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Abstract—The phenomenon of adenosine-to-inosine (A-to-1) RNA editing has attracted considerable attention from the
scientific community due to its potential relationship to the evolution of cognition in animals. While A-to-I editing exists in
all organisms with neurons, including those with primitive neuronal systems (hydra and nematodes), it is particularly fre-
quent in organisms with a highly developed central nervous system (primates, especially humans). Diversification of RNA
transcript sequences via A-to-1I editing serves a number of different functional roles, such as altering the genome-templat-
ed identity of particular amino acids in proteins or altering splice site junctions and modulating regulation of alternatively
spliced mRNA variants. Here we provide an overview of current computational and experimental methods for the high-
throughput discovery of edited RNA nucleotides in the human transcriptome, as well as a survey of the existing RNA edit-

ing bioinformatics resources and an outlook of future perspectives.
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DISTRIBUTION OF RNA EDITING
IN THE HUMAN TRANSCRIPTOME
AND VERSATILITY OF INOSINE FUNCTIONS

Broadly defined as a co- or post-transcriptional
alteration of a templated sequence of RNA by a single or
a few nucleotides, RNA editing is common to virtually
all living organisms including viruses. Although, some-
what underappreciated, the RNA editing phenomenon
has been studied for about three decades now. The obser-
vation that insertion of non-templated RNA nucleotides
restores a frameshift in the cytochrome oxidase 2
(CoxII) gene from trypanosome mitochondria dates
back to the 1980s [1]. The first instance of RNA editing
in a human gene, a C-to-U deamination that changes a
sense codon to a stop codon in the coding region of
apolipoprotein B mRNA, was also discovered about thir-
ty years ago [2]. However, interest in the phenomenon
started to grow rapidly when it became apparent that a
particular type of RNA editing, hydrolytic deamination
of adenosines, commonly known as A-to-I editing, is
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widespread in the human transcriptome. Intriguingly,
the levels of RNA editing seem to correlate with the
complexities of animal neural systems and are highest in
humans [3]. This lead to numerous speculations suggest-
ing that RNA editing is a molecular phenomenon that is
at least partially responsible for the evolution of human
intelligence. The discovery of A-to-I editing abundance
in the human transcriptome has become possible due to
the development of high-throughput bioinformatics,
sequencing, and biochemical techniques for identifying
inosines in RNA. However, before giving a detailed
overview of these methods, we would like to briefly out-
line the functional versatility of RNA editing in the
human transcriptome.

A-to-I editing is a process of inosine formation as a
result of hydrolytic deamination of adenosines by
enzymes known as ADARs (adenosine deaminases that
act on RNA) (see [4, 5] for reviews). ADARs bind to dou-
ble-stranded regions of RNA (see Fig. 1), and due to their
lack of strong sequence specificity, any RNA with a suffi-
ciently long stem is a potential substrate of ADARSs.
Indeed, inosines have been identified in all types of RNA,
including exonic and intronic regions of pre-mRNAs and
in different types of ncRNAs. When RNA editing occurs
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in the protein coding region of mRNA, it can result in the
substitution of a normal codon with a codon containing
an inosine. It is believed that inosines are recognized as
guanosines by the translation machinery due to the
propensity of inosines to form strong base pairs with
cytidines. Therefore, RNA editing in a protein coding
region may lead to synonymous and non-synonymous
codon substitutions, which in the latter case results in
recoding of the encoded protein sequence. Such RNA
editing-mediated recoding has been documented for a
number of animal genes encoding proteins that function
in neuronal synapses [6-8]. Recoding via RNA editing
has been studied extensively in such important neuro-
transmitter receptors as the glutamate receptors (GluR)
and the serotonin (5-hydroxytryptamine, 5-HT) recep-
tors. RNA editing of GluR results in recoding of a DNA-
encoded glutamate residue (CAG codon) to an edited
arginine residue (CIG codon). This edited variant of
GluR, which is normally a Ca** channel, is now imper-
meable to Ca** [9]. For the 5-HT,, receptor, there are five
known RNA editing positions, all within the G-protein
binding domain. All possible permutations of RNA edit-
ing sites could potentially generate 32 different 5-HT,,
receptor mRNA variants encoding 24 protein isoforms.
Differential regulation of RNA editing at the 32 sites may
allow fine calibration of the serotonin response at neu-
ronal synapses.

Since A-to-I editing occurs before splicing, modifi-
cation of adenosine at a splice junction could result in
either loss of a DNA-encoded splice junction or gain of a
novel non-templated splice site that exists only at the
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Fig. 1. A-to-I editing. a) Scheme of adenosine deamination cat-
alyzed by ADARs. b) Substrate and the product of an ADAR cat-
alyzed reaction. ADARs bind to double-stranded regions of RNA
as homodimers and partially convert adenosines into inosines.
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RNA level. Several examples of such RNA editing-medi-
ated regulation of alternative splicing are known [10-13].
Interestingly, ADAR2 uses this mechanism for control-
ling its own cellular activity, via a negative feedback
mechanism [12] where RNA editing of tandem AA nucle-
osides generates an Al pair that mimics an AG dinucleo-
side motif that is characteristic of 3’ splice junctions. This
alternative splice site variant is dependent on RNA edit-
ing activity and results in decreased expression of active
ADAR?2 forms.

As both pri- and pre-miRNA are highly structured,
they are also subject to RNA editing. Editing of miRNA
precursors has been shown to affect their processing and
thus the formation of mature miRNAs [14]. RNA editing
has been reported in a number of miRNAs [15], although
a recent deep sequencing study found only a few sites of
inefficient A-to-I editing in miRNAs [16, 17]. Sequence
alterations of mature miRNAs could result in modulation
of their target repertoire thus generating an elegant mech-
anism for regulating the expression of a group of genes
[18]. It is important to realize, that while the coding
properties of inosines are similar to those of guanosines,
these nucleotides have distinct biochemical properties.
These distinctions allow for RNA editing functions that
are specific to inosine containing RNA, such as the cur-
rently debated nuclear retention of hyper edited tran-
scripts [19-21] and the involvement of RNA editing in the
formation of heterochromatin [22]. Recent appreciation
of A-to-I editing raises the anticipation that our knowl-
edge of the functional roles of RNA editing will not only
expand by attributing novel functions to this process, but
also will sharpen by rejecting speculative unsupported
hypothesis that emerged on the wave of the current
excitement. One particularly important goal in the
process of understanding the functional significance of
RNA editing is the generation of an accurate and com-
plete quantitative description of the human editome. This
goal can be achieved by the systematic application of
high-throughput techniques for RNA editing identifica-
tion to a variety of human samples representing different
physiological conditions and developmental stages. In the
following subsections we review the progress on current
methodologies.

HIGH-THROUGHTPUT IDENTIFICATION
OF RNA EDITING SITES

Mining public sequence databases. During cDNA
synthesis of inosine containing RNAs, the preferential
base pairing of inosines with cytidines leads to the incor-
poration of cytidines at corresponding locations instead
of thymidines that would be incorporated for unedited
RNAs. When the sequence of a particular DNA template
(such as genomic DNA) is aligned to the sequence of a
c¢cDNA produced from an edited molecule, A-to-G mis-
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matches (A in DNA and G in RNA) can be observed
within the alignments (see Fig. 2). Existence of such mis-
matches can be used to predict potential RNA editing
sites. The problem with the blunt application of such a
method for the prediction of RNA editing is that RNA
editing is not the only source of mismatches between
sequences of RNA and their templates. While sequence
similarity between two individual human genomes is high
(estimated to be about 99.9% identity), there are a sub-
stantial number of small polymorphic variants. Variations
of single nucleotides between two haploid individual
genomes or allelic variants within a diploid genome are
termed single nucleotide polymorphisms (SNPs). The
latest release of dbSNP [23] that collects information on
such variants contains descriptions of about 7 million
SNPs. Many of these SNPs occur in the transcribed
regions of the human genome. When DNA and RNA
sequences are obtained from samples of different individ-
uals, mismatches in the alignments of such sequences can
occur due to SNPs. Also, mismatches can be generated by
sequencing errors that are particularly frequent during
high-throughput sequencing, e.g. the level of sequencing
errors in expressed sequence tags (EST) is estimated to be
about 3%. Nonetheless, if A-to-1 RNA editing is abun-
dant in humans, then A-to-G mismatches should be
overrepresented in DNA/RNA alignments and should
occur at a higher frequency than what would be expected
for the average rate of transition substitutions between the
sequences of two human genomes. Also an asymmetry in
the occurrence of A-to-G and G-to-A mismatches
should be observable for the positive strands. Indeed, a
large-scale statistical analysis of DNA and RNA discrep-
ancies using high quality mRNA sequences derived from
the NCBI Reference Sequence project (RefSeq) and the
NIH Mammalian Gene Collection (MGC) confirms
such expectations [24]. While such statistical analysis can
be used as an argument for the abundance of RNA edit-
ing in the human transcriptome, the real issue is how to
discriminate A-to-G mismatches generated by A-to-I
editing from those that occur due to polymorphisms and
sequencing errors. An elegant solution to this problem is
to take into account a characteristic feature of ADAR
substrates. ADARs bind to long double-stranded RNA
and edit multiple adenosines within this structure. As a
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result, several inosines are generated within a relatively
short region of RNA. Therefore, RNA editing-generated
A-to-G mismatches between DNA and RNA should
appear as clusters in corresponding alignments. Such
clusters of A-to-G mismatches have been observed during
the analysis of cDNA sequences from the HUGE data-
base [25].

See Fig. 2 for a characteristic example of an A-to-G
mismatch clustering due to RNA editing. In 2004 several
independent groups [26-28] applied this feature as a cri-
terion in searching for RNA—DNA discrepancies that
originate due to RNA editing. While the approaches dif-
fered in detailed methodology and datasets used, the gen-
eral strategy for the identification of RNA editing was
similar and can be summarized as follows: RNA—DNA
alignments were generated using the reference sequence
of the human genome and a set of cDNA sequences.
Furthermore, a number of statistical filters were applied
to reduce false positives. Alignments containing multiple
different types of mismatches (substitutions other than A-
to-G) were tagged as sequences of poor sequencing qual-
ity. Other mismatches were filtered against known SNPs
from dbSNP [23] to eliminate known human polymor-
phisms. Then clusters containing multiple A-to-G substi-
tutions were selected, and the possibility of base pair for-
mation between these regions and neighboring genomic
regions was verified. Any that passed this criterion were
considered as potential RNA edited candidates. To esti-
mate the accuracy of these filters, a fraction of the pre-
dicted candidates was experimentally verified. DNA and
RNA were isolated from the same tissue samples and the
regions containing predicted RNA editing candidates
were amplified and sequenced. Bona fide RNA editing
candidates were confirmed only if unambiguous chro-
matogram peaks indicated the presence of a homozygous
adenosine in the positive strand of DNA and a G or
ambiguous overlapping A/G peaks in the chromatograms
corresponding to RNA sequences. The experimental ver-
ification of these bioinformatics methods demonstrated a
low false positive rate with a positive predictive value
>90%. All three studies pointed to a very high abundance
(tens of thousands) of RNA editing in transcripts con-
taining repeated sequences, in particular Alu repeats.
This observation makes sense since two inverted Alu

5' TAGCGTGGTGAAGCCCCGTCTCCACTAAARATACAGAGGT TGGCCAGGTGTGGTGGCGTGCACCTGTAGTCCCAGCTACTCGGGAGGCTGGGGCGGGAGAATCGCTTGAA I
TAACATGGTGAARCCCCATCTCCACTAAARATACAAARATTAGCCAGGTGTGGTGGCATGCACCTGTAGTCCCAGCTACTCGGGAGGCTAAGGCAGGAGRATCACTTGAA

C uG CA CAC
5'-UAA AUGG AAACCC UCUC

'-A
3' -AUU,UAUC_UJUUGGG MGGAG’\UJRJ\UU'U'U'UAGU'U'UUUMUCGACCCGU}\CU.RCCACACGUGGAGAUMG%UCGAU%AUCCCQCUCC ccuu

A CA CA G CcG P OB AAU
UAAARAUCAAAAAUUAGC GGUGUGGUGG UGCACCU UAGUCCCAGCUACU GGGGCU AGG GGAG

UGGACU-5"'

C
ACUUGA-3'
AC CCAA

3' ATTATATCGTTTTGGGACGGAGATAATTTTTAGTTTTTAATCGACCCGTACTACCACACGTGGAGATCAGGGTCGATGATCATCCCGACTCCACCCTTCCAATGGACT 5'
ATTGTGTCGTTTTGGGGCGGAGETGATTTTTAGTTTTTGATCGACCCGTACTACCGCACGTGGAGGTCAGGGTCGGTGATCATCCCGEGCTCCGCCCTTCCGGTGGALT

Fig. 2. A cluster of A-to-1 RNA editing sites. RNA secondary structure predicted for the AluSx repeat from chromosome I along with corre-
sponding alignments of edited and templated (unedited) RNA sequences predicted based on the sequence of the reference human genome.
Sites of RNA editing inferred from A-to-G mismatches in the alignment are shaded in gray.
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repeats within the same RNA are very likely to form a
long double-stranded region that could be a substrate for
ADARs. The analysis performed by these three research
groups was a crucial landmark in the realization that
RNA editing is not just a minor process that affects
expression of a small proportion of human genes, but it is
a much more general phenomenon that affects the
expression of many human genes since Alu repeats com-
prise about 11% of the human genome and are usually
located in or near genic regions [29]. Although these
methods were very important in discovering the abun-
dance of RNA editing in humans, they do have some
serious limitations. While the positive predictive value of
these methods is high and so they have high specificity,
their sensitivity is probably low. Not only were there a
large number of predicted candidates specific for a par-
ticular study, but most importantly, many previously
known RNA editing cases were not detected. The clus-
ter-based method is suitable only for a particular class of
RNA editing, frequently termed “promiscuous RNA
editing” in the literature [30]. Promiscuous RNA editing
refers to those sites where the editing of a particular RNA
nucleoside does not fulfill a specific significant function,
and therefore such sites are under neutral evolutionary
selection. A single substitution of a genomic nucleotide
that either abolishes existing or creates a new RNA edit-
ing site within an Alu repeat sequence is not likely to
affect the organism’s fitness. In contrast, the majority of
functionally significant sites, such as those mentioned in
the previous section, are likely to evolve under purifying
selection. RNA editing sites that are responsible for the
recoding of protein coding sequences or the generation
of alternative splice sites play specific functional roles.
Loss of such RNA editing sites or altering editing effi-
ciency is likely to affect organism fitness, and therefore
the editing at such sites should be preserved during the
course of evolution. At the same time, since such sites
occur in functionally important regions, alterations in
the surrounding sequence could have a negative effect on
fitness, thus selecting against the generation of novel
editing sites in neighboring regions. RNA editing sites
where only a specific nucleoside is subject to RNA edit-
ing are often termed “selective RNA editing sites” [30].
A limited number of selective RNA editing sites have
been identified using bioinformatics approaches that
specifically concentrate on the identification of evolu-
tionarily conserved sequences involved in RNA editing
[31-34].

An interesting and somewhat controversial source for
the discovery of RNA editing sites turned out to be the
dbSNP [23]. SNPs collected in dbSNP are derived from
different sources and have varying degrees of accuracy.
Relatively large numbers of human genomic coordinates
that are reported to have polymorphic variants in dbSNP
are not supported by genomic sequences. A number of
SNPs were predicted from the analysis of EST sequences;

KIRAN et al.

for some of the entries the information on the source of
the SNP is missing. Eisenberg et al. [35] have hypothe-
sized that a number of SNPs in dbSNP could be instances
of misinterpreted RNA editing events, and they have
demonstrated that this is indeed true for about a hundred
SNPs. A more sophisticated procedure for mining
dbSNP was developed by Gommans et al. [36] with the
specific goal of identifying RNA editing sites that may
result in the recoding of protein coding genes. The
dbSNP was used as a starting pool of potential RNA edit-
ing candidates. The statistical filters applied by this team
used only a fraction of the SNPs from dbSNP, those that
were supported only by EST sequences and corresponded
to A-to-G or G-to-A substitutions in the positive DNA
strand. Since Gommans et al. [36] were interested only in
those RNA editing instances that result in protein recod-
ing, the candidates were further filtered leaving only those
where RNA editing (if it occurs) would result in a non-
synonymous change of a codon. An additional filter was
used to remove potential RNA candidates located in a
particularly poor editing context (5'-adjacent G). The
final filter was based on evolutionary conservation of the
corresponding sequence regions as well as conservation of
adenosines themselves. The remaining three hundred
candidates were then scored based on several molecular
features of RNA editing candidates, and a fraction of
these candidates was tested experimentally by sequencing
of corresponding RNA and DNA fragments. This method
identified several known examples of RNA editing as well
as a number of new additional RNA editing candidates.

It needs to be pointed out that human polymor-
phisms and RNA editing are not mutually exclusive phe-
nomena. There is no fundamental reason why a polymor-
phic A/G site cannot also be an RNA editing site. This is
likely the situation for most “promiscuous” editing sites,
where a particular RNA editing site does not significant-
ly affect an organism’s fitness. This is less likely for
“selective” editing sites. Therefore, we should expect that
even among those SNPs validated at the genomic level,
many could also be RNA editing sites. The problem with
interpreting particular locations as SNPs or RNA editing
is further complicated by DNA editing and somatic
mutations [37].

Utilization of massively parallel sequencing for the
identification and verification of RNA editing sites.
Although methods based on mismatch clustering in
cDNA-DNA alignments have identified tens of thou-
sands of new RNA editing sites in the human transcrip-
tome, the application of such approaches is unlikely to
reveal the entire repertoire of RNA editing in humans. As
mentioned earlier, one reason is that clusters are typical
only for promiscuous RNA editing, such as seen in Alu
repeats. The second reason is that the analysis of cDNA
sequences may reveal only a fraction of edited
nucleotides. Highly efficient RNA editing, where full
deamination of a particular adenosine in the entire pop-
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ulation of RNA produced from the same template, is
rare. If the editing efficiency of a particular adenosine is
low, only a small proportion of sequenced molecules will
have an inosine in place of adenosine. Therefore, meth-
ods based on the analysis of mismatches between cDNA
and genomic sequences are unlikely to identify every
RNA editing site. Only a small number of cDNA
sequences are available for any particular gene, and these
sequences are not guaranteed to represent the full spec-
trum of edited variants. In this regard, the analysis of
ESTs provides a better outlook for the distribution of
edited sites at a particular locus. Yet, the higher rate of
sequencing errors in ESTs requires experimental verifica-
tion of RNA editing candidates predicted from such
alignments.

Massively parallel sequencing provides an opportu-
nity for verifying numerous RNA candidates at once. In
2009, Li et al. [38] developed a high-throughput experi-
mental procedure for the verification of RNA editing
candidates. The procedure is based on the use of molecu-
lar inversion probes, commonly known as padlocks [39].
Padlock probes were originally developed for rapid geno-
typing of genomic regions corresponding to sites of
known or suspected polymorphisms. Padlocks are single-
stranded molecules containing two regions of comple-
mentarity to the regions surrounding the target
nucleotides (see Fig. 3). After hybridization of a probe
with a target molecule, a single-stranded gap is filled with
a complimentary chain by polymerase reaction, and the
probe is circularized by DNA ligation. The circularized
probe is then cleaved so that primers against the two
regions of complementarity can be used to amplify the
intervening region. Naturally, padlock probes can be used
not only for the genotyping of SNPs in genomic DNA,
but also for verifying the status of a nucleotide in cDNA.
Li et al. [38] have used padlock probes to verify the status
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of ~36,000 RNA editing candidates in samples from sev-
eral tissues. Candidates were generated by identifying the
mismatches between genomic DNA, cDNA, and ESTs.
All mismatches were further filtered through a bioinfor-
matics pipeline for selecting the most prominent candi-
dates. One of the filters in this pipeline was the exclusion
of those regions corresponding to genomic repeats, first
because there is little interest in these regions for which
RNA editing has already been established. Second,
molecular probes, due to their relatively small size target
repetitive regions ambiguously.

One of the potential advantages of this technique is
that, in principle, it could allow for the estimation of
RNA editing efficiency by calculating it as a fraction of
reads that support an edited base from the total number of
reads aligning to its corresponding position. Li et al. [38]
have reported 710 RNA editing sites that they have sepa-
rated into three classes. Class II1 RNA editing sites are
those at which RNA editing occurs with low efficiency
(2.5-5%), while class II (330 candidates) and class I (239)
RNA editing sites are those that occur with an efficiency
>5%. Class I differs from Class II in that the evidence for
Class I editing is found in more than one tissue sample,
while Class II edits were identified from only a single tis-
sue type. We have incorporated all of the Class I and Class
IT candidates into our DARNED database (described in
detail in the last section of this review); however, it needs
to be emphasized that these RNA editing candidates,
especially those classified as Class II candidates, should
be treated with caution. There are two reasons for this.
For a relatively large number of candidates, even a single
sequence read was considered as evidence of RNA edit-
ing; moreover, the efficiency of editing has been calculat-
ed even for those sites with only a single read, in which
case it was estimated as 100%. Obviously, for statistical
reasons such an estimate should be considered highly

Cleavage site

5
atcacggcggttaatag
5'tttgttagtgccgccaattatchRagggagcaaatagtgatctcecctgaagaggte3!

tatcactagagggacttc

Fig. 3. Example of a padlock probe. Candidate edited nucleotide is shown as capital A. The probe has two regions of complementarity sur-
rounding the sequence to be examined. Linkers for amplification/sequencing are indicated by arrows. The single-stranded region is filled with
complementary nucleotides by a polymerase, and the probe is circularized with DNA ligase. Following cleavage at the indicated site, the probe

is ready for PCR amplification and sequencing.
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inaccurate. Therefore, the data reported for RNA editing
candidates vary substantially in terms of statistical confi-
dence, which was not taken into account during the clas-
sification of RNA editing sites into these three classes.
Another reason to be cautious is that genomic sequences
were not verified for all tissue samples. While all tissue
samples were derived from the same individual (and the
authors validated this by genotyping), genomic DNA was
sequenced only from a single tissue sample. Thus
instances of tissue-specific DNA editing or somatic
mutations [37] in one of the tissues would mimic RNA
editing behavior.

Despite these caveats regarding the quality of some
of the candidates reported by Li et al. [38], this pioneer-
ing work is a key landmark towards developing high-
throughput experimental techniques for the identification
of novel RNA editing sites. With massively parallel
sequencing platforms becoming widely available to the
research community at affordable prices, we anticipate
that in future many more studies will use similar
approaches for identifying novel RNA editing sites and
for quantifying RNA editing efficiency. Interestingly, as
deep sequencing transcriptomics becomes increasingly
more popular, useful information on RNA editing is
being generated, even though identification of novel RNA
editing sites is not a primary goal. Examples include the
work on the characterization of mammalian microRNAs
already mentioned in the first section of this review [16,
17].

Chemical methods. Although inosine has properties
similar to those of guanosine with respect to its preferen-
tial base pairing with cytidines — inosine and guanosine
should not be treated as the same nucleosides. Distinct
chemical properties of inosine could also be used for its
identification. Morse and Bass [40] have developed a
technique based on the differential reaction of these two
nucleosides with glyoxalin. Glyoxalin reacts with guano-
sine, but not with inosine. Both inosine and guanosine are
recognized by RNase T1, which cleaves single-stranded
regions of RNA 3’ of these nucleotides. However, glyox-
alination blocks guanosine from RNase T1 recognition.
Therefore, RNA treated with glyoxaline can be cleaved by
RNase T1 only 3’ of inosines. In the Morse and Bass
technique, RNA fragments are polyadenylated at their 3'-
end after RNase T1 treatment, then converted to cDNA
and amplified by PCR. Gel electrophoresis of cDNA
derived from inosine-containing RNA can then be com-
pared with cDNA derived from RNA that has not been
treated with RNase T1. Subsequent sequencing of cDNA
derived from treated and untreated RNA allows identifi-
cation of the RNA edited locations. Morse and Bass have
been able to identify several novel RNA editing sites in C.
elegans using this technique [41, 42]. However, to our
knowledge this technique has not been applied for the
large scale identification of editing in mammalian sam-
ples.

KIRAN et al.

Last year Sakurai et al. [43] developed a high-
throughput method that they termed ICE (inosine chem-
ical erasing) for the chemical identification of inosines.
The method is based on the reaction of inosine with acry-
lonitrile to produce a derivative called cyanoethylate that
cannot base pair with cytidine [44]. Sakurai et al. [43]
reasoned that, during primer extension reactions, reverse
transcriptase should arrest on RNA templates at cya-
noethylated inosines. Therefore, RNA containing cya-
noethylated inosines cannot be amplified efficiently by
PCR. This allows discrimination of a population of RNA
containing A or G at a particular position (e.g. due to
DNA polymorphisms) from a population of RNA con-
taining A or I (due to editing). In the former, the RT-
PCR products of both samples (treated and untreated
with acrylonitrile) will have ambiguous base calling of
A/G at the examined position and have the same A/G
ratio. Where there is RNA editing, untreated samples
would have ambiguous A/G base calling, while treated
samples would have unambiguous A base calling or a
highly reduced A/G ratio, since inosine containing frag-
ments will not be efficiently amplified. One very signifi-
cant advantage of this method in comparison with the
bioinformatic and high-throughput sequencing methods
described in the previous sections is that it does not
require prior sequencing information of the genomic
templates.

Sakurai et al. [43] have used this method to verify
1277 predicted RNA editing sites. A total of 716 sites were
confirmed as at least 10% efficient RNA editing sites. A
total of 39 of the examined cases had the same A/G ratio
for treated and untreated samples, suggesting differential
allelic origin. Most interestingly, Sakurai et al. found over
2000 new sites within examined regions that were not pre-
viously predicted as RNA editing sites by bioinformatics
approaches. A total of 79 of the new editing sites had pre-
viously been reported as SNPs, consistent with reports
that dbSNP contains RNA editing sites misinterpreted as
SNPs [35, 36].

In summary, there is growing interest in developing
methods for high-throughput detection of RNA editing.
Current methodologies are broadly in agreement that A-
to-1 editing is abundant in humans. However, the
datasets of predicted RNA editing sites produced by each
individual study do not entirely overlap. This is not nec-
essarily due to limitations of the methodologies and in
principle could be explained by sample differences. It is
probable and even likely that RNA editing efficiency at
promiscuous sites (where editing at a particular site does
not effect organism fitness efficiently) differs among
individuals. The issue of polymorphic RNA editing
should be addressed by future studies. Another explana-
tion of inconsistency between the precise RNA editing
locations derived from different studies is the likely sto-
chastic nature of RNA editing at promiscuous sites. If,
among a large number of sites each is stochastically edit-
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ed with a limited efficiency, the diversity of resultant dif-
ferentially edited RNA will be enormous [45]. It is
unlikely that any of the methods described in this review
would be capable of capturing such a diversity of differ-
entially edited RNA.

RNA EDITING COMPUTATIONAL
RESOURCES

The RNA editing phenomenon has been known for
decades, and a number of databases have been designed in
an attempt to provide information about RNA editing on
the World Wide Web. Some of these databases are no
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longer supported [46] or updated [47]. Among those that
have survived the test of time are dbRES [48] and REDIdb
[49, 50]. The recently developed RESOPS [51] database is
another notable tool dedicated to RNA editing.

However, despite the existence of several RNA edit-
ing depositories on the web, none of them are useful as a
source of information on RNA editing in humans.
REDIdb and RESOPS focus on RNA editing in
organelles. While dbRES has a wider scope than REDIdb
and RESOP, its internal structure and dependency on
manual annotation make it unsuitable for accommodat-
ing large influxes of high-throughput data.

The rapid growth of information on RNA editing in
the human transcriptome and the lack of adequate com-
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Fig. 4. 1/0 interface of DARNED. a) Coordinate based query form. b) Gene based query form. ¢) Example of output.
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putational resources where this information is organized
prompted us to design yet another RNA editing database
which we termed DARNED [52] (database of RNA edit-
ing, http://darned.ucc.ie). We have taken advantage of
the fact that the human genome reference sequence is
almost complete [53], and we used the reference
sequence as a backbone for the organization of RNA
editing data. We reasoned that, although RNA editing
takes place at the RNA level, to our knowledge, all RNA
synthesis in humans is DNA-template based (apart from
humans infected with RNA viruses), and therefore all of
the RNA in human cells can be linked to its template in
the genome. Thus, every RNA editing case reported in
the literature could be unambiguously assigned to a par-
ticular coordinate of the human genome. One drawback
to such classification is a scenario in which two different
types of RNA are produced from the same template, but
only one of these is edited. As we are currently unaware
of such examples, mapping RNA editing sites to the
human genome was considered as the most reasonable
approach for organizing RNA editing information in
DARNED.

We have processed the published data on RNA edit-
ing as described in Kiran and Baranov [52] to identify
genomic coordinates for each reported RNA editing site.
At present, RNA editing data are available for two human
genome assemblies, hgl8 and hgl9. Figure 4 shows the
input menu and an example of a DARNED output.
Currently DARNED provides two types of search meth-
ods, coordinate based and gene based. In coordinate
based mode (Fig. 4a) users need to specify a coordinate
range in the human genome, which they can also limit by
inputting information on the functional location of the
RNA editing site (e.g. exon/intron, CDS/UTR). In the
gene mode (Fig. 4b), a search can be performed for a
human genome locus corresponding to a particular
sequence entity, such as annotation, e.g. refGene, refSeq,
mRNA, or EST. The output (Fig. 4c) contains a list of
RNA editing sites along with additional information on
the literature source from which the information was
obtained, number of ESTs supporting an edited or non-
edited base, functional location, status in the dbSNP, etc.
Nonetheless, the additional information provided by
DARNED is rather limited. Therefore, in order to allow
users more flexibility we have designed DARNED custom
tracks that links users to remote genome browsers, either
UCSC [54] or Ensembl [55], and provides RNA editing
information in the context of these genome browsers. In
fact, the latest update of the UCSC genome browser [54]
provides DARNED tracks within a set of their standard
tracks for the latest two genome assemblies. Therefore,
users do not even need to visit the DARNED database in
order to gain access to the data. However, it should be
noted that editing sites collected in DARNED are con-
tinuously updated, while UCSC tracks are updated less
frequently. Consequently, when users are interested in the
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latest and most complete information on the human edit-
ome, it is recommended to use DARNED database
instead of UCSC local tracks.

Combining the output from DARNED with the
UCSC genome browser data and interface provides a
variety of ways in which RNA editing data can be
explored. Figure 5 (see color insert) illustrates a few
examples: comparison of RNA editing with SNPs (Fig.
5a), dense RNA editing regions in Alu repeats (Fig. 5b);
presence of evolutionary RNA secondary structures pre-
dicted by EvoFold [56] for selective RNA editing sites in
exons (Fig. 5¢) and non-coding RNAs (Fig. 5d).

In the future, we plan to continue adding and revis-
ing RNA editing sites in the DARNED database and to
improve its interface. We hope that the database will
become a central computational resource for the quanti-
tative description of the human editome.

The authors are grateful to the members of RNA
editing community for their welcoming reception of the
DARNED database and to the UCSC Genome Browser
technical team for their help in designing the RNA edit-
ing tracks.

The authors would like to express their gratitude to
Science Foundation Ireland for its support of the
DARNED database development, by principal investiga-
tor award to P. V. B. (grant number 06/IN.1/B81).
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