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Abstract: N°-methyladenosine (m°A) is the most abundant
internal modification in mammalian messenger RNA
(mRNA), constituting 0.1%-0.4% of total adenosine resi-
dues in the transcriptome. m°A regulates mRNA stability and
translation, pre-mRNA splicing, miRNA biogenesis, IncRNA
binding, and many other physiological and pathological
processes. While the majority of m®As occur in a consensus
motif of DRm*ACH (D=A/G/U, R=A/G, H=U/A/C), the
presence of such a motif does not guarantee methylation.
Different RNA copies transcribed from the same gene may

1. Introduction
1.1 Brief Introduction to RNA Modifications

Nucleic acids — DNA and RNA — are fundamental to life.
They are essentially biopolymers assembled from four types of
nucleotides: deoxyadenosine (dA), deoxycytidine (dC), deoxy-
guanosine (dG), deoxythymidine (dT) for DNA, and adenosine
(A), cytidine (C), guanosine (G), uridine (U) for RNA. Apart
from the genetic information they encode, nucleotides contain
certain moieties that could be reacted with, either chemically
or biochemically, to yield modified nucleotides. The first
naturally occurring modified nucleotide discovered, 5-methyl-
2’-deoxycytidine (5mdC), was detected in the DNA from calf
thymus extract via paper chromatography in 1948."1 The first
naturally occurring ribonucleotide modification, pseudouridine
(¥), was discovered two years later.” Since then, more than
170 types of RNA modifications have been identified.”™
Technological advances, especially those in next-generation
sequencing (NGS) and liquid chromatography-mass spectrom-
etry (LC-MS), have promoted a resurgence of the field in
recent years, enabling transcriptome-wide profiling of RNA
modifications including N(’-methyladenosine (m°A), N%,2’-O-
dimethyladenosine (m°Am), 5-methylcytosine (m’C), 5-
hydroxymethylcytosine (hm’C), inosine (I), pseudouridine
(¥), N'-methyladenosine (m'A), 2’-O-methylation (Nm), N*-
acetylcytidine (ac*C), N'-methylguanosine (m’G), and dihy-
drouridine (D).

RNA modifications have been found in almost all RNA
species. Transfer RNAs (tRNAs) are especially rich in
modifications, hosting at least 111 types of modifications.™
Eukaryotic tRNA molecules each contain 13 modified bases
on average.””? 33 types of modifications have been located in
ribosomal RNAs (rRNAs).®?! Specifically, human rRNA
contains 228 modifications of 14 different types.'” In
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be methylated to varying levels. Within a single transcript,
m°As are not evenly distributed, showing an enrichment in
long internal and terminal exons. These characteristics of
m°A deposition call for sequencing methods that not only
pinpoint m°A sites at base resolution, but also quantitate the
abundance of methylation across different RNA copies. In
this review, we summarize existing m°A profiling methods,
with an emphasis on next generation sequencing-
(NGS—)based, site-specific, and quantitative methods, as
well as several emerging single-cell methods.

eukaryotes, mature messenger RNAs (mRNAs) carry a 5° cap,
which is an m’G modification appended to the 5’ end of the
first transcribed nucleotide via a triphosphate linker. Some cap
structures contain further Nm modifications at the first one or
two nucleotides, where the 2’-OH of the ribose is methylated
to a 2’-O-methyl group (2°’-OMe)!'"'"> I These modifications
are essential for mRNA stability, splicing, polyadenylation,
nuclear export, and cap-dependent translation."” Apart from
Nm, internal mRNA modifications include m°A, m'A, m°C,
hm’C, ¥ and at least 11 others™® (Figure 1A). RNA
modifications also occur in long non-coding RNAs
(IncRNAs), microRNAs (miRNAs), piwi-interacting RNAs
(piRNAs), small nuclear RNAs (snRNAs), small nucleolar
RNAs (snoRNAs), and their corresponding precursors.!'”!

1.2 m°A: Distribution, Biochemistry, and Biological Functions

While ¥ is the most abundant RNA modification in general,
m°A is the most abundant internal mRNA modification in
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higher eukaryotes.”™® First discovered in 1974, m°A has
been extensively investigated in the past decades.”” From a
chemistry point of view, m°A is a simple N-monomethylation
of the 6-amine of adenosine. Its counterpart in DNA, N°-
methyldeoxyadenosine (6mdA), is the predominant form of
DNA methylation in prokaryotes."” Some viral RNAs were
also found to contain m°A, including human immunodefi-
ciency virus-1 (HIV-1) genomic RNA." m°A is prevalent in
the mammalian transcriptome: approximately 0.1-0.4% of
total adenosines (m°A/A) are N°-methylated.!'”’ This also
translates to 0.15-0.6 % N°-methylation of total adenosines in
poly(A)™ RNA, corresponding to 3—5 m°A per transcript, 10—
13 potential methylation sites per gene, or at least one m°A in
25-60% of transcripts."®2"" m°A abundance varies among
tissues and species, ranging from 0.11% to 0.23% m°A/A in
total RNA from human tissues, with urinary bladder being the
lowest and skin being the highest. In mouse tissues the range
was 0.10%-0.34%.”1 Non-coding RNAs also carry m°A.
Some IncRNAs are heavily methylated: X-inactive specific
transcript (XIST), which is responsible for X-chromosome
inactivation during mammalian development, contains at least
78 m°A sites.”®) Metastasis associated lung adenocarcinoma
transcript 1 (MALATI), which is related to tumor metastasis
and malignancy, contains at least 31 m°A sites.”" m°A is also
found in primary microRNAs (pri-miRNAs),*” U6 snRNA,%
snoRNAs, tRNAs, and rRNAs.””’ Human rRNA hosts 2 m°A
sites, one each in 18S rRNA and 28S rRNA.!'*%! Recent
studies have revealed that retrotransposons, for example, long
interspersed elements (LINE) 1, are also enriched in m°A.**3!

Extensive studies have been conducted to elucidate the
biochemistry of m°A-related proteins, also known as “writers”
(methyltransferases), “erasers” (demethylases), and “readers”
(m°A-binding proteins; Figure 1B). The m°A methylation
complex was first isolated from HeLa cells as 200 kDa and
875 kDa subcomplexes.’” The core methyltransferase of the
complex, methyltransferase-like 3 (METTL3) was first puri-
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fied and characterized in 1994.*** Wilms’ tumor 1-associat-
ing protein (WTAP) was then discovered to be an important
regulatory component of the complex.*>*® METTL14, initially
discovered via phylogenic analysis in comparison to METTL3
and thought to be an additional methyltransferase, was later
proven to be an essential component forming heterodimeric
complex with METTL3 yet catalytically deficient.”” ™ Vir-
like m°A methyltransferase associated protein (VIRMA, also
known as KIAA1429),"*" RNA-binding motif protein 15/15B
(RBM15/15B),! Cbl proto-oncogene like 1 (CBLLI, also
known as Hakai), and zinc finger CCCH-type containing 13
(ZC3H13)"' were further identified as key components of
the ~1 MDa full complex. For non-coding RNAs, METTL16
was identified as the methyltransferase for U6 snRNAM! and
MAT2A pre-mRNA,*! METTLS for 18S rRNA,“® and Zinc
finger CCHC-type containing 4 (ZCCHC4) for 28S rRNA™M"
(Figure 1C).

In 2011, the Chuan He group reported in vitro and in vivo
demethylation of mSA by fat mass and obesity-associated
protein (FTO; Figure 1B),* a Fe (II)- and 2-oxoglutarate-
dependent dioxygenases originally found to demethylate
m*dT/m’U,*! underscoring the potential dynamic regulation
of m°A. This inspired the concept of “RNA epigenetics”™” or
“epitranscriptomics™®'*? that envisions dynamic and reversi-
ble regulation of RNA modifications in parallel to epigenetic
regulation of DNA/histone modifications. m°Am was later
reported to be another substrate of FTO,**** and alkB
homolog 5 (ALKBHS) was identified as an additional m°A
demethylase (Figure 1B).””! YT521-B homology (YTH) fam-
ily proteins were among the first discovered and best studied
m°A-binding proteins in mammals. These include YTH N°-
methyladenosine RNA binding protein (YTHDF) 1-3 and
YTH domain containing proteins (YTHDC) 1,2.%%°%°") The
YTH domain consists of 100-150 amino acid residues, with
4-5 alpha helices surrounding a curved six-stranded beta
sheet.”™ YTHDF paralogs are highly conserved cytosolic
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Figure 1. Common modifications in mammalian mRNA. A. common post-translational modifications mammalian mRNA. m’G, N’-
methylguanosine; m°A, N°®-methyladenosine; m°C, 5-methylcytosine; W, pseudouridine; ac*C, N*-acetylcytidine; D, dihydrouridine; Nm, 2'-O-
methylation; m®Am, N®2'-O-dimethyladenosine; m'A, N'-methyladenosine; |, inosine; hm®C, 5-hydroxymethylcytosine. B. Schematic
representation of the dynamic interplay between m°A writers, erasers, and readers. m°A can be installed by the m°A methylation complex
(“writers”), removed by demethylases (“erasers”), and recognized by m°A-binding proteins (“readers”). C. Other “writer” proteins responsible
for m®A installation in U6 snRNA, MAT2A pre-mRNA, 18S and 28S rRNA.

proteins, sharing about 85% sequence identity.””! In addition
to the conserved C-terminal YTH domain, they also contain an
N-terminal intrinsically disordered region (IDR) which pro-
motes phase-separation and stress granule formation.[“*! On
the contrary, YTHDC 1&2 bear less sequence homology to
other YTH family proteins, and YTHDCI is the only nuclear
localized protein of the five.P**"*! Other identified m°A-
binding proteins outside of the YTH family include insulin-
like growth factor 2 mRNA-binding proteins (IGF2BP) 1-3,°¢
heterogeneous nuclear ribonucleoproteins (HNRNPs)," %
eukaryotic initiation factor (eIF) 3,7 fragile X mental
retardation protein (FMRP),"™ and proline rich coiled-coil
2 A (PRRC2A)™! (Figure 1B).
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Since its discovery, m°A has been associated with various
biological functions, including mRNA stability,!*6366:70:71.74-77]
nuclear  export,”*™  translation, >+ pre. mRNA
splicing,**) miRNA biogenesis,”>*") IncRNA binding,**
etc. The most well-established function of m°A is its negative
impact on mRNA stability and promotion of mRNA turnover.
Almost half a century ago, m°A in the cytoplasm was already
found to lose the radioactive label faster than the cap (m’G),
suggesting an m°A-preferential degradation.® Subsequent
comparison of mRNA half-life in METTL3 knockdown (KD)
cell lines versus control reaffirmed this observation.**
Recently, multiple studies categorized all mRNA transcripts
by their methylation loads through quantitative m°A sequenc-
ing, which again showed strong negative correlation with their
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half-lives.®*®!  Mechanistically, YTHDF2 was found to
promote degradation of cytosolic mRNA by recruiting a
deadenylation  complex, CCR4-NOT, to methylated
transcripts.’” YTHDF1 was found to promote translation
through interaction with translation initiation factors,”®! while
YTHDF3 was reported to promote both translation and
degradation possibly by interacting with YTHDF1 and
YTHDF2."! Recent studies suggested that YTHDFI also
promotes degradation through interaction with argonaute RISC
catalytic component (AGO) 2 and phase separation,”’” which
underscores a plausible synergistic effect among the three
YTHDF paralogs in accelerating mRNA turnover.”® Intrigu-
ingly, in acute myeloid leukemia (AML)“**" and later in
various other cancer cells,™ studies showed that IGF2BPs,
which are also m°A-binding proteins, stabilized mRNAs they
interact with."*®*! These findings indicate that although in
general m°A stoichiometry is negatively correlated with
mRNA stability, the downstream mechanism can be diverse
and complex.

1.3 Physiological and Pathological Impact of m°A

m°A is intimately involved in physiological and pathological
processes by regulating mRNA stability and processing. It
forms an additional layer of regulation downstream to tran-
scription that is programmed by transcription factors/chroma-
tin states — the gene products associated with an mRNA
molecule can either be down-regulated through YTHDF2-
mediated degradation or up-regulated through YTHDFI1,3-
mediated translation initiation and IGF2BPs-mediated stabili-
zation. For example, maternal mRNA clearance is required for
the activation of zygotic genes to facilitate maternal-to-zygotic
transition.®™ Such process was found to be m°A-dependent, as
knockout (KO) of Ythdf2 in mice®” and zebrafish®! both
resulted in developmental arrest. Mert/3 KO, in contrast, is
embryonically lethal in mice by embryonic day 5.5 (ES.5),
while MettI3 KO mouse embryonic stem cells (mESCs) are
viable yet do not differentiate.”>*"! Similar mechanisms also
exist in endothelial-to-hematopoietic transition during hema-
topoietic stem cell (HSC) development in zebrafish.” m°A
was found to be important in the development of neuronal®
and reproductive cells.””* A recent study has demonstrated
that transcripts of X-chromosomal genes are m°A depleted
compared to those of autosomal genes during early devel-
opmental stages, resulting in their longer half-lives and
compensation for gene expression that is otherwise lost due to
X-chromosome inactivation.”””

m°A has also been found to regulate immunity. The
immune cells continue to proliferate and differentiate in adult
organisms for maturation and activation of immune responses.
Such processes involve large-scale transcriptomic and epige-
nomic remodeling, including co-regulation of the epitranscrip-
tome, especially m°A. m°A-dependent regulation has been
implied in both innate immunity and adaptive immunity. For
example, macrophages can be polarized to either pro-inflam-
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matory M1 or anti-inflammatory M2 subtypes via signaling
from type I and type II cytokines, respectively. Mettl3 KD in
mouse bone marrow derived macrophages (BMDMs) signifi-
cantly inhibited M1 polarization while enhancing M2 polar-
ization. Mechanistically, methylation of signal transducer and
activator of transcription 1 (S7TAT) mRNA was found to
promote its translation, which favors M1 polarization.”” For
adaptive immunity, Mer#l3 conditional knockout (cKO) hin-
dered the development of naive T cells, by stabilizing mRNAs
of suppressors of cytokine signaling (SOCS) family genes.
Elevated SOCS protein levels inhibited interleukin (IL)-7/
STATS signaling, which is important for T cell
proliferation."” With a similar mechanism, CD4" regulatory
T cell-(Treg-)specific Mettl3 KO phenocopied systemic
autoimmunity.'”"? Some RNA viruses and retroviruses, for
example, SARS-COV-2"""" and HIV-1,"! harbor m°A in their
genomic RNA. A now Nobel-Prize winning study!*" revealed
that such m°®A sites (along with other RNA modifications like
pseudouridine) dampen Toll-like receptor (TLR)-mediated
innate immune response against exogenous RNA, thereby
facilitating viral infection.

Dysregulation of m°A-related genes has pathological
consequences. m°A writers, readers, and erasers are recognized
as tumor drivers or suppressors in a variety of cancers. In
AML, METTL3, METTL14, METTL16, FTO, ALKBHS,
YTHDF2, and IGF2BP2 are all overexpressed.!'” These up-
regulation events concert in the overexpression of protoonco-
gene MYC via two m°A-dependent regulatory pathways: 1.
FTO depletes m°A in the first two exons of MYC mRNA,
where YTHDF2 binds to promote degradation; 2. METTL3/14
preferentially increases m°A in the last exon, where IGF2BP2
binds to stabilize.'” "1 This example highlights the multi-
faceted regulatory role of m°A in gene expression. Alongside
its functional implications in immunity, m°®A participates in the
regulation of anti-tumor immunity and tumor microenviron-
ments (TMEs). Transforming growth factor (TGF)-B, a TME-
enriched cytokine, down-regulates METTL3 in natural killer
(NK) cells. Such METTL3 deficiency decreases m°A levels on
Src homology region 2 domain-containing phosphatase-2
(SHP-2) transcripts, causing a reduction in their translation.
This subsequently results in hyporeactivity of NK cells to IL-
15 stimulation, inhibiting the anti-tumor activity of NK
cells.!" From a therapeutic perspective, researchers have
developed METTL3 inhibitor STM2457 which stalls AML
expansion both in vitro and in vivo."®! A structurally different
METTL3 inhibitor STM3006 was found to promote anti-tumor
immunity, therefore active against both hematological and
solid tumors. STM3006 was further optimized into STC-15
which is currently under Phase-I clinical trial for advanced
solid tumors.!"'”

mPA-dependent regulation has been implicated in neuronal
development and neurodegenerative diseases. m°A levels in
mouse brain increase drastically in adulthood compared to the
embryo and neonate.""! Mettl14 cKO in embryonic mouse
brains prolongs the cell cycle of radial glia cells and extends
cortical neurogenesis into postnatal stages,!''” while cKO in
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adult dorsal root ganglion (DRG) reduces functional axon
regeneration in the peripheral nervous system.!'"! As for
neurodegenerative diseases, m®A regulation has been strongly
associated with Alzheimer’s disease (AD).''* In the brain
tissue of AD patients, decreased expression levels of
METTL3, METTL14, WTAP, FTO, and YTHDF1 result in
m°A reduction in large pyramidal neurons. On the contrary,
microglia, the brain resident innate immune cells, experience
m°A level increase that contributes to neuroinflammation.!'”!
In an APP/PS1 mouse AD model, decreased Mettl3 expression
is associated with an elevated level of phosphorylated tau
protein (p-tau), which is hypothesized to be one of the causes
of AD pathology. Conversely, overexpression of Mettl3 in the
APP/PS1 mouse model promotes the autophagy of p-tau and
alleviates hippocampal damage. Growing evidence also sup-
ports a regulatory role of m°A in Parkinson’s disease (PD).l"'®
The 6-hydroxydopamine-(6-OHDA-)induced rat PD model
shows significant m°A reduction in the striatum, with an up-
regulation of Alkbh5."'"” The 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine-(MPTP-)induced mouse PD model experiences
similar m°A reduction with an up-regulation of Fto.['"" In both
cases, Fto KD alleviates dopaminergic neuron death, a hall-
mark of PD. Additionally, translocated in liposarcoma/beta-
catenin interacts with fusion (TLS/FUS), an RNA-binding
protein (RBP) hypothesized to be a cause of amyotrophic
lateral sclerosis (ALS), was found to bind strongly to m°A and
may therefore serve as a reader in the human HAP1 cell
line.!"™!

2. Biophysical Profiling of RNA Modifications

As mentioned in Section 1.1, pioneering studies of RNA
modifications dated back to several decades ago. At that time,
RNA modifications were profiled mostly based on their
biophysical properties. Common techniques include radio-
active isotope labeling, ion-exchange chromatography, affinity
chromatography, two-dimensional thin layer chromatography
(2D-TLC), and dot blot, in combination with nuclease
digestion or selective chemical cleavage.*!

Thin layer chromatography (TLC): TLC is a broadly
used method for analytical and preparative separation of
small-molecule mixtures. As an improvement over paper
chromatography (which identified the first modified base
5mdC!™), TLC utilizes a variety of stationary phases including
silica gels, aluminum oxide, and cellulose to achieve differ-
ential retention of small molecules. The inherent differences in
the analytes’ chemical structures will affect both their
solvation in the mobile phase and adsorption/desorption to the
stationary phase, resulting in observable differences in the
distance it travels normalized to the solvent front, known as
the retention factor (Rf). For nucleotides, cellulose stationary
phase is most commonly used. Separation could be further
improved by expanding in two orthogonal directions, termed
2D-TLC. For example, m°A and A can be distinguished in 2D-
TLC wusing a solvent system consisting of isobutyric
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acid:0.5M NH,OH (5:3, v/v) in the first dimension and
isopropanol:HCl:water (70:15:15, v/v/v) in the second
dimension, with m°A showing a higher Rf in both
dimensions."**'?!1 Although nucleotides could be visualized by
UV absorption, the commonly used low-cost TLC visual-
ization method, radioactive isotopic labeling using [**P], ['*C],
or [’H] is often preferred due to its femtomol level
sensitivity.'?"'* This method was once standard for tRNA
modification analysis. When applied to rRNA, analysis
becomes more difficult due to less frequent modifications.

High performance liquid chromatography (HPLC):
Similar to TLC, liquid chromatography (LC) achieves separa-
tion of the analytes through differential partitioning between
the mobile and stationary phase, resulting in different retention
times (tz). HPLC applies high pressure to the LC system (also
implying smaller particles for the stationary phase), which
significantly improves the resolution compared to gravity-
driven LCs. At least three types of stationary phase materials
are suitable for analyzing modified RNA nucleotides: reversed
phase (RP), hydrophilic interaction (HILIC), and ion exchange
(IEX). The separation relies on the differences in liquid-liquid
partitioning, hydrophilic, hydrophobic, and electrostatic inter-
actions between the analytes and the mobile/stationary phases.
For example, the additional methyl group in m°A increases its
hydrophobicity, which translates to a longer t; in RP-HPLC
compared to A. Qualitative and quantitative analysis can be
achieved using m°A and A standards.

Some sequence information can be retained in these assays
using sequence-specific nucleases. With a combination of
nuclease P1, which promiscuously hydrolyzes all phospho-
diester bonds; RNase A, which cleaves after pyrimidines; and
RNase T1, which cleaves after guanosines, it is possible to
further deduce the sequence context of the modification.
RNase H, which cleaves the RNA strand of DNA: RNA
hybrid, could be used with DNA probes to detect the
modification in a sequence-specific manner. However, for
RNA species longer than tRNA, it would be time consuming
to sequence the modification sites solely by digestion and
chromatography.

Mass spectrometry: Although purified m°A and A can be
well separated by TLC and HPLC, separation and quantifica-
tion are difficult in a more complex biological context where
analytes with a similar Rf/t; would interfere. Technological
advances in mass spectrometry (MS) have provided better
tools. In mass spectrometry, molecules are ionized into gas-
phase ions and analyzed by their corresponding mass-to-
charge ratio (m/z). Except for pseudouridine versus uridine, all
other RNA modifications form a mass shift compared to their
unmodified counterparts. For example, m°A would have a
+ 14 shift in m/z compared to A due to the additional methyl
group.

Many ionization methods have been developed for mass
spectrometry.l'"”! The two most used for nucleic acids/nucleo-
sides are: electron spray ionization (ESI)'*Y and matrix
assisted laser desorption/ionization (MALDI).'"* ESI can be
readily used in tandem with HPLC to analyze both intact
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oligonucleotides and nucleosides derived from digested
nucleic acids, achieving high accuracy in identification and
quantitation based on t;, fragment m/z, and ion counts.
MALDI can be used to ionize intact oligonucleotides without
fragmentation, and modifications can be recognized from
Am/z of the whole molecule.

3. Site-Specific, Low-Throughput m°A Profiling

A shared limitation of all previously described biophysical
assays is their inability to precisely locate the modification
within a transcript. Although RNase digestion could provide
some information, the lack of sequence complexity in RNases
A/T1 digestion and the labor-intensive procedure limit parallel
analysis of multiple transcripts. Nevertheless, RNase H holds
the promise for site-specific detection of modifications, in that
the opposing DNA strand could be programmed to direct the
cleavage site. Based on this principle, Liu et al. developed the
SCARLET method.

Site-specific cleavage and radioactive-labeling followed
by ligation-assisted extraction and thin-layer chromatog-
raphy (SCARLET):!"* The cut site of RNase H in the target
RNA can be programmed using a complementary 2’-OMe/2’-
H chimeric oligonucleotide.'**'"*” Specifically, cleavage will
occur at the phosphodiester bond between the two ribonucleo-
tides in the target RNA defined by the last 2’-OMe
ribonucleotide and the first deoxyribonucleotide (2°-H) in the
chimera. If the last 2’-OMe ribonucleotide in the probe is
positioned at the very opposite to the modified ribonucleotide
in the target, this cleavage will expose the modified
ribonucleotide as the 5’ end of the 3’ half of the cleaved RNA.
The resulting RNA fragments are subsequently dephosphory-
lated with calf intestine phosphatase (CIP), and rephosphory-
lated with T4 polynucleotide kinase (PNK) and y-[**P] ATP.
Radioactively labeled fragments are isolated using polyacryla-
mide gel electrophoresis (PAGE), with ligation to increase the
length to facilitate purification. Eventually the RNA fragments
are digested to nucleotides by RNases A/T1 and nuclease P1
followed by 2D-TLC for modification identification.

The SCARLET method, albeit elegant, relies on biophys-
ical properties of m°A for detection, and is relatively labor-
intensive. In 2018, Xiao ef al. reported a protocol that also
takes advantage of synthesized complementary probes, yet
supports readout through quantitative polymerase chain reac-
tion (qPCR).

Single-base elongation- and ligation-based PCR ampli-
fication (SELECT):"*® In SELECT, two DNA probes are
designed complementary to the RNA target, with the assumed
modified nucleotide skipped. Upon annealing, a DNA: RNA
heteroduplex forms with only the modified base exposed. The
single-nucleotide gap is then filled and ligated with Bst DNA
polymerase and Chlorella virus-1 DNA ligase (commercialized
as SplintR ligase). The presence of m°A hinders both
elongation and ligation, leading to higher quantification cycles
(Cy in the subsequent qPCR amplification of the ligated
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product. This method is facile and quantitative, serving as a
standard verification method for some later studies.’*>'*’
However, as one would expect, for lowly methylated sites,
changes in Cq (ACq) can be too minimal to be statistically
significant.

Evolved TadA-assisted N°-methyladenine sequencing
(eTAM-seq):®* This method relies on global deamination of
A into inosine (I), while leaving m°A unchanged. During
reverse transcription (RT), I base pairs with C while m°A pairs
with T. The resulting cDNA, now carrying base conversion
proportional to the A-to-m°A ratio at all A sites, can be
amplified with gene-specific primers and analyzed by Sanger
sequencing or NGS. eTAM-seq is not only site-specific and
quantitative, but also requires much less input compared to
SCARLET and SELECT, supporting detection with as little as
250 pg of total RNA (~10 cells). Alternatively, eTAM-seq can
be used for transcriptome-wide high-throughput profiling,
which will be discussed in Section 5.

Although low-throughput assays typically require a priori
knowledge of m°A presence on target transcripts, they are
more cost-effective, and the resulting information can be more
readily associated with biological functions. Such prior knowl-
edge can be obtained from de novo high-throughput profiling,
which will be introduced in the following sections. Site-
specific approaches are best suited for analyzing m°A
dynamics under perturbations, probing biological functions of
known m°A-bearing transcripts, and validating newly identi-
fied m°A sites. From a diagnostic point of view, these methods
are also suited for the evaluation of m°A as a biomarker,
especially eTAM-seq given its sensitivity. However, well-
validated m°A biomarkers have yet to be found, and further
optimization of the workflow and cost of these methods may
be needed for diagnostic applications.

4. Antibody-Based, High-Throughput m°A
Profiling

Initially used for genome sequencing, NGS was soon applied
to transcriptomes, leading to the technology known as RNA
sequencing (RNA-seq)."**"*"! Modification sequencing can be
achieved by enriching modification-bearing transcript frag-
ments followed by RNA-seq.

Methylated RNA immunoprecipitation sequencing
(MeRIP-seq)!"''//m*A-seq:"® RNA immunoprecipitation se-
quencing (RIP-seq)™® is the tandem assay combining
immunoprecipitation (IP) of RBP with RNA-seq. Using
commercialized m°A-specific antibodies, this method was
extended to m°A modification by two groups concurrently in
2012 (Figure 2A).P%"1 In addition to NGS, enriched RNAs
can be analyzed by qPCR, where the enrichment over the IP
input could be calculated from ACq and normalized against
housekeeping genes (also known as the AACq method!"*),
serving as a low-throughput version of MeRIP-seq known as
MeRIP-qPCR.
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Figure 2. Antibody-based, high-throughput m°A profiling methods. A. Schematic diagram of m®A-seq/MeRIP-seq. Full-length or fragmented
RNAs are enriched by anti-m°A antibodies, and subsequently subjected to one of the many RNA-seq library construction protocols. B.
Schematic diagram of miCLIP-seq. While also enriched by anti-m°A antibodies similar to m°A-seq, some m°A adjacent RNA bases are now
photo-crosslinked to proximal amino acid residues on the antibody. After digestion, crosslinked nucleobases can be readout as mismatches/

deletions/truncations in RNA-seq.

A fragmentation step can be included prior to immunopre-
cipitation to narrow down the sequence segments that contain
m°A to a 100-200 bp window. The precise location of m°A
can be subsequently deduced from the m°A consensus motif,
DRm’ACH (D=A/G/U, R=A/G, H=U/A/
C).212732345765.134°36 [njtially identified as Rm°AC via nucle-
ase digestion and chromatography,!*”! the consensus sequence
hosting m®A was later refined to DRACH for Homo sapiens
and Mus musculus, RRACH for Arabidopsis thaliana, and
RGAC for Saccharomyces cerevisiae."*! Pioneering work by
the Chuan He group showed that both the METTL3/14
complex®® and the YTH domain" bind preferentially to the
consensus motif. However, within an MeRIP-seq peak (100—

Isr. J. Chem. 2024, €202300181 (7 of 19)

200 bp) there could be more than one DRACH motif, making
assignment ambiguous. In fact, recent transcriptome-wide
single-base resolution studies™**'** found many more m°A
sites than previously anticipated.'”'*"** In a 2023 paper by
Uzonyi et al.,'"™ the authors presented an in silico estimation
of 3.4 m*A per MeRIP “peak”, which was reconstituted from
predicted methylation sites. This signifies the limitation in
resolution of m°A-seq and MeRIP-seq.

m°A individual-nucleotide-resolution cross-linking and
immunoprecipitation sequencing (miCLIP-seq)"*"/photo-
crosslinking-assisted m°A sequencing (PA-m°A-seq):!"*"! As
an effort to improve the site specificity of MeRIP-seq,
miCLIP-seq and PA-m°A-seq (Figure 2B) were developed
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based on crosslinking and immunoprecipitation sequencing
(CLIP-seq)!"* and photoactivatable ribonucleoside-enhanced
crosslinking and  immunoprecipitation (PAR-CLIP).['*)
254 nm ultraviolet (UV) light can induce free radical reactions
between amino acid residues and RNA bases, forming a
covalent bond if the two residues are physically close enough.
Compared to native RIP, this crosslink stabilizes the inter-
action between RBP and its target, thus enabling stringent
wash protocols to improve target specificity. Another advant-
age is that crosslinked amino acid residues can disrupt
Watson-Crick base pairing, inducing mispairing (mutation),
truncation (stop), or skipped bases (deletion) during RT. In the
case of m°A, such “RT signatures” could be used in
conjunction with the DRACH motif in miCLIP-seq to deduce
the precise location of the modification.

254nm UV is considered energy-intensive for biomole-
cules, inducing undesirable non-specific crosslinks and chem-
ical bond cleavages. By metabolically incorporating a UV-
sensitive modified base, 4-thioluridine (4sU), CLIP reactions
could be performed under 365 nm UV light. This method,
known as PAR-CLIP, improves the specificity and crosslinking
efficiency of canonical CLIP-seq. Given that GGACU is the
most prominent motif among m°A-hosting DRACH
sequences,** the likelihood of having a U adjacent to m°A is
high, rendering PAR-CLIP particularly suited for m°A
detection (PA-m°A-seq).

Despite their improved resolution, crosslinking-based
methods have their own drawbacks. The 254 nm UV used in
miCLIP-seq is prone to induce non-specific crosslinking and
random mutations. Metabolic labeling, with limited 4sU
incorporation frequencies, further lowers crosslinking and
library construction efficiency. This also limits the application
of PA-m°A-seq to live cells, and to m°A sites where an
adjacent U is unavailable. Given its reduced sensitivity and
transcriptome coverage, PA-m°®A-seq can be input demanding.
Moreover, RNase T1 digestion combined with crosslink-
induced RT stops typically generates shorter reads than
standard RNA-seq. Shorter reads are more difficult to map to
unique positions in the genome, ' and the problem is
exacerbated in the presence of mutations/stops/deletions. Due
to these technical challenges, MeRIP-seq continues to be more
popular than miCLIP-seq and PA-m°A-seq."*”)

Antibody-based m°A profiling strategies discussed above
have two shared limitations: non-specific binding of the
antibody!"**'* and the lack of stoichiometry information.
Because antibodies are raised using synthetic moieties (known
as  haptens)  attached to  larger proteins  for
immunostimulation,™ the recognition pattern for RNA strands
will inevitably be different to some extent. An early study!'*"
published just one year after the initial MeRIP/m°®A-seq works
estimated ~50% of the peaks to be false positives. An
interesting feature of MeRIP/m°A-seq data is its inclusion of
~25% of non-DRACH sites."* In the first paper reporting the
m°A consensus motif,*” chromatography combined with
RNase digestion and radioactive labeling revealed that apart
from 70% GAC and 30% AAC, only “a very low amount” of
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radioactivity remained in other peaks. A later PAR-CLIP study
revealed the preferential binding of METTL3, METTL14, and
WTAP to the DRACH consensus sequence.!"” Given that later
discovered methyltransferases, such as METTL16, METTLS,
and ZCCHC4, only methylate a limited set of substrates
(among these three, only METTL16 has a physiological
mRNA substrate), non-DRACH sites are unlikely to be
common, at least not in mRNA/poly(A)" RNA. Correspond-
ingly, recent site-specific quantitative methods®****! reported
much lower non-DRACH ratios. The high frequency of non-
DRACH sites detected in MeRIP/m°A-seq can be partially
explained by the fact that anti-m°A antibodies also bind to
m°Am. Indeed, m°Am is estimated at 2.2-11.4% the abun-
dance of m°A™" and resides in its own consensus motif of
BCA (B=C/U/G).I"°"132]

Additionally, variations in the pull-down efficiency and
binding affinity to the antibody due to motifs and secondary
structures!' have prevented accurate quantitation of m°A
stoichiometry in antibody-dependent profiling methods. Why
is stoichiometry a concern? Firstly, changes in m°A levels may
have a profound impact on biological functions, for example,
mRNA half-life, as discussed in Section 1.2. Secondly, each
m®A site can harbor individual stoichiometry. In the pioneering
paper reporting the m°A consensus motif,"*” the authors
estimated that with the assumption of each base sharing an
equal appearance chance in the genome, the consensus motif
of RACH should appear once per 43 nucleotides (1/2x1/4x1/
4x3/4). Although m°A is the most abundant internal mRNA
modification, it is still rather scarce compared to this
estimation. Based on MeRIP-seq results, approximately 5% of
the DRACH motifs are methylated.”"! This could be an
underestimation due to multiple m°A sites present within each
peak, or an overestimation due to incomplete methylation and
false positives. This hypothesis is backed by MeRIP-qPCR
and the quantitative low-throughput assays described in
Section 4. Therefore, the biological information encoded by
m°A involves not only if an adenosine is methylated, but also
the extent to which it is methylated, or stoichiometry.

Therefore, efforts have been made to upgrade the anti-
body-based m°A profiling methods with better quantitation.

m°A-level and isoform-characterization sequencing
(m°A-LAIC-seq):'"**) One possible solution to m°A stoichiom-
etry quantitation is to simply divide the frequency of tran-
scripts detected in the IP enriched sample by that of the IP
input. To do so, normalization is required to account for
variations in library preparation and sequencing. mSA-LAIC-
seq sought to introduce quantitation into MeRIP by spiking the
ERCC (external RNA control consortium) control RNA mixes
into the input, eluate, and supernatant fractions of an anti-m°A
immunoprecipitation assay. Because the ERCC pools should
have the same read-out efficiency as their spike-in fractions,
they can be used as an internal standard for normalization.
Different from standard MeRIP, the authors used a saturating
amount of antibody to ensure full quantitation. Their workflow
also avoided fragmentation to differentiate between RNA
isoforms. However, this approach remains semi-quantitative

© 2024 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH.

85U80|7 SUOWWIOD @A a1 (e (dde 8Ly Aq peusencb afe sejonre VO ‘@sn Jo sa|nJ Joj A%eiq8uljuO 8|1 UO (SUORIPUOD-pUR-SWLBIALI0D A8 | 1M AleIq U1 UO//:SANY) SUORIPUOD PUe SWd 18U} 89S " [202/70/9T] uo Ariqiaulluo A8im ‘Ariqi] 0Beolyd JO AiseAlun Ag T8TO0EZ0Z Uo(1/Z00T OT/I0pw0d A8 | IM Aeiq 1 pul|uo//Sdny Woiy pepeo|umoq ‘0 ‘8985698T



Review

due to the inherent variations in the IP efficiency. Its
quantitation is on the transcript level, lacking distinction
between different m°A peaks within each transcript.

m°A crosslinking exonuclease sequencing (m°ACE-
seq):'¥ m°ACE-seq sought to introduce quantitation into
miCLIP-seq, by adding a 5> to 3’ exonuclease (XRNI)
digestion step after photo-crosslinking of m°A to the anti-m°A
antibody. The exonuclease is blocked by crosslinked residues,
and would therefore expose the crosslinked nucleotide at the
start of the sequencing reads after decrosslinking and RT. m°A
stoichiometry can be calculated from the ratio of reads starting
with an A and an undigested input control. This method is a
significant improvement over miCLIP-seq, and stands among
the earliest examples of site-specific and quantitative m°A
profiling. However, because of the inherent promiscuity of
254 nm photo-crosslinking and the difficulty in mapping read
termini, typically due to random nucleotides added by the
terminal deoxytransferase (TdT) domain of RT enzymes,
identification and quantitation of mC°A sites with lower
modification ratios tend to be less accurate.

Despite the aforementioned limitations, MeRIP-seq con-
tinues to be one of the most popular m°A profiling methods.
Compared to miCLIP-seq, PA-m°A-seq, m°A-LAIC-seq,
m°ACE-seq and more recent approaches to be introduced in
the next section, MeRIP-seq employs a workflow that can be
readily integrated into canonical RNA-seq assays. This means:
1. no hassle of preparing additional enzymes/chemicals, which
can be demanding for researchers with no related background;
2. ease of applying commercially available RNA-seq Kkits,
which typically boast easy-to-follow steps and well-tested
protocols; 3. cost-effectiveness as reads are mostly allocated to
enriched m°A-bearing transcripts. Extensive optimization
efforts have also been made to improve the overall efficiency
and reduce sample amount requirement,"*! to develop algo-
rithms that reduce technical variations when comparing differ-
ent samples,’*® and to minimize antibody-specific artifacts by
introducing modification-free controls.!'">”? MeRIP-seq together
with other antibody-based approaches introduced in this
section are best suited for transcriptome-wide analysis of m°A
dynamics under perturbations, de novo identification of m°A
methylated transcripts, and clinical studies involving large
cohorts where cost-effectiveness considerations become inevi-
table.

5. Antibody-Free, High-Throughput m°A Profiling

Limitations associated with antibody-dependent profiling
methods have motivated the development of antibody-free
approaches. How is m°A different from an unmethylated A
without being recognized as an antigen? Researchers sought to
exploit the inherent chemical difference between these two
structures. Enzymatic or chemical reactions capable of
distinguishing m°A from A, either by substrate selectivity or
yielding chemically distinct products, can be harnessed for
m°A profiling. However, identifying candidate reactions can
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be challenging because the additional methyl group is small in
size and chemically inert. Compounding challenges include an
aqueous reaction environment to ensure the solubility of
nucleic acids and incompatibility with strong bases or high
temperature which would degrade the RNA.

FTO-assisted m°A selective chemical labeling (m°A-
SEAL)"*/m®A-label-seq:!*” These two methods are anti-
body-free yet not quantitative. m°*A-SEAL utilizes intermedi-
ates of the FTO-catalyzed demethylation reaction for chemo-
enzymatic labeling of mCfA (Figure 3A). FTO, as a
dioxygenase, demethylates the methylamine group by first
oxidizing m°A into N°-hydroxylmethyladenosine (hm°A), and
then N’-formyladenosine (f°A). The N-formyl group will be
hydrolyzed to N—H, thereby demethylating m°A to A. The
authors reacted hm®A with dithiothreitol (DTT) to form N°-
dithiolsitolmethyladenosine, which contains a free thiol that
could be further functionalized with thiol-reactive linkers (the
authors used methanethiosulfonate) and biotin for pull-down
enrichment. This method circumvents the antibody specificity
issue yet does not support quantitation due to the use of pull-
down enrichment.

mPA-label-seq utilizes metabolic labeling to incorporate
N-allyladenosine (a®A) at physiological m°A sites. METTL3/
14, like other methyltransferases, use S-adenosyl methionine
(SAM) as the methyl donor, with SAM being metabolically
synthesized from methionine. In m®A-label-seq, by feeding the
cells with a chemically synthesized methionine analog, Se-
allyl-L-selenohomocysteine, Se-allyl, Se-adenosylselenohomo-
cysteine (allyl-SeAM) will be synthesized in vivo and used by
METTL3/14 to transfer the allyl group to physiological m°A
sites. This transforms A to a®A in place of m°A, which could
be further chemically derived with iodine to N',N°-cyclized
adenosine."*” The cyclized product induces mispairing during
RT with low-fidelity reverse transcriptases (HIV-1 RTase, for
example). This method does not provide quantitation either,
due to variations in metabolic labeling efficiency.

m°A-sensitive RNA-endoribonuclease-facilitated se-
quencing (m°*A-REF-seq)!'*//MAZTER-seq:""* Both meth-
ods take advantage of Escherichia coli RNA endonuclease
MazF,'* which digests ssRNA at the 5> of ACA sequence yet
the cleavage is blocked by m°’ACA (Figure 3B). This feature
allows for site-specific identification of m°ACA and quantita-
tion by counting the truncated reads versus total reads mapped
to a given transcript. Using m°A-REF-seq/MAZTER-seq, as
many as 17,007 m°A sites were identified from 100ng of
mRNA. The limitation of this method is apparent: m°ACA is
not prevalent among DRACH motifs. The authors’ own
estimation was that at most 16-25% of total m°A can be
detected. Like MeRIP-seq, this method could be adapted as a
low-throughput verification method when combined with
qPCR.

Deamination adjacent to RNA modification targets
(DART-seq):""*! DART-seq utilizes the well-studied RNA C-
to-U deaminase apolipoprotein B-editing enzyme, catalytic
polypeptide-1 (APOBECI1), and exploits the fact that in
DRACH there is always a C adjacent to m°A (Figure 3C). In
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Figure 3. Antibody-free, high-throughput m°®A profiling methods. A. In m°A-SEAL-seq, m°A is selectively oxidized by FTO and then chemically
labeled by DTT and thiol-reactive tags for pull-down enrichment. B. In MAZTER-seq/m°A-REF-seq, MazF selectively cleaves the 5’
phosphodiester bond of ACA, while such reaction is blocked by m°ACA. C. In DART-seq, m°®A-adjacent C is deaminated to U via a APOBEC1-
YTH fusion protein. D. In m°A-SAC-seq, m°A is functionalized with an additional allyl moiety by Mjdim1, which is subsequently chemically
cyclized with iodine to generate a base-pair blocking structure that induces mismatch during RT. E. In eTAM-seq, A is selectively deaminated
to | by TadA8.20, while leaving m°A intact. F. In GLORI, A is chemically deaminated by NaNO,, while leaving m°A intact. Glyoxal and boric acid
are added to form an adduct with G thus preventing it from being deaminated. The formed adducts are reversible. The second and third
columns outline the chemical or enzymatic conversions that take place on m°A and A, respectively.
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DART-seq, APOBECI is genetically fused to an m°A-binding
YTH domain and overexpressed in cells. The deaminase is
directed by the YTH domain to m°A sites, where it catalyzes
C-to-U conversion at the +1 C of m®A. U base pairs with A
during RT. m°A sites can be inferred from a combination of
the consensus motif and + 1 C-to-U mutations. The strength of
this method is that it does not involve any enzymatic or
chemical treatment after cell lysis. Therefore, DART-seq could
be used in tandem with advanced RNA-seq methods. This was
elegantly demonstrated in single-cell DART-seq (scDART-
seq),!' where scRNA-seq technologies such as Smart-
seq2!'®! and commercialized 10x Genomics Next GEM
3’67188 were applied. DART-seq identified 12,672 m°A sites
with as low as 10ng of total RNA, while scDART-seq
captured 16,934 m°A sites from 10,352 cells. The limitation of
this method is that transfection/transduction is not always
feasible for biological samples, such as frozen or formalin-
fixed, paraffin-embedded (FFPE) tissue samples widely used
in clinical studies. Overexpression of APOBEC1 may also
result in off-target editing and unintended changes in cellular
states. Although m°A could be identified by the adjacency of
mutated C in the DRACH motif, quantitation can be
compromised due to the indirectness of the measurement.

m°A-selective allyl chemical labeling and sequencing
(m°A-SAC-seq):®! m°A-SAC-seq (Figure 3D) was developed
based on previous discoveries that Methanocaldococcus
Jjannaschii dimethyltransferase 1 (Mjdim1) could convert m°A
into dimethyl A (m*°A),'"*'"" and that iodine treatment of N°-
methyl, N°-allyladenosine (m®a®A) generated an N'-N° cyclized
product which could be read out as a mismatch (predominantly
A-to-T and A-to-C) during RT."”) Although the conversion is
not 100%, the methylation level can be calculated from the
apparent mismatch ratio using linear regression of a series of
internal standards with predefined methylation ratios. Despite
using similar chemistry as m®A-label-seq,*” m°A-SAC-seq
offers three key advantages. 1. In vitro instead of metabolic
labeling circumvents the labeling efficiency issue, therefore
enabling accurate quantitation and improving sensitivity. 2.
Metabolic labeling cannot be applied to frozen or FFPE tissue
samples nor some demanding primary cells, while in vitro
labeling is broadly applicable. 3. Cyclic-allyl-m°A provides
more steric hindrance than cyclic-allyl-A, which translates to a
higher mutation ratio during RT and therefore improved
sensitivity.

m°A-SAC-seq uses the single-stranded ligation-based
RNA-seq strategy, which is less efficient and more biased
towards short reads!’" compared to contemporary template-
switching-based RNA-seq strategies. Although mostly re-
served for miRNA-seq now, optimization of such strategy!**!
managed to accommodate longer reads. An optimized library
construction workflow has significantly improved the profiling
results of m°A-SAC-seq, identifying 71,547 sites from 50 ng
of mRNA or 31,233 sites from 2 ng of mRNA. Nevertheless,
the intrinsic context bias of Mjdim1 limits the sensitivity of
m°A-SAC-seq against certain DRACH motifs (mostly AAC),
a shortcoming that may be overcome by protein engineering.
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eTAM-seq:®™ eTAM-seq was inspired by bisulfite
sequencing,”'™ which profiles 5-methylcytosine in DNA. In
bisulfite sequencing, C is chemically deaminated while 5-
methylcytosine retains, which could be read out as persistent
C (unmutated). In eTAM-seq, m°A profiling is enabled by
deamination of A to I — which base pairs with C in the active
site of polymerases''”*! — while leaving m°A intact (Figure 3E).
Abundant modifications like m°A can be readout as unmutated
sites against the global A-to-G mutated background. Faithful
detection demands efficient deamination of A (ideally to
completion) coupled with high selectivity. Escherichia coli
tRNA-specific adenosine deaminase (TadA) converts A to I in
the single-stranded anticodon loop of tRNA*. The potency
and sequence compatibility of TadA have been increased by
directed evolution,'’" with the TadAS8 series showing the
highest conversion efficiency.'”>"7” These hyperactive TadA
variants also have prefect selectivity for A over m°A. The
reaction condition was optimized for TadA8.20 to achieve
98.3% conversion of A regardless of the flanking sequence.
The derived eTAM-seq workflow captured 69,834 m°A sites in
the HeLa transcriptome from 50 ng of mRNA.

eTAM-seq is quantitative given its robust A conversion
regardless of the sequence context. Different from the
modification-to-mutation paradigm demonstrated by m°A-
SAC-seq, the modification ratio is quantified as (1-mismatch
%) in eTAM-seq.®™ The detected methylation ratios at well-
studied sites, such as the non-coding RNA MALATI, correlate
well with the numbers reported previously by m°A-SAC-seq
and SCARLET. Since transcripts containing m°A are not
enriched, eTAM-seq requires a higher sequencing depth
compared to conventional RNA-seq. With a slight modifica-
tion in procedure, eTAM-seq also supports site-specific m°A
detection and quantification (detailed in Section 3).

Although initially demonstrated using single-stranded
ligation-based RNA-seq, eTAM-seq is mechanistically com-
patible with most RNA-seq workflows including template-
switching-based methods. Further optimization of the protocol
as well as the deaminase might enable broader applications,
for example, m°A profiling in single cells.

Glyoxal and nitrite-mediated deamination of unmeth-
ylated adenosines (GLORI):® This method features chem-
ical deamination of A to I while preserving m°A (Figure 3F).
Glyoxal, a highly reactive dialdehyde, reacts with the purine-
amine of A and G via condensation reactions. Following
oxidation by sodium nitrite (NaNQO,), the 6-amine of A will be
converted to diazonium and subsequently hydrolyzed to
hydroxyl, forming inosine (the enol tautomer). G, on the other
hand, can be protected from oxidation with boric acid, and
fully restored via heating at 95°C for 10 min in an acidified
formamide-water mixture. The conversion rate of this method
is exceptionally high (>99%), which enables accurate
quantitation of m°A. Another advantage of the method lies in
its low-cost and commercially available reagents. GLORI
detected 176,642 sites in the HEK293T transcriptome from
200 ng of mRNA, more than 10-fold higher than what was
reported with antibody-based methods.['!*!%%!
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Antibody-free, site-specific, and quantitative sequencing
methods represent the recent advances in m°A profiling on the
bulk level. Compared to MeRIP-seq, these methods offer an
additional layer of information in precise location and
stoichiometry. As previously discussed, both are important
aspects of m°A biology. The range of stoichiometry may
indicate dynamic regulation of m°A levels. Base-resolution
detection is essential for designing site-specific perturbation
through CRISPR-guided methyltransferases and demeth-
ylases."® 1% Nevertheless, these methods typically involve
customized RNA-seq workflows and preparation of delicate
enzymes and chemicals. In the absence of enrichment, these
assays also demand higher sequencing depths, especially for
detecting low stoichiometric sites. Some of these assays have
long protocols that take several days to complete, further
hindering their applications in clinical labs. Commercialization
of important assay components can significantly lower the
barrier for adaptation.

Although these methods are free of antibody-related
artifacts, they have their own drawbacks, such as off-target
conversions due to the promiscuity of the enzymes/chemicals
used and context-dependent variations in conversion rates.
Some of the drawbacks can be overcome using modification-
free controls,">”! or by upgrading the enzyme via protein
engineering, as demonstrated by the latest advancement in the
enzyme used for eTAM-seq."®! At the current state, these
assays are best suited for in-depth analysis of m°A dynamics
under perturbations and comprehensive de novo profiling of
m°A in unknown transcriptomes.

6. Single-Cell m°A Profiling

scRNA-seq has been the most impactful development in RNA-
seq over the past decade. Motivations for pursuing single-cell
genomics/transcriptomics include limited sample availability
and cell-to-cell heterogeneity. These considerations hold true
for RNA modifications. For example, the m®A stoichiometry
measured by bulk profiling methods, as discussed in this
review, could reflect either a uniform distribution within each
cell or a statistical average of varying distribution patterns
across the cell population. These scenarios could only be
distinguished by single-cell or low-input m°A profiling. Up to
this date, four methods dedicated to this aim have been
published.

Single-cell m°A sequencing (scm®A-seq):!"*? As the name
suggests, scm®A-seq (Figure 4A) is derived from MeRIP-seq/
m°A-seq, the antibody-based m°A profiling method. Mouse
oocytes and blastomeres were collected in 96-well plates and
lysed. RNA was fragmented and ligated to 3’ adaptors, through
which a hexamer sequence (cell barcode) unique to each cell
was covalently appended to all RNA fragments. Barcoded
RNAs from all cells were collected, mixed, and immunopreci-
pitated using anti-m°A antibodies. Mouse rRNA was depleted
using RNase H and complementary DNA probes. The
remaining RNAs were reverse transcribed, and PCR amplified
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for sequencing. The authors demonstrated better classification
of oocytes and blastomeres at different cell stages by over-
laying scRNA-seq with scm®A-seq data. They also recapitu-
lated the asynchronous development of the two 2-cell
blastomeres through changes observed in their RNA meth-
ylation profiles.

Picogram-scale m°’A RNA immunoprecipitation and
sequencing (picoMeRIP-seq):""*! The authors carefully opti-
mized the MeRIP-seq protocol to bring down the IP input
from pg-scale RNA to picograms and eventually single
zebrafish zygotes and mouse oocytes. The optimization was
focused on improving the signal-to-noise ratio by implement-
ing stringent washing conditions, using low-binding tubes, and
choosing the most specific anti-m°A antibody. The authors
were able to achieve high reproducibility not only among
replicates but also across input scales. They applied the
method to mouse oocytes and early embryos, and identified
12,901 peaks per developmental stage. Unlike scm®A-seq,
these peaks allowed for cell-stage distinction without referring
to RNA-seq. However, this picoMeRIP-seq workflow be-
comes more challenging when used in a multiplexed format
and may not be applicable to smaller, differentiated single
cells.

scDART-seq:'®! Already briefly introduced in Section 5,
scDART-seq features the combination of DART-seq and
advanced scRNA-seq techniques (Figure 4B), namely plate-
based Smart-seq2!'® and droplet-based 10x Genomics Next
GEM 3’ methods."®! scDART-seq uncovered sheer hetero-
geneity in the mRNA methylation profile in HeLa cells, where
more than 80% of the m°A sites only appear in 20% of the
cells. To quote from the paper,'® “while most mRNAs
contain many total m°A sites across all cells in the population,
mRNAs are methylated at an average of only 1-3 sites in each
cell, and individual sites are methylated in only 4.5% of cells
on average”.

Single-nucleus m°A-CUT&Tag (sn-m°A-CT):'**! This
assay was developed based on single-cell CUT&TAG (sc-
CT).'™  CUT&TAG,™ an optimized version of
CUT&RUN,"™ employs protein A—Tn5 transposase fusion
protein (pA—Tn5) to transpose an adaptor sequence into DNA
adjacent to antibody-defined targets, such as binding sites of
histones or transcription factors (TFs). Using anti-m°A anti-
bodies in place of histone modification/TF antibodies, the
authors demonstrated high-throughput single-cell m°A profil-
ing on non-genetically modified samples for the first time
(Figure 4C). Of note, in sn-m°A-CT, transposition was carried
out on cDNA/RNA hybrids generated in situ via random-
priming RT, rather than on dsDNA, the feasibility of which
had been previously explored by other studies.'"®'®! The
authors also took advantage of the commercialized scATAC-
seq/RNA-seq multiomics strategy!'**'*"! (essentially combining
two sets of capturing sequences on the same beads) to generate
an input reference of RNA expression for each cell, much like
bulk m®A-seq.

This study has provided intriguing insights into m°A
heterogeneity. Similar to sc-m°A-seq, m°A enrichment alone
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Figure 4. Multiplexing and conversion/enrichment strategies used for single-cell m°A profiling. A. In scm®A-seq, sorted single cells are
individually ligated to barcoded adapters, thus keeping their identity in the subsequent pooled antibody enrichment. B. In scDART-seq, using
the commercial workflow of 10x Genomics 3’ scRNA-seq, the droplet-encapsulated single cells are annealed to gel bead-anchored, barcoded
oligo-dT primers for template-switching RT. Labeling of m°A adjacent C occurs in vivo prior to library construction. C. In sn-m°®A-seq, mRNAs in
pooled cells (nuclei) were reverse transcribed using random primers and incubated with anti-m®A antibodies, secondary antibodies (not
shown here for simplicity), and pA—Tn5 for tagmentation, generating handle-attached cDNAs within each cell. Cells are individually
encapsulated and gap-filled using a commercial 10x Genomics scATAC-seq/multiomics workflow. Gap-filling is enabled by annealing the
handle to gel bead-anchored barcoded primers, which also achieves multiplexing. IP, immunoprecipitation. RT, reverse transcription. pA,
protein A.
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did not result in the identification of new cell clusters that
were absent in scRNA-seq, but combining the two datasets did
improve the contrast. Moreover, rare cell populations could
harbor distinct m°A features masked in bulk m°A profiling.
For example, the mouse expanded potential stem cells
(EPSCs) contained a rare Sox7" population (3.2%) that was
m°A-modified on K/b mRNA, whereas the majority of Sox7~
EPSCs were m®A-depleted on K/b mRNA. This serves as an
example that bulk m°A profiling can overshadow globally
scarce yet locally enriched m°A modifications. The functional
relevance of these locally enriched m®A-modifications war-
rants further investigation.

Despite the exciting advances in single-cell studies, the
field still awaits a broadly applicable, quantitative, base-
resolution single-cell m°A profiling method. This could be
attributed to the difficulty of accommodating chemical/
enzymatic conversions in droplet-based workflows. Advance-
ments in combinatorial indexing and sample preservation have
the potential to catalyze future breakthroughs. Multiple rounds
of random barcoding can yield a pool of uniquely barcoded
cells if the total number of combinations greatly exceeds the
cell number. This idea was first implemented by single-cell
combinatorial indexing RNA sequencing (sci-RNA-seq),*”
where RT primer barcodes were combined with PCR primer
barcodes, yielding 96x96=9216 combinations and expanding
the capacity of plate-based scRNA-seq assays. The strength of
this design was fully demonstrated in split-pool ligation-
based transcriptome sequencing (SPLiT-seq),!*” where RT
primers were extended via splint ligation (a high efficiency
ligation equivalent to nick sealing) for 3 rounds, and then
combined with PCR primer barcodes. This yielded
96x96x96x24 =21,233,664 combinations, which could
uniquely label 1 million cells with high confidence, surpassing
the upper limit of cell counts in droplet-based scRNA-seq.
This workflow may also accommodate chemical/enzymatic
conversions for modification detection. Nonetheless, full-
length RNA in fixed cells might be challenging for enzymatic
labeling and will require further optimization or innovation in
labeling chemistry.

Much like the relationship between other bulk and single-
cell sequencing technologies, single-cell m°A profiling offers
insight into its heterogeneity at the expense of sequencing
quality (e.g., confident m°A sites covered) and cost-effective-
ness. While bulk assays have better sensitivity for low
stoichiometric sites, single-cell assays excel at finding the
subpopulation enriched of such modifications. The four single-
cell methods introduced in this section are at their early stages
and await future applications in systems of high heterogeneity,
such as embryonic development, neuronal systems, hemato-
poietic systems, and tumor tissues.
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7. A Glimpse at m°A Profiling by Third-Generation
Sequencing

Pioneering efforts have been made to detect RNA modifica-
tions by third-generation sequencing. A detailed comparison
between third-generation sequencing and NGS is out of the
scope of this article, and the readers are referred to a recent
review article."™ The key advantage of third-generation
sequencing lies in its capability to sequence long reads
covering the entire mRNA molecule. For m°A, and RNA
modifications in general, this would enable the profiling of in-
cis regulation of multiple m°A sites in the same transcript

molecule. The cooperative or mutually exclusive presence of

m®A, information lost in short reads generated by NGS, is
retained in third-generation sequencing.

Oxford Nanopore Technologies (ONT) have recently
launched direct RNA sequencing (DRS).!"”*! The resulting data
inherently contains modification information, because modi-
fied bases elicit shifts in current signals and affect the duration
that nucleic acids reside in the pore (also known as dwell
time)."” These features could facilitate simultaneous, end-to-
end profiling of various modifications. Currently two major
directions are actively pursued: comparative and computa-
tional m°A identification.

Comparative identification methods include detection of

m°A sites via direct RNA sequencing (DRUMMER),!"”
Nanocompore,'* epitranscriptional landscape inferring from
glitches of ONT signals (ELIGOS),"* and xPore.”®™ These
methods identify m°A sites by comparing their signal shifts
against a modification-free control. However, the inherent
noises associated with ONT data may lead to potential false
positive detection.

Alternatively, computational identification methods aim to
predict m°A sites using either NGS or ONT datasets to train
machine learning models. These methods include EpiNano,")
MINES,™ nanom6A,”! and mé6Anet.”™ While EpiNano,
MINES, and nanom6A use supervised learning, m6Anet is

based on neural network algorithms. Although the accuracy of

prediction is lower than comparative identification methods at
the moment, more advances in this direction can be expected
in the near future given the recent advances in machine
learning.

8. Conclusions and Perspectives

Biophysical profiling of RNA modifications treats modified
bases as small-molecule metabolites, which, although provided
important early knowledge, failed to retain the site-specific
stoichiometry information on modifications. Over the past
decade, NGS-based methods have gradually become the
preferred choice. NGS-based RNA-modification profiling can
be viewed as specialized applications of RNA-seq, sharing
many advances of the latter yet also facing unique challenges.
The current best strategy is to convert modifications chemi-
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cally or enzymatically into RNA-seq readable signals. The
future direction of these methods will likely focus on
improving the specificity, conversion efficiency, and ease of
application, which includes considerations of cost, workflow
robustness, and sample compatibility.

Many aspects of m°A biology remains elusive, calling for
further advancement in profiling methods. For example, the
mechanism through which m°A is selectively deposited among
many DRACH motifs is not fully understood. Although recent
findings on exon junction complex!*'*'*! indicate exclusion-
dominant regulation, it is worth noting that m®As in intronless
transcripts of S. cerevisiae also show 3’ UTR enrichment,**
Expression and function of non-coding RNAs are also
regulated by their m°A levels. Non-poly(A)-based profiling
methods are needed for dissecting the related processes, and a
corresponding single-cell approach is necessary to fully under-
stand the heterogeneity. In exploring pathology-related m°A
changes, a robust method capable of profiling FFPE samples
on both bulk and single-cell levels should be established. In
conclusion, innovations in detection technologies have pro-
foundly advanced and will continue to advance our under-
standing of m®A biology.
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