MgR) Mycoplasma genitalium RNase R; (RT) reverse transcription; (dNTP) deoxynucleotide triphosphate concentration; (Mg) magnesium concentration;

(RTase) reverse transcriptase.
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but not absolute Nm fraction with the use of spiked-in in vitro
transcribed RNA controls (Incarnato et al. 2017; Chen et al.
2023; Tang et al. 2024). Low-throughput methods can also
measure Nm fraction: RT-based methods such as RTL-P (RT
at low dNTP concentrations followed by PCR) provide a
semi-quantitative measure of Nm fraction (Dong et al.
2012b; Elliott and Holley 2021), while Nm-VAQ (Nm valida-
tion and absolute quantification), which uses site-specific chi-
meric RNA/DNA probes to detect resistance to RNase H
cleavage, is reported to allow absolute quantification of
Nm stoichiometry (Tang et al. 2024). The combination of
LC and tandem MS (LC-MS/MS) can also be used to quanti-
tatively measure Nm stoichiometry (Motorin and Marchand
2018). Digestion of RNA into single nucleosides or cap dinu-
cleotides allows for the measurement of Nm content by LC—
MS/MS (Elliott 2004; Dai etal. 2017, Wang etal. 2019), while
analysis of intact or partially digested RNA by LC-MS/MS has
enabled the site-specific mapping and quantification of Nm
in rRNA and tRNA (Taoka et al. 2016; Wein et al. 2020). LC-
MS/MS has the benefit of measuring multiple different types
of RNA modifications simultaneously but remains limited by
challenges in data analysis and accurate sequence assign-
ments, particularly for complex samples.

High-throughput sequencing-based approaches have
successfully been used to map Nm in abundant RNAs
such as rRNA, tRNA, and snRNA (Krogh et al. 2017; March-
and et al. 2017; Motorin and Marchand 2018). The detec-
tion of Nm in less abundant RNAs is more difficult, in part
because many of these methods require large amounts of
input RNA (Motorin and Marchand 2018). Nm sites at the
3" end of miRNAs and piRNAs can be detected by Nm-
seq or using a low-throughput method based on the resis-
tance of 3" Nm to polyadenylation (Dai et al. 2017; Wang
etal. 2018). Nm also occurs as part of the 5’ cap of mRNA
in higher eukaryotes, with Nm at the first nucleotide (cap-
1) occurring at a high stoichiometry across almost all
mRNAs, and Nm atthe second nucleotide (cap-2) occurring
at a lower rate (Galloway and Cowling 2019; Wang et al.
2019; Despic and Jaffrey 2023). Transcriptome-wide 5
cap 2’-O-methylation can be measured by CLAM-Cap-
seq (CircLigase-assisted mapping of caps by sequencing),
in which reverse-transcribed complementary DNA (cDNA)
is ligated to the 5’ end of the template mRNA, and Nm at
the first or second nucleotide is detected by resistance to
RNase T2 (Despic and Jaffrey 2023).

Inadditionto Nminthe 5' cap, Nmhasalso been foundto
occuratinternal mRNA sites. When highly purified mRNAis
assessed by LC-MS/MS, the Nm/N ratio in mRNA is higher
than expected from Nm sitesin the 5’ cap alone, supporting
the presence of internal Nm sites (Elliott et al. 2019). A few
internal Nm sitesin mRNA have been identified and validat-
ed using low-throughput RT-based methods (Elliott et al.
2019; Leighton et al. 2022), but transcriptome-wide map-
ping of internal MRNA Nm sites has proved challenging.
Although Nm-seq, NJU-seq, Nm-Mut-seq, and MeTH-seq
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have been used to map Nm in mRNA, only a small subset
of the predicted Nm sites have been validated using low-
throughput methods, and few of these sites have been val-
idated biochemically (Dai et al. 2017; Bartoli et al. 2018;
Chen et al. 2023; Tang et al. 2024). Notably, in the initially
published Nm-seq method, a mispriming artifact led to
many false-positive Nm sites; although this was corrected
in a corrigendum, it further underscores the importance of
validation (Dai etal. 2018; Grozhik and Jaffrey 2018). The va-
lidity of predicted Nm sites would also be supported if the
same Nm sites could be detected using complementary
methods, but the overlap between the mRNA Nm sites de-
tected by Nm-seq, Nm-Mut-seq, and NJU-seghas notbeen
examined. Other supportive evidence could include de-
pendence of Nm sites on the cellular machinery that installs
Nm (i.e., Nm writers) and overlap of Nm sites with the bind-
ing sites of Nmwriters ortheirsmall nucleolar RNA (snoRNA)
guides (Sharma et al. 2016; Gumienny et al. 2017; Dunn-
Davies et al. 2021). There is growing evidence that at least
some mapped Nm sites are placed by fibrillarin (FBL)
(Elliott et al. 2019; Chen et al. 2023; Tang et al. 2024).
However, it remains unclear which Nm writers are responsi-
ble for most internal Nm in mRNA, and different studies
have used different Nm writers as supportive evidence,
complicating the interpretation of these results (Dai et al.
2017; Bartoli et al. 2018). Moreover, the binding sites of
snoRNAs often lack evidence for Nm modification, suggest-
ing that these binding sites may correspond to noncanoni-
cal functions of snoRNAs that are unrelated to Nm, and thus
decreasing the utility of this method to provide support for
Nm sites in the absence of direct validation (Gumienny etal.
2017; Dunn-Davies et al. 2021). Therefore, although inter-
nal Nm sites have been found inmRNA and could potential-
ly have important biological implications, their overall
abundance and distribution remain controversial.

REGULATION OF Nm

In general, enzymes that deposit RNA modifications are
termed “writers,” while enzymes that remove these mo-
difications are called “erasers.” In eukaryotic rRNA (but
not mitochondrial rRNA), Nm modifications are installed
cotranscriptionally by box C/D small nucleolar ribonucleo-
proteins (snoRNPs), which consist of the methyltransferase
FBL, the RNA-binding protein 15.5K, a heterodimer of nu-
cleolar protein 56 (NOP56) and NOP58, and a box C/D
snoRNA guide that directs the site of 2’-O-methylation
based on sequence complementarity (Fig. 2; Monaco
et al. 2018). Nm in snRNA is also deposited by box C/D
snoRNPs or small Cajal body-specific ribonucleoproteins
(scaRNPs), which have the same protein composition as
box C/D snoRNPs but use a small Cajal body-specific
RNA (scaRNA) guide (Bohnsack and Sloan 2018). However,
the writers for some Nm sites in snRNA have not yet been
identified (Bohnsack and Sloan 2018). In contrast to most
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FIGURE 2. Nm writers. (A) Box C/D snoRNPs deposit Nm on rRNA, snRNA, at some sites in
tRNA, and at internal sites in mRNA.. (B) Stand-alone enzymes deposit Nm on tRNA, at the 5
cap of mRNA, and in viral RNA. Stand-alone enzymes have also been proposed to deposit

Nm at some internal MRNA sites. Created with BioRender.com.

Nm in rRNA and snRNA, most Nm in tRNA is introduced
posttranscriptionally by stand-alone enzymes, which in
yeast are termed transfer RNA methyltransferase 3 (Trm3),
Trm7,Trm13, and Trm44 (Towns and Begley 2012). Howev-
er, arecent publication has shown thatsome tRNAs are also
subject to snoRNA-guided Nm modification (Zhang et al.
2023). Stand-alone enzymes are also responsible for Nm
in the 5" cap of MRNA and in mitochondrial rRNA (Sirum-
Connolly and Mason 1993; Pintard et al. 2002; Byszewska
et al. 2015). Box C/D snoRNPs appear to be responsible
for guiding at least some internal Nm in mRNA. For exam-
ple, FBL and two box C/D snoRNAs (U32A and U51) are re-
quired for internal Nm in peroxidasin (Pxdn) mRNA, while
knockdown of the box C/D snoRNA Snordé4 was found to
reduce internal Nm in ring finger nuclease 146 (Rnf146)
mRNA (Elliott etal. 2019; Leighton et al. 2022). Stand-alone
enzymes have also been proposed to function as internal
Nm writersin mRNA. In yeast, hundreds of internal Nm sites
detected in mRNA by MeTH-seq were found to be depen-
dent on Spb1, the 2'-O-methyltransferase that installs
methylguanosine (Gm) atposition 2933 in 25S rRNA (Bartoli
etal. 2018). Interestingly, the human homolog of Spb1, FtsJ
2'-O-methyltransferase 3 (FTSJ3), is recruited by TAR RNA-
binding protein (TRBP) to install internal Nm in human immu-
nodeficiency virus 1 (HIV-1) RNA (Ringeard etal. 2019). Thus,
both box C/D snoRNPs and stand-alone enzymes may func-
tion as writers of internal Nm in mRNA, but the relative con-
tributions of these and other possible writers remain

Nm in rRNA, snRNA, tRNA, and mRNA mternal sites)

unclear. Unlike reversible RNA base
oNm modifications, Nm does not have
known erasers, and given the inert
chemistry of 2’-O-methyl, Nm is most
likely an irreversible modification.

Despite the lack of known Nm eras-
ers, Nm levels are dynamically regulat-
ed. Analysis of Nm at different stages
of development by RiboMeth-seq
demonstrated that Nm levels in rRNA
tend to be higherin adult tissues com-
pared to developing tissues in both
zebrafish and mice (Ramachandran
et al. 2020; Hebras et al. 2020a). Nm
levels also vary by subcellular localiza-
AAAAAAAA tion, as in the case of the neuronal
small noncoding RNA BC1, which con-
tains Nm in the cell body but is not
methylated in the synapse (Lacoux
etal. 2012). Additionally, Nm patterns
are altered under conditions of stress.
Using an RT-based approach, the Nm
fraction was found to change in 7 out
of 14 tested Nm sites in rRNA upon ex-
posure of human cell lines to hypoxic
stress (Metge et al. 2021). Using Nm-
seq, mouse macrophages infected
with vesicular stomatitis virus were found to have increased
Nmiin transcripts relatedto viralinfection and increased lev-
els of 2’-O-methyladenosine (Am) in mMRNA overall (Li et al.
2022). Nm patternshave also been showntovaryin diseases
such ascancer (Dimitrova etal. 2019). Of note, when consid-
ering any comparison between samples, it is important to
distinguish biologically significant variability from the tech-
nical variability associated with the measurement method
being used, which is particularly relevant for Nm given the
limitations of current Nm mapping methods (Grozhik and
Jaffrey 2018). Moreover, biological changes in Nm levels
should be validated using low-throughput or ideally bio-
chemical approaches, particularly in less abundant RNAs
such as mRNA, in which the accuracy of high-throughput
Nm mapping remains unclear.

The plasticity of Nm in different physiologic and patholog-
ic states suggests the existence of regulatory mechanisms
that modulate Nm levels. In particular, the variability of Nm
in rRNA contributes to ribosome heterogeneity, and the
modulation of Nm levels in rRNA can be used to regulate
populations of differentially methylated ribosomes under
different conditions (Monaco et al. 2018). Since Nm erasers
do notseemto exist, Nm levels are likely determined primar-
ily by RNA tumover and at the level of Nm writers or snoRNA
guides. The manipulation of Nm writers is made challenging
by the lethality of FBLknockout, the existence of hundreds of
distinct snoRNA guides, and the absence of a one-to-one re-
lationship between Nmsitesand Nmwriters/guides, inwhich

AAAAAAAAA

AAAAAAAA
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multiple different writers/guides can methylate a single Nm
site or a single writer/guide can methylate multiple different
Nm sites (Newton et al. 2003; Bergeron et al. 2020). FBL
knockdown has differential effects on the methylation of dif-
ferent Nm sites in rRNA: Nm sites at the functional core of the
ribosome tend to be relatively insensitive to FBLknockdown,
perhaps because these sites are more efficiently methylated
or because ribosomes lacking these Nm modifications do
not pass quality control, whereas peripheral Nm sites are
more sensitive to FBL knockdown (Erales etal. 2017; Sharma
etal. 2017; Jaafar et al. 2021). Regulation of FBL levels may
play a role in tumorigenesis. Notably, the proto-oncogene
MYC up-regulates FBL expression, whereas the tumor sup-
pressor p53 directly represses transcription of the FBL
gene, with downstream effects on translation and cell prolif-
eration (Marcel etal. 2013; Jansson etal. 2021). Regulation of
writers also occurs during development. Adult mouse tissues
exhibit lower levels of the box C/D snoRNA Snord78, as well
as decreased methylation of its target site Gm4593 in 28S
rRNA (Hebras et al. 2020a). The down-regulation of Snord78
during development has been proposed to occur via differ-
ential alternative splicing of its host gene, growth arrest-spe-
cific 5 (GASS), which leads to less efficient processing of
Snord78 from introns in the adult mouse (Hebras et al.
2020a).

Regulation of Nm can also occur at the level of writer-as-
sociated factors. Independent of its functions in transcrip-
tional repression, enhancer of zeste homolog 2 (EZH2) has
been shown to bind FBL and NOP56 to facilitate box C/D
snoRNP assembly, and EZH2 depletion leads to decreased
methylation of asubset of RNANm sites(Yietal. 2021). The
impact of EZH2 on Nm in rRNA may be one of the mecha-
nisms by which EZH2 drives tumorigenesis in certain tumor
types such as prostate cancer (Yietal. 2021). Two other fac-
tors that modulate rRNA Nm levels through interactions
with box C/D snoRNPs are nucleophosmin 1 (NPM1) and
groucho-related amino-terminal enhancer of split (AES),
both of which are implicated in the pathogenesis of acute
myeloid leukemia (AML) (Zhou et al. 2017; Nachmani
et al. 2019). However, in many cases it remains unclear
why modulation of these factorsleads to changesin Nm lev-
els atonly a subset of rRNA Nm sites. Other writer-associat-
ed factors have been found to impact Nm levels in snRNA.
TAR DNA-binding protein 43 (TDP43), which is involved in
the pathogenesis of amyotrophic lateral sclerosis, binds to
UG-rich box C/D scaRNAs and promotes their localization
to Cajal bodies, and depletion of TDP43 reduces Nm at
the target sites of these scaRNAs in U1 and U2 snRNAs
(Izumikawa et al. 2019). La-related protein 7 (LARP7) has
been shown to facilitate the interaction between box C/D
snoRNAs and U6 snRNA, and depletion of LARP7 leads to
a reduction in Nm levels in U6 snRNA (Hasler et al. 2020;
Wang et al. 2020). The loss of Nm in U6 snRNA due to
LARP7 depletion has consequences for spermatogenesis
in mice and may contribute to the phenotype of the devel-

574 RNA (2024) Vol. 30, No. 5

opmental disorder Alazami syndrome in humans (Hasler
et al. 2020; Wang et al. 2020).

FUNCTIONAL IMPLICATIONS OF Nm

Unlike base modifications, Nm occurs on the nucleotide ri-
bose moiety and thus does not directly affect base-pairing
(Fig. 3A). However, the 2/-O-methyl group stabilizes the
C3’-endo ribose conformation found in the A-form RNA
helix or in stacked nucleotides, and as a result, each Nm
stabilizes RNA duplexes by ~0.2 kcal/mol (Yildirim et al.
2014). Using TAR RNA as a model system, Nm was shown
to preferentially stabilize and prolong the lifetime of con-
formationsinwhich Nmisin a paired helical conformation,
demonstrating that one function of Nm may be to modu-
late RNA secondary structure (Abou Assi et al. 2020). The
conformational biases of Nm may explain how Nm in the
tRNA anticodon loop influences codon recognition, and
how Nm sites in rRNA stabilize distorted RNA conforma-
tions at functional interfaces of the ribosome (Kawai
etal. 1992; Polikanov et al. 2015). However, for most Nm
sites, the structural consequences of Nm have not been
directly examined. Using single-molecule Forster reso-
nance energy transfer, one study demonstrated that sev-
eral Gm sites in U2 snRNA have an additive stabilizing
effecton U2 stem |, and thereby alter the dynamic equilib-
rium of the U2-U6 complex (Karunatilaka and Rueda
2014). However, the energetic effect of Nm modification
was smaller than expected given the observed impact of
Nm on spliceosome assembly in vivo, raising the possibil-
ity that Nm on U2 snRNA in vivo might primarily function
through other mechanisms such as by promoting protein
interactions (DAnmez et al. 2004; Karunatilaka and
Rueda 2014).

C3-endo
A C2-endo P
o _—
<}
B
_—
—
oNm
C
@ kll i
—_—
P L, N

o
o

D
g = @

FIGURE 3. Effects of Nm on RNA structure and protein binding. Nm
stabilizes the C3’-endo conformation of the ribose moiety of nucleo-
tides (A) and stabilizes RNA conformations in which Nmis in an RNA du-
plex (B). Proteins may selectively bind RNA with Nm (C) or may have
decreased affinity for RNA with Nm (D). Created with BioRender.com.
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In additionto (orasaresultof) its effects on RNA structure,
Nm may also influence protein binding, which is a common
mechanism by which other RNA modifications exert their
cellular functions (Fig. 3B; Yang et al. 2018; Guo et al.
2021). RNA-binding proteins that preferentially bind to
RNAs with a specific RNA modification are referred to as
“readers” of that RNA modification. Piwi family proteins
and Argonaute 2 (AGO2) could be considered to be readers
of Nm, since they demonstrate a weak preference for bind-
ing piRNAs and miRNAs with 3’ Nm (Tian et al. 2011; Liang
etal. 2020). Surprisingly, there have notbeen reports of pro-
teins that bind to Nm with high specificity. However, Nm
modification of RNA decreases the binding affinity of a
number of proteins. For example, AGO1 binding to RNA
is reduced in the presence of 3' Nm, likely due to steric hin-
drance (Tian et al. 2011). In addition, an internal Nm site in
the pri-miRNA pri-let7a has been proposed to decrease
binding of the microprocessor complex subunit DiGeorge
syndrome critical region 8 (DGCR8), leading to decreased
let-7a maturation, although the impact of Nm on DGCR8
binding has not been directly demonstrated (Bian et al.
2023). Most notably, the immune receptors retinoic acid in-
ducible gene | (RIG-]) and interferon-induced protein with
tetratricopeptide repeats (IFIT1) have decreased binding
affinity for mRNA with Nm at the 5’-most nucleotide posi-
tion, as in the cap-1 form of the mRNA 5" cap (Hyde and
Diamond 2015; Devarkar et al. 2016). The addition of Nm
at the second nucleotide (cap-2) further decreases RIG-I
binding (Despic and Jaffrey 2023). In this way, Nm at the
5’ cap of mRNA functions to prevent the activation of the in-
nate immune response by self-RNAs. Cap-1 Nm also inhib-
its the binding of decapping exoribonuclease (DXO), which
selectively degrades RNAs lacking Nm at the first nucleo-
tide as part of RNA quality control before nuclear export
(Picard-Jean et al. 2018).

Although the molecular mechanisms are not always clear,
Nm modifications have been shown to influence diverse cel-
lular processes including translation, splicing, and innate im-
munity. FBL knockdown alters Nm levels at a subset of rRNA
sites, producing ribosomes with lower efficiency of transla-
tion from several interal ribosome entry sites (IRES) but
equally efficient cap-dependent translation (Erales et al.
2017). In another example, which suggests a role for rRNA
Nm in regulating IRES-dependent translation, the vascular
endothelial growth factor C (VEGF-C) IRES was shown to as-
sociate with ribosomes with a distinct Nm pattern under hyp-
oxic conditions (Metge et al. 2021). Altering rRNA Nm levels
can also impact other aspects of translation. In yeast, muta-
tion of the box C/D snoRNP assembly factor Bcd1 (box C/
D snoRNA protein 1) resulted in decreased Nm levels at a
subset of rRNA sites, as well as decreased translational fidel-
ity, changes in ribosome rotational status, and decreased ri-
bosome binding to eukaryotic initiation factor 1 (Khoshnevis
etal. 2022). In human cell lines, knockdown of the box C/D
snoRNA Snord45C led to loss of 2’-O-methylation at C174

in 18S rRNA, which in tumn led to decreased efficiency of
translation of mMRNA transcripts containing AU-rich codons
(Jansson et al. 2021). Thus, Nm in rRNA contributes to ribo-
some heterogeneity, and alteration of Nm patterns can up-
or down-regulate certain ribosome populations to modulate
the translation of certain pools of MRNA transcripts (Monaco
etal. 2018). In addition to Nm in rRNA, Nm in tRNA can also
impacttranslation efficiency of specific codons. Forexample,
knockout of the Trm7 homolog FTSJ1, which introduces Nm
in the anticodon loop of tRNAP"(GAA), results in decreased
translation efficiency of UUU but not UUC codons (Li et al.
2020). Additionally, Nm in the mRNA 5’ cap increases trans-
lation efficiency in at least some systems (Kuge et al. 1998;
Zamudio et al. 2009; Sikorski et al. 2020). In contrast, Nm in
coding regions of mRNA tends to decrease translation effi-
ciency, especially at the second nucleotide position of a co-
don, although the magnitude of this effect depends on the
codon context (Hoernesetal. 2016,2019). A crystal structure
of the Escherichia coli ribosome provides a mechanism for
this internal MRNA Nm-induced decrease in translation effi-
ciency: Nm at the second nucleotide position of a codon dis-
rupts the interaction of rilbosomal-monitoring bases with the
codon-anticodon helix, leading to the inappropriate rejec-
tion of cognate tRNAs (Choi etal. 2018). Although the impact
of internal Nm on mRNA translation was initially demonstrat-
ed only in synthetically modified RNAs, the snoRNA-guided
internal Nm modification of Pxdn mRNAwas found to inhibit
translation, with either knockout of the corresponding guide
snoRNAs or point mutation of the Nm site in Pxdn mRNA
leading to increased translation as measured by metabolic
pulse-labeling (Elliott et al. 2019).

In addition to its multiple effects on translation, Nm has
been implicated in RNA splicing and turnover. Nm sites in
snRNAs are clustered in functionally important sequences
that are involved in RNA-RNA or RNA-protein interactions,
suggesting that Nm might fine-tune these interactions, al-
though studies directly examining this putative function
are limited (Bohnsack and Sloan 2018). Nm at positions 1,
2,12, and 19 in U2 snRNA are individually required for the
formation of the ATP-independent early spliceosomal E
complex and for splicing in Hela cells, possibly by playing
aroleinthe interaction of U2 with U1 snRNA or other factors
(Dénmez et al. 2004). Loss of LARP7, which facilitates the
Nm modification of U6 snRNA, was found to induce signifi-
cant changes in mRNA splicing (Wang et al. 2020). These
splicing changes were rescued by wild-type LARP7, but
not by a mutant form of LARP7 specifically defective in U6
snRNA loading, suggesting that modulation of Nm in U6
snRNA is a potential mechanism for regulating alternative
splicing (Wang et al. 2020). However, another study found
only a minor impact of LARP7 knockout on splicing under
normal conditions, whereas more splicing changes were
observed at high temperature, suggesting that LARP7
may be importantformaintaining splicing robustness under
stress (Hasler et al. 2020). Nm in mRNA could in principle
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impact splicing as well. Transcriptome-wide mapping of
Nm suggests that Nm sites are enriched around mRNA
splice sites (Dai et al. 2017; Tang et al. 2024). The artificial
introduction of Nm at the branchpoint adenosine in pre-
mRNA leads to the use of cryptic branchpoints and can pre-
vent splicing in the absence of cryptic branchpoints (Ge
et al. 2010). To date, no naturally occurring Nm sites in
pre-mRNA have been shown to specifically modulate alter-
native splicing, although the box C/D snoRNA Snord115
regulates the alternative splicing of the serotonin receptor
2¢ (HTR2C) mRNA, and HTR2C mRNA contains an internal
Nm site (Hebras et al. 2020b; Leighton et al. 2022).
However, it remains unclear whether Snord115 guides
this Nm modification and whether Nm modiification leads
tochangesin HTR2ZCmRNA splicing. In terms of RNA stabil-
ity, Nm at both the first and second nucleotide positions (in
cap-1andcap-2) conferresistance to decapping and degra-
dation by DXO (Picard-Jean et al. 2018; Drazkowska et al.
2022). In addition, 3’ Nm increases the stability of miRNA,
PiRNA, and small interfering RNA (siRNA) by blocking 3'-
to-5’ exoribonuclease activity, as well as 3’ uridylation in
plantsmall RNAs, animal piRNAs, and fly AGO2-associated
siRNAs (Jiand Chen 2012; Liang etal. 2020). Finally, internal
Nm modification may increase the stability of Pxdn mRNA
based on the decrease in Pxdn mRNA expression upon
FBLknockdown, although the mechanism by which internal
Nm might promote mRNA stability is unknown (Elliott et al.
2019). Direct protection from RNA cleavage seems unlikely,
but recruitment of Nm-binding proteins could protect
mRNA from degradation or sequester mRNA in a way that
prolongs its half-life.

RNA modifications play a critical role in allowing the innate
immune system to distinguish self from non-self RNAs. In ad-
dition to internal base modifications, which suppress the ac-
tivation of the innate immune response through Toll-like
receptors (TLRs), 5 cap Nm suppresses the activation of
the innate immune response through RIG-l and IFIT1 (Karikd
et al. 2005; Hyde and Diamond 2015; Schuberth-Wagner
etal. 2015; Despic and Jaffrey 2023). Many RNA viruses en-
code cap-1 2’-O-methyltransferases that place Nm at the 5
end of viral RNA to impair recognition by RIG-I and IFIT1
(Hyde and Diamond 2015; Schuberth-Wagner et al. 2015).
Other viruses, such as orthomyxoviruses, co-opt the host 5
cap by usingthe 5’ end ofhostmRNAasa primerforviral tran-
scripts, a process termed cap snatching (Hyde and Diamond
2015). Interestingly, interferon-p (IFN-p) stimulates expres-
sion of host cap-specific mMRNA nucleoside-2'-O-methyl-
transferase 1 (CMTR1), which deposits Nm on the first
nucleotide of host IFN-stimulated gene (ISG) transcripts,
thereby marking ISG transcripts as self-RNAs and ensuring
their translation as part of the antiviral response (Williams
etal. 2020). In addition to 5" cap Nm, internal Nm may play
a role in preventing activation of the innate immune re-
sponse. The methyltransferase FTSJ3 deposits internal Nm
in HIV-1 RNA, and viral particles produced in cells treated

576 RNA (2024) Vol. 30, No. 5

with FTSJ3 siRNA trigger type 1 IFN expression (Ringeard
etal. 2019). Interestingly, this type 1 IFN expression is inde-
pendent of RIG-| and instead depends on the RNA sensor
melanoma differentiation-associated protein 5 (Ringeard
etal. 2019). The cap 2'-O-methyltransferases of flaviviruses
have also been found to introduce internal Am sites in viral
RNA, although the function of these Am sites inimmune eva-
sion is unclear (Dong et al. 2012a). In addition to Nm in
mRNA, Gm18, which is found in the tRNAs of certain
Gram-negative bacteria, has been shown to suppress the
TLR7-mediated immune response in human peripheral
blood mononuclear cells (PBMCs) (Gehrig etal. 2012; Jéckel
etal. 2012). In macrophages, the NPM1 D180del mutation,
which decreases Nmlevelsin rRNA, leads to reduced phago-
cytosis and lower levels of interleukin-p (IL-B) and IL-6 (Spor-
toletti et al. 2020). Of note, FBL expression decreases upon
infection, and FBL knockdown increases resistance to viral
and bacterial infection, although it is unclear whether these
effects are related to 2'-O-methylation of rRNA or other tar-
gets, or are related to methylation-independent functions
of FBL (Tiku et al. 2018; Li et al. 2022).

DISEASE RELEVANCE OF Nm

Nm is dysregulated in a variety of diseases (Table 2), but ex-
amples where alterations in Nm modiification underlie or
cause disease are limited (Dimitrova et al. 2019). Using
RiboMeth-seq, Nm patterns in rRNA were shown to differ
in breast cancer tissues compared to normal breast tissues,
as well as among different breast cancer subtypes (Marcel
etal. 2020). In diffuse large B-cell lymphoma (DLBCL), Nm
levels in rRNA were more significantly decreased in activat-
ed B-cell-type DLBCL, which is the more aggressive sub-
type, than in germinal center B-cell-type DLBCL (Krogh
etal. 2020). Interestingly, Nm levels in rRNA tend to be de-
creased in cancer, which could indicate a decoupling be-
tween ribosome biogenesis and the Nm writers, in which
the rate of methylation cannot keep pace with the increased
rate of ribosome biogenesis in cancer cells (Jaafar et al.
2021). However, Nm modification increases at a subset of
rRNAssitesin cancer, supporting the existence of site-specif-
ic regulation of Nm levels (Jaafar et al. 2021). Nm levels in
other classes of RNA may also be dysregulated in cancer.
Forinstance, Jurkatcells, which are a T-cell leukemiamodel,
exhibitchanges in the stoichiometry of Nm at certain sitesin
snRNA (Krogh et al. 2017). Another study found that the
miRNA, miR-21-5p, hadincreased 3’ Nm levelsin non-small
cell lung cancer (NSCLC) compared to normal lung tissue
(Liang et al. 2020). This differential methylation was pro-
posed to lead to greater stability of miR-21-5p in NSCLC,
leading to increased inhibition of translation of the tumor
suppressor programmed cell death protein 4 (Liang et al.
2020). However, studies on the distribution of Nm in cancer
have primarily examined Nm in rRNA, in part because the
analysisof Nmin patientsamplesis limited by the high input
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TABLE 2. Nm in disease

Genes Nm-related functions Diseases Disease association

Nm writers/guides

FBL 2'-O-methyltransferase component of box C/D  Cancer Overexpressed in cancer, correlates with poor

snoRNP prognosis

Multiple Guide Nm modifications on multiple targets, Cancer Dysregulated in cancer (often overexpressed),

snoRNAs including rRNA and pri-miRNA promote tumorigenesis, correlate with
prognosis

Rpl13a- Box C/D snoRNAs, guide Nm modifications in  Cardiometabolic Propagate oxidative stress, promote glucose

encoded 28S and 18S rRNAs disease resistance, promote atherosclerosis

snoRNAs

Multiple Guide Nm modifications on U2 and Ué Tetralogy of Fallot Multiple scaRNAs that guide Nm on U2 and

scaRNAs snRNAs U6 snRNAs are differentially expressed in TOF

Snord115, Box C/D snoRNAs, target Nm site(s) unknown Prader—Willi PWS is caused by paternal loss of imprinted

Snord116 syndrome genes in 15911-q13 locus, which has many
copies of Snord115 and Snord116

FTSJ1 Deposits Nm32 and Nm34 in anticodon loop NSXLID Loss of function of FTSJ1, including missense

of phenylalanine, tryptophan, and leucine
tRNAs

mutation causing lack of Nm34 only, causes
NSXLID

Factors that associate with Nm writers

NPM1 Ribosome biogenesis factor that binds box AML, dyskeratosis NPM1 mutations are common in AML
C/D snoRNAs congenita

AES Required for interaction of RNA helicase AML AES levels are increased in AMLT-ETO (also
DDX21 with box C/D snoRNPs; impacts box called RUNXT-RUNX1T1) fusion positive AML
C/D snoRNA levels and rRNA Nm

LARP7 Promotes Nm on U6 snRNA by facilitating Alazami syndrome Loss of LARP7 causes Alazami syndrome

interaction of box C/D snoRNAs with U6
snRNA

FMR1 (FMRP)  Binds box C/D snoRNAs and impacts rRNA FXS FXS is caused by expanded CGG repeats in
Nm; selectively binds BC1 noncoding RNAs FMR1
without Nm

TARDBP Promotes Nm on U1 and U2 snRNAs by ALS, FTLD TDP43 inclusions are a pathologic hallmark in

(TDP43) promoting scaRNA localization to Cajal bodies ALS and FTLD-U

Factors that regulate expression of Nm writers

TP53 Down-regulates FBL transcription, impacts Cancer TP53 is a tumor suppressor that is frequently
rRNA Nm, decreases IRES-dependent mutated in cancer
translation

MYC Up-regulates FBL and certain box C/D Cancer MYC is a proto-oncogene that is frequently

snoRNAs, increases 185 Cm174

mutated or overexpressed in cancer

(TOF) Tetralogy of Fallot; (PWS) Prader-Willi syndrome; (NSXLID) non-syndrome X-linked intellectual disability; (AML) acute myeloid leukemia; (DDX21)
DExD-box helicase 21; (ALS) amyotrophic lateral sclerosis; (FTLD-U) frontotemporal lobar degeneration with ubiquitin-positive, tau-negative inclusions; (IRES)

internal ribosome entry site. See text for corresponding references.

RNA requirements of many currently available high-
throughput Nm mapping methods.

Supporting a role for Nm in cancer, FBL and snoRNAs are
overexpressed across multiple tumor types (Su et al. 2014;
Gong et al. 2017, Barros-Silva et al. 2021; Karkk&inen et al.
2022). Moreover, knockdown of box C/D snoRNP compo-
nents including FBL, NOP56, and NOP58 decreases the tu-
morigenicity of breast cancer cell lines (Su et al. 2014).
Further supporting an essential role for box C/D snoRNPs
in tumorigenesis, Nm writers/guides are regulated by multi-

ple oncogenic signaling pathways. The proto-oncogene
MYC, as well as the oncogenic fusions AML-ETO%a and
MLL-AF?, induce box C/D snoRNA expression in AML, while
MYCup-regulates and TP53 down-regulates FBL expression
in solid tumors (Marcel etal. 2013; Zhou et al. 2017; Jansson
etal. 2021). Nm writers have also been linked to prognosisin
patients with cancer. Expression of FBL is associated with
poor prognosisin multiple tumortypes, including breast can-
cer and melanoma (Su et al. 2014; Jasinski-Bergner et al.
2021). Certain snoRNAs have been found to associate with
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survival in solid tumors, and box C/D snoRNA levels in AML
correlate with the frequency of leukemic stem cells (Gong
etal. 2017; Zhouetal. 2017). The up-regulation of Nm writers
in cancer may simply reflectthe need for more efficient meth-
ylation of rRNA to supportincreased ribosome biogenesis in
the setting of rapid proliferation. However, Nm writers may
also contribute to tumorigenesis by modulating translation.
Both FBL and the box C/D snoRNA Snord42A promote the
IRES-dependent translation of proteins including MYC,
VEGF-A, and ribosomal proteins (Marcel et al. 2013; Zhou
etal. 2017). Other Nm writers may promote tumorigenesis
through targets other than rRNA. For example, the box
C/D snoRNA Snord11B deposits Nm on pri-let-7a, leading
to decreased expression of the mature miRNA let-7a-5p
and thereby inhibiting apoptosis (Bian et al. 2023). Interest-
ingly, in melanoma, the expression of box C/D snoRNP com-
ponents negatively correlates with the expression of genes
involved in antigen processing and presentation, raising
the possibility that Nm writers may play a role in tumor im-
mune invasion (Jasinski-Bergner et al. 2021).

Besides cancer, Nm has been implicated in other disease
states, including cardiovascular and neurologic disorders.
SnoRNAsseemto playanimportantrole in cardiac develop-
ment. Morpholino-mediated knockdown of scaRNA1 and
Snord%4 in zebrafish leads to changes in the splicing of car-
diac regulatory genes and disrupts cardiac development
(Patil et al. 2015). Moreover, the right ventricular myocardi-
um of infants with the congenital heart disorder Tetralogy of
Fallot demonstrates differential expression of snoRNAs that
guide the Nm modification of U2 and U6 snRNAs, as well as
changesin alternative splicing patterns (O'Brien etal. 2012;
Patil et al. 2015; Nagasawa et al. 2018). SnoRNAs encoded
by the ribosomal protein L13a (Rpl/13a) locus, which guide
Nm modifications in the 285 and 185 rRNAs, have been im-
plicated in systemic glucose metabolism, the response to
lipid-induced oxidative stress, and the development of ath-
erosclerosis (Michel etal. 2011; Holley etal. 2015; Lee et al.
2016;Zhangetal. 2022; Sun etal. 2023). SnoRNAs may also
play a role in the pathogenesis of certain neurodevelop-
mental disorders. Prader-Willi syndrome (PWS) is caused
by paternal loss of imprinted genes in locus 15911-q13,
which includes many copies of Snord115 and Snord116.
Snord115 has been proposed to contribute to PWS patho-
genesis by altering adenosine-to-inosine editing and alter-
native splicing of HTR2C mRNA (Hebras et al. 2020b).
Anotherstudy suggested that HTR2C mRNA contains inter-
nal Nm based on an RT-based assay, although the writer for
this putative Nm was not identified (Leighton et al. 2022).
However, the importance of Snord115in the pathogenesis
PWS has since been questioned, since Snord115-deficient
mice do not exhibit the behavioral changes characteristic of
PWS (Hebras et al. 2020b). Snord116 is likely critical in the
pathogenesis of PWS given that microdeletion of the
Snord116 cluster has been observed in a patient with
PWS (Duker et al. 2010). Although multiple mRNA targets
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for Snord116 have been proposed based on sequence
complementarity and evolutionary conservation, these pu-
tative targets have not been experimentally validated, and
the mechanism by which Snord116 may contribute to PWS
remains unclear (Baldini et al. 2022). Another neurodeve-
lopmental disorder, non-syndrome X-linked intellectual
disability (NSXLID), can be caused by mutations in FTSJ1,
the 2/-O-methyltransferase that deposits Nm in the antico-
don loop of certain tRNAs (Dimitrova et al. 2019). Certain
patients with NSXLID have a missense mutation in FTSJ1
that specifically leads to loss of Nm34 in target tRNAs, sug-
gesting a specific role for Nm34 in the pathogenesis of
NSXLID (Guy et al. 2015). Mechanisms by which Nm34
has been proposed to lead to NSXLID include the modula-
tion of translation, the activation of the general amino acid
control response, and the accumulation of tRNA fragments
(Dimitrova et al. 2019). In addition to their functions in neu-
rodevelopment, box C/D snoRNAs have been suggested to
play a role in fear extinction learning (Leighton et al. 2022).
Extinction learning led to increased Snordé4 levels in the
synapse, and Snordé4 knockdown enhanced the retention
of fear-related memory (Leighton et al. 2022).

In summary, Nm and Nm writers have been implicated in
multiple human diseases. However, our knowledge about
the regulation of Nm in disease remains limited since
most studies have only examined Nm in rRNA rather than
in other RNA classes. Moreover, reliable data on the expres-
sion of snoRNAs in disease is largely lacking since conven-
tional RNA sequencing approaches exclude small RNAs
such as snoRNAs. Even for box C/D snoRNAs that are impli-
cated in disease, their target RNAs may be unknown, they
may methylate multiple targets, or it may be unclear wheth-
er the snoRNAs contribute to disease through their canon-
ical function of depositing Nm modifications or through
other Nm-unrelated mechanisms. Particularly for multigen-
ic diseases, the impact of Nm or Nm writers on disease may
only be evident in the appropriate genetic context. Finally,
given the plasticity of Nm, processes such as development
and cancer metastasis might be dependent on the dynam-
icsof Nmand Nmwriters, ratherthan their levels ata specific
snapshot in time. These are some of the critical gaps in
knowledge that need to be addressed.

CONCLUSION

Within the lastdecade, the field of Nm has seen considerable
progress, including the development of high-throughput
methods for mapping Nm, the discovery of internal Nm sites
in mMRNA, and insights into the impact of Nm on physiologic
and pathologic processes. However, challenges remain in
understanding the distribution, regulation, and function of
Nm. While high-throughput Nm mapping methods have
greatly enhanced our understanding of the variability of
Nm in rRNA under different physiologic conditions and dis-
ease states, the reliability of Nm mapping for less abundant
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RNAs remains unclear. To establish the reproducibility and
accuracy of Nm mapping more clearly in mRNA, orthogonal
Nm mapping methods should be shown to consistently iden-
tify the same Nm sites, and putative Nmssites identified using
these methods need to be validated. While the plasticity of
Nm has been well documented, in most cases the mecha-
nisms underlying this observed plasticity remain unknown.
Moreover, while Nm has been shown to influence multiple
cellular processes, the functions of most Nm sites are still un-
clear. The use of geneticapproachesto modulate Nm writers
or snoRNA guides may help clarify how Nm levels are regu-
lated, as well as identify the function of specific Nm sites.
The development of programmable box C/D snoRNAs that
introduce Nm at a designated target site would be another
useful tool to help elucidate the function of Nm in a site-spe-
cificmanner(Deryusheva and Gall 2019). Finally, the applica-
tion of these approaches to patient samples and disease
models has the potential to provide valuable information
about the function of Nm in human disease.
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