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SUMMARY

In the last decade, the notion that mRNA modifications are involved in regulation of gene expression was
demonstrated in thousands of studies. To date, new technologies and methods allow accurate identification,
transcriptome-wide mapping, and functional characterization of a growing number of RNA modifications,
providing important insights into the biology of these marks. Most of the methods and approaches were
developed for studying m®A, the most prevalent internal mMRNA modification. However, unique properties
of other RNA modifications stimulated the development of additional approaches. In this technical primer,
we will discuss the available tools and approaches for detecting and studying different RNA modifications.

INTRODUCTION

Chemical modifications of RNA were identified in highly abun-
dant non-coding RNA species such as ribosomal and transfer
RNAs (rRNA and tRNA, respectively) more than half a century
ago (reviewed in Stacey, 1965). These RNA species consist of
over 160 modified nucleotides (Boccaletto et al., 2018). In the
last decade, a growing number of modifications was also identi-
fied and characterized in low abundance species of RNA, namely
mRNA and long non-coding RNA (IncRNA). The collection of
these modifications, termed the epitranscriptome, includes N°-
methyladenosine (m®A) (Dominissini et al., 2012; Meyer et al.,
2012), N'-methyladenosine (m'A) (Dominissini et al., 2016; Li
et al., 2016), inosine (Levanon et al., 2004), 5-methylcytidine
(m®C) (Squires et al., 2012), 5-hydroxymethylcytidine (Delatte
et al., 2016), pseudouridine (Carlile et al., 2015; Li et al., 2015;
Schwartz et al., 2014), N°®2’-O-dimethyladenosine (Mauer
et al., 2017; Akichika et al., 2019; Sun et al., 2019), N4—acetylcy-
tidine (Arango et al., 2018), N”-methylguanosine (m’G) (Zhang
et al., 2019), and 2’-O-methylated nucleotides (Nm) (Dai et al.,
2017). mRNA modifications embed transcripts with additional in-
formation over their canonical sequence to finely regulate gene
expression through altering charge, base-pairing potential,
RNA folding, and RNA-protein interactions.

The vast majority of the information regarding the field of epi-
transcriptomics was acquired from studying m®A, the most prev-
alent, internal (non-cap) mMRNA modification. Hundreds of
studies uncovered the machineries that install (writers), remove
(erasers), and bind (readers) m°A to exert its functions. These
studies exposed a novel regulatory layer of gene expression
that affects almost every step in mMRNA metabolism from tran-
scription to decay (Zaccara et al., 2019). As data on m°®A accu-
mulated rapidly, other mRNA modifications were identified,
igniting the search for their writers. However, unlike maA, which
is installed in mRNA by a dedicated writer complex (Zaccara

764 Cell 185, March 3, 2022 © 2022 Elsevier Inc.

et al., 2019), distinct from the machineries that install it in rRNA
(van Tranetal., 2019; Ma et al., 2019), other mMRNA modifications
appear to be installed by the same writers that act on rRNA,
tRNA, and other abundant non-coding RNAs. This pronounced
redundancy of substrate RNA species poses an obstacle for
experimentally targeting mRNA modifications without affecting
other essential machineries (tRNA/rRNA/small nuclear RNA
[snRNA]) (Schaefer, 2021; Esteve-Puig et al., 2020). Thus, while
studies draw a clear and detailed picture of the roles of m®A in
gene expression regulation, there are substantial knowledge
gaps regarding the roles and mechanisms of most of the other
mRNA modifications.

Detection of new epitranscriptomic marks emphasized the
need for improved mapping methods and stimulated the devel-
opment of a wide range of tools. These tools combine new
profiling strategies including enrichment approaches, identifica-
tion of reverse transcription signatures, or manipulation of the
unique properties of the modification, enabling its study and
characterization in lower-abundance RNA species.

Here, we discuss different tools and approaches for studying
RNA modifications, and revealing their functions. The exponen-
tial growth of epitranscriptome research led to the development
of multiple methodologies, and their detailing is beyond the
scope of this primer. We discuss below the basic approaches
that should be taken when studying a new epitranscriptomic
mark (Figure 1).

DETECTION

Multiple RNA modifications (Boccaletto et al., 2018) expand
the nucleotide repertoire of RNA. In order to study a given
(known) modification either in a specific subset of RNA mole-
cules or in the transcriptome of an organism, where it was
already identified, the first step is to detect it and estimate its
abundance.
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Figure 1. The technical approaches described in the paper for
detection (purple), mapping (red), and functional characterization
(green) of different RNA modifications

Many next-generation sequencing (NGS)-based methods (dis-
cussed below) map RNA modifications in a transcriptome-wide
manner, revealing their profiles in normal and pathological states
in different cells, tissues, and organisms and under different envi-
ronmental conditions and stimuli. While mapping tools produce
gene-specific profiles, they are often blind to quantitative data,
stoichiometry, and dynamics. In past decades, traditional ap-
proaches for quantifying individual RNA modifications were based
mainly on semiquantitative methods such as two-dimensional
thin-layer chromatography (TLC) (Keith, 1995) and liquid chroma-
tography (LC) (Desrosiers et al., 1974) that analyze nucleotides or
nucleosides by comparison to known standards. Such methods
are unsuitable for analyzing many modifications concomitantly,
are labor- and time-consuming, and often involve radioactive la-
beling. The rapid development of the epitranscriptomics field
raised the need for high-throughput, accurate, and sensitive
detection methods to bridge the gap between epitranscriptomic
profiles and quantification of dynamic changes in modification
levels.

Mass spectrometry (MS) has been extensively used in prote-
omics and metabolomics to identify and quantify individual mol-
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ecules in a mixture. Adopting this approach enables analysis of a
mixture of RNA nucleosides by MS to simultaneously identify
and quantify multiple modifications in a sample. The most com-
mon quantitative MS approach for assessment of RNA modifica-
tions is performed on single nucleosides using LC coupled to MS
(LC-MS) or tandem MS (LC-MS/MS). The RNA sample is enzy-
matically digested and dephosphorylated into single nucleo-
sides that are separated by LC and analyzed by MS (Su et al.,
2014). Identification of the different nucleosides in the mixture
is based on their biophysical properties including molecular
mass, chromatographic retention time, and fragmentation
pattern (Su et al., 2014). The triple validation of the nucleoside’s
identity according to the above three biophysical properties con-
fers this method its high accuracy. However, this method ex-
cludes the 5’ cap-associated nucleotides of mRNA transcripts
from the analysis, as the commonly used non-specific nucleases
(such as P1) fail to break the bond between m’G of the 5’ cap and
the first transcribed nucleotide, releasing mononucleotides and
cap-dinucleotides. This limitation can be overcome, and cap-
associated modified nucleotides can be quantitatively identified
by LC-MS/MS analysis based on comparison to known cap-
dinucleotide standards, rather than single nucleosides (Wang
et al., 2019; Galloway et al., 2020).

Various MS instruments differ in their precision. Simple instru-
ments, such as a single-quadrupole MS, include a low-resolution
MS, lacking the ability to fragment. Such instruments depend on
chromatography for separating all isobaric species and can
identify modified nucleosides at the monoisotopic mass level
(Lauman and Garcia, 2020). High-resolution instruments, such
as the triple-quadrupole MS, can perform tandem MS (MS/MS)
and are capable of fragmentation. These instruments can, there-
fore, accurately differentiate and identify nucleosides of identical
mass (Su et al., 2014). In addition, due to the high sensitivity, LC-
MS/MS enables detection and quantification in the femtomole to
attomole range (Basanta-Sanchez et al., 2016; Sarin et al., 2018).
Protocols that incorporate metabolically labeled nucleosides
further increase detection specificity and accuracy and improve
comparative analyses (Wetzel and Limbach, 2016). Nucleoside
labeling uses stable isotopes such as "0 (Li and Limbach,
2012), ®C/"®N (Paulines and Limbach, 2017), or ®H (Dominissini
et al., 2016).

In principle, LC-MS/MS can also be used to map RNA modifi-
cations in RNA fragments to provide a site-specific context (Sol-
ivio et al., 2018). However, this method requires fine adjustment
of the fragmentation step to ensure transcript breakdown into
short overlapping fragments and hundreds of nanograms of
each transcript, making it unsuitable for analysis of mMRNAs,
due to the relatively low abundance of individual transcripts
and the large diversity in the transcriptome (Solivio et al., 2018).

The use of LC-MS/MS offers quantitative analysis of multiple
RNA modifications in one sample at high precision. The main
advantage of this method is in its high specificity and sensitivity.
Unlike sequencing-based mapping tools, MS has a very low
false detection rate due to the triple parameter-based identifica-
tion of nucleosides (retention time, mass, and fragmentation
pattern), and it is highly reproducible. However, the main limita-
tion of MS analysis is that it can only analyze modifications that
are specified a priori (Su et al., 2014; Basanta-Sanchez et al.,
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Figure 2. A schematic illustration of the main mapping strategies for RNA modifications

(A) Antibody-mediated mapping.
(B) Mapping by RT signatures.
(C) Mapping by differential chemical reactivity.
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2016), meaning that novel or unidentified nucleosides are disre-
garded from the analysis. Another drawback is that since tran-
scripts are digested into single nucleosides during sample prep-
aration, the identity of the modified transcript is lost. Moreover,
the high sensitivity of MS serves as a double-edged sword
when analyzing mRNA. Since MS can detect quantities in the at-
tomolar range, any residual contamination or degradation of
rRNA or tRNA (that are highly enriched in modifications) in the
sample may result in false estimation of rare mRNA modifi-
cations.

MAPPING

Quantitative assessment of a given RNA modification is only the
first step in the process of its characterization. The next impera-
tive step is to map its positions at the transcriptomic level, with
respect to other transcript attributes. Mapping RNA modifica-
tions can be divided into several approaches: (1) modifications
that alter Watson-Crick base-pairing or interfere with the reverse
transcription (RT) process. These modifications leave a typical
mark in the cDNA called RT signatures. (2) Modifications that
exhibit differential compatibility with certain enzymatic reactions
or differential chemical reactivity with specific reagents. (3)
Different mapping tools combine several approaches to obtain
more effective, accurate, and selective profiling. The large num-
ber of available methods reflects the lack of perfect methods and
explains why imperfect methods, each with its disadvantages
and benefits, are still being pursued in the field.

An important part of mapping is the bioinformatic analysis that
identifies modified sites based on the sequencing results. This
analysis takes into account statistical and computational param-
eters, based on the experimental approach and controls, in order
to minimize false-positive site calling. As the data in the field
accumulated, enigmatic and sometimes opposite findings
have surfaced, some of which were attributed to differences in
the computational approach taken.

For example, two m’A studies that took a similar experimental
approach reached very different conclusions. These major differ-
ences can be attributed, at least in part, to major differences in
the analysis criteria and pipelines including coverage thresholds,
read collapse, and misincorporation analysis (Dominissini and
Rechavi, 2017). Establishing reliable bioinformatics pipelines im-
proves site identification and reduces inconsistencies.

Antibody-based mapping

Efficient mRNA mapping protocols often consist of enrichment
steps, using highly specific antibodies, to increase the relative
abundance of the modification of interest prior to sequencing.
Antibody-mediated capture of RNA fragments, coupled to
NGS (Figure 2A), requires high amounts of starting material
and does not provide single-base resolution (the resolution de-
pends on fragment size). Moreover, the level of noise, especially
when analyzing low-abundance modifications, may lead to
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higher false detection rates, resulting from non-specific binding
of RNA fragments to the beads used for enrichment. False site
detection may also result from cross-reactivity of the antibody
with other modifications. Several measures should be taken to
avoid false detection.

Antibody specificity should be determined either by dot blot
with suspected cross-reactive modifications (Linder et al,
2015), or by quantitative MS analysis of the nucleoside compo-
sition in RNA fragments enriched by the antibody, to detect
any other co-enriched contaminating modifications. Additional
means to reduce noise include bead-only controls, competitive
elution (Dominissini et al., 2013), or comparison to an unmodified
matching RNA sample (after genetic, chemical, or enzymatic
removal of the modification; (Geula et al., 2015; Dominissini
etal., 2016; Liet al., 2017; Zhang et al., 2021). Another limitation
of this approach is that it is blind to modification stoichiometry as
well as to splice variants.

Antibody-based mapping of m®A generated transcriptome-
scale maps consisting of thousands of sites in human and
mouse and exposed its non-random distribution and a
conserved sequence motif of RRACH (R = A or G, and H = A,
C or U) (Dominissini et al., 2012; Meyer et al., 2012). Superim-
posing mPA positions on other transcript attributes uncovered
the first biological roles of m®A in regulation of transcript stability
and splicing (Dominissini et al., 2012; Meyer et al., 2012). The
uncovering of the first m®A methylomes jump-started a large
number of studies and marked the beginning of the era of epi-
transcriptomics. However, anti-m°®A antibodies bind both m°®A
and m®Am, both of which contain a methyl group on the N® po-
sition of adenosine. Thus, transcriptome-wide mapping of m®A
also includes mis-annotated m®Am sites (Linder et al., 2015).
Due to the significantly greater mRNA prevalence of m°A over
m®Am (ranging from 10- to 15-folds), this cross reactivity poses
a greater problem when mapping m®Am. m®Am sequencingeq
maps and differentiates m®Am from 5'-UTR m°®A sites and com-
bines enrichment of 5'cap-containing mRNA fragments, using
anti-m’G antibody with preferential m®Am demethylation by
FTO (Sun et al., 2021). The method identified high-confidence
mPAm sites as well as the subset of m°A sites located at
the 5’'UTR.

Mapping by RT signatures

Almost all high-throughput mapping methods of RNA modifica-
tion involve the synthesis of cDNA by reverse transcriptases
(RTases). Modifications that alter base pairing or affect RTase fi-
delity and processivity leave a trace in the cDNA, called RT
signature, in the form of a typical mutation profile, premature
RT terminations (steep drop in coverage), or a combination of
the two (Figure 2B). Signature patterns may be enhanced by us-
ing specific RTases or under specific reaction conditions (Li
et al., 2017). Detection of RT signatures on its own is often not
enough for unequivocal mapping, and an enrichment step is usu-
ally required prior to cDNA synthesis.

(D) Mapping by differential enzymatic compatibility.

(E) Mapping by metabolic labeling.

(F) Mapping modifications by identifying the binding sites of their writers.
(G) Mapping modifications by direct RNA sequencing.
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RT signatures can be simple or complex, consisting of a com-
bination of RT arrest with a typical mismatch profile. For
example, the RT signature of inosine, the product of adeno-
sine-to-inosine (A-to-l) editing (Levanon et al., 2004; Li et al.,
2009) is unambiguous. Unlike adenosine, inosine base pairs
with cytidine (C) rather than uridine (U) resulting in U-to-C substi-
tutions in the cDNA. During library preparation, these substitu-
tions generate a typical adenosine-to-guanosine (A-to-G) RT
signature (Levanon et al., 2004; Li et al., 2009). Although this
signature is easily identified, low-stoichiometry sites may be
falsely accounted as sequencing errors and escape detection.
Additionally, single-nucleotide substitutions may be falsely iden-
tified as inosine sites.

m'A RT signature is more complex. Under physiological condi-
tions, m'A has both a methyl group and a positive charge, which
affect the fidelity and processivity of RT, resulting in misincorpora-
tion and premature terminations. Characterizing m'A RT signa-
tures in tRNA revealed that the nucleotide 3' to m'A affects misin-
corporation profile and RT arrest patterns (Hauenschild et al.,
2015). Initially, two independent studies identified m'A as an epi-
transcriptomic mark by MS and detected a large number of sites
in mRNA using immunocapturing and NGS (Dominissini et al.,
2016; Li et al., 2016). An improved protocol provided single-base
resolution maps by using the thermostable group Il intron reverse
transcriptase (TGIRT) to amplify m'A’s RT signature (owing to
TGIRT’s higher processivity and increased misincorporation rate
at m'A sites, under tailored buffer conditions) (Li et al., 2017) Sur-
prisingly, a similar approach taken by another group identified only
ahandful of m'AsitesinmRNA (Safra etal., 2017). How can the use
of similar approaches lead to such divergent outcomes? The
discrepancy, most likely, is due to differences in protocol condi-
tions utilized by each group resulting in lower sensitivity of the latter
study. These include competitive elution, tailored TGIRT buffer,
validation by AlkB enzymatic demethylation, and the use of molec-
ular indices (Li et al., 2017) compared to bulk extraction, commer-
cial TGIRT buffer, m'A-to-m°A rearrangement, and no use of mo-
lecular indices (Safra et al., 2017), as well as major differences in
the bioinformatic analysis.

The notion that RT signatures result from properties of both the
modification and the RTase led to a novel approach for m'A
mapping. This method used an evolved RTase that can effi-
ciently read-through m'A sites while leaving a strong misincor-
poration signature. Hundreds of m'A sites were mapped at
single-base resolution, and their methylation stoichiometry
was determined, validating previously identified sites (Zhou
et al., 2019).

Mapping by differential chemical reactivity or enzymatic
compatibility

In some cases, RNA modifications exhibit differential chemical
reactivity which can be utilized for their mapping (Figure 2C).
is the product of U isomerization, formed by a break of the nitro-
gen-carbon glycosidic bond between the base and the ribose,
rotation of the base, and formation of a new bond. As W is RT-si-
lent and cannot be detected by sequencing alone, its mapping
relies on its differential chemical reactivity with CMC (N-cyclo-
hexyl-N’-(B-[N-methylmorpholino] ethyl) carbodiimide). U, G,
and W react with CMC; however, the reaction can be reversed
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for U and G but not for . ¥-CMC adducts induce RT arrest
one nucleotide downstream to the W site. Based on this, several
independent studies identified hundreds of W sites in yeast and
mammals, with very limited overlap between them (Carlile et al.,
2015; Lovejoy et al., 2014; Schwartz et al., 2014). These methods
suffer mainly from incomplete reaction with CMC and inability to
pre-enrich W sites, leading to inefficient W detection. A more
sensitive method combined click chemistry with a CMC analog
and detected over a thousand sites in human and mouse mRNAs
showing a more significant overlap with each of the previous
studies (Li et al., 2015). Another approach, RBS-seq (RNA bisul-
fite sequencing), utilizes the differential chemical reactivity of ¥
under bisulfite treatment that forms a ¥-monobisulfite adduct,
erasing the CMC-RT arrest signature, thus allowing validation
of modification sites (Khoddami et al., 2019). RBS-seq is not
limited to W mapping and can be used for transcriptome-wide
sensitive and simultaneous detection of m®C, W, and m'A at sin-
gle-base resolution (Khoddami et al., 2019). Other modifications
that can be mapped based on their differential chemical reac-
tivity include m®C (Janin et al., 2019; Squires et al., 2012), 7-
methylguanosine (m”G), and 3-methylcytidine (m®C) (Marchand
et al., 2018; Zhang et al., 2019).

Differential chemical reactivity may sometimes lead to differen-
tial enzymatic compatibility which can also be utilized for mapping.
Methylation of the ribose at the 2’ position converts 2'-OH to 2'-O-
methylated (2'-OMe) nucleotides (Nm), an abundant modification
in different RNA species including rRNA, tRNA, snRNA, and micro-
RNA. In mRNA, Nm is present both in the cap and in internal posi-
tions. Initially, mapping approaches of Nm were based on its prop-
erty to pause RT when deoxyribonucleotide triphosphate amounts
are limited, resulting in under-representation of Nm positions in the
cDNA ends and providing a negative readout of Nm landscape
(Maden et al., 1995). These methods were later coupled to NGS
(Birkedal et al., 2015; Marchand et al., 2016; Gumienny et al.,
2017; Incarnato et al., 2017; Krogh et al., 2017) but were unable
to detect sites in mMRNA due to the low abundance of specific tran-
scripts and low stoichiometry. Two new approaches, Nm
sequencing (Nm-seq) (Dai et al., 2017) and ribose oxidation
sequencing (Zhu et al., 2017), took advantage of differential prop-
erties of 2’-OH and 2’-OMe nucleosides, both chemically and
enzymatically (Figure 2D). Unlike unmodified 3’ ends of RNA frag-
ments, 3' Nm ends are resistant to periodate oxidation, allowing
fragment shortening by iterative oxidation-elimination-dephos-
phorylation cycles, one base per cycle, until Nm is reached. The
iterative exposure process results in enrichment of fragments
ending with Nm. A final step of only oxidation and elimination gen-
erates two types of 3’ ends: 2’-OH and 2’-OMe, and only the latter
is compatible for adaptor ligation and library preparation. Initially,
the Nm-seq method suffered from a bias due to a mispriming arti-
fact, resulting from RT primer annealing to short internal se-
quences and amplification of adaptor-unligated fragments during
library preparation. This was later amended by improving the li-
brary preparation part of the protocol (Dai et al., 2018). As this
approach requires iterative shortening of the RNA fragments, it is
more efficient for mapping Nm sites in small RNAs (Hsu et al.,
2019). The major limitations of these methods are the need for
high input amounts and that they are time- and labor-consuming
due to the need to perform iterative cycles for fragment shortening.
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Improving mapping accuracy and resolution

The need for more accurate m®A mapping tools with single-
nucleotide resolution prompted the development of several
new methods. mPA-CLIP adopted the UV cross-linking and
immunoprecipitation (CLIP) approach for antibody-enriched
mCA-modified RNA fragments, followed by proteinase K treat-
ment to detect m®A positions in mammalian mRNA at single-
nucleotide precision, based on RT signatures (Ke et al., 2015).
A slightly different method, PA-m®A-seq (photo-crosslinking-as-
sisted m®A sequencing) identifies m®A positions in antibody-en-
riched 4-thiouridine-labeled intact polyA+ RNA after cross-link-
ing with 365 nm UV light. Proteinase K digestion prior to library
preparation generates a typical RT signature of U-to-C substitu-
tions in the sequence data (Chen et al., 2015). The CLIP
approach was also used in miCLIP/miCLIP2 methods. The initial
miCLIP protocol identified the RT signatures of different
commercially available anti-m®A antibodies (Linder et al.,
2015). The improved miCLIP2 protocol uses mMRNA from Mettl3
knockout (KO) cells, depleted from m®A (Geula et al., 2015),
combined with machine learning to reduce false-positive m°®A
site detection (Kortel et al., 2021).

The need for quantitative m®A mapping fueled the develop-
ment of mPA-LAIC-seq (m®A-level and isoform-characterization
sequencing), an isoform-aware mapping tool that assessed the
stoichiometry of mPA sites. This tool differs from typical anti-
body-based mapping as RNA is not fragmented, both anti-
body-bound and unbound fractions are sequenced, and methyl-
ated spike-in RNAs are added to the sample prior to enrichment.
These adaptations allow to identify the methylation status of
different transcript isoforms and to determine their methylation
stoichiometry (Molinie et al., 2016). However, as transcripts often
carry more than one m°®A site, the method defines the methyl-
ation stoichiometry at the transcript variant rather than the posi-
tion levels.

Antibody cross-reactivity raised the need for the develop-
ment of antibody-independent m®A mapping methods. Two
independent methods: MAZTER-seq (Garcia-Campos et al.,
2019) and m®A-REF-seq (Chen et al., 2021) used the mCA-
sensitive MazF RNase, which cleaves RNA only at unmethy-
lated ACA sites, allowing the detection of m®A sites at
single-base resolution. Both methods provide both base res-
olution and site stoichiometry. However, they are limited to
the subset of mPA sites that occur in ACA-containing motifs
(i.e., RRACA) and that are located within suitable distances
of nearby ACA sequences. In addition, these methods are
influenced by the amount of MazF used, as insufficient
amounts may result in undigested modified sequences and
false site detection. Classification of these sites into confi-
dence groups, combined with a calculated m®A-seq score,
provided a strong orthogonal validation of the sites (Garcia-
Campos et al., 2019). Calibration of m®A mapping based on
these sequence truncation approaches uses modification-
free in vitro transcribed RNA as negative control to distinguish
genuine sites from false positive ones (Zhang et al., 2021).
Although the method was tested for calibrating mapping
mPA by MAZTER-seq and m®C by BS-seq, the authors claim
that the approach can be used for any mapping method
(Zhang et al., 2021).
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Mapping by metabolic and enzymatic labeling

Specific recognition is not limited to antibodies. Proteins such as
readers or erasers also recognize and bind specific modifica-
tions and can be harnessed to guide transcript labeling at or
next to a specific modification. Several mapping tools adopted
this strategy for mapping m°®A:

DART-seq uses a fused protein consisting of APOBEC1, a C-
to-U cytidine deaminase, with the YTH (YT512-B homology)
domain of YTHDF2, an mPA reader that recognizes and binds
m®A-modified RNA sequences, to induce C-to-U editing in the
close proximity of m®A sites. Similar to A-to-l editing, C-to-U
deamination is easily recognized by a simple C-to-T RT signature
(Meyer, 2019). The two main limitations of this approach are that
binding specificity of YTHDF2 may be restricted to a subset of
m°A sites excluding sites in non-YTHDF2 targets and reduced
sensitivity of the method for low-abundance and low-stoichiom-
etry mPA sites. A study recently published online describes the
first method for transcriptome-wide m®A mapping at single-cell
resolution. The method, scDART-seq (single-cell DART-seq),
couples the DART-seq approach with single-cell RNA-seq (using
the droplet-based 10xGenomics and the SMART-seq2 plat-
forms). scDART-seq identified thousands of m®A sites, most of
which occur only in a small proportion of cells (Tegowski et
al., 2022).

The concept of targeting m®A to induce a local detectable
change in the transcript was also adopted by m®A-SEAL-seq
that uses FTO, an m®A eraser. Here, labeling is based on the
enzymatic activity of FTO, which oxidizes m°A to generate a
highly unstable product, N®-hydroxymethyladenosine (hm°®A).
Treatment of hm®A with dithiothreitol (DTT) generates a signifi-
cantly more stable product, N°-dithiolsitolmethyladenosine
(dm®A), which contains a thiol group available for further labeling
with biotin. Biotin-labeled RNA fragments are pulled down with
streptavidin beads and sequenced (Wang et al., 2020). Although
the method is sensitive, efficient, and antibody-independent, it
does not provide a single-nucleotide resolution.

m®A mapping can rely on metabolic labeling of RNA in living
cells (Figure 2E) or in vitro. m®A-label-seq is based on the fact
that m®A is formed by a reaction involving the transfer of a
methyl group from S-adenosyl methionine (SAM) to an adeno-
sine residue. Feeding cells with a methionine analog, Se-allyl-I-
selenohomocysteine, which replaces the methyl group on SAM
with an allyl group, results in the presence of N°-allyladeno-
sines (a®A) at m®A positions. a®A can be identified by iodin-
ation-induced misincorporation RT signatures (Shu et al.,
2020). Although m®A-label-seq provides increased resolution
compared to antibody-based mapping, Se-allyl-I-selenohomo-
cysteine induces a stress response. Considering the dynamic
nature of m®A, such stress may alter m®A levels and patterns
(Shu et al., 2020).

Mapping modifications by identifying the binding sites of
their writers

RNA modifications are installed by dedicated enzymes that
work in a complex or as standalone enzymes. The interaction
of writers with their target RNAs can be exploited to map the
modified sites. This approach was used to map inosine
according to the specific ADAR proteins that introduces
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them. The method, irCLASH (infrared crosslinking, ligation, and
sequencing of hybrids) identified site-specific editing of ADAR1
and ADAR2 (Song et al., 2020). A similar strategy used cross-
linking and immunoprecipitation sequencing (CLIP-seq) to vali-
date the Nm sites of different 2’-O-Methyltransferases in yeast
mRNA (Bartoli et al., 2018). Mapping an RNA modification by
identifying the targets of its writer enzyme (Figure 2F) can be
useful in cases where there are no specific antibodies or known
differential properties for the modification but its writer/s have
been identified.

Mapping modifications by direct RNA sequencing

The Oxford Nanopore Technologies platform offers a direct
method for RNA sequencing based on changes in the ionic cur-
rent signal for each individual base (Figure 2G). During direct
RNA sequencing, intact transcript molecules pass through a
motor protein into membrane-embedded protein nanopores,
which are coupled to highly sensitive sensor chips. Constant
voltage is applied across the membrane and ionic current
passes through the nanopores. When a nucleotide passes
through a nanopore, it produces a distinctive and typical shift
in the current. Base-calling relies on specific ion current
changes, and detection of specific current shifts are used to
determine and distinguish modified and unmodified nucleo-
tides (Wang et al., 2021).

The large number of RNA modifications poses a challenge for
their mapping, since base-calling relies on dedicated algorithms
and machine learning, which are limited by the lack of RNA-
modification standards (Alfonzo et al., 2021). In the last few
years, integration of computational learning approaches, such
as convolutional neural networks and recurrent neural networks
(He et al., 2016; Cozzuto et al., 2020), significantly improved
base-calling of direct RNA sequencing and detection of RNA
modifications. Importantly, direct RNA sequencing does not
require cDNA synthesis, RNA fragmentation, or amplification
steps, and its further development is expected to significantly
advance the epitranscriptomics field.

A recent study developed a computational method, xPore, for
identifying m®A sites in direct RNA sequencing data (Pratanwa-
nich et al., 2021). Although xPore does not identify the type of
modification at each position, the authors were able to restrict
the analysis to a single modification by considering one-direc-
tional signal shifts. Xpore identified thousands of m°®A sites at
base precision and determined their stoichiometry (Pratanwa-
nich et al., 2021).

Choosing a method

As mPA is the most abundant internal mMRNA modification, it is
also the most studied one. We outlined here the main m°A
mapping approaches, each with its advantages and draw-
backs, raising the question of which method to choose. The
answer depends on the biological system, the amount of input
RNA available, and the needed resolution of mapped sites. For
example, low-input methods will miss low-stoichiometry sites,
and high amounts of input may not be available in all systems.
Moreover, methods like m®A-seq are robust and identify thou-
sands of sites but are blind to stoichiometry and a transcript
variant’s identity, while m6A-LAIC-seq provides the methylation
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state of transcripts without identifying site position. Orthogonal
mapping may provide high-confidence site detection but in re-
turn may result in a low number of sites identified by the
different methods. This reflects once again need for a better
mapping tool.

Validations

Inconsistencies between different mapping strategies, espe-
cially of low-abundance modifications, and their non-stoichio-
metric nature, particularly in cases where a specific position is
modified in only a small fraction of the transcripts (low stoichiom-
etry), accentuated the need for validation methods, both for the
mapping method as well as for specific sites.

Validation of mapping method

Validation of the mapping method can be carried out by
comparing mapping results to control matching samples exhib-
iting depleted and increased levels of the modification. Depleted
samples set the baseline levels of the methods, while over-modi-
fied samples increase the confidence of site detection, espe-
cially in borderline-identified sites. There are two main ap-
proaches for obtaining such samples: depletion of RNA from a
specific modification by enzymatic, chemical, or physical treat-
ment can remove or convert an RNA modification. Such treat-
ments are carried out in vitro on purified RNA and produce a
matching sample with the same transcript composition but
devoid of the modification. The limitation of such treatments is
their effect on RNA integrity. m'A, for example, can be enzymat-
ically removed by treating the RNA sample with the bacterial
AlkB enzyme, which can oxidatively remove the methyl group
in an a-ketoglutarate and iron(ll)-dependent reaction (Cozen
et al., 2015). Alternatively, under alkaline conditions, m'A can
be converted into m®A by Dimroth rearrangement (Macon and
Wolfenden, 1968). Both treatments deplete m'A from the RNA
sample and were used to validate m'A positions (Dominissini
et al., 2016; Li et al., 2016; Li et al., 2017). However, removal of
m'Aby AIkB treatment is more efficient as the alkaline conditions
needed for Dimroth rearrangement led to excessive RNA degra-
dation (Li et al., 2017).

Modification depletion can also be carried out by genetic
manipulation through KO or knockdown (KD) of the relevant
writers. Loss of sites in RNA from KO/KD cell models, when
compared to control samples, confirms the validity of the sites
identified. For example, KO of Mettl3, the main writer of m°®A,
in mouse embryonic stem cells (MESCs) was used to validate
m°®A site identification in mESCs (Geula et al., 2015). It should
be taken into consideration that modification depletion through
genetic manipulation may alter gene expression profiles.
Validation of specific sites
Detecting a specific modification in a site-specific manner can
be performed by protection assays. In principle, these assays
are not limited to a specific modification or transcript. The
method protects a short sequence of interest from digestion
by mung bean nuclease through annealing of a complementary
oligonucleotide. The protected RNA fragments are purified and
subjected to LC-MS/MS analysis to confirm the presence of
the modification. The method was successfully used to establish
a comprehensive modification profile of Saccharomyces cerevi-
siae’s 18S and 25S rRNA (Yang et al., 2016).
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Other available methods for site validation were developed
specifically for m®A:

The SCARLET (site-specific cleavage and radioactive-labeling
followed by ligation-assisted extraction and thin-layer chroma-
tography) method determines the exact position of an m°®A site
and its methylation stoichiometry (Liu et al., 2013). This method
may also validate RNA modifications other than mBA, such as
m°C, ¥, and Nm.

Harnessing CRISPR-based technologies offers another tool
for site-specific validation. The method makes use of CRISPR-
Cas9 fused to an eraser of a particular modification that is guided
to a specific site by guide RNA to remove of the modification in
that position. The method was successfully used by fusing
CRISPR-Cas9 with the m®A erasers ALKBHS5 and FTO for site-
specific m®A demethylation (Liu et al., 2019).

Additional factors that should be taken into account when
mapping RNA modifications include sequencing depth, dedi-
cated bioinformatics tools, and the source of RNA sample (the
choice of cell line/tissue and growth conditions that may
enhance or reduce the number of sites identified). These factors
differ according to the individual modification studied.

FUNCTIONAL CHARACTERIZATION

Understanding the roles of RNA modifications calls for their
functional characterization in addition to their detection and
mapping. Such characterization reveals the mechanisms by
which a specific RNA modification acts in regulation of gene
expression. While functional characterization of most mRNA
modifications is still in an early phase, the information
regarding mPA roles is rapidly expanding. Identification of
reader proteins was proved to be an important tool for
deducing the regulatory roles of a modification and the cellular
mechanisms involved. The initial discovery of dedicated m®A-
binding proteins, m®A readers, (Dominissini et al., 2012) paved
the way to uncovering the various m®A functions and associ-
ated mechanisms exposing its regulatory roles. m°A plays a
role in a large number of processes both in the nucleus as
well as in the cytoplasm.

In the nucleus, m°A is involved in a number of cellular pro-
cesses that regulate gene expression. These include chromo-
some X transcriptional silencing (Patil et al., 2016), activation
of gene expression through methylation of chromatin-associ-
ated regulatory RNAs (Liu et al., 2020) and enhancer RNAs
(Lee et al., 2021), R-loops resolution (Yang et al., 2019;
Kang et al., 2021), alternative splicing and alternative polyade-
nylation (Xiao et al., 2016; Liu et al., 2015; Liu et al., 2017; Ka-
sowitz et al., 2018), and nuclear export (Roundtree et al.,
2017). However, regulation of gene expression by m°A is not
limited to nuclear processes. mPA also plays a role in regula-
tion of translation (Wang et al., 2015; Shi et al., 2017), locali-
zation of transcripts to stress granules (Anders et al., 2018),
and RNA degradation (Wang et al., 2014; Du et al., 2016).
The different roles are dictated by the reader protein that
binds m®A-methylated RNA to execute the specific regulatory
role. Thus, identification of reader proteins is central for
deducing the regulatory roles of a specific modification and
the cellular mechanisms involved.
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Strategies for identification of reader proteins

Several strategies can be adopted to identify reader proteins.
Combining advanced MS profiling, NGS, and molecular biology
approaches generated a set of tools for identification and char-
acterization of reader proteins.

Identification of reader proteins, specific for known modified
sequences, can be carried out by RNA affinity chromatography
(RAC) assays coupled to MS. In this in vitro approach, immobi-
lized pairs of RNA oligonucleotides, one of which is modified,
are incubated with cell lysates. Bound proteins are pulled
down and identified by LC-MS/MS. RAC experiments were
used to identify the first m®A readers: YTHDF2 and YTHDF3
(Dominissini et al., 2012), which were later shown to regulate
RNA turnover (Wang et al.,, 2014) and translation (Wang
et al., 2015).

Identifying the interactome of a given modification by global
MS-based interaction screens for reader proteins allows the
identification of both readers and RNA-binding proteins that
have a preference for unmodified sequences (anti-readers).
One method that combined photo-cross-linking and proteomics
for profiling the interactome of an RNA modification took advan-
tage of the high-efficiency diazirine-based RNA photo-cross-
linking (Arguello et al., 2017). A second global approach used
stable isotope labeling with amino acids in cell culture (SILAC)-
based m®A-RNA pull-downs (Edupuganti et al., 2017). Both
methods used MS analyses to characterize the m®A interac-
tome, reaching similar results. These independent studies
identified novel mPA anti-reader proteins G3BP1/2, USP10,
CAPRIN1, and RBM42 as well as known mCA readers (Arguello
et al., 2017; Edupuganti et al., 2017).

Study the global effects of a given modification

The roles of mMRNA modifications in regulation of gene expres-
sion were studied extensively in the past decade. These roles
may be correlated with altered modification profiles in
response to changing cellular conditions. To infer regulatory
functions to a specific RNA modification, conditions of high
and low levels of the modification (termed here as differential
conditions) should be established. These may result from spe-
cific growth or stress conditions or from genetic manipulation
of the modification’s writers and erasers by KD, KO, or over-
expression.

Once differential conditions are identified, profiling different
parameters of RNA metabolism may highlight the affected
mechanisms. These parameters may include global gene
expression levels, RNA processing patterns, nuclear export,
retention and transcript localization in the cytoplasm, RNA sta-
bility and degradation rates, ribosomal profiling, and translation
efficiency of modified transcripts and differential protein
expression levels, especially of modified transcripts. Correla-
tion of modification maps with the above listed profiles may
expose the molecular mechanisms associated with the modifi-
cation.

For example, depletion of Mettl3, the catalytic unit of the m®A
writer complex, in mESCs resulted in altered splicing patterns
and increased transcript stability of pluripotency genes, leading
to differentiation arrest and embryonic lethality (Geula et al.,
2015). While using genetically modified KO cell models often
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produces a sharper outlining of the affected mechanisms, some
modifications are essential and their depletion (by KO/KD of their
writers) leads to cell death. KO of Mettl3, for instance, induces
apoptosis in all differentiated cells excluding naive mESCs
(Geula et al., 2015).

However, as mentioned above, unlike m®A that is installed by a
complex that is dedicated to mRNA and IncRNA, writing machin-
eries of other MRNA modifications are more redundant in terms
of substrate preference, acting on abundant noncoding RNAs
(tRNA/rBRNA/snRNA) as well as mRNA, making it complicated
to restrict the KD/KO effect to the regulatory role of the modifica-
tion in MRNA alone (Schaefer, 2021).

Study the effects on innate immunity

RNA modifications play important roles in the regulation of the
antiviral innate immune response by controlling the recognition
of viral RNAs and modulating the expression of both viral and
antiviral genes. Effective triggering of this response relies on
recognition of viral pathogens through activation of dedicated
proteins such as RIG-I and MDAS. Pathogen-associated molec-
ular patterns such as cytosolic double-stranded RNAs are
recognized by RIG-I and MDA5 as non-self RNAs, leading to
their activation, initiating a signaling cascade that results in the
expression of antiviral genes including cytokines such as type |
and Ill interferons (IFNs) (Thompson et al., 2021).

To study the effect of a given modification of the innate
immune response, it is important to manipulate the modifica-
tion’s levels and monitor its effect on the cell’s response to viral
infection by determining viral RNA levels, as well as viral and
host gene expression profiles. For example, internal m®A mod-
ifications on viral RNA inhibit its recognition and binding by
RIG-I. Upon viral infection, METTLS3 translocates from the nu-
cleus to the cytoplasm and installs m®A on cytosolic viral
RNAs. m°A was shown to induce restructuring of the viral
RNA and impair its recognition by RIG-l and MDAS5 (Qiu
et al., 2021). However, the role of m®A in innate immunity is
not confined to marking viral RNA and preventing RIG-I activa-
tion. During viral infection, transcripts of signaling proteins such
as MAVS, TRAF3, and TRAF6, which are important for IFN in-
duction, are demethylated by ALKBHS5, leading to their reten-
tion in the nucleus and resulting in their reduced expression
(Zheng et al., 2017).

The effect of RNA modifications on innate immunity is beyond
their physiological context. A study in 2005 showed that RNA
modifications such as ¥ and m°C inhibit the innate immune
response (Kariko et al., 2005). Follow-up studies showed that
synthetic transcripts containing N'-methylpseudouridine (m'w)
increase protein synthesis and reduce the induction of the innate
immune response through decreasing TLR3 activation (Andries
et al., 2015). These studies led the way for the development of
mRNA vaccines, a novel therapeutic approach, which was
approved for use against the severe acute respiratory syndrome
coronavirus 2 during the coronavirus disease 2019 pandemic
(Nance and Meier, 2021).

The regulation of innate immunity by RNA modifications has
been the focus of numerous studies and reviews (such as
Thompson et al., 2021; Villanueva et al., 2020) and is beyond
the scope of this technical primer.
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Deducing affected mechanisms by reader manipulation
Reader proteins play essential roles in deciphering and
executing the regulatory functions encoded by RNA modification
through their exclusive interaction with modified target RNAs.
Genetic manipulation of reader proteins was used to expose
the regulatory gene expression mechanism governed by the
modification. Rescue of the deletion phenotype with an active
but not with an inactive reader further supports the identified
functions.

Several regulatory roles of m°A were identified by genetic
manipulation of its reader proteins. For example, YTHDF2 KD
led to prolonged half-life values of its m®A-methylated mRNA
target transcripts, and overexpression of YTHDF2 resulted in
reduced m®A mRNA levels, uncovering the role of m°A in RNA
degradation (Wang et al., 2014). The role of YTHDF2 in RNA
degradation was further characterized showing that it is respon-
sible for direct recruitment of the CCR4-NOT deadenylase com-
plex to m®A-decorated transcripts leading to their degradation
(Du et al., 2016).

RNA restructuring

Unlike DNA, RNA is a single-strand molecule that folds into intri-
cate structures, enabling its biological functions. RNA folding
may expose or hide sequence motifs that mediate binding of
dedicated RNA-binding proteins. RNA modifications can modu-
late RNA-protein interactions directly, through dedicated struc-
tures in the protein that recognize and bind modified sequences,
or indirectly, by inducing different RNA folding in their vicinity,
leading to restructuring and exposing sequence motifs, other-
wise unavailable for protein binding. For example, YTH
domain-containing proteins directly bind m®A-modified se-
quences through a conserved aromatic cage structure (Luo
and Tong, 2014). In contrast, the m®A-dependent RNA binding
mode of several heterogeneous nuclear ribonucleoproteins
(hnRNPs) relies on m®A-induced RNA structure alterations that
expose their binding motifs, which are not necessarily methyl-
ated. This indirect binding mechanism, coined m®A-switch,
modulates the binding capacity of the m®A readers HNRNPC
(Liu et al., 2015) and HNRNPG (Liu et al., 2017).

In the past decade, many high-throughput methods for de-
tecting the RNA structurome (structure of the cell transcrip-
tome) were developed. These methods use different chemical
reagents for determining the single- and double-strand se-
quences of the RNA in vitro and in vivo for structure analyses
(Lu and Chang, 2016; Mitchell et al., 2019). Two chemical
probes are widely used for in vivo transcriptome-wide mapping
of the RNA structurome: dimethyl sulfate (DMS), which acts
mostly on the Hoogsteen face of bases and is used in methods
such as DMS-MaPseq (Zubradt et al., 2017), and SHAPE,
which labels the 2’-OH of the ribose instead of the bases (Mus-
toe et al., 2018; Weeks, 2021). While both methods are effi-
cient, there is still much room for improvement, especially since
high concentrations of DMS are toxic and SHAPE molecules
are hydrolytically unstable. A recent approach for transcrip-
tome-wide RNA structure mapping, Keth-seq, uses a new la-
beling reagent, N3-kethoxal, that reversibly labels single-strand
RNA in vivo under mild conditions. N3-kethoxal labeling in-
duces RT arrest signatures. Removing the labeling erases the
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RT signature to produce a control sample for validation (Weng
et al., 2020).

Conducting global RNA structure analysis under differential
conditions of a specific RNA modification and integrating the
data with modification profiles may uncover its effects on RNA
restructuring.

CONCLUDING REMARKS

The rapid expansion of the field of epitranscriptomics generated
a large collection of tools for the detection, mapping, and func-
tional characterization of both high- and low-abundance RNA
modifications. Yet, despite the large arsenal of tools and strate-
gies presented here, the field still needs comprehensive technol-
ogies to expand our knowledge of epitranscriptomic regulation
of gene expression. The current major challenge in the field is
the development of accurate, direct, modification-sensitive
high-throughput RNA sequencing technology (Alfonzo et al.,
2021). Perfecting the mapping tools, in terms of single-base-,
single transcript-, and single cell-resolution; stoichiometry; input
amounts; and reduced false site detection, is essential for
bridging knowledge gaps in the field. The multitude of modifica-
tions in RNA molecules present another challenge: parallel map-
ping of different modifications in single transcripts, aiming to
decipher combinatorial “code” analogous to the putative his-
tone code. Moreover, the knowledge regarding the writers,
readers, and erasers of several low-abundance mRNA modifica-
tions is still lacking, hindering their study and understanding.
Meeting these challenges is expected to advance our knowledge
of the multiple regulatory roles played by RNA modifications.
Finally, the rapid development of epitranscriptomics modulating
therapies make the advance of a better toolbox a major chal-
lenge in the coming years.
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