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Genome-Wide Identification of Human
RNA Editing Sites by Parallel DNA
Capturing and Sequencing

Jin Billy Li,** Erez Y. Levanon,** Jung-Ki Yoon,'t John Aach,* Bin Xie,? Emily LeProust,?

Kun Zhang,*t Yuan Gao,>* George M. Church$

Adenosine-to-inosine (A-to-1) 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-l 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.

denosine-to-inosine (A-to-I) RNA editing
Aconverts a genomically encoded adeno-

sine (A) into inosine (I), which in turn is
read as guanosine (G), and increases transcrip-
tomic diversity (/, 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
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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 Al (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 genomic DNA (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

Table 1. Statistics of sequencing of samples used in this study.

Total Mappable Sites with Frac'fmn RNA editing
Sample of sites .
reads reads >1 read . candidates*
with >1 read
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
¢DNA (Fig. 1C) and frontal lobe cDNA (Fig.
ID). In addition, the editing levels were highly
correlated between the two replicates (Fig. 1E).

A total of 57.8 million reads were obtained,
among which 55.5 million sequences were mapped
to the target regions (Table 1) (/0). To identify
RNA editing sites, we searched for positions where

REPORTS

ahomozygous A was seen in gDNA and more 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

Table 2. Features of class | RNA editing sites.
all 13 known edited genes (tables S1 and S3).

Feature 36,208 set Class | set P value* To validate the class 1 set, we randomly
Double-stranded RNA (dsRNA) structuret 16% 41% 2.7 x 1072+ selected 18 different sites, successfully amplified
Downstream of base G 34% 8% 1.1 x 102 them with polymerase chain reaction, and
Coding sequence 52% 23% 2.0 x 1072  sequenced them using the dideoxynucleotide
Conserved regiont 42% 21% 15 x 10-21  (Sanger) method. We also test.e.d gDNA and
MicroRNA target sequence§ 33% 20% 4.6 x 106  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

*P values were calculated using Fisher's exact test. tSequence centered on the site [4001 base pairs (bp) total] forms a dsRNA
structure (10). 1Sites 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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remaining sites, ZNF'7, was edited at 1.1% level
(2 of 187 individually sequenced clones). The
false discovery rate of the set is thus up to 17%
(3 of 18 sites).

RNA editing occurs when ADARs (adeno-
sine deaminases acting on RNA) bind to an ex-
tended RNA duplex within target RNAs (17, 18).
Indeed, the class I set is significantly enriched, as
compared with the 36,208-candidates set, with
sites that are located in RNA double-stranded
regions (Table 2 and table S4) (/0). Previous
studies have indicated that ADARs have a se-
quence preference for strong G depletion in the

A chr1:212596363
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nucleotide 5’ to the editing site (/9). This obser-
vation is in agreement with our findings (Table 2
and fig. S4).

Of the 239 class I sites, 55 (23%) are located
in coding regions, 38 of which change amino
acids (table S3), including one that adds an
additional 29 amino acids by changing a stop
codon (UAG) to a tryptophan (UGG) (Fig. 2B).
There is a clear bias against the coding regions
(Table 2), where changes are less likely to be
tolerated. Similarly, possible microRNA target
sequences are significantly reduced in our set
(Table 2).
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\
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Fig. 2. Validation of RNA editing sites with conventional Sanger sequencing. (A) Sequencing
chromatogram traces of an exemplary site, chr1:212596363, in gDNA and all seven tested cDNAs of
the first donor and in gDNA and frontal lobe cDNA from two unrelated donors. Some nearby sites are also
edited. A complete list of validated sites is in fig. S3. (B) At site chr8:145550000 [in F-box and leucine-rich
repeat protein 6 (FBXL6) gene], the genomic A in the stop codon (TAG) is highly edited, allowing the
addition of 29 amino acids to the protein in all three donors. (C) The CADPS site, chr3:62398847, is edited
in human (shown is the frontal-lobe cDNA), and the conserved site is edited in mouse as well (shown is the
brain cDNA). The editing event leads to amino acid change from glutamic acid (GAG) to glycine (GGG).

Sequence conservation has been the main
criterion in various attempts to identify new RNA
editing sites. However, it has been shown that
editing is enriched in the primate lineage, mainly
because of widespread editing in Alu repetitive
elements (20-24). In the class I set, the number of
sites with flanking sequences conserved between
human and mouse is significantly underrepre-
sented (Table 2) (10). Of those sites that are
highly conserved (fig. S5), we sequenced one
located in the CADPS (Ca**-dependent secretion
activator) gene in mouse gDNA and cDNA sam-
ples and observed an editing signal. This site
is probably edited in all vertebrates based on
A-to-G changes in supporting expressed
sequence tags. Fourteen of the 50 editing sites
located in conserved regions harbor a G in at least
one of eight other vertebrate genomes (table S5),
a phenomenon previously observed in flies (25).
From an evolutionary perspective, RNA editing
may thus play a role similar to genetic mutation
in creating genetic diversity. In contrast to muta-
tion, however, RNA editing provides a much
wider spectrum of “genetic dosage”; our data
demonstrate that the level ranges from very low
to full editing (fig. S6).

In agreement with previous observations that
targets of RNA editing are involved in nervous-
system function (7, /1—15, 26-28), we found that
the class I sites were enriched with functions such
as synapse, cell trafficking, and membrane.
Furthermore, many sites are located within genes
that are implicated in human brain-related dis-
eases (table S6). In addition to class I sites, many
more sites are likely to be edited. When we
relaxed our criteria to require only one tissue to
be edited, we identified an additional set of 330
potential candidate editing sites as the class II set
(table S7). We validated a selected candidate
from this set, GL/I (Glioma-associated oncogene
homolog 1, at site chr12:56150891), which was
highly edited in the frontal lobe of all three
donors (fig. S3). An additional set of 141 sites
was identified as class III when the editing level
threshold was reduced to 2% (table S8), which
suggests that many targets may be edited at very
low levels. By sequencing 118 clones of the class
1II site chr11:74994333 in MAP6 (microtubule-
associated protein 6), we found 13 clones with a
G at the editing site.

Although it is unclear if the extensive editing
of primate Alu sites has any biological role, it
may require an increased expression of ADAR
proteins in humans, which in turn may lead to the
editing of non-4/u RNAs. In support of this sce-
nario, most of the nonrepetitive sites we identi-
fied do not seem to be conserved beyond the
primate lineage and may play roles in primate-
specific functions. Many of the identified editing
sites are located in noncoding RNAs that have
recently been linked to brain function (29).

The approach described herein can be readily
extended to a wider variety of tissues in normal
and diseased individuals in order to identify ad-
ditional RNA editing sites and measure their
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editing levels. The enlarged set of nonrepetitive
RNA editing targets may help unravel rules of
RNA editing in human diseases and behavior.
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Unstable Tandem Repeats
in Promoters Confer
Transcriptional Evolvability

Marcelo D. Vinces,»*3* Matthieu Legendre,™** Marina Caldara,*

Masaki Hagihara,® Kevin J. Verstrepen’?3+

Relative to most regions of the genome, tandemly repeated DNA sequences display a

greater propensity to mutate. A search for tandem repeats in the Saccharomyces cerevisiae genome
revealed that the nucleosome-free region directly upstream of genes (the promoter region) is
enriched in repeats. As many as 25% of all gene promoters contain tandem repeat sequences.
Genes driven by these repeat-containing promoters show significantly higher rates of
transcriptional divergence. Variations in repeat length result in changes in expression and local
nucleosome positioning. Tandem repeats are variable elements in promoters that may facilitate
evolutionary tuning of gene expression by affecting local chromatin structure.

he genomes of most organisms are not

I uniformly prone to change because they
contain hotspots for mutating events. An
abundant class of sequences that mutate at higher
frequencies than the surrounding genome is com-
posed of tandem repeats (TRs, also known as
satellite DNA), DNA sequences repeated adja-
cent to one another in a head-to-tail manner (7).
Errors during replication make TRs unstable,
generating changes in the number of repeat units
that are 100 to 10,000 times more frequent than
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point mutations (2). Variable TRs are often dis-
missed as nonfunctional “junk” DNA. However,
some TRs located within coding regions (exons)
have demonstrable functional roles. For exam-
ple, TR copy numbers in genes such as FLO! in
Saccharomyces cerevisiae generate plasticity in
adherence to substrates (3). In canines, variable
repeats located in Alx-4 and Runx-2 confer var-
iability to skeletal morphology, which may have
facilitated the diversification of domestic dogs
bred by humans (4). Thus, repeats located in coding
regions may increase the evolvability of proteins.

There is also evidence that repeats influence
expression of certain genes (5—7). To investigate
the involvement of TRs in gene expression var-
iation, we first mapped and classified all repeats
in the S288C yeast genome (8) (data set S1).
TRs are enriched in yeast promoters (table S1).
Of the ~5700 promoters in the genome, 25%
(1455) contain at least one TR. Many TRs in
promoters consist of short, A/T-rich sequences
(table S2, fig. S1, and data set S2). Comparison
of orthologous regions in genomes of different
S. cerevisiae strains showed that many of the TRs
are variable (data set S1). For example, 24.1% of

orthologous TR loci in promoters differ in the
number of repeat units between the two fully
sequenced strains, S288C and RMI11 (§). To
confirm this, we sequenced 33 randomly chosen
promoter repeats in seven S. cerevisiae genomes
(Fig. 1A, figs. S2 and S3, and data set S3).
Twenty-five of the 33 TRs differed in repeat units
in at least one of the seven strains. The repeat
variation frequency is 40-fold higher than the
frequency of insertions and deletions (indels) and
of point mutations in the surrounding non-
repetitive sequence (P < 10~ %) (figs. S2 and S3).

To determine whether promoter TR variation
affects gene expression, we compared repeat var-
iablity to expression divergence (ED), which
represents how fast the transcriptional activity of
each gene evolves (9—11). Promoters containing
TRs showed significantly (P < 1.75 x 107%)
higher amounts of ED than did promoters lacking
TRs when comparing yeast species (S. cerevisiae,
S. paradoxus, S. mikatae, and S. kudriavzevii)
(Fig. 1, B to D, and fig. S4A) and S. cerevisiae
strains (S288C and RM11) (Fig. 1, E to G, and fig.
S4, B and C). This difference was independent of
factors known to affect transcriptional divergence,
for example, the presence of TATA boxes (fig. S5).
Only promoters containing variable numbers of
repeat units between strains or species showed
the elevated ED (Fig. 1, D and G). Furthermore,
when variable TRs were binned into variable and
highly variable (10% most variable) groups,
highly variable repeats displayed even higher
ED. Hence, ED correlates not merely with TRs in
promoters but more specifically with repeat num-
ber variation.

To directly test whether changes in promoter
TRs affect transcriptional activity, we varied the
TR repeat number in the promoters of yeast genes
YHBI, MET3, and SDTI (Fig. 2 and fig. S6A).
For each construct, expression increased as the
length of the TR increased from zero, until a certain
size was reached, after which expression dropped
off. To determine whether natural variation between
strains corresponded to similar changes in gene ex-
pression, we cloned promoters of several strains
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