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Abstract 

N 

6 -Methyladenosine (m 

6 A) is one of the most abundant internal chemical modifications on eukaryote mRNA and is in v olv ed in numerous essential 
molecular functions and biological processes. To facilitate the study of this important post-transcriptional modification, we present here m 

6 A-Atlas 
v2.0, an updated version of m 

6 A-Atlas. It was expanded to include a total of 797 091 reliable m 

6 A sites from 13 high-resolution technologies and 
two single-cell m 

6 A profiles. Additionally, three methods (exomeP eaks2, MA CS2 and TRESS) were used to identify > 16 million m 

6 A enrichment 
peaks from 2712 MeRIP-seq experiments covering 651 conditions in 42 species. Quality control results of MeRIP-seq samples were also provided 
to help users to select reliable peaks. We also estimated the condition-specific quantitative m 

6 A profiles (i.e. differential methylation) under 172 
e xperimental conditions f or 19 species. Further, to pro vide insights into potential functional circuitry, the m 

6 A epitranscriptomics were annotated 
with various genomic features, interactions with RNA-binding proteins and microRNA, potentially linked splicing events and single nucleotide 
polymorphisms. The collected m 

6 A sites and their functional annotations can be freely queried and downloaded via a user-friendly graphical 
interface at: http:// rnamd.org/ m6a . 
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6 -Methyladenosine (m 

6 A) is the most abundant chemically
odified nucleotide of mRNA in eukaryotes ( 1 ), which has

lso been observed on long non-coding RNA (lncRNA), tRNA
nd rRNA ( 2 ). The abundance of m 

6 A has been shown to be
.1–0.4% of total adenosines in cellular RNA and tends to be
resent at the consensus DRACH (D = A \ G \ U; R = A \ G;
 = A \ C \ U) motifs ( 3 ). In addition, m 

6 A is typically en-
iched in 3 

′ -untranslated regions (UTRs) and near the stop
odons ( 4 ). The characteristic transcriptomic distribution pat-
erns of m 

6 A methylation suggested its important roles in bi-
logical processes ( 4 ). Indeed, recent studies have revealed its
oles in cell / embryo / neuron development ( 5–7 ), tumor devel-
pment and metastasis ( 8–10 ), virus infection ( 11–13 ), virus-
ssociated metastasis ( 14 ,15 ) and resistance to anti-tumor
rugs ( 16 ,17 ). 
In 2011, the fat mass and obesity-associated protein (FTO)

as found to target and efficiently demethylate the m 

6 A
esidues in RNAs ( 18 ). Since then, the mechanism of dy-
amic m 

6 A regulation has been systematically studied ( 19 ).
ethylation can be catalyzed by RNA methyltransferases in
ulticomponent complexes such as methyltransferase-like 3

METTL3), methyltransferase-like 14 (METTL14) and Wilms
umor 1-associated protein (WTAP), and can be removed by
emethylases, which have been discovered to include FTO and
lkylated DNA repair protein AlkB homolog 5 (ALKBH5).
egulation also involves m 

6 A-binding proteins, such as YTH-
omain family 1–3 (YTHDF1–3), YTHDC1 and YTHDC2,
hich exert regulatory functions through selective recogni-

ion. For instance, m 

6 A residues can influence the stability of
arget transcripts by interacting with YTHDF2 or promote
rotein synthesis by interacting with YTHDF1 ( 20 ). 
In order to fully understand the function of m 

6 A, it is im-
ortant to decipher the m 

6 A epitranscriptome profiles un-
er specific cellular conditions. Multiple sequencing technolo-
ies were developed for this purpose, each with different fea-
ures and strengths. MeRIP-seq / m 

6 A-seq is the most widely
pplied m 

6 A detection technique. It is an efficient method
or condition-specific m 

6 A site identification, m 

6 A methyla-
ion level quantification and differential methylation compar-
son ( 4 ,21 ). Later, to compensate for the limited resolution
( ∼100 bp) of MeRIP-seq, m 

6 A-CLIP / miCLIP was developed
to profile m 

6 A sites under base resolution using the antibody
cross-linking technique ( 22 ,23 ). The high-resolution detection
technologies promoted further research on m 

6 A, such as the
m 

6 A distribution in the nucleus and splicing ( 24 ), and its as-
sociation with histone H3 trimethylation ( 25 ). Currently, at
least 13 next-generation sequencing (NGS)-based technolo-
gies have been developed to provide epitranscriptome pro-
files with high resolution ( 26–29 ). In addition, the Oxford
nanopore technique was also used to detect m 

6 A sites ( 30–
32 ) which may provide isoform-specific m 

6 A profiles. Finally,
in a recent study, scDART-seq was developed to enable the
deconvolution of m 

6 A levels at the single-cell level ( 33 ). 
To date, a number of bioinformatics databases for RNA

modification have been constructed, including RMBase ( 34 ),
REPIC ( 35 ) and MeT-DB ( 36 ), reporting modification sites,
MODOMICS ( 37 ) which provides modification types, and
other databases ( 38–42 ) which have summarized RNA
modification-associated diseases or regulations. Among them,
m 

6 A-Atlas ( 43 ), which was established in 2020, collected
reliable m 

6 A sites obtained from seven high-resolution epi-
transcriptome profiling technologies, and integrated various
post-transcriptional regulatory mechanisms to provide a more
comprehensive view of the m 

6 A epitranscriptome. With the
growing research focus on m 

6 A and the accumulation of NGS
data, we improved m 

6 A-Atlas by including more sequencing
techniques, peak calling methods and species. Also, to make it
easier and more flexible for users to deal with results coming
from different batches, we presented the quality control infor-
mation for samples so that users can filter the results based on
their knowledge. 

• Enhanced coverage. (i) We collected 797 091 m 

6 A sites
from seven species derived from 13 technologies with
single base resolution. Additionally, another seven types
of RNA modification reported by 16 kinds of techniques
were summarized to show the potential interaction be-
tween different RNA modifications. (ii) Two single-cell
m 

6 A profiles for human and mouse were obtained from
scDART-seq and scm6A-seq, respectively. (iii) MeRIP-
seq raw data were collected to identify m 

6 A-enriched
regions from 42 species (including 12 viruses) and 651
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Peak calling
Three recommend peak calling
methods were used in data
processing, e.g. 8,274,177 human
m6A peaks were supported by all
three methods.

Quality control
Data quality were estimated and
integrated in this version to filter
methylatioin region with confidence.

Quantitation Proflies
Quantification of m6A methylation
levels estimated from 2,260 m6A-
seq samples.

Functional Features
Differential m6A finder and potential
cross RNA modifications associations
are available to explore post-
transcriptional machinery.

Abundant m6A
sequencing samples
2,712 MeRIP-seq samples with
651 conditions in 42 species
(including human, mouse, E.coli,
12 viruses, etc).

Expanded 
Epitranscriptome

m6A sites in 7 species identified by
13 high-resolution technologies
and two single-cell technologies
were collected.

m6A-Atlas 
Version 2.0

Record annotated peaks
with gene expression
levels and transcript
relevant information.

Annotation

All profiles can be freely
downloaded and shared 
on Internet by API.

Free Access
Support for a range of
queries, including by
gene, regions, species,
and techniques.

Query
Graphical user interface 
with integrated gonme 
browser for visualization 
of sites and peaks of
interests.

Visualization

Figure 1. The overall design of m 

6 A-Atlas v2.0. m 

6 A-Atlas v2.0 is an updated version of m 

6 A-Atlas that provides m 

6 A profiles for 42 species with various 
resolutions. It also supports query of the quality of MeRIP-seq data, conserv ativ e sites, functional annotations of sites and identification of differentially 
methylated m 

6 A peaks under different conditions. 

conditions. Three m 

6 A peak calling algorithms, namely 
exomePeak2 that was used in the first version of m 

6 A- 
Atalas, MACS2 and recent advanced TRESS ( 44–47 ), 
were used to call m 

6 A peaks from raw data. Results of 
the three methods were carefully integrated to provide 
16 million m 

6 A enriched peaks. 
• Quality control. In the updated version, 2712 MeRIP- 

seq samples produced from different laboratories and at 
different times were collected. Unwanted technical vari- 
ation and differences across batches can hinder the in- 
tegration of batches of data. To this end, we provided 

the quality control information for MeRIP-seq samples 
so that users could quickly select and filter the results 
by quality control metrics. Inspired by Zhang et al . ( 48 ), 
five metrics, namely GC content, mapping ratios, mo- 
tif occurrence within peaks, number of 10-fold enriched 

peaks and relative distribution on transcripts were cal- 
culated. In terms of high-resolution m 

6 A profiles, sites 
could be filtered by techniques. A comprehensive com- 
parison among different technologies were applied fol- 
lowing pervious work ( 49 ); we found that sites with a 
false discovery rate (FDR) < 0.05 were generally sup- 
ported by more than four techniques. Therefore, for 
high-resolution m 

6 A profiles, sites reported by at least 
four techniques were considered as confident sites. 

m 

6 A-Atlas v2.0 also provides a function that enables the 
query of differentially methylated m 

6 A peaks between differ- 
ent conditions from 19 species. A user-friendly graphical inter- 
face was constructed for the query of m 

6 A profiles and their 
functional features, involvement in the post-transcriptional 

machinery and conservation across vertebrates (i.e. human, 
mouse, rat and zebrafish). m 

6 A-Atlas v2.0 is freely accessible 
at http:// rnamd.org/ m6a and all searchable information can 

be downloaded from the webserver (see Figure 1 ). 

Materials and methods 

Collection of m 

6 A-enriched peaks 

To identify m 

6 A-enriched peaks, 2712 MeRIP-seq samples, 
which cover 651 treatment conditions in 42 species, com- 
prising 19 animals, 6 plants, 1 fungus (yeast), 2 apicom- 
plexans, 2 prokaryotes and 12 viruses, were obtained from 

the NCBI GEO databases ( 50 ) and the GSA database ( 51 ) 
(see Supplementary Table S1 and S2). FastQC (v0.11.9) ( 52 ) 
was used to inspect the raw sequencing data and then adap- 
tors and low-quality nucleotides were trimmed by TrimGa- 
lore (v0.6.6). Trimmed reads were mapped to the reference 
genome by HISAT2 (v2.2.1) ( 53 ) and the alignment results 
were converted to bam format file and sorted by SAMTools 
(v1.7) ( 54 ). Peak calling was performed on the mapped reads 
IP / input files using exomePeak2 (v1.2.0), MACS2 and TRESS 
( 44–47 ). Condition-specific peaks called by the three meth- 
ods were combined and peaks supported by multiple methods 
were highlighted. Additionally, differential m 

6 A methylation 

analysis is also available in the updated version. 
Reference genome sequences were downloaded from En- 

sembl ( 55 ), NCBI ( 50 ), UCSC ( 56 ), the maizeDB database 
( 57 ) and the GDR database ( 58 ). To ensure reliability, we per- 
formed a cross-validation between high-resolution m 

6 A sites 
and m 

6 A-enriched peaks. Meanwhile, the gene expression lev- 
els [transcripts per kilobase of exon model per million mapped 

http://rnamd.org/m6a
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reads (TPM)] for the m 

6 A matched transcripts were also esti- 
mated from the aligned and sorted BAM files of MeRIP-seq 

input control samples; StringTie ( 59 ) with default parame- 
ters was used to calculate the TPM to facilitate comparative 
analysis. 

MeRIP-seq data quality controls 

Following the idea of Cistrome ( 48 ), five quality control met- 
rics were calculated: 

• GC content. FastQC( 52 ) was used to evaluate whether 
the per sequence GC content of a sample is in line with 

normal distribution. For a specific condition, if more 
than half of its samples failed the GC content evalua- 
tion (i.e. do not follow normal distribution), it would be 
considered as failed. 

• Mapping ratios. Mapping ratios are measured by the per- 
centage of reads that map to the reference genome over 
total raw reads. A good mapping ratio should be > 80%. 
HISAT2 (v2.2.1) ( 53 ) and SAMTools (v1.7) ( 54 ) were 
used to obtain the mapping ratios. 

• Motif occurrence within peaks. m 

6 A modifications 
usually appear in consensus motifs [i.e. DRACH in 

eukaryotes / virus and GCCAG in prokaryotes ( 60 )]. A 

high percentage of non-DRA CH / GCCA G motifs within 

enriched peaks might suggest highly non-specific binding 
of m 

6 A antibodies. 
• Number of 10-fold enriched peaks. The fold change of 

m 

6 A peaks > 10 can be considered as confident peaks. In 

this study, the 10-fold enrichment peaks identified by two 

or more m 

6 A identification methods were counted. More 
10-fold enriched peaks ( > 500) indicate better quality of 
the MeRIP-seq sample. 

• Relative distribution on transcripts. Previous studies 
have shown that m 

6 A peaks are usually enriched in cod- 
ing sequences and UTRs of transcripts ( 21 ). If the major- 
ity of peak summits are located in coding regions and 

UTRs ( > 90%), the sample can be considered to have 
good quality. 

Collection of high-resolution and single-cell RNA 

modification profiling 

In m 

6 A-Atlas v2.0, high-resolution techniques refer to tech- 
nologies with single-base resolution or single-cell resolution. 
A total of 109 conditions of 13 single-base resolution tech- 
nologies ( 61–65 ) for seven species (i.e. human, mouse, rat, ze- 
brafish, fly, Arabidopsis and yeast) and one sample of single- 
cell resolution technologies for human were incorporated in 

our database. The processed data were obtained from the 
NCBI GEO database ( 50 ) or from publications (see Supple- 
mentary Table S3). 

Quantitative profiles for collected m 

6 A sites 

In m 

6 A-Atlas v2.0, the quantification of the m 

6 A methyla- 
tion level is provided for the high-resolution m 

6 A sites. We 
quantify the m 

6 A methylation levels through the calculation 

of IP over input fold enrichment using read counts on m 

6 A 

sites in different species. Firstly, in order to accurately quan- 
tify the m 

6 A methylation level from different biological con- 
ditions, only methylation sites confirmed by base-resolution 

data were considered. Next, we count the reads from BAM 

files of MeRIP-seq data over the selected m 

6 A sites. Only 

sites with reads count > 5 are kept. For most MeRIP-seq li- 
braries, fragmentation and immunoprecipitation were usually 
performed on the poly(A)-selected mRNA ( 4 ): therefore, it is 
recommended that users focus only on the m 

6 A sites on exonic 
regions. 

Annotation of m 

6 A sites and peaks 

In addition to the genomic coordinates of m 

6 A sites, m 

6 A- 
Atlas v2.0 also provides the methylation level, differential 
methylation profiles, splicing sites, microRNA (miRNA) tar- 
get sites, RNA-binding protein (RBP)-binding sites and RNA 

subcellular localization to facilitate the investigation of the po- 
tential downstream regulatory mechanism of m 

6 A. In addi- 
tion to relevant feature annotations, other modification types 
on the same exon of target m 

6 A site can be queried in the 
human and mouse sets. The splicing sites and RNA subcellu- 
lar localization were obtained from the UCSC database ( 56 ) 
and RNALocate ( 66 ), respectively. The miRNA target sites 
and RBP-binding sites in human were retrieved from starBase 
( 67 ) and POSTAR ( 68 ). The m 

6 A conservation among differ- 
ent species was annotated by ConsRM ( 69 ). Basic gene infor- 
mation (gene ID in Ensembl or Entrez Gene ID; gene name in 

SYMBLE format; gene region) for identified sites and peaks 
were obtained from Ensembl and NCBI gene annotation files 
( 50 ,55 ), respectively. 

Database and web interface implementation 

The MySQL Database Management System was employed to 

store and manage all datasets in m 

6 A-Atlas v2.0. Hypertext 
Preprocessor (PHP) and JavaScript were used for developing 
the database query and user interface. The layout and render- 
ing of the web interface were based on Hyper Text Markup 

Language (HTML) and Cascading Style Sheets (CSS). The 
query results can be visualized in various forms of statistical 
graphs using DataTables, ECharts and HighCharts. JBrowse 
was implemented to navigate all genomic tracks over the web- 
server ( 70 ). The cross-species comparison for RNA modifica- 
tions was available in the database based on the JBrowse2. 

Results 

To explore the collected RNA modification sites and their an- 
notations efficiently, a user-friendly web interface was devel- 
oped for m 

6 A-Atlas v2.0. Multiple filtering options are also 

provided to help users to select m 

6 A modification sites under 
specific constraints. For example, users can choose peak call- 
ing results from MeRIP-seq data or high-resolution data. 

More than 16 million m 

6 A-enriched regions detected from 

2712 MeRIP-seq samples were collected in m 

6 A-Atlas v2.0 

to provide a more comprehensive view of the known m 

6 A 

epitranscriptome in 42 species (Figure 2 A), covering animals, 
plants, fungi, apicomplexans, prokaryotes and viruses. The 
m 

6 A regions supported by multiple peak calling methods were 
annotated, e.g. there are 8 274 177 human m 

6 A peaks sup- 
ported by all three methods (Figure 2 B). For each condition, 
the consistency of different peak calling results could be vi- 
sualized in the website ‘statistics’ page (Figure 2 C). The ma- 
jority of the sample can pass the quality control (Figure 2 D) 
and we also find a positive correlation between the percentage 
of consistent peaks and qualities (Figure 2 E). All m 

6 A peaks 
were comprehensively annotated, including gene information, 
transcript location, methylation level (IP over input log 2 fold 
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Figure 2. MeRIP-seq data and quality control in m 

6 A-Atlas v.2.0. ( A ) MeRIP-seq with 651 conditions stored in m 

6 A-Atlas v2.0. ( B ) More than 13 million 
human methylation peaks were identified and 60% of peaks were supported by three peak calling methods. ( C ) For each condition, the percentage of 
multi-method-supported peaks is a v ailable in the ‘statistic’ page, e.g. 73.86% of m 

6 A peaks were identified by at least two methods at condition 
‘GSE11 41 50 Liver 22 weeks’. ( D ) The ratio of human samples passes the quality control. ( E ) The correlation between data quality and percentage of 
multi-method-supported m 

6 A peaks. 

change), confidence score (–log P -value) and gene expression 

level. 
Within the high-resolution repository, users can select their 

own species of interest and browse the m 

6 A modification 

sites and their interacting biological factors. In this update, 
by incorporating data from 13 single-base techniques covering 
seven species, we expanded the quantity of m 

6 A sites up to 797 

091, including 427 760 human sites from 24 cell lines / tissues 
with 12 techniques. The consistency among different meth- 

ods was estimated on all genes and housekeeping genes (Sup- 
plementary Table S4). Additionally, techniques could be di- 
vided two clusters, specifically the CLIP-based methods and 

antibody-free-based methods (Supplementary Figure S1). In 

addition, m 

6 A sites should be reported by at least four tech- 
niques to achieve an FDR < 0.05 (Supplementary Table S5). 
Although some sites identified by certain techniques were 
difficult to reproduce, most of them could be verified by 
MeRIP-seq results (Supplementary Table S6). 
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Table 1. Key improvements of m 

6 A-Atlas v2.0 over existing databases 

m 

6 A-Atlas 

Techniques Content Met-DB v2.0 RMBase v2.0 REPIC V1.0 V2.0 

m 

6 A peaks from MeRIP-seq Samples 138 > 600 672 > 1300 2712 
Eukaryotes 7 10 9 – 28 
Prokaryotes – 2 2 – 2 
Virus – – – 10 12 
Quality control – – – – Yes 

High-resolution data Techniques – – – 7 13 
Conditions – – – 67 109 
Quantification – – – Yes Yes 

Single-cell m 

6 A profiles – – – – Yes 

Tree diagram

Quantitative profilesGenome browser

RBP miRNA

Other RNA modifications

Quality control

Validation with different conditions/techniques

Figure 3. Enhanced web interface of m 

6 A-Atlas v2.0. In this update, we provided quality control, tree diagram, genome browser, quantitative profiles, 
RBP and miRNA information and location of the other seven types of RNA modification to help in exploring the post-transcriptional machinery. 
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To help researchers explore relationships to other epi- 
transcriptomics markers and the roles of m 

6 A in gene ex- 
pression regulation and disease occurrence, genomic in- 
formation including RBP, miRNA target, splicing site, 
single nucleotide polymorphism (SNP) annotation ( 40 , 71 , 72 ) 
and evolutionary conservation ( 69 ) were integrated in m 

6 A- 
Atlas v2.0. In general, m 

6 A-Atlas v2.0 provides the most 
comprehensive m 

6 A landscape among existing databases 
(Table 1 ). 

Enhanced web interface and usage 

For m 

6 A profiles from MeRIP-seq, the different quality con- 
trol statistics for each condition are displayed. Users can 

quickly filter the results that passed (green) or failed (red) each 

quality control matrix. When we click a specific peak / site, 
a tree diagram that visualizes the supported conditions will 
appear, which may help us to identify condition-specific 
sites / peaks. In addition, we enhance the connectivity between 

MeRIP-seq data and high-resolution data; for each identified 

peak, overlapping m 

6 A peaks were annotated in the detail 
page. m 

6 A-Atlas v2.0 also offers graphic visualizations that 
display the position of the m 

6 A peaks / regions along the gene 
and genomic regions of interest, by genome browser. In the 
high-resolution sites page, the quantitative profile is available 
to show the dynamic methylation among different conditions. 
Also, the RBP and miRNA information were integrated in the 
websites to help in exploring the post-transcriptional machin- 
ery. Considering the potential interaction between different 
RNA modifications, the other seven types of modifications in 

the same exon are reported in the database for each m 

6 A site. 
All these features are summarized in Figure 3 . 

Tools: differential m 

6 A query and API 

The differentially methylated region between selected pairs of 
treatment and control MeRIP-seq experiments can be found 

using differential m 

6 A-finder. In the tool module of the m 

6 A- 
Atlas v2.0 web server, users can compute the differential anal- 
ysis result across cellular conditions after specifying the pa- 
rameters of species, cell line and experiments. Furthermore, 
details of experimental data are also provided in the look-up 

table. 
All source data in m 

6 A-Atlas v2.0, including low-resolution 

m 

6 A peaks and high-resolution m 

6 A sites and their functional 
annotations, can be freely accessed and shared. Users can also 

access the application program interface (API) on the web in- 
terface, which offers a personalized query and download of all 
collected data. Please refer to the ‘API’ pages for more com- 
plete data descriptions. 

Discussion 

With the recent advances in epitranscriptomics and high- 
throughput sequencing technologies, many high accuracy 
single-base resolution techniques have emerged for m 

6 A site 
detection. Meanwhile, the quantity of m 

6 A peak regions (e.g. 
MeRIP-seq) data has grown exponentially in recent years, pro- 
viding an opportunity for the in-depth exploration of m 

6 A 

epitranscriptome data. Therefore, we have constructed an up- 
dated version of m 

6 A-Atlas to comprehensively integrate m 

6 A 

epitranscriptome profiles across different techniques and bio- 
logical conditions. The m 

6 A enrichment regions that can be 
detected by multiple identification methods at the same time 
and can be queried by users as confident peaks, and statis- 

tics of five quality control metrics were provided to users for 
screening and filtering data. The database enables easy query, 
analysis and download of information. Moreover, by integrat- 
ing annotation data from miRNA targets, splicing sites, RBP- 
binding sites, SNPs, evolutionary conservation and quantita- 
tive methylation levels, m 

6 A-Atlas v2.0 can be used to explore 
the relationships between RNA m 

6 A modification sites and 

other downstream functional features. In addition, the func- 
tionality of differential m 

6 A queries can report differential 
profiles of m 

6 A methylation between two biological condi- 
tions. In summary, m 

6 A-Atlas v2.0 provides a comprehensive 
and powerful knowledgebase for researchers to discover po- 
tential functional associations of m 

6 A epitranscriptomic mod- 
ification and their mechanistic bases. In the future, we will 
continue to improve the depth and breadth of the data collec- 
tion [such as m 

6 A sites detected by nanopore techniques ( 73 )] 
and to maintain m 

6 A-Atlas v2.0 as a useful resource for the 
field. 
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