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Genome-Wide Identification of Human
RNA Editing Sites by Parallel DNA
Capturing and Sequencing
Jin Billy Li,1* Erez Y. Levanon,1* Jung-Ki Yoon,1† John Aach,1 Bin Xie,2 Emily LeProust,3
Kun Zhang,1‡ Yuan Gao,2,4 George M. Church1§

Adenosine-to-inosine (A-to-I) RNA editing leads to transcriptome diversity and is important for
normal brain function. To date, only a handful of functional sites have been identified in mammals.
We developed an unbiased assay to screen more than 36,000 computationally predicted
nonrepetitive A-to-I sites using massively parallel target capture and DNA sequencing.
A comprehensive set of several hundred human RNA editing sites was detected by comparing
genomic DNA with RNAs from seven tissues of a single individual. Specificity of our profiling
was supported by observations of enrichment with known features of targets of adenosine
deaminases acting on RNA (ADAR) and validation by means of capillary sequencing. This efficient
approach greatly expands the repertoire of RNA editing targets and can be applied to studies
involving RNA editing–related human diseases.

Adenosine-to-inosine (A-to-I) RNA editing
converts a genomically encoded adeno-
sine (A) into inosine (I), which in turn is

read as guanosine (G), and increases transcrip-
tomic diversity (1, 2). It is critical for normal brain
function (3–7) and is linked to various disorders
(8). To date, a total of 13 edited genes have been
identified within nonrepetitive regions of the
human genome (table S1). The limiting factor in
the identification of RNA editing targets has been
the number of locations that could be profiled by
the sequencing of DNA and RNA samples. Even
with recent developments in massively parallel
DNA sequencing technologies (9), it still remains

expensive to sequence whole genomes and tran-
scriptomes, both of which are required to identify
RNA editing targets. Here, we report an efficient
and unbiased genome-wide approach to identify
RNA editing sites that uses tailored target capture
followed by massively parallel DNA sequencing.

We first compiled a set of 59,437 genomic
locations enriched with RNA editing sites, exclud-
ing repetitive regions such as Alu (fig. S1) (10). To
reduce biases in detection, the key criteria for pre-
vious predictions of editing targets—conservation,
coding potential, and RNA secondary structure
(11–15)—were not taken into account. Over 90%
of the previously identified editing targets are
present in this data set (table S1). We designed
padlock probes (16) for 36,208 sites that best
satisfied our criteria for probe design (table S2)
(10). Sites near splicing junctions required two
different probes [targeting genomicDNA (gDNA)
and cDNA], giving rise to a total of 41,046 probes
designed for 36,208 sites (table S2).

To identify RNA editing sites, we used gDNA
and cDNA from seven different tissues (cerebel-
lum, frontal lobe, corpus callosum, diencephalon,
small intestine, kidney, and adrenal), all derived
from a single individual so as to rule out poly-
morphisms among populations. The pool of
probes was hybridized to gDNA and cDNA in
separate reactions (Fig. 1A and fig. S2). We se-
quenced the amplicons and identified sites where
an A allele was observed in gDNA, whereas at
least a fraction of G reads were present in the
cDNA samples. A majority of sites were covered
with multiple reads (Fig. 1B). Two independent
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Table 1. Statistics of sequencing of samples used in this study.

Sample Total
reads

Mappable
reads

Sites with
≥1 read

Fraction
of sites

with ≥1 read

RNA editing
candidates*

gDNA (combined) 12,604,941 12,150,194 33,886 93.6% N/A
Replicate 1 5,145,193 5,042,006 32,491 89.7% N/A
Replicate 2 7,459,748 7,108,188 32,942 91.0% N/A

cDNA
Cerebellum 5,538,459 5,382,743 26,220 72.4% 126
Frontal lobe (combined) 14,065,388 13,360,868 28,382 78.4% 268
Replicate 1 6,950,660 6,563,630 26,617 73.5% 238
Replicate 2 7,114,728 6,797,238 26,628 73.5% 230

Corpus callosum 5,096,832 4,963,983 25,447 70.3% 180
Diencephalon 5,420,151 5,291,184 25,187 69.6% 172
Small intestine 6,516,258 6,172,901 26,845 74.1% 181
Kidney 6,354,025 5,984,709 26,299 72.6% 177
Adrenal 2,251,755 2,188,637 23,589 65.1% 121
*A site with evidence for RNA editing is required to have an editing level of ≥5% and a log-likelihood (LL) score of ≥2 (10).
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technical replicates were well correlated for both
gDNA (Fig. 1C) and frontal lobe cDNA (Fig.
1D). In addition, the editing levels were highly
correlated between the two replicates (Fig. 1E).

A total of 57.8 million reads were obtained,
amongwhich 55.5million sequences weremapped
to the target regions (Table 1) (10). To identify
RNA editing sites, we searched for positions where

a homozygousAwas seen in gDNAandmore than
5% of reads were G in at least two of the seven
cDNA samples with a log likelihood score of ≥2
(10). A total of 239 such sites (in 207 targets)
with stringent thresholds were identified and
referred to as class I (table S3), including 10 of
all 13 known edited genes (tables S1 and S3).

To validate the class I set, we randomly
selected 18 different sites, successfully amplified
them with polymerase chain reaction, and
sequenced them using the dideoxynucleotide
(Sanger) method. We also tested gDNA and
frontal lobe cDNA from two additional donors (a
total of 12 samples per site). Fourteen of the 18
sites were clearly edited, with a majority in all
three donors (Fig. 2A and fig. S3). One of the

Fig. 1. Screening for
RNA editing sites using
padlock capture and
massively parallel DNA
sequencing technologies.
(A) Schematic diagram
of the padlock technol-
ogy. The candidate RNA
editing sites are specifi-
cally targeted by pad-
locks in both gDNA and
cDNA samples from a
single individual. Circles
are formed when poly-
merase, deoxynucleotide
triphosphate, and ligase
are added, subsequently
amplified, and sequenced
with an Illumina genome
analyzer (Illumina, San
Diego, CA). (B) Uniform-
ity of target abundance
distributions in sequences
obtained for all sam-
ples. Each graph shows
the abundance of cap-
tured target sequences
for each target over all
samples, in which tar-
gets are given in ranked
order. Abundance is rep-
resented by the log10 of
the target coverage nor-
malized to the mean of
the target coverage for
the sample. The abun-
dance of different sites
is nonuniform because
of capturing biases and
expression-level varia-
tions. The gDNA and
frontal lobe replicates
were combined in this
analysis. (C to E) Target
capture is highly repro-
ducible for technical rep-
licates. (C) Correlation of
coverage of sites for gDNA replicates (Pearson correlation, r = 0.962); (D) correlation of coverage of sites for frontal-lobe cDNA replicates (r = 0.998); and (E)
correlation of RNA editing level in frontal-lobe replicates (r = 0.964). Editing level is the number of G reads divided by the sum number of A and G reads when
the sum is ≥10.

Table 2. Features of class I RNA editing sites.

Feature 36,208 set Class I set P value*

Double-stranded RNA (dsRNA) structure† 16% 41% 2.7 × 10−21

Downstream of base G 34% 8% 1.1 × 10−21

Coding sequence 52% 23% 2.0 × 10−19

Conserved region‡ 42% 21% 1.5 × 10−11

MicroRNA target sequence§ 33% 20% 4.6 × 10−6

*P values were calculated using Fisher’s exact test. †Sequence centered on the site [4001 base pairs (bp) total] forms a dsRNA
structure (10). ‡Sites in the “most conserved” track in the University of California Santa Cruz genome browser (http://genome.ucsc.
edu). §Sequence centered on the site (13 bp total) contains 7 bp microRNA seeds (http://microrna.sanger.ac.uk) (10).
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