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Post-transcriptional nucleotide sequence modification of transcripts by RNA editing is an important molecular mechanism in
the regulation of protein function and is associated with a variety of human disease phenotypes. Identification of RNA editing
sites is the basic step for studying RNA editing. Databases and bioinformatics resources are used to annotate and evaluate as
well as identify RNA editing sites. No method is free of limitations. Correctly establishing an analytic pipeline and strategic
application of both experimental and bioinformatics methods constitute the first step in investigating RNA editing. This review
summarizes modern bioinformatics approaches and related resources for RNA editing research.
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Introduction

RNA editing is a molecular process in which nucleotide sequence
change occurs within a RNA molecule after it has been transcribed
by an RNA polymerase.” RNA editing is a rather rare molecular event
and other common forms of RNA processing including splicing, 5-
capping and 3*-polyadenylation events are not usually considered as
RNAediting.

While extensive RNA editing (or pan-editing) can occur in some
organisms, it is rather rare and usually consists of a small number
of changes to the sequence of affected molecules in vertebrates.
While RNA editing has been observed in different forms of RNAs
including tRNA, rRNA, mRNA and miRNA in eukaryotes and their
viruses, it has not been seen in prokaryotes. RNA editing occursin
some cellular organelles like mitochondria and plastids as well as
in nucleiand the cytoplasm.

RNA editing is mainly classified into two categories; substitution
editing (chemical alteration of individual nucleotides) and insertion/

deletion editing (insertion or deletion of nucleotides). With the
development of high-throughput next-generation sequencing
technologies, increasing numbers of RNA editing sites are rapidly
being discovered. Accordingly, many bioinformatics tools and
algorithms to identify novel RNA editing sites and semantic anno-
tation of known information are increasingly being introduced.
Each method, however, is not free from limitations. For example,
numerous false positives are found in the newly discovered sites.
It is in part due to the limitation of the currently available high-
throughput sequencing technologies and in part due to the incom-
pleteness of bioinformatics analysis methods.

This review summarizes modern bioinformatics approaches
that discover and annotate RNA editing sites. Analytic methods
donotworkalone solely on RNAsequencing data. Thisreview also
includes the strategic steps used in the analysis of RNA editing,
related bioinformatics resources that are useful in the analysis
of RNA editing and methods to compare the analysis to further
improve the analysis results.
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RNA editing

The RNA modification phenomenon of uridine (U) insertion/
deletion RNA editing was discovered in the mitochondria of try-
panosomatid protists in 1986.” RNA editing can be grouped into
two basic classes-insertion/deletion editing and substitution editing.
While extensive RNA editing (pan-editing) may occur in some
organisms, editing in vertebrates is rare and usually consists of a
small number of changes to the sequences of affected molecules.

A-to-I editing is the most common form of RNA editing in mam-
mals.”® ADAR (Adenosine DeAminases acting on RNA) are RNA-
editing enzymes involved in the hydrolytic deamination of Ade-
nosine to Inosine (A-to-1 editing)”® in higher eukaryotes.” C-
to-U editing, another editing by deamination, involves cytidine
deaminase that deaminates a Cytidine base into a Uridine base.
Apolipoprotein B in humans is an example of C-to-U editing with
the Apo B100 form having the CAA sequence which is edited to
UAA, a stop codon, to create Apo B48. Apo B100, the unedited
form, isexpressed in the liver and Apo B48, edited by the APOBEC
enzyme, is expressed in the intestines.” C-to-U editing is much
rarer than A-to-I editing.

RNA editing sites are located within introns, 5'UTRs, 3'UTRs,
non-coding RNA sequencese’ and coding regions.m Especially,
thousands of RNA editing sites have been discovered in Alu in

human mRNAs.> ™

RNA editing may cause non-synonymous
protein coding substitutions,” alternative splicing, alteration of
the miRNAseed regions, and gene expression.e)

Many RNA editing sites have been reported to be present in a

DNA sequencing data

RNA-seq data
SAM tools or GATK

BWA

GATK

|
!

)

| List of RDDs

l

* minimum frequency

* Base quality score

* Read coverage

* Known SNPs(dbSNP, 1000 genome, HapMap)
* Known RNA editing(DARNED)

identify a list of RNA editing sites

variety human diseases like epilepsy, brain ischemia, depression
and brain tumors.”™"*"¥ In particular, diverse cancer-related RNA
editing sites have been identified in many oncogenes like glioma
associated oncogene 1 (GL/7).”’ Some RNA editing sites have
an impact on drug discovery.”” Gene products like isoforms are
created by RNA editing affecting drug activities.'”

Recent development of high-throughput DNA and RNA sequ-
encing technologies have contributed to the identification of new
RNA editing sites and editing typessuchasTto C, Tto A, Cto A,
CtoT,GtoT,CtoGand G toC? The results from these new techni-
ques suggest that RNA editing is strongly connected to human
phenotypes including several diseases.” Currently, one big chal-
lenge in RNA editing research is the correct identification of RNA
editing sites from noisy RNA-Seq data by discriminating true RNA
editing sites from Single Nucleotide Polymorphisms (SNPs) and
technical artifacts caused by sequencing and analysis error.”?
For these reasons, bioinformatics approaches for RNA-Seq data
analysis and identifying RNA editing sites are becoming more
important. Thus, the following section discusses RNA-Seq data
analysis pipelines to identify RNA editing sites and introduce
bioinformatics toolsand databases.

DNA-Seq and RNA-Seq data preprocessing for
RNA editing research

Fig. 1 shows the steps for identifying RNA editing sites from
RNA-Seq and DNA sequence (from exome sequencing or whole
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Fig. 1. Steps for identifying RNA editing sites. (A) Flowchart diagram illustrating the identifi-
cation of novel RNA editing sites using both DNA and RNA sequences. (B) Flowchart diagram
illustrating the annotation of known RNA editing sites to RNA-Seq data.
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genome sequencing) data. It shows an analysis pipeline for the
discovery of novel RNA editing sites and another for systematically
annotating RNA-Seq data with known editing sites. A variety of
bioinformatics resources, databases, methods and algorithms
thatare listed in Table 1 are being widely used in analysis pipelines
these days.

Identification of novel RNA editing sites consists of two steps,
read mapping and variant calling. Both Bowtie* and TopHat*” are
popular sequence read mapping tools. Bowtie is a fast, memory-
efficientshortread aligner, aligning short DNA reads to the human
genome at a rate of over 25 million 35-bp reads per hour. Bowtie
indexes the genome with a Burrows-Wheeler index for memory
efficiency. TopHat is a fast splice junction mapper for RNA-Seq
reads. It aligns RNA-Seq reads to mammalian-sized genomes
using the fast short read aligner Bowtie, and then analyzes the
mapping results to identify splice junctions between exons.
While TopHat is used more frequently in directly comparing RNA-
seq data with reference genome alone,”” SOAP2*” and Burrows-

Table 1. Resources for RNA editing research

Wheeler Aligner BWA)* are used to identify RNA editing sites by
comparing DNA and RNA sequence pairs from the same sample.
BWA alone does not map reads over introns. Mapping RNA-seq
reads without a method for mapping over junctions will result in
exon 'islands'and will not map any reads which span an intron. For
the second step of variants calling, SAMtools* and GATK* widely
used. SAM files and BAM files contain the same information,
but in a different format. The SAM format is a text format for
storing sequence data in a series of tab delimited ASCII columns.
The BAM format stores the same data in a compressed, indexed,
binary form. Currently, most SAM format data are the output of
aligners that read FASTQ files and assign sequences to a position
with respect to a known reference genome. SAMtools receives
SAM or BAM file format and sorts BAM files. Pileup or mpileup
command is used to convert sorted BAM files to the VCF (Variant
Call Format) format. Then VCFtools® performs VCF quality
checking and filtering. In identifying RNA editing sites, filtering
steps are very important. In most experiments, researchers check

Tools URL Function Species Ref.
Data Preprocessing
TopHat http://tophat.cbcb.umd.edu/ It aligns RNA-Seq reads to mammalian-sized All species Picardi et al.?”
genomes using the ultrahigh-throughput short
read aligner Bowtie.
Bowtie http://bowtie-bio.sourceforge.  Ultrafast and memory-efficient alignment of All species Langmead et al.**
net short DNA sequences to the human genome.
BWA http://bio-bwa.sourceforge. Fast and accurate short read alignment All species Ramaswami et al.”?
net/ with Burrows-Wheeler Transform.
SAMtools http://samtools.sourceforge. Utilities for manipulating alignments in All species Li etal®
net/ the SAM format.
GATK http://www.broadinstitute. The Genome Analysis Toolkit. All species McKenna et al.”®
org/gatk/
Databases for RNA editing
DARNED http://darned.ucc.ie Collect RNA editing sites from the literature Human, mouse Kiran etal.””
Kiran and Baranov®
dbRES http://bioinfo.au.tsinghua. Plants, metazoan, Heetal®
edu.cn/dbRES/ protozoa, fungi, and virus
REDIdb http://biologia.unical.it/py_ A database for organellar RNA editing sites 198 organisms Picardi etal.*
script/REDIdb
GOBASE http://gobase.bcm.umontreal. 3 bacterial genomes 0'Brien et al.*®
ca/ (Escherichia coil K12)
miR-EdiTar http://microrna.osumc.edu/ A prediction database of A to | edited Human Lagana etal.*”
mireditar/ miRNA target sites
Novel RNA editing site identification
Rddchecker http://genomics.jhu.edu/ Software that detects RNA-DNA differences All species
software/rddChecker/
Annotation for RNA editing sites
ExpEdit http://www.caspur.it/ExpEdit A webserver for human RNA editing in Human Picardi et al.””
RNA-seq experiments.
RCARE http://www.snubi.org/ RNA-seq comparison and annotation Human

software/rcare

for RNA editing
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the minimum frequency (about 10%),” base quality score (a base
quality score approximately greater than 25) and read coverage
(a read coverage approximately greater than 10)."*? GATK can be
used to recalibrate the base quality score.””

Database resources

Since the development of high-throughput DNA and RNA
sequencing methods, large numbers of novel editing sites have
been discovered. Most of the database resources (Table 1) provide
known RNA editing site information curated from the literature.
doRES® is a web-oriented database for annotated RNA editing
sites manually collected from the literature with related experiment
results and the GeneBank database.”” DARNED (DAtabase of RNa

33,34

EDiting in humans) Vis the largest database of human RNA
editing sites with approximately 500,000 human RNA editing sites
providing a centralized access to published data. RNA editing
locations are mapped on the reference human genome with the
annotation information including the region, gene, reference source
and reference PubMed id. DARNED also contains 8,500 RNA
editing events in Drosophila melanogaster and Mus musculus.”
It generates a Wikipedia subsection on RNA editing entries for
16 genes and Alu repeats. REDIdb* and GOBASE® contain RNA
editing sites in mitochondrion and chloroplast-encoded sequences.
miR-EdiTar” contains predicted A-to-I RNA editing sites in miRNA
binding regions.

Discovery of novel RNA editing sites

Novel RNA editing sites were discovered from a variety of human
samples including B cells from 27 individuals™ and the Han Chinese
population”” as well as from cell lines.” One of the popular methods
is to compare RNA and DNA sequences obtained from the same
sample, returning RNA-DNA differences (RDDs). After detecting the
RDDs, a variety of biological resources like the 1000 genome,*®
HapMap™ and doSNP*” are used to filter known SNPs from the
RDDs. DARNED*™**isalso used to filter known RNA editing sites.

Two methods for identifying RNA editing sites have recently
been proposed based on RNA-Seq data from multiple samples of
asingle species.”” The first method performs RNA variant calling for
each RNA-Seq data after mapping sequence reads to a genomic
reference sequence and filtering known SNPs. The second
method performs sequence alignments using pooled reads from
different RNA-Seq samples to select a higher read coverage.

After alignment, it performs RNA variant calling and filters known
SNPs. Given the fact that the DNA-RNA paired dataset is very rare,
these methods have merits. RddChecker (http://genomics jhu.edu/
software/rddChecker/) is a representative tool for identifying RDDs
and novel RNA editing sites using DNA and RNA sequencing data
(Table 1). Alarge number of false positives are the major problem
with these methods. Li et al., for example, reported that they
found 28,848 RDDs with 12 different RNA-editing typesincluding A
to G (I)*” but many studies have claimed false positives from the

same dataset.> ™

Annotation of RNA-Seq data with known editing
sites

RDDs obtained from the comparison a RNA-Seq with a reference
genome sequence are annotated with known RNA editing sites
queried from RNA editing databases like DARNED*™*” to determine
true RDDs. In 2011, Picardi et al. presented Expedit,ze) awebappli-
cation that maps data and, given individual sequence reads as
input, executes a comparative analysis against DARNED editing
sites. It provides a user-friendly web interface for uploading raw
RNA-Seq data like FASTQ, BAM and SAM format filesand explores
RNAeditingsites. Itannotates each RNA editing site with 10 types
of information including location, gene information, source, etc,
but with some limitations. It deals with the hg18 reference only.
Uploading raw RNA-Seq data cannot be completed within a
practical time. For example, it takes about two hours fora 700 Mb
BAM file. RCARE (RNA-Seq comparison and annotation for RNA
editing; http://www.snubi.org/software/rcare/) is a useful tool
for identifying RNA editing sites from a variety of RNA-seq data,
providing 22 types of biological information including synonymous/
non-synonymous changes, splicing junctions, non-coding RNAs
and gene information. It also provides seven summary plots
including the rate of RNA editing type, distribution in each chro-
mosome and origin of the samples.

Conclusion

RNA Editing is an important post-transcriptional mechanism,
altering the sequence of primary RNA transcripts by deleting,
inserting or modifying residues. Many studies are performing
experiments to discover RNA editing sites. Each method for
identifying RNA editing sites, however, has limitations. Novel
RNA editing site detection methods suffer from false positives.
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Known RNA editing site annotation methods are not sufficientin
discovering novel RNA editing sites. Researchers should carefully
consider experimental conditions and analysis methods. Due to
the limitations of the current state of the art tools used in inve-
stigating RNA editing sites, one has to benchmark and test drive
different methods and knowledge bases to achieve the best results.
Better bioinformatics tools will emerge. We hope this review sug-
gests a reasonable guideline for the identification of RNA editing
sitesusing DNAand/or RNA sequencing data.
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