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ABSTRACT
The identification of mechanisms capable of modifying genetic information by the addition of covalent 
RNA modifications distinguishes a level of complexity in gene expression which challenges key long- 
standing concepts of RNA biology. One of the current challenges of molecular biology is to properly 
understand the molecular functions of these RNA modifications, with more than 170 different ones 
having been identified so far. However, it has not been possible to map specific RNA modifications at 
a single-cell resolution until very recently. This review will highlight the technological advances in single- 
cell methodologies aimed at assessing and testing the biological function of certain RNA modifications, 
focusing on m6A. These advances have allowed for the development of novel strategies that enable the 
study of the ‘epitranscriptome’. Nevertheless, despite all these improvements, many challenges and 
difficulties still need fixing for these techniques to work efficiently.
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The complex process of gene expression begins with regulat
ing the access to specific DNA sequences. This genetic infor
mation is then copied into RNA molecules, which can be 
classified into two extensive groups: coding RNAs (cRNAs, 
also known as messenger RNAs, mRNAs), information of 
which is translated into proteins, and non-coding RNAs 
(ncRNAs). Additionally, the alternative splicing of an RNA 
molecule expands its intrinsic information in multiple iso
forms, together with the fact that each RNA nucleoside can 
be chemically modified. Even though the roles of most RNA 
modifications remain unknown, the ubiquity of these in many 
species points to them as being evolutionary conserved mole
cular toolboxes that may allow for a rapid response to envir
onmental challenges and to control the flow of genetic 
information. These RNA modifications comprise what is 
now known as the ‘epitranscriptome’. So far, more than 170 
RNA modifications have been described [1]. Abundant RNAs 
such as transfer RNA (tRNA) and ribosomal RNA (rRNA) are 
mapped to most of the known epitranscriptomic modifica
tions. Consequently, our knowledge about the molecular 
function of RNA modifications has been mostly moulded by 
research carried out on rRNAs and tRNAs. However, owing 
to the emergence of innovative next-generation sequencing 
(NGS) technologies, the field of epitranscriptomics has experi
enced significant growth in the past decade, particularly in 
studying RNA modifications present in mRNA molecules.

The identification of cell-type-specific and intricate pat
terns of RNA splicing and the large presence of RNA editing 
events demonstrated that RNA molecules need to be furtherly 

modified in order for them to exert their correct functions 
[2,3]. Internal modifications of mRNA like N6- 
methyladenosine (m6A), ribose-methylation (2’-O-Me), pseu
douridine (Ψ) and methyl-5-cytosine (m5C), and inosine (I), 
although having been uncovered for more than 50 years [4–8], 
were not accessible to molecular research until the emergence 
of the aforementioned sequencing technologies (Figure 1).

Decades ago, epitranscriptomic modifications were only 
quantified in terms of abundancy. Liquid chromatography 
coupled with mass spectrometry (LC-MS/MS) allowed for 
the discovery and quantification of many epitranscriptomic 
marks [11,12]. Unfortunately, knowing only the abundance of 
these RNA modifications did not allow for a proper determi
nation of their biological function. In order to address the role 
of epitranscriptomic modifications, it’s crucial to understand 
not just the relative abundance of a modification, but also its 
specific location within the various RNA species. The position 
of these modifications has only been tackled in the last dec
ade, thanks to the emergence of NGS technologies.

Adapted NGS technologies have demonstrated that nearly 
every RNA species (including low-expressed RNAs) are 
accompanied by certain RNA modifications, while physico
chemical detection methods (LC-MS/MS, nuclear magnetic 
resonance, colorimetric assays, etc.) are only capable of 
reporting the presence or lack of a modified nucleoside [13]. 
The accessibility of these sequencing technologies has also 
transformed our capacity to obtain transcriptome-wide out
lines on RNA modifications. These specialized protocols have 
already been developed for pseudouridine (Pseudo-seq 
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[14,15], 2′-O-methylations (RiboMeth-seq [16,17] 
m5C (Bisulfite-converted RNA-seq [18,19], inosine [RNA- 
seq with A-to-G variant calling [20], m1A (m1A-seq/m1A- 
ID-seq [21,22]] and m6A (m6A-seq/MeRIP-Seq [23,24], 
among others (Figure 1).

Further analyses of NGS data suggested an enrichment of 
specific RNA modifications at functional sequence features, 
particularly in mRNAs like untranslated regions (UTRs), 
retained introns, exons and transcriptional start sites [13]. 
For example, m6A is mapped mostly within the last exon in 
nearly all mRNAs [25]. In contrast, m1A was highly present in 
5’ UTR and in the vicinity of start codons of mouse and 
human mRNAs [21,22]. On the other hand, m5C mapped at 
3’ and 5’ UTR in mRNAs of an extremely unstable cancer cell 
line [18], at sites of translation start in mouse embryonic stem 
cells (mESCs) and whole brain tissues [26], in coding 
sequences from various mouse tissues [27,28] and in 
Arabidopsis [29]. Other NGS data also unmasked how most 
of the A-to-I RNA editing events happen in mobile element- 
derived sequences [30], and also in mRNA, controlling tran
script stability and localization [31].

The addition of m6A in mRNA happens co- 
transcriptionally in the nucleus, within nuclear speckles spe
cifically, where active mRNA splicing and transcription take 
place [32,33]. Inside the nucleus, the WMM complex (the 
WTAP-METTL3-METTL14 m6A methyltransferase complex) 
modifies different regions of nascent mRNAs. Around 70% of 

the m6A in mRNA is situated in the 3’UTR region and near 
the STOP codon [23,24]. m6A can also be located in introns, 
exons and, less frequently, in 5’UTR. Depending on 
where m6A is localized in an mRNA molecule and its inter
actions with various m6A readers, this modification can exert 
different functions, many of them undefined (Figure 2). 
Current antibody-based sequencing methods to detect m6A, 
like MeRIP-Seq, do not allow to pinpoint this modification at 
single-nucleotide resolution, but new antibody-free technolo
gies, like the ‘glyoxal and nitrite-mediated deamination of 
unmethylated adenosines sequencing’ technique (GLORI- 
seq), are achieving single-nucleotide m6A resolution 
levels [34].

Thanks to these new technologies, the field of epitranscrip
tomics has advanced enormously in the last decade, disclosing 
not only the different biological functions of many types of 
RNA modifications, but their role in different human diseases, 
such as obesity, neurological disorders, and cancer [35]. 
Unfortunately, there is a crucial aspect these NGS technolo
gies cannot tackle: the great dynamism and heterogeneity of 
RNA modifications in a specific microenvironment. For all 
these reasons, we need single-cell technologies.

Single-cell RNA sequencing has uncovered the level of 
heterogeneity that the transcriptome of single cells can 
possess in an otherwise homogeneous cell group or tissue. 
This contributed to our knowledge about fate, cell identity, 
and function in the context of pathology and normal 

Figure 1. RNA modifications detected and those yet to be found. Better sequencing technologies have allowed the identification of millions of new modification sites 
in all types of RNAs. Considering that > 170 different types of modified ribonucleotides have been found until now [9], it is to be expected that these novel 
technologies will result in a big increase in identifiable RNA modifications which may be now hidden below the detection threshold. Created with BioRender.com 
[10].
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biology [36,37]. The advancement of single-cell RNA 
sequencing was continued by single-cell genome sequen
cing, which has generated new understandings about the 
genomic stability and variations that take place in physiol
ogy and disease- like in reproductive medicine, cancer, or 
microbial genetics [38]. Different scRNA-seq technologies 
are already available, such as 10X [39], SMART-seq [40], 
SORT-seq [41], C1-CAGE [42], etc. These methodologies 
usually differ between reverse transcription, amplification, 
and cDNA synthesis strategies, and whether they accom
modate sequence-specific barcodes (UMIs) or the possibi
lity of processing pooled samples [43]. In 2017, two new 
approaches were established to measure simultaneously 
single cells mRNA and expression of protein, known as 
REAP-seq [44], and CITE-seq [45]. Additionally, the 
Tapestry Platform is the only technology capable of provid
ing both phenotype and genotype data from the same 
single cell [46]. In addition, the recently developed spatial 
transcriptomics can employ unique positional barcodes to 
identify and visualize the distribution of RNA in RNA 
sequencing of tissue sections [47].

On the other hand, methods for analysing the single-cell 
epigenome can distinguish between open and closed chro
matin and determine the position of nucleosomes across 
the genome [48–54]. In addition, new single-cell chromatin 
immunoprecipitation sequencing (scChIP-seq) technologies 
allow us to study how different transcription factors bind 
to the genome. Lastly, some DNA modifications, like 
methylation (5mC), hydroxymethylation (5hmC), and for
mylation (5fC), can be identified at a single-cell level by 
sequencing in most parts of the genome, along with single- 
nucleotide resolution [55–59]. These modifications are 
linked, for instance, with transcriptional repression (5mC) 
or activation (5hmC and 5fC) of gene promoters and 
enhancers. Thus, currently, we can research most of the 
epigenetic dimensions with single-cell resolution. However, 
within the realm of epitranscriptomics, single-cell technol
ogies are still in their infancy. In fact, at present there only 
exist single-cell technologies designed for analysing two 
type RNA modifications: m6A and inosine.

Single-cell technologies for mapping m6A

Epitranscriptomics is an essential component of gene expres
sion, and the methylation of adenosine at the N6 position 
(m6A) is the most abundantly found in mRNA [60]. However, 
the present strategies used for m6A detection need high levels 
of input RNA and, consequently, every transcriptome-wide 
m6A profiling study until now has mapped m6A in bulk 
populations that consist of thousands or millions of cells.

Following the first studies of m6A mapping methods from 
2012 (m6A RNA immunoprecipitation and sequencing 
(MeRIP – seq [24]), various bulk methodologies have been 
designed: antibody-based PA-m6A-seq [61], miCLIP [62], m
], m6A-CLIP [25] and m6A-LAIC-seq [63] and antibody-free 
DART-seq [64], MAZTER-seq [65], m6A-REF-seq [66] 
and m6A-SEAL [67]. Methods based on immunoprecipitation 
(IP) do not supply m6A stoichiometry nor single-nucleotide 
resolution. However, they can estimate the position based on 
the RRACH motif and can be employed for differential 
enrichment analysis with tools like DESeq2. The mapping 
of m6A usually demands big amounts of input material. The 
minimum amount of starting material reported to date is 10 
ng of total RNA when using the DART-seq technique [64]. 
Despite these progressions, there is an ample need for strongly 
sensitive and single cell m6A mapping methods that can be 
used in primary cell types. Up until now, only five technolo
gies have been developed for this purpose: m6AISH-PLA, 
Epitranscriptome profiling, scDART-seq, scm6A-seq and 
picoMeRIP – seq, (Table 1 and Figure 3).

The first single-cell epitranscriptomic mapping method to 
ever be used was m6A-specific in situ hybridization mediated 
proximity ligation assay (m6AISH-PLA) [68], which allows 
the identification of m6A modification at certain locations in 
RNA and to image m6A RNA at single-molecule resolution. 
This methodology presented some advantages from pre- 
existing techniques: it can locate m6A at specific places in 
mRNA by two recognition events of m6A modification and 
RNA sequence, and its isothermal and mild conditions are 
useful to maintain cellular morphology and structure, helping 
to analyse m6A modified RNAs in the tissues, and their one- 
target-one-amplicon amplification allows the quantification 

Figure 2. Biological effects of m6A modification in human mRNA depending on its position. Depending on where the modification m6A is added onto the mRNA 
molecule it may enhance different consequences, such as translation, splicing, its exportation or even an increase of the molecule’s instability. Created with 
BioRender.com [10].
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of m6A RNA with single-molecule resolution, providing rig
orous quantitative and spatial measurements. 
However, m6AISH-PLA has low throughput (cell number ≥  
100) and it’s not capable of distinguishing m6A sites located 
within a short sequence range because of the limitation of 
PLA in physical distance.

In addition, a microscopy-based technology to measure 
gene expression, cell surface markers, and m6A modification 
in single cells and at single-molecule resolution was also 
developed [69]. Various innovations in nanowell technology 
were combined, together with low-quality digital gene expres
sion (LQ-DGE), image registration, and sequential 

Table 1. List of single-cell technologies being used to study m6A RNA modification, with the correspondent cell types it was used on and a small explanation of the 
various methodologies.

Single-cell methods used to study RNA modification: m6A

Method name Single cells used on Method Ref.

m6AISH-PLA Hepa 1–6 Cell Line m6A-specific in situ hybridization mediated proximity 
ligation assay for cellular imaging of m6A RNA. It 
utilizes two proximity probes to target m6A-specific 
RNA and m6A methylation, followed by ligation and 
in situ rolling circle amplification (RCA)

[68]

Epitranscriptome 
profiling of 
microscopy- 
based, low- 
input samples 
and individual 
cells

MUTZ3 leukaemia cells mRNAs from cell lysates on oligo-dT-coated coverslips are 
captured, individual m6A-immunobloated transcripts 
are visually detected and sequenced without being 
amplified. Finally, a nanoscale machine allows the 
isolation of individual cells, and thus, relate cell surface 
markers and gene expression signatures to single-cell 
m6A modification states

[69]

scDART-seq HEK293T cell line Deamination adjacent to RNA modification targets, cells 
expressing inducible APOBEC1-YTH

[70]

scm6A-seq In single oocytes/blastomeres 
of cleavage-stage embryos

RNA fragmentation and ligation, labelling each twice and 
parallelized single-cell seq

[71]

picoMeRIP-seq In mouse embryonic stem 
(mES) cells and in single 
zebrafish zygotes, single 
mouse oocytes and 
preimplantation embryos

RNA fragmentation, sonication, and RNA 
immunoprecipitation with validated anti-m6A

[72]

Figure 3. Single-cell m6A sequencing technologies. From the top in a clockwise manner, small explanation of all existing techniques: m6AISH-PLA, epitranscriptome 
profiler, scDART-seq, scm6A-seq and picoMeRIP-seq. Created with BioRender.com [10].
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fluorescence in situ hybridization (seqFISH) to produce data 
containing many parameters from single cells. Essentially, an 
open platform was validated for multi-modal single-cell 
experiments. At a single-cell level, the use of nanowells has 
enabled to analyse the total polyA+ RNA content, and to 
quantify cell surface markers, absolute numbers of individual 
transcripts, and RNA modifications, all at the same time and 
from the same individual cells. Cellular barcodes are not 
necessary for this technique because of the steps of image 
registration and direct imaging between molecular imaging 
and cellular phenotyping, which prevents having to use diffi
cult library preparation steps. It is possible that in future 
versions the nanowell technology will allow RNA density 
optimization and stimulate the integration with single- 
molecule sequencing methodologies, like LQ-DGE, which 
would expand the transcriptome-wide throughput and make 
possible for the measurements of single isoforms and allelic 
expression.

In general, this would seem like a flexible and effective 
method to measure the epigenetic m6A modification of 
mRNAs, their transcript quantity and surface proteins at 
a single-molecule and single-cell level. However, their plat
form to detect RNA modifications in individual molecules 
leans towards a binary interpretation, so it can detect its 
absence or presence over stoichiometry of the modification’s 
locations in a transcript. Also, in a transcript, despite the 
number of m6A-modified sites, the detection of antibody 
fluorescent signal is transformed into m6A-positive tran
scripts while the single-molecule image is being processed. 
This way, the assay differentiates the transcripts as those 
containing one or more modifications or those that are 
unmodified. Additionally, cross-reactivity of 
the m6A antibody and the cap-specific m6Am modification 
exist, and it could confuse the interpretation of the data from 
other systems. Thus, for this method, it is recommended to 
supplement the analysis of single-cell data with other assays 
like DART sequencing, m6Am-exo sequencing and/or LC- 
MS analysis, which means this technology, by itself, is not 
yet capable of differentiating m6A modification in single- 
cells appropriately.

Afterwards, single-cell DART-seq (scDART-seq) [70] was 
developed. In this technique, they induced APOBEC1-YTH 
(cytidine deaminase APOBEC1 fused to YT521-B homology 
domain) expression in HEK293T cells and performed droplet- 
based scRNA-seq and SMART-seq2 technology. scDART-seq 
was established as a robust m6A detection method in single 
cells and it can identify infrequently methylated mRNAs 
which could otherwise dodge detection by standard 
bulk m6A mapping approaches. This methodology is very 
promising for studying m6A modifications in mRNA from 
individual cells since it managed to discover that 
many m6A sites which only show modest stoichiometry esti
mates at the population level are quite abundant in subpopu
lations of individual cells. Additionally, it is also possible to 
cluster groups of cells based on their m6A abundance patterns 
which reveal m6A as a potential driving force for co- 
regulation of subpopulations of cells. Nevertheless, scDART- 
seq also has some important limitations such as the fact that it 
needs the expression of APOBEC1-YTH in cells or tissues of 

interest, and that, as with many m6A mapping approaches, it 
is possible for it to detect false-positive m6A sites. On the 
other hand, some sites can also be missed because of inacces
sibility or low abundance of the APOBEC1-YTH protein.

Single-cell m6A sequencing (scm6A-seq) [71] technology 
can simultaneously profile the m6A methylome and transcrip
tome in single oocytes/blastomeres of cleavage-stage embryos. 
In this single-cell method, the RNA molecules from each cell 
must first be fragmented, and then be labelled with two 
rounds of barcoded DNA adapters for multiplexed single- 
cell sequencing. To manage that, the barcoded RNA mole
cules from different cells are pooled together and subjected to 
RNA-seq and m6A immunoprecipitation (m6A-IP). Thus, this 
methodology enables in-depth research of m6A functions and 
characteristics, and the results have provided valuable single- 
cell resolution resources to define the mechanism involved in 
gametogenesis and early embryonic development. In addition, 
scm6A-seq is more sensitive than other strategies, especially 
for low-abundant modified RNAs, since it minimizes the 
variance and batch effect (non-biological inter-sample var
iance) of enrichment efficiency among individual cells. By 
barcoding each single cell separately and then pooling 
together the different cells from different samples, the inter- 
sample variance due to batch effect is avoided, making it 
possible to compare the relative m6A level directly among 
individual cells. It can also detect m6A at single-cell resolution 
under natural conditions, without the need for exogenously 
engineered YTH-APOBEC1 gene expression. However, until 
now, this technique has only been employed on single 
oocytes/blastomeres of cleavage-stage embryos but not on 
single cells from other tissues.

Finally, picogram-scale m6A RNA immunoprecipitation 
and sequencing (picoMeRIP – seq) [72] has been the latest 
developed and benchmarked method for small-scale and sin
gle-cell m6A mapping, which does not require the use of 
specialized equipment, making it easier to be adopted by 
many laboratories. It is expected that this technique will 
allow the profiling of m6A in some limited cell types from 
various in vivo sources, like in biopsies from healthy and 
diseased tissues. Additionally, its sensitivity allows for single- 
oocyte and single-embryo studies, therefore, this method 
could reveal the m6A landscape of preimplantation embryos 
and human oocytes in connection to developmental defects 
and fertility. Still, some improvements are needed on 
picoMeRIP – seq since they also tried to apply it to single 
mES cells but could not acquire enough libraries for sequen
cing. Possibly in the future, higher-throughput analysis will be 
capable of further evaluating the heterogeneity between single 
cells.

Single-cell technologies for mapping inosine

On the other hand, inosine is a crucial RNA modification, 
resulting from the A-to-I RNA editing process, catalysed by 
the family of deaminases ADAR [73]. Inosine is usually 
deposited at the anticodon wobble position of many tRNA 
molecules, modulating the protein sequence, and in different 
positions of a wide range of mRNA molecules, modulating 
their localization, splicing and stability. Dysregulation in 
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A-to-I editing has been seen to be related with several dis
eases, such as autoimmune diseases or even cancer progres
sion [74].

Since inosine naturally pairs with a cytosine after RNA 
retrotranscription to cDNA, inosine is substituted as guanine 
after PCR. Thus, to detect inosine, a classic RNA-seq is 
usually performed, followed with a A-to-G variant calling. In 
a single-cell scenario, and similarly to the bulk counterpart, 
inosine detection can be performed with any scRNA-seq 
technology, such as SMART-seq, or any 3’-oriented sequen
cing protocols (CEL-seq, DROP-seq, In-DROP, or 10× 
Chromium). A-to-G variant calling is usually performed 
with recoding editing index (REI) algorithms, such as 
QEdit [75].

Future perspectives

The technological development of single-cell epitranscrip
tomic analysis is still in its early stages. At present, out of 
the over 170 RNA modifications identified to date, only 
two of them (m6A and inosine) can be analysed at the 
single-cell level. New single-cell epitranscriptomic technol
ogies will soon emerge, enhancing our understanding of the 
diverse RNA modifications within the cellular heterogeneity 
of healthy and dysfunctional tissues.

Until now, all transcriptome-wide m6A profiling studies 
had examined this modification with bulk RNA-sequencing, 
a technology that captures only an ‘average’ of the expres
sion profiles from thousands up to millions of cells. 
However, with this review, it was possible to highlight 
that there are essential characteristics of m6A and inosine 
biology which can only be studied properly via single-cell 
RNA-sequencing.

The field of single-cell epitranscriptomic sequencing is 
growing to be capable of investigating a broadening range 
of modifications, not only for m6A or inosine in cultured 
or early embryonic development cells but also for different 
types of RNA modifications and in various types of cells 
and samples. To do so, it would be imperative for these 
hypothetical future technologies to diminish the number of 
steps necessary for the sample preparation before sequen
cing, standardizing all the procedures (by establishing gold 
standards) and creating an automated protocol for single- 
cell epitranscriptomic sequencing, allowing to lower their 
cost and to be broadly used. Additionally, in the years to 
come, it would be also necessary for these techniques to 
allow for a higher-throughput analysis (improving the 
number of cells able to be isolated and processed), provide 
better coverage of the numbers of expressed genes (which is 
usually lower in single-cell technologies when compared 
with population-level ensemble measurements, bulk RNA- 
seq) and to solve the ‘drop-out’ problem, where weakly 
(and even moderately) expressed genes can be missed dur
ing sequencing, mostly caused because of the low resolution 
of these current techniques.
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