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providing a unique potential to tune gene expression in different
biological processes.
In this review, we summarize recent progress in mechanistic

studies of m6A effectors in the light of specific cellular and mo-
lecular contexts such as cell types, external stimuli, subcellular
localization of effectors, and locations of m6A sites on an
mRNA. It is important to take into consideration these context
complexities to refine and advance our understanding of RNA
modification functions.

Writers for m6A Methylation
m6A is installed on mRNA co-transcriptionally by a complex
composed of multiple subunits (Figure 1) with a stable core com-
plex formed between methyltransferase-like 3 (METTL3) and
methyltransferase-like 14 (METTL14) (Bokar et al., 1997; Liu
et al., 2014)— the former as the catalytic subunit and the latter
as an essential component to facilitate RNA binding (Wang
et al., 2016a, 2016b). Further studies characterized a handful of
additional subunits and revealed how they contribute to the activ-
ity and specificity of the writer complex. Wilms tumor 1-associ-
ating protein (WTAP) binds to METTL3/14 and is required for
optimal substrate recruitment and METTL3/14 localization (Ping
et al., 2014; Zhong et al., 2008), Vir like m6A methyltransferase
associated (VIRMA) is critical for deposition of m6A specifically
to the 30 UTR (Yue et al., 2018), zinc finger CCCH-type containing
13 (ZC3H13) facilitates nuclear localization of the writer complex
(Wen et al., 2018), and RNA binding motif protein 15/15B
(RBM15/15B) is reported to bind U-riched regions and may facil-
itate methylation of certain RNAs (Patil et al., 2016). In fruit flies,
Zc3h13/Flacc is shown to stabilize the interaction between
Wtap/Fl(2)d and Rbm15/Nito (Knuckles et al., 2018).

Multifaceted METTL3: Cellular Localization, Post-
translational Modification, and Functions
The cellular distribution of METTL3 varies among cell lines, and
there are cases where cellular stress induces its redistribution
(Knuckles et al., 2017; Xiang et al., 2017). When interacting
withWTAP in the form of a stable dimer with METTL14, METTL3
localizes to the nuclear speckle in HeLa cells (Bokar et al., 1997;
Ping et al., 2014). Functional nuclear localization signals (NLS)
have been identified in both METTL3 and WTAP, of which key
residue mutations abolished preferential nuclear localization
of ectopic METTL3 and WTAP in HeLa cells (Schöller et al.,
2018). A fraction of METTL3 protein is also detected in the
cytoplasm inmultiple human cancer cell lines at various propor-
tions, including HeLa cells (Chen et al., 2015; Choe et al., 2018;
Lin et al., 2016), breast cancer cells (MDA-MB-231 cells) (Alar-
cón et al., 2015b), and acute myeloid leukemia cells (MOLM13
cells) (Barbieri et al., 2017). In a rare instance, in mouse cortical
neurons METTL14 rather than METTL3 localizes to both cyto-
plasm and nuclei (Merkurjev et al., 2018). It is not yet clear
why METTL3 localization varies. The protein abundance ratios
between METTL3 and METTL14 as well as other adaptor sub-
units of the writer complex could vary among cell lines, which
could affect localization of METTL3. It is also possible that
post-translational modifications (PTMs) alter interactions be-
tween METTL3 and its partner proteins, leading to cytoplasmic
presence.
m6A-containing genes are enriched in important cellular pro-

cesses, and a subset of m6A sites appear dynamic in response
to stimuli and stress (Dominissini et al., 2012; Meyer et al.,
2012). The transcript-specificity of m6A methylation could be
due to writer recruitment at desired chromatin loci, likely through

Figure 1. m6A Effectors: Writers, Erasers,
and Readers
Writers: Majority of m6A methylation on mRNA is
installed by a writer complex (①) composed of core
subunits METTL3 and METTL14 and additional
adaptors proteins including WTAP, VIRMA,
ZC3H13, HAKAI, and RBM15/15B in a sequence
context of RRACH (R = A or G; H = A, C, or U). The
other known writer METTL16 (②) installs m6A in a
sequence context of UAC(m6A)GAGAA on top of a
hairpin structure in transcript MAT2A. Erasers: two
erasers have been characterized for m6A methyl-
ation on mRNA, including FTO and ALKBH5.
Readers: Three classes of reader proteins utilize
different mechanisms to prefer binding m6A-con-
taining RNAs. (①) YTH-domain containing proteins
(YTHDF1-3, YTHDC1-2) use a well-characterized
YTH domain to direct recognize m6A methylation.
(②) A local structure disrupted by the presence of
m6A could favor RNA-binding events of HNRNPC/G
and HNRNPA2B1. (③) RNA binding proteins
including IGF2BP1-3 and FMR1 prefer m6A-con-
taining RNAs through their tandem common RNA
binding domains (RBDs) via a mechanism yet to be
characterized.
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regulation may affect the ability of the cell to responsively
tune its proteome (Patil et al. 2012; Deng et al. 2015). On
the other hand, the lack of specific RNA modifications may
affect global and/or local translation rates, and consequently
cause increased protein aggregation (Nedialkova and Leidel
2015). Finally, it has also been proposed that RNA modifica-
tions transduce information that connect the cell’s metabolic
state to its translational output, and therefore, that their dys-
regulation may cause an imbalance between metabolic rates
and protein synthesis (Helm and Alfonzo 2014). Future
work will be needed to disentangle the causal relationship be-
tween RNA modification dysregulation and human disease.

Neurological diseases

Defects in RNA metabolism, including RNA synthesis, pro-
cessing, function, and degradation, have been found to be as-
sociated with motor neuron disorders (Lemmens et al. 2010).
In this regard, several RNAmethyltransferase-encoding genes
have been linked to intellectual disability, supporting the rel-
evance of RNAmodifications in the development of cognitive
functions (Bednárǒvá et al. 2017). These include FTSJ1, iden-
tified in X-linked nonsyndromic intellectual disability in
which mental retardation is the sole clinical feature (Freude

et al. 2004); TRMT1, which has been
identified as the cause of autosomal-
recessive intellectual disability (ARID)
(Najmabadi et al. 2011; Davarniya et al.
2015); and the m5C methyltransferase
NSUN2, which has been associated
with defects in memory and learning in
Drosophila and NSUN2-deficient mouse
models (Abbasi-Moheb et al. 2012; Blan-
co et al. 2014).Mechanistically, it has been
shown that lack of NSUN2 in mice leads
to fragmentation of tRNAs, which may
trigger apoptosis in the brain (Blanco
et al. 2014). However, it is still unclear to
which degree thismechanismmay actual-
ly contribute to the intellectual disability
phenotypes observed in human.

Defects in demethylation of RNAs have
been also linked to neurological defects.
Deletion of the FTO gene in mice, which
is one of the two enzymes responsible for
reversing or “erasing”m6Amodifications
(Zhao et al. 2016), results in an impair-
ment of dopamine receptor control of
neuronal activity and behavioral respons-
es (Hess et al. 2013). ALKBH5, also re-
sponsible for m6A demethylation, has
been linked tomajor depressive disorders
(Du et al. 2015), suggesting that m6Amay
be playing an important regulatory role in
the function of the mammalian brain.

A-to-I editing defects have also been associated with neu-
rological diseases (Hideyama and Kwak 2011; Hideyama et al.
2012; Gaisler-Salomon et al. 2014; Tomaselli et al. 2015),
such as amyotrophic lateral sclerosis (ALS), the most com-
mon adult-onset motor neuron disease (Hideyama and
Kwak 2011; Hideyama et al. 2012). More specifically, the glu-
tamate receptor 2 (GluA2) mRNA, which is constitutively
edited in some of its nucleotides, has been found to be uned-
ited in motor neurons in individuals with sporadic ALS
(Hideyama and Kwak 2011). On the other hand, ADAR2
expression levels were found to be down-regulated in ALS
individuals, further supporting the importance of editing in
proper motor neuronal functioning (Hideyama et al. 2012).
In addition, ADAR2 knockoutmice show increased cell death
rates in their motor neurons (Sasaki et al. 2015), in agreement
with the results observed in ALS individuals, indicating a piv-
otal role of A-to-I editing in proper neuronal functioning and
brain development in mammals.

Cancer

Dysregulation and mutations in several RNA modification
enzymes have been associated with various types of cancers,
including breast cancer, bladder cancer, and leukemia,

FIGURE 1. RNA modifications and their links to human disease. The set of known RNA mod-
ifications classified by their reference nucleotide, highlighting those that have been associated to
human diseases (red), as well as those for which a transcriptome-wide detection method has been
established (circled in green).
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individual pores using ONT’s proprietary algorithm Albacore
(which combines a recurrent neural network and a hidden
Markov model). Base-calling can also be performed a poste-
riori with Albacore on a personal computer, a high perfor-
mance computing server, or ONT’s cloud-based analysis
service known as Metrichor (https://metrichor.com). A third
option is to use one of the multiple open-source base-calling
algorithms, which use various machine- or deep-learning al-
gorithms, including hidden Markov models (David et al.
2017; Simpson et al. 2017) and recurrent neural networks
(Boža et al. 2017; Stoiber and Brown 2017). Unfortunately,
these algorithms are typically trained to predict exclusively
four bases (A, C, G, T), and thus cannot directly identify
DNA- or RNA-modified nucleotides. There have nonetheless
been recent reports describing computational models capable
of detectingmodifiedDNAbases, by trainingmodels frombi-
ological control data and by observing conspicuous alter-
ations of ionic current at specific positions (Stoiber et al.
2016; McIntyre et al. 2017; Rand et al. 2017; Simpson et al.
2017). With respect to DRS, these strategies have recently
been applied to characterize the epitranscriptome, namely
the identification of m6A (Garalde et al. 2016) and conserved
16S ribosomal RNA base modifications and a 7-methylgua-
nosine modification associated with antibiotic resistance

(Smith et al. 2017). It is likely that, following the release of
the direct RNA-sequencing kit, additional algorithms to
detect and predict RNA modifications from DRS data will
become available.
For many years, a major limitation of ONT technologies

has been its relatively low base-calling accuracy. However,
in the last three years, its base-calling accuracy has increased
from 70%–88% (using R7 pore technologies and HMM-
based algorithms) to 90%–98%, due to a more efficient
protein nanopore (currently R9.5), homopolymer-aware
RNN base-calling, and a paired-end consensus read strategy.
Nonetheless, base-calling errors can be corrected a posteriori
either by determining a consensus sequence, probabilistic
refinement (Jain et al. 2015), or via a process known as “pol-
ishing” (Loman et al. 2015; Sarkozy et al. 2017), where
reads are aligned to a reference genome or transcriptome to
guide error correction by revisiting the raw signal.
However, initial base-calling attempts using ONT to se-
quence 16s rRNA from E. coli only using DRS only yielded
an accuracy of 87% (Smith et al. 2017). The authors found
that these errors were mainly due to deletion errors occurring
in G-rich regions, which are abundant in noncoding infra-
structural RNAs such as 16s rRNA. It is likely that the highly
modified nature of rRNA molecules may be in fact a con-
founder for proper RNA base-calling. Newer algorithms,
previously trained with known modified RNA nucleotides,
will likely produce higher base-calling identities in RNA
molecules.
A second major limitation of direct RNA-sequencing

technologies is the yield of each individual sequencing
run. Although the throughput of ONT sequencing has
greatly increased in the last years for (c)DNA sequences,
achieving yields of 3–15 billion bases (Gb) per run in a
standard R9.4 MinION FLO-MIN106 flow cell (Lu et al.
2016; Jain et al. 2017), the yields obtained from direct
RNA sequencing are still far from these values. More specif-
ically, the expected number of cDNA reads using a high-
quality FLO-MIN106 flow cell ranges between 6–10 million
reads, whereas the expected number of reads from direct
RNA sequencing is only 1 million (https://nanoporetech.
com/rna).
Despite these limitations, the possibility of detecting RNA

modifications in each individual RNA molecule opens new
avenues to explore the cross talk and dependencies that
may exist between multiple RNA modifications within the
same RNA molecule. Current indirect SBS-based methods
are unable to decipher whether two RNA modifications
present in a given mRNA sequence actually coexist in the
same RNAmolecule, or if instead, they are exclusively present
in different molecules. Furthermore, compared with SBS-
based methods, ONT offers the possibility to identify in
which RNA transcript isoform the modification is found,
and thus may be able to provide quantitative stoichiometric
measurements of modified RNA nucleotides at each position
in an isoform-specific manner.

FIGURE 3. Direct RNA sequencing library preparation steps using
Oxford Nanopore Technologies. (A) Schematic representation of a
nanopore embedded in the membrane of the flowcell. (B) Overview
of the main library preparation steps in ONT direct RNA sequencing.
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Long-read	sequencing	of	nascent	RNA	(combine	long	read-sequencing	with	
~chromatin	fractionation	and	~metabolic	labeling)		

have the potential to alter interpretation, thereby achieving a faithful representation of the splicing
status of each RNA during its transcription.

Development of the protocol
We set out to build a sequencing approach that captures snapshots of nascent RNAs as they are
transcribed and processed, in order to monitor the kinetics of splicing and reveal splicing dynamics
across multi-intron genes (Fig. 1). To accomplish this goal, we needed a strategy to capture RNAs as
they were synthesized. Initially, we turned to native elongating transcript sequencing (NET-seq), a
technique previously developed by our group, which reveals the position of Pol II by sequencing the
3′ ends of nascent RNA19,20.

To capture nascent RNA in mammalian cells, NET-seq takes advantage of the strong interaction
between the RNA–DNA–Pol II ternary complex on chromatin. The 3′ end of nascent RNA represents
the active site of Pol II transcription, as this is where new nucleotides are incorporated into the
nascent transcript. When millions of nascent RNA 3′ ends are aligned to the genome, NET-seq reads
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Fig. 1 | nano-COP schematic. Outline of the nano-COP procedure, providing an overview of the critical experimental and computational steps in the
protocol. Created with BioRender.com.
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Nascent	m6A	affects	co-transcriptional	RNA	processing	
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Model:	

Nascent	RNA	m6A	modification	affects	co-transcriptional	RNA	processing	
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Pausing	Index:	Read	density	[0_+300]/[+300_+3000]	
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LETTER TO THE EDITOR

m6A promotes R-loop formation to facilitate transcription
termination
Cell Research (2019) 0:1–4; https://doi.org/10.1038/s41422-019-0235-7

Dear Editor,
R-loops are three-stranded nucleic acid structures consisting of

a DNA:RNA heteroduplex and a displaced single DNA strand. They
constitute a prevalent genomic feature with important functions
in all kingdoms of eukaryotes.1–3 For example, R-loops have been
found over unmethylated CpG island promoters, G-rich termina-
tors, and many other regulatory chromosomal loci.2,3 Moreover,
they are essential for diverse cellular processes, such as
immunoglobulin class switching, mitotic chromosome segrega-
tion,4 DNA replication and repair, genome stability regulation,5 as
well as in multiple steps during transcription.6,7 R-loops can be
formed both in cis and in trans; cis R-loops are formed between a
nascent RNA and its DNA template following transcribing RNA
polymerases and exert co-transcriptional regulatory effects.3,8

Therefore, it is important to control their formation and resolution,
and many external factors have already been identified for this
process.7 However, it is still unknown whether the intrinsic
properties of the RNA itself, such as various modifications, can
modulate the formation of DNA:RNA hybrids.
N6-methyladenosine (m6A) is the most abundant reversible RNA

modification, which plays critical roles in various post-transcriptional
processes.9–12 It is installed co-transcriptionally by the methyltrans-
ferase complex comprising METTL3, METTL14, WTAP and other
factors.9,13 Yet we have little knowledge of its co-transcriptional
functions. Here we investigate the possibility that m6A modification
regulates co-transcriptional R-loop formation and/or resolution. First,
we confirmed that the m6A level in chromatin-associated RNA
(caRNA) was significantly reduced in the absence of the major
methyltransferase METTL3 (shMETTL3; Supplementary information,
Fig. S1a). Then we applied dot blot assays using anti-R-loop antibody
(S9.6) in various cell lines to detect R-loop changes upon METTL3
depletion (Supplementary information, Data S1). We observed a
10-fold decrease in overall R-loop level in shMETTL3 cells compared
to that in control HeLa cells, while RNase H treatment substantially
eliminated the R-loop signal in both shMETTL3 and control HeLa
cells (Fig. 1a and Supplementary information, Fig. S1b). In addition,
similar results were obtained in both HeLa and 293F cells via siRNA-
mediated METTL3 knockdown (Supplementary information,
Fig. S1c–g and Table S1) and were further validated by the
reduction in the immunofluorescence signal from nucleoplasmic
R-loops (Supplementary information, Fig. S1h). To confirm that this
effect is due to m6A methylation, we knocked down additional
components of the methyltransferase machinery, i.e., METTL14,
WTAP, and KIAA1429. The R-loop level was decreased significantly
upon elimination of these components (Supplementary information,
Fig. S1c–e). However, depletion of the nuclear m6A reader protein
YTHDC1 did not affect the R-loop level (Supplementary information,
Fig. S1i, j). Together, these results established a positive correlation
between m6A modification and R-loop accumulation. To clarify the
physical presence of m6A in R-loops, we performed ultra-high-
performance liquid chromatography with multiple reaction mon-
itoring tandemmass spectrometry (UHPLC-MRM-MS/MS) to quantify

the m6A composition of RNA in R-loops compared to that in full-
length caRNA. Specifically, we treated genomic DNA (gDNA) with
RNase III prior to R-loop enrichment to cleave off RNA extensions
that form double-stranded RNA (dsRNA) structures outside of
R-loops. UHPLC-MRM-MS/MS measurements showed a ~1.5-fold
enrichment of m6A modifications in R-loops relative to that in total
caRNA (Fig. 1b and Supplementary information, Fig. S1k), suggesting
that m6A-modified RNA is present in R-loops.
To define R-loop formation on the genome-wide scale, we

employed single-strand DNA ligation-based library construction
from DNA:RNA hybrid immunoprecipitation followed by sequencing
(ssDRIP-seq;1 Supplementary information, Fig. S2a) for keeping
strand specificity and high reproducibility (Supplementary informa-
tion, Fig. S2b). We found that R-loops formed by m6A-containing
protein-coding transcripts (m6A+ genes) were significantly affected
by METTL3 depletion (Fig. 1c). m6A modification sites in caRNA were
defined through m6A individual-nucleotide resolution crosslinking
and immunoprecipitation linked with high-throughput sequencing
(miCLIP-seq) (Supplementary information, Table S2). The miCLIP-seq
results demonstrated strong enrichment of m6A modifications near
the stop codon in caRNA, and a similar distribution was found in
mature mRNA and RiboMinus RNA (total RNA subjected to rRNA
depletion) (Supplementary information, Fig. S2c, d). Notably, we
observed a significant reduction in R-loop levels around transcrip-
tion end sites (TESs) of m6A+ genes upon METTL3 knockdown
(Fig. 1c). Both promoters and terminators have been found to be
major hotspots of R-loop formation.14 To quantify this regional
specificity in R-loop distribution changes, we scanned the genome
with nonoverlapping, 200-nt sliding windows and divided these
windows into 6 groups: promoters, terminators, and four quarters of
the gene bodies. At m6A+ gene loci, the number of R-loops around
the TESs was decreased markedly upon METTL3 knockdown,
whereas in promoter regions, increases and decreases in the
number of R-loops were observed at almost the same frequency
(Fig. 1d). Intriguingly, even in the last quarter of the gene body
preceding the TES, significantly more loci exhibited a decrease in the
number of R-loops than an increase (Fig. 1d). In contrast, for genes
whose transcripts do not harbor m6A modification sites (m6A−

genes), there was a much less significant or even nonsignificant
difference between the number of genes with increased R-loops
and that of those with decreased R-loops in these regions (Fig. 1e
and Supplementary information, Fig. S3a), demonstrating a distinct
relationship between R-loops and m6A sites.
To further dissect the impact of m6A modification on R-loop

formation, we grouped R-loops according to their distance from
m6A sites. We found that the closer R-loops are to m6A sites, the
greater the reduction in the R-loop level is caused by METTL3
depletion (Fig. 1f). Consistent with this finding, a higher degree of
R-loop reduction was observed in m6A+ genes in which m6A
modification was strongly affected by METTL3 knockdown than in
genes that showed a weaker effect, as well as in m6A− genes
(Fig. 1g), indicating a positive correlation between R-loop
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