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Abstract

Despite the prevalent studies of DNA/Chromatin related epigenetics, such as, histone
modifications and DNA methylation, RNA epigenetics has not drawn deserved attention until a
new affinity-based sequencing approach MeRIP-Seq was developed and applied to survey the
global MRNA N6-methyladenosine (mBA) in mammalian cells. As a marriage of ChIP-Seq and
RNA-Seq, MeRIP-Seq has the potential to study the transcriptome-wide distribution of various
post-transcriptional RNA modifications.

We have previously developed an R/Bioconductor package ‘exomePeak’ for detecting RNA
methylation sites under a specific experimental condition or the identifying the differential RNA
methylation sites in a case control study from MeRIP-Seq data. Compared with other relatively
well studied data types such as ChIP-Seq and RNA-Seq, the study of MeRIP-Seq data is still at
very early stage, and existing protocols are not optimized for dealing with the intrinsic
characteristic of MeRIP-Seq data. We therein provide here a detailed and easy-to-use protocol of
using exomePeak R/Bioconductor package along with other software programs for analysis of
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MeRIP-Seq data, which covers raw reads alignment, RNA methylation site detection, motif
discovery, differential RNA methylation analysis, and functional analysis. Particularly, the
rationales behind each processing step as well as the specific method used, the best practice, and
possible alternative strategies are briefly discussed.

Introduction

Despite the unprecedented advance in epigenetics studies of DNA methylation and histone
modifications with next-generation sequencing (NGS), RNA epigenetics remains a largely
uncharted territory [1] and has not benefitted as much from the advancement in sequencing
technology until lately. A new powerful protocol MeRIP-Seq (independently named as
‘mPA-Seq’ [2, 3] and ‘MeRIP-Seq’[4]) was proposed in two recent studies on transcriptome-
wide mRNA N6-methyladenosine (m6A) methylation [3, 4], where mRNA is fragmented
before the immunoprecipitation with anti-m8A antibody, and the immunoprecipitated and
input control fragments are then sequenced and aligned for reconstructing the m6A RNA
methylome (See Figure 1).

MeRIP-Seq (more comprehensively detailed in [2]) in theory enabled the transcriptome-
wide unbiased study of a large number of known post-transcriptional RNA modifications [5]
at a high resolution, provided that the corresponding antibody is available. As one of the
primary application of next generation sequencing that targets the RNA modifications (see
Table 1), the protocol is expected to gain increasing popularity in the near future.

From a technological perspective, MeRIP-Seq can be considered a marriage of three
relatively well-studied techniques: ChIP-Seq [6, 7], RNA-Seq [8, 9] and MeDIP-Seq [10,
11], yet it brings new computational challenges not addressed previously [12]. Next, we
discuss briefly the best practice for MeRIP-Seq data analysis by drawing its connections
with RNA-Seq, ChIP-Seq and MeDIP-Seq.

» Mapping and Filtering Short Reads

As MeRIP-Seq sequences mRNA indirectly from cDNA, spliced aligners that allow reads to
span exon—exon junctions should be implemented. As in many other NGS based techniques,
an important issue is how to best deal with the widespread repetitive elements [13] in a
broad range of species (around 50% of the human genome) that can lead to multi-reads
(reads that could be mapped to multiple genomic locations) and the mapping ambiguities in
the alignment. Of the various existing strategies, the simplest yet very effective way is to
exclude all the multi-reads completely from the analysis.

» Fragment Length and Shifting Size

Currently, the most popular RNA sequencing protocol (unstranded and single-end
sequencing) produces two shifted peaks on the ‘+’ and ‘=’ strands with a distance equal to
the fragment length when using 5° end position to denote the position of the reads (The
distance is equal to ‘fragment length’ minus ‘read length’ when using ‘Pos’ in the
SAM/BAM format to denote reads’ positions.). The bimodal pattern is naturally observed in
MeRIP-Seq data [12]. To correctly predict the precise methylation sites, reads need to be
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shifted by half of the fragment length or extended to the full length towards the 3’ end. In
case that the fragment length is unknown, it may be estimated from the bimodal pattern [14,
15] or the cross-strand correlation [16]. Noted that, different from MeRIP-Seq, the current
standard RIP-Seq protocol takes advantages of strand-specific sequencing technique [17], so
the reads from a transcript are mapped to “+’ or ‘=" strand only, and the bimodal pattern is
not observable [18].

» Peak Calling, Sequencing Bias and Control Sample

The detection of methylation sites has been mainly formulated as the peak detection problem
in ChIP-Seq [19, 20]. Different from the mild sequencing bias in ChIP-Seq, which is mainly
owing to nucleosome loss around the transcription starting sites, MeRIP-Seq suffers from
the depletion at both 5 and 3’ ends as a result of RNA fragmentation [9], considerable
variations of expression levels for different genes, and most importantly, the positional bias
on the locus of the same gene due to different isoform transcripts. Although ChlP-Seq peak
calling can be conducted in the absence of a control sample by estimating the background
from the neighborhood genomic regions, MeRIP-Seq peak calling requires the paired input
control sample of fragmented RNAs before immunoprecipitation (input control sample) as
opposed to an immunoglobulin G control sample (IgG control sample) as used in ChIP-Seq
[6]. In MeDIP-Seq, of interests are the CpG islands, thus peak calling is usually
unnecessary.

» Peak Annotation, Gene and Isoform Transcripts

The association between detected RNA methylation sites and the specific mMRNA transcripts
can be problematic due to the complexity of transcriptome. Recent study showed that with
an average of 10 to 12 isoforms per gene, most genes tend to express multiple isoforms
simultaneously [21]. Since the fragment length is 100bp for the current MeRIP-Seq
protocol, isoform quantification can be difficult, not to mention the identification of sites on
each individual isoform transcript. Nevertheless, an mRNA methylation site may be
uniquely associated with a transcript when the site spans across the nearest exon(s) that
uniquely belongs to that transcript. On the other hand, the association between peaks and
genes is trivial except for the case of antisense RNA [22] Because identifying isoforms
based on MeRIP-Seq is still not realistic, it should be prudent to report the association
between gene and methylation sites instead of transcripts at the current stage.

* Differential Methylation

Differential analysis for MeRIP-Seq identifies differences in RNA methylome in a case-
control study (e.g., normal and cancer). The RNA methylome is influenced by “methylation
potential” [23], which is the ratio of S-adenosylmethionine (SAM, the universal methyl
donor cosubstrate) and S-adnosylhomocysteine (SAH, the by-product of SAM that acts as
competitive inhibitor). In this respect, it is comparable to the DNA methylation, where the
percentage of methylated molecule (or Beta value as in bisulfite-Seq or DNA methylation
microarray) is adopted to represent the degree of methylation. The differential methylation
analysis is then equivalent to testing whether the percentage of modified molecules? are the
same under two experimental conditions in a case-control study. For affinity-based methods
developed for DNA epigenetics (such as MeDIP-Seq and ChlP-Seq), since the total amount
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of DNA remains the same under two conditions after compensating for sequencing depth,
the percentage of modified DNA molecule is linearly correlated with the absolute amount,
and the difference is consistent regardless if the relative (percentage) or absolute amount is
used. However, in MeRIP-Seq, due to the effect of transcriptional differential expression, it
is possible that while the absolute amount of methylated RNA increases, the relative amount
(percentage of methylated RNA) decreases (See Figure 2). Therein it is of crucial
importance to untangle the transcriptional regulation (which directly changes the RNA
abundance) and the enzymatic regulations of the RNA methylome by methylases and
demethylases, which directly changes the percentage of methylated RNA molecules.

* Mechanism

The transcriptome-wide RNA methylation, or epitranscriptome, is simultaneously regulated
transcriptionally and enzymatically (post-transcriptionally) (See Figure 3). While the
transcriptional regulation in response to stimulus changes modulate directly the absolute
amount of RNA causing the absolute amount of methylation changes coordinately,
enzymatic regulation by methylases/demethylases changes directly the percentage of
methylated molecule. In practice, the two layers of regulation contribute simultaneously to
form the epitranscriptome. The identification of RNA differential methylation due to
enzymatic regulation must compensate the changes in transcriptional level, making it
fundamentally different from other affinity-based sequencing approaches used in DNA-
templated epigenetic studies, such ChlP-Seq and MeDIP-Seq.

* Molecular Structure and Motif finding

The sequence motifs, conjectured to have a biological significance, can be identified in both
ChIP-Seq and MeRIP-Seq. The main computational difference is whether to search the
reverse complement strand. While a DNA motif may appear on either strand of the two,
RNA motif should appear only on the strand where the transcript is located, and thus the
strand information should be kept at all times. When the strand information of the RNA
fragment is lost in MeRIP-Seq unstranded library construction, it may still be derived from
the information of transcripts to which the fragments (reads) are mapped.

* Functional analysis

The functional analysis of RNA methylation should still mainly rely on various gene
annotations, such as, KEGG pathways, gene ontology (GO), TRANSFAC, etc. We may use
many software programs to achieve this goal including DAVID [24], Ingenuity Pathway
Analysis, GSEA [25], etc.

We have previously developed exomePeak [12], an open source R package for analyzing the
MeRIP-Seq data. exomePeak addressed the aforementioned unique issues with MeRIP-Seq
and was shown to be able to achieve improved performance than ChIP-Seq based
algorithms. In this paper, we explain the detailed procedure of performing differential

1The same percentage of methylated molecule under two experimental conditions may be approximated to the same fold enrichment
in the IP sample compared with the input control sample for affinity based approaches, such as, ChIP-Seq, MeDIP-Seq and MeRIP-

Seq.
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methylation analysis with exomePeak by using the MeRIP-Seq dataset that profiles
transcriptome-wide methylation in mouse midbrain under wild type condition and FTO
deficiency condition [26].

A case study: differential RNA methylation in mouse midbrain under FTO
deficiency condition

The exemplar MeRIP-Seq dataset (GEO GSE47217) measures the transcriptome-wide m8A
profiles in mouse midbrain under wild type condition and FTO deficiency condition [26].
The software tools used for the analysis of the MeRIP-Seq dataset is summarized in Table 2,
and this analysis also relies on Bash UNIX Shell and R system. This example starts from the
raw data downloaded directly from GEO database and conducts reads alignment, RNA
methylation site detection, differential analysis, RNA methylation site visualization, motif
identification and functional annotation. The details of each step are provided in the next.

Step 1 Download the raw data from GEO and aligned reads to reference genome. This step
can be easily realized with Script 1 (bash script) provided in the next.

# Script 1

# 1/bin/bash

# download the data from GEO

wget —-r\
ftp://ftp-trace.ncbi.nlm.nih.gov/sra/sra-instant/reads/ByStudy/sra/SRP/
SRP023/SRP023108/ wget —r\
ftp://ftp-trace.ncbi.nlm.nih.gov/sra/sra-instant/reads/ByStudy/sra/SRP/
SRP023/SRP023107/ mkdir ./sra ./fastq ./tophat ./bam

find ./ -name "*.sra" -exec mv ./sra/

# conversion and alignment

# define function

sratool_and_tophat() {

fastg-dump ./sra/SRR“$1”.sra -0 ./fastq # fastq-dump

tophat -o ./tophat/“$1” -G mm1l0_genes.gtf mml10_Bowtie2lndex. /fastq/
SRR“$1”.fastq # tophat mv ./tophat/“$1”/accepted_hits.bam ./bam/“$1”_.bam
}

export -f sratool_and_tophat

# execution

for i in {866991..867002}

do

sratool_and_tophat $ {i}

done

After execution, the aligned bam files will be all saved under the “bam” folder of current
working directory. Please note that:
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a. Itis important to check the quality of raw data (FASTQ files) using tools such as
FastQC [32]. If necessary, the reads may be further trimmed to eliminate low
quality regions. This reads trimming step is non-trivial and often conducted in
sequencing facilities, so it will not be discussed in this protocol. Please refer to [33]
for a comprehensive review. Specifically for MeRIP-Seq, it is still an open question
what is the best trimming strategy for it. Since the fragment length in current
MeRIP-Seq protocol is only 100 bp, compared with 250-500 bp fragment length
used in transcriptome or genome de novo assemble, the reads quality in MeRIP-Seq
is usually not the bottleneck.

b. For the reads alignment, please use spliced aligner and feed the aligner with known
junctions.

c. Please make sure to select the matching genome assembly build
(mm10_Bowtie2Index) and gene annotation file (mm10_genes.gtf), which may be
downloaded from Illumina iGenomes[34].

d. This is the most time-consuming step. The speed of sequence alignment may be
greatly improved through parallel computation, which can be easily realized by
letting command “sratool_and_tophat” start in a new thread.

Step 2 Conduct RNA methylation site detection and differential methylation site detection
with exomePeak. Script 2 (R script) will compare the two experimental conditions between
wild type (untreated) and FTO knockout condition (treated) to report the differential RNA
methylation sites due to enzymatic regulation.

# Script 2

# R script

# Install exomePeak from Bioconductor
source(““http://bioconductor.org/biocLite.R”)
biocLite(“exomePeak’)

# Define parameters and load library

library(“exomePeak’)

setwd(““./bam’)

IP_BAM=c(**866997 .bam”,““866999.bam”,““867001.bam’")
INPUT_BAM=c(*“866998_bam”,““867000.bam”,“867002.bam™)
TREATED_IP_BAM=c(*“866991.bam”,“866993.bam”, “866995_bam™)
TREATED_INPUT_BAM=c(*866992 _bam” 866994 .bam” , 866996 .bam™")
# comparison

exomepeak (GENOME="mm10””, IP_BAM=IP_BAM, INPUT_BAM=INPUT_BAM,
TREATED_1P_BAM=TREATED_I1P_BAM, TREATED_INPUT_BAM=TREATED_INPUT_BAM,
EXPERIMENT_NAME=*FTO*")

Please note that:

a. ExomePeak may automatically download the required gene annotation from UCSC
genome data, which is needed for transcriptome methylation site identification
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(pick calling). Please make sure the genome assembly selected (*mm10~) is
consistent with previous steps.

b. ExomePeak outputs the differential methylation sites in BED and XLS formats.
Specifically a new directory “exomePeak_output” will be generated with
consistently differentially methylated sites saved in “con_sig_diff peak.xls”. For
this exemplar dataset, there are 9 hypomethylation sites (diff.log2.fc<0) and 1597
hypermethylation sites (diff.log2.fc>0). The dominant hypermethylation (99.44%)
after FTO knockout is consistent with the fact that FTO is a known m6A
demethylase [35].

Step 3 Visualization of the detected RNA methylation sites and aligned bam files. For
consistently differential methylated sites, exomePeak automatically generates a BED file
“sig_diff_peak.bed” that can be visualized in IGV browser. To visualize the generated bam
files, multi-reads (reads that can be mapped to multiple locations) and local anomaly are be
removed using Samtools [36] before generating a viewable TDF format using igvtools (part
of IGV). We use Script 3 (bash script) to implement this task.

# Script 3

# Bash script

# generate viewable format from bam file

samtools_and_igvtools(Q) {

samtools view -F 516 -gq 30 -b ./bam/“$1”.bam | samtools sort - _/bam/
“$1”_inter # filter reads

samtools rmdup -s ./bam/“$1”_inter.bam ./bam/“$1”_filtered.bam # remove
duplicated reads

igvtools count -z 5 -w 10 -e O ./bam/“$1”_filtered.bam ./tdf/“$1”.tdf mml10 #
generate TDF

b

export -f samtools_and_igvtools

# execution

mkdir ./tdf

for i in {866991..867002}

do

samtools_and_igvtools $ {i}

done

Make sure the genome matches previous setting. The generated TDF files together with
BED file “sig_diff_peak.bed” can then be visualized together using IGV [31] browser
(Figure 4)

Step 4 Motif finding using DREME and bedtools. Besides differential methylation sites,
exomePeak also reports all the detected RNA methylation sites in BED format
“diff_peak.bed”, based on which the motifs of RNA methylation sites can be detected.
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Specifically, the stranded methylated RNA fragments can be extracted from bedtools with
script 4 (bash script).

# Script 4
# Bash script
bedtools getfasta -s -fi mml0.fa -bed diff_peak.bed -split -fo methylated.fa

Make sure to use the whole genome fasta (mmZ10.fa) consistent with previous steps. The
generated “methylated.fa” can then be uploaded to MEME-ChIP [37]: http://meme.nbcr.net/
meme/cgi-bin/meme-chip.cgi for strand-specific (scan given strand only) motif discovery.
The RRACH motif of m8A [38, 39] (or the consensus sequence of mBA sites) can be
corrected identified (p-value 4.1e-200) from the peaks called by the exomePeak R/
Bioconductor package, indicating the specificity of m6A-targeted antibody. The motif
occurrence is reported centrally enriched (p-value 8.3e-3) by CentriMo [40] (Figure 5),
indicates it is the consensus sequence targeted by RNA-binding domains (RBDs) of RNA
methyltransferases, such as, METTL3 and METTL14 [41], in post-transcriptional regulation
process.

Step 5 Functional analyses of FTO target genes using DAVID. The consistently
differentially methylated sites and genes are shown in “con_sig_diff_peak.xls”. As FTO isa
known mBA demethylase, its knockout should lead to the hypermethylation of its targets.
We extracted the Entrez gene ID (4! column) associated with hypermethylation sites whose
diff.log2.fc is larger than 0, and analyzed them using the DAVID functional annotation tool
[24]: http://david.abce.nciferf.gov/summary.jsp. Result indicates FTO targets are associated
with synapse (p-value 4.77e-20), alternative splicing (p-value 4.72e-33), neuron projection
(p-value 1.13e-16), and ion binding (p-value 1.19e-12), etc. (See Figure 6), consistent with
previous studies [26].

We proposed here a detailed protocol for differential analysis of RNA methylation MeRIP-
Seq data set from two conditions to unveil the enzymatic regulation of RNA methylome by
methyltransferases and demethylases, which is independent from transcriptional regulation.
The inputs, tools and outputs are summarized in

Discussion

RNA epigenetics represents a novel mechanism that post-transcriptionally modifies RNA
nucleotides, and embraces great potentials in physiological and pathological research.
Different from the stable chemical structure of the DNA molecule, copy of RNA molecules
are being synthesized and degraded, and thus the enzymatic regulation of RNA methylome
must maintained in a more dynamic manner compared with DNA methylation, which is only
reprogrammed during major event of the cell.

As one of the major progress in sequencing technique, MeRIP-Seq embraces enormous
computational potentials that are yet addressed. The open source R-package “exomePeak”
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we developed is capable of detecting RNA methylation sites and performing RNA
differential methylation. Mining this data, and especially by integrating additional layers
from other omic data types, should enable us to address various important questions, such
as: What are the functions of different post-transcriptional RNA modifications? Are
different RNA modifications combined in a specific manner? As one of the fundamental
mechanisms that exist in all three kingdoms of life with so many open questions, RNA
epigenetics and the MeRIP-Seq techniques will certainly draw increasing attention in the
next decade.

We provided here a detailed protocol for processing MeRIP-Seq data with exomePeak R/
Bioconductor package [12]. Compared with previous protocol [2], this protocol for the first
time addresses the comparison of RNA methylome between two experimental conditions,
which is a key issue in RNA methylation research. exomePeak also improves in various
other aspects, including reads alignment with spliced aligner, RNA methylation site
detection with splicing-aware peak caller, strand-specific motif finding, and multiple
biological replicates support, and also provided detailed data processing techniques, such as
local anomaly and PCR artifacts removal using Samtools, etc. However, this protocol
doesn't cover the technical details of generating MeRIP-Seq dataset, which has been
previously address in [2].
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Figure 2.
Comparison of the differential methylation in DNA and RNA In DNA related analysis, the

background are considered the same in two experimental conditions, and the absolute of
methylation is linearly correlated with the percentage of methylated molecules; However, in
RNA, due to differential expression, there might ,, more copies of a specific RNA under
one condition, thus the increase of absolute amount of methylation might not indicate
stronger RNA enzymatic hypermethylation. While the differential analysis of ChlP-Seq and
MeDIP-Seq doesn’t directly require the input control samples when a testing region is
specified, differential RNA methylation analyisis does require the input control samples to
estimate the total number of RNA molecules.
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Figure 3. The regulation of RNA methylome
In practice, the dynamics in epitranscriptome are a result of a joint effect of both

transcriptional and enzymatic regulations. On the one hand, transcriptional regulation
directly changes the amount of RNA molecules and leads to coordinated changes in the
absolute amount of methylated molecules, leaving the relative amount unchanged. On the
other hand, enzymatic regulation of the RNA methylome by ‘methylation potential’ changes
directly the percentage of methylated molecules. For the above illustration, under the joint
effects of transcriptional down-regulation and enzymatic hypermethylation, the absolute
amount of methylated RNA stays unchanged.
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Figure 4. A differential methylation site shown in IGV browser
Compared with the INPUT samples, Hpsl is slightly down-regulated under FTO Knockout

condition; when comparing the IP samples, the absolute amount of methylated RNA
fragments actually increases. Together, the figure shows an RNA m8A hypermethylation site
on the 3’UTR of Hps1 after FTO Knockout.
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Table 1

MeRIP-Seq in the Large Picture of Next Generation Sequencing

Analysis Types DNA related RNA related
Assembly Genome Reconstruction Transcriptome Reconstruction
Sequence Single Nucleotide Polymorphism and Insertion and Deletion RNA Editing
Quantity Copy Number Variation Differential Expression Analysis
Modification DNA Methylation and Histone Modifications MeRIP-Seq for Posttranscriptional RNA Modifications
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Table 2

Tools Used for MeRIP-Seq Differential RNA Methylation Analysis

Step Purpose Tools Flowchart
1 Raw data preprocessing and sequence alignment SRAtoolkit / Tophat [27]
2 RNA methylation sites identification and differential analysis exomePeakl [12]
3 Motif identification Bedtools [28] / DREME [29]
4 Methylation sites visualization Samtools [30] / IGV [31]
5 Function analysis DAVID [24]

Page 19

Lrhe exomePeak package was initially developed as a MATLAB package [12] for RNA methylation site detection from MeRIP-Seq data. It has
been recently extended with differential analysis capacity and implemented as an open source R/Bioconductor package.
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Table 3

Summary of the Protocol

Category  Content
Inputs MeRIP-Seq dataset [2] from 2 conditions with both the immunoprecipitated sample and input control sample, ideally with
biological replicates.
Outputs  1.The RNA methylation sites that are differentially methylated by RNA methyltransferases and demethylases between the 2
conditions, in BED, XLS and Rdata formats.
2. The genes, biological functions and motifs that are associated with differential RNA methylation sites
Tools SRAtoolKkit, Tophat [27], exomePeak [12], Bedtools [28], DREME [29], Samtools [30], IGV [31] and DAVID [24]
Database  Transcriptome information can be retrieved from UCSC with exomePeak package, or provided as a GTF file or TranscriptDb

object.
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