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Systematic identification of abundant A-to-| editing
sites in the human transcriptome
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& Michael F Jantsch’

RNA editing by members of the ADAR (adenosine deaminases acting on RNA) family leads to site-specific conversion of
adenosine to inosine (A-to-1) in precursor messenger RNAs. Editing by ADARs is believed to occur in all metazoa, and is essential
for mammalian development. Currently, only a limited number of human ADAR substrates are known, whereas indirect evidence
suggests a substantial fraction of all pre-mRNAs being affected. Here we describe a computational search for ADAR editing sites
in the human transcriptome, using millions of available expressed sequences. We mapped 12,723 A-to-l editing sites in 1,637
different genes, with an estimated accuracy of 95%, raising the number of known editing sites by two orders of magnitude.

We experimentally validated our method by verifying the occurrence of editing in 26 novel substrates. A-to-1 editing in humans
primarily occurs in noncoding regions of the RNA, typically in Alu repeats. Analysis of the large set of editing sites indicates

the role of editing in controlling dsRNA stability.

RNA editing by members of the double-stranded RNA (dsRNA)-
specific ADAR family leads to site-specific conversion of A-to-I in
precursor messenger RNAs!. ADAR-mediated RNA editing is essen-
tial for normal life and development in both invertebrates and verte-
brates>™. ADAR-deficient invertebrates show only behavioral
defects®3, whereas ADAR1 knockout mice die embryonically and
ADAR?2 null mice are born at full term but die prematurely*°. High
editing levels have been found in inflamed tissues®, in agreement with
a proposed antiviral function for ADARs and their transcriptional
regulation by interferon’. Altered editing patterns were found in
epileptic mice®, suicide victims suffering chronic depression®, amy-
otrophic lateral sclerosis!® and in malignant gliomas'!. Until recently
only a handful of edited human genes were documented, most of
which were discovered serendipitously!?. A systematic experimental
search for inosine-containing RNAs has yielded 19 additional
cases'3, and one further example was found using a cross-genome
comparison approach!4. However, quantification of inosine in total
RNA suggests that editing affects a much larger fraction of the mam-
malian transcriptome!®. In addition, tantalizing hints of abundant
editing were observed in high-throughput cDNA sequencing data'®.

Large-scale identification of editing substrates using bioinfor-
matics tools was previously considered practically impossible!”.
In principle, editing may be detected using the large-scale database
of expressed sequence tags'® (ESTs) and RNAs, which currently
holds over five million human records. Editing sites show up when a
sequence is aligned with the genome: while the DNA reads A,
sequencing identifies the inosine in the edited site as guanosine (G).

However, the poor sequencing quality of the sequence database (up
to 3% sequencing errors'®) precludes a straightforward application
of this approach. Moreover, millions of single nucleotide polymor-
phisms (SNPs) and mutations are erroneously identified as editing
events by this method.

Here we present a computational approach that overcomes these
challenges. We mapped 12,723 A-to-I editing sites in 1,637 different
genes. Editing was experimentally validated in 26 of these 1,637
genes. The editing sites found are typically located within Alu ele-
ments residing in noncoding regions of the RNA. The effect of edit-
ing on dsRNA stability is analyzed.

RESULTS

Computational identification of A-to-l editing

ADAR substrates are usually imperfect dsRNA stems formed by base
pairing of an exon containing the adenosine to be edited with a com-
plementary portion of the pre-mRNA (up to several thousand
nucleotides apart). We therefore restricted the search for mismatches
to potential double-stranded regions, in order to remove most of the
noise and facilitate the identification of true editing sites. For this
purpose, human ESTs and cDNAs were aligned to the genome and
assembled into clusters representing genes or partial genes?®. We
then used our algorithm to align the expressed part of the gene with
the corresponding genomic region, looking for reverse complement
alignments longer than 32 bp with identity levels higher than 85%
(Fig. 1). About 429,000 candidate dsRNAs were found in 14,512 dif-
ferent genes, mostly resulting from alignment of an exon (including
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Figure 1 ADAR-mediated editing. (a) Pre-mRNA as transcribed from DNA.
The gene contains two Alu repeats with opposite orientations, one of which
overlaps with an exon. (b) The two oppositely oriented Alu sequences form
a dsRNA structure. (c) An enzyme of the ADAR family edits some of the
adenosines in the dsRNA structure into inosines.

the 3'- and 5'-UTRs) to an intron. To further decrease the number of
random mismatches, SNPs and mutations, the algorithm then
cleaned the sequences supporting the stem region. Because sequenc-
ing errors tend to cluster in certain regions, especially in low com-
plexity areas and towards the ends of sequences, we discarded all
single-letter repeats longer than 4 bp, as well as 150 bp at both ends
of each sequence. In addition, all 50 nucleotide-wide windows in
which the total number of mismatches was five or more were consid-
ered as having low sequencing quality and were discarded. However,
four or more identical sequential mismatches were masked in the
count for mismatches in a given window. This exception is intended
to retain sequences with many sequential editing sites, which were
found to occur in previously documented examples?!. Mismatches
supported by <5% of available sequences were also discarded, and,
finally, known SNPs of genomic origin were removed. By using these
criteria one finds that the putative editing sites tend to group
together!®, a fact that is also supported by the few available known
cases!3. Thus, all mismatches that occur less than three times in an
exon were ignored.

This above cleaning procedure resulted almost exclusively in A-to-
G mismatches (Fig. 2a). We identified 12,723 putative editing sites,
belonging to 1,637 different genes by using this procedure. The same
approach applied to G-to-A mismatches yielded only 242 sites.
Sequencing errors, SNPs and mutations, the three main sources
of noise in our analysis, are expected to produce at least as many
G-to-A as A-to-G mismatches (Fig. 2). This signal-to-noise ratio
(12,723:242) suggests that our false positive rate is very low.

Experimental validation
To experimentally validate the predicted editing sites, we chose
30 genes and sequenced matching DNA and RNA samples retrieved
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from the same specimen, for up to five tissues. We have positively
verified editing events in 26 previously unknown editing substrates.
PCR products were either cloned followed by sequencing of indivi-
dual clones, or sequenced as a population, without cloning. When
the PCR products were cloned, editing occurrence was detected by
comparing the sequences of several clones with the genomic
sequence (Fig. 3 and Supplementary Fig. 1). When PCR products
were directly sequenced, the occurrence of editing was determined
by the presence of an unambiguous trace of guanosine in positions
for which the genomic DNA clearly indicated the presence of an
adenosine (Fig. 4). The full sequencing data are given on our website
(see Methods). We show here direct evidence for editing in the liver,
lung, kidney, prostate, colon and uterus. For most genes, editing was
found in all tissues, with varying relative abundance, but generally
the unedited signal dominated the edited signal. Two genes were val-
idated using cell-lines known to have varying levels of ADAR activity
(Fig. 3). The observed levels of A-to-I conversions correlated well
with the reported ADAR activities in these
cell lines??. Typically, additional editing sites,
not present in our list, were found in the
same region. The validation set was com-
posed of two subsets: (i) 20 genes for which
the EST data suggested many putative edit-
ing events, 18 of which were confirmed to be
edited; (ii) 17 genes chosen randomly
from the list of 1,637 predicted genes. Four

Figure 2 Distribution of mismatches between the
DNA and the expressed RNA sequences that pass
the cleaning algorithm. (a) Results of algorithm
application to dsRNAs only. A-to-G mismatches
clearly dominate the distribution. Notably, T-to-C
mismatches are also overrepresented, likely
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to the opposite strand. (b) The distribution of
mismatches resulting from applying the algorithm
to random expressed sequences covering about
20% of the transcriptome. (c,d) The distributions
for known SNPs3! (c) and mutations32 (d),
respectively. A-to-G mismatches do not stand

Mutation type out in the distributions b—d.
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Figure 3 Editing in the CFLAR transcript. A region corresponding to the
3'-UTR of CFLAR was amplified from cDNAs and gDNA of neuroblastoma,
Hela and HEK293 cells. (a) Schematic organization of CFLAR with
predicted editing in the 3'-UTR (brown shading). There are dozens of Alu
elements within the genomic region of the CFLAR gene, and we cannot tell
for sure which one pairs with the above 3'-UTR region (marked with a red
arrow) to form the dsRNA required for editing. The closest Alu element is
located on the 3'-UTR as well, 1,450 bp downstream (marked with a blue
arrow). For this dsRNA, virtually all editing events recorded in this figure
result in destabilization of the dsRNA. (b) Sequences of individually cloned
fragments were aligned to the published human genomic sequence. No
A-to-1 (reads as G in the sequence) conversion is found in HEK293 cells,
whereas abundant and moderate editing is seen in neuroblastomas and
Hela cells, respectively. Editing events are highlighted in light brown
shading. An additional example is provided in Supplementary Figure 1.

of these latter genes were discarded, as they did not allow for design-
ing high-quality amplification primers outside the Alu sequence. We
successfully amplified and sequenced 9 of the remaining 13 genes,
8 of which exhibited editing. Note that the success rate in our ran-
dom subset (89%) is a lower bound to the true accuracy of the list, as
either low editing efficiency at a given site or limited variety of tissues
in our validation experiment could prevent the detection of editing
events in the experimental sample.

Characterization of the editing sites

Interestingly, 92% of sites occur within an Alu repeat, and an
additional 1.3% lie within the primate-L1 repeat, in accordance
with previous reports'®16, This is explicable by the fact that only
long, paired RNA molecules were scanned for editing, a structure
more likely formed between repetitive elements. The distribution of
editing sites within the Alu sequence exhibits a number of preferred,
edited adenosines, as well as adenosines unlikely to be edited. In
particular, two specific A sites within the Alu repeat, in positions
27 and 28 of Alu, account for (2% of all editing events (see
Supplementary Notes).

We have also found that G is underrepresented in the nucleotide
upstream to the edited A, and overrepresented in the nucleotide fol-
lowing the editing site (see Supplementary Notes), in accordance
with previous reports?>24. However, the fact that most of the sites
occur within Alu repeats strongly biases the identification of addi-
tional patterns characterizing the editing site.

Typically, editing is seen in only a fraction of the supporting
expressed sequences (ESTs or cDNAs). In fact, for 83% of the sites
only one sequence exhibits editing (after applying our cleaning fil-
ters). This suggests that editing does not occur with equal frequency
in all tissues and conditions, and is of a probabilistic nature. Our
experimental data also support this finding.

No specific expression pattern or Gene Ontology (GO;
http://www.geneontology.org/) classification for the edited genes
was found. However, we analyzed the EST libraries searching for spe-
cific libraries showing an altered editing pattern. The libraries with
the most significant (highest P value) overediting pattern came from
thymus, brain, pancreas, spleen and prostate (see Supplementary
Notes). Some of these observations support previous reports'>?2>.

Editing can extend the proteomic diversity by changing the iden-
tity of a particular codon?9, as the ribosome reads inosine as guano-
sine. Two novel examples of such editing are presented in the
Supplementary Notes. However, it has been predicted that most pre-
mRNA editing in the brain is located in noncoding regions!. In
agreement with this, virtually all of the editing sites identified by us
were located in noncoding regions: of the sites that can be aligned
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Hekl  GGCTCACACCTGTAATCCCAGCACTTTGGGAGGOCAAGGAGGGCAGATCACTTCAGGTCA

Hek2 GGCTCACACCTGTAAT CCCAGCACT TTGGEGAGGCCAAGGAGGECAGATCACT TCAGGTCA
HeLal  GGCTCACACCTGTAATCCCAGCACT TTGGGAGGBCCAAGGAGGECAGATCACT TCAGGTCA
HeLa2  GGCTCACACCTGTAATCCCAGCACT TTGGGAGGCCAAGGAGGECAGATCACT TCAGGT CA
HeLa3  GGCTCACACCTGTAATCCCAGCACT TTGGGAGGCCAAGGAGGGCAGATCACTTCAGGTCA
HeLa4  GGCTCACACCTGTAATCCCAGCACT TTGGGAGGCCAAGGAGGGCAGATCACTTCAGGTCA
HeLa5  GGCTCACACCTGTAATCCCAGCACT TTGGGAGGCCAAGGAGGGCAGATCACTTCAGGTCA
HeLa6  GGCTCACACCTGTAATCCCAGCACT TTGGGAGGCCAAGGAGGGCAGATCACTTCAGGTCA
NB1 GGCTCACACCTGTAAT CCCAGCACT TTGGGAGGCCAAGGAGEGCAGATCACT TCAGGTCA
NB2 GGCTCACACCTGTAATCCCAGCACT TTGGGAGGCCAAGGAGEGCAGATCACT TCAGGTCA
NB3 GGCTCACACCTGTAAT CCCAGCACT TTGGGAGGCCAAGGAGEGCAGATCACT TCAGGTCA
NB4 GGCTCACACCTGTAAT CCCAGCACT TTGGGAGGCCAAGGAGEGCAGATCACT TCAGGTCA
NB5 GGCTCACGCCTGTAATCCCAGCACT TTGGGAGGCCGAGGAGGECAGATCACT TCAGGTCA
NB6 GGCTCACGCCTGTGGT CCCAGCACT TTGGGAGGCCGAGGAGEGCAGAT CACT TCAGGT CG
NB7 GGCTCACGCCTGTGGTCCCAGCACT TTGGGAGGECOGAGGAGGECAGATCACT TCAGGTCG

NB8 GGCTCGCACCT GTGGT CCCAGCACT TTGGGAGGECCGAGGAGGECAGATCACT TCAGGTCG
NB9 GGCTCGOGCCT GTGGT CCCAGCACT TTGGGAGGECCGAGEEEEECAGATCACT TCAGGT CG
NB10 GGCTCGOGCCTGTAATCCCAGCACT TTGGEGAGGCCAAGGAGGGCAGATCACT TCAGGTCA
NB11 GGCTCGOGCCTGTGGT CCCAGCACT TTGGEGAGGCCGAGGAGGECAGATCACT TCAGGTCA
CHROMOL  GGCTCACACCTGTAATCCCAGCACT TTGGGAGGBCCAAGGAGBGECAGGT CACTTCAGGTCA

CHROMX®2 GGCTCACACCTGTAATCCCAGCACT TTGGGAGECCAAGGAGEGECAGATCACT TCAGGTCA
CFLAR  GGCTCACACCTGTAATCCCAGCACT TTGGGAGGCCAAGGAGGGCAGATCACT TCAGGTCA
Hek1 GGAGT TCGAGACCAGCCT GGCCAACAT GGTAAACGCTGT CCCTAGT AAAAATACAAAAAT
Hek2 GGAGT TCGAGACCAGCCT GGCCAACAT GGTAAACGCTGT CCCTAGT AAAAATACAAAAAT
HelLal  GGAGCTCGAGACCAGCCTGGCCAACATGGTAAACGCT GTCCCTAGTAAAAATACAAAAAT
HelLa2  GGAGTTCGAGACCAGCCTGGCCAACAT GGTAAACGCT GTCCCTAGTAAAAATACAAAAAT
HeLa3  GGAGTTCGAGACCAGCCTGGCCAACAT GGTAAACGCT GTCCCTAGTAAAAATGCAGAAAT
HeLa4  GGAGTTCGAGACCAGCCT GGCCAACAT GGTAAACGCT GTCCCTAGTAAAAATACAAAAAT
HelLa5  GGAGTTCGAGACCAGCCT GGCCAACAT GGTAAACGCT GTCCCTAGTAAAAGTACAAAAAT
HelLa6  GGAGTTCGAGACCAGCCT GGCCAACAT GGTAAACGCT GTCCCTAGTAAAAATACAAAAAT
NB1 AGAGT TCGAGACCAGCCT GGCCAACAT GGTAAACGCTGT CCCTAGT AAAAATACAAAAAT
NB2 GGAGT TCGAGACCAGCCT GBCCAACAT GGTAAACGCTGT CCCTAGT AAAAATACAAAAAT
NB3 GGAGT TCGAGACCAGCCT GGCCAACAT GGTAAACGCT GTCCCTAGT AAAAATACAAAAAT
NB4 GGAGT TCGAGACCAGCCT GGCCAACAT GGTAAACGCT GTCCCTAGT AAAAATACAAAAAT

NB5 GGAGT TCGAGACCAGCCT GGCCAACAT GGTAAACGCT GTCCCTAGT AAAAAT GCAAAAAT
NB6 GGGGT TCGAGACCAGCCT GGCCAACAT GGTAAACGCT GTCCCTAGT GGAAAT GCAGGAAT

NB7 GGGGT TCGAGACCAGCCT GBCCAACAT GGTAAACGCTGT CCCTAGT GGAAAT GCAGGAAT
NB8 GGAGT TCGAGACCAGCCT GGCCAGCAT GGTAGACGCT GTCCCTAGT AGAAAT GCAGAGGT
NB9 GGAGT TCGAGACCAGCCT GGCCAACAT GGTAGACGCTGT CCCTAGTAGAAGT ACAGAAAT
NB10 GGAGT TCGAGACCAGCCT GGCCAACAT GGTAAACGCTGT CCCTAGT AAAAATACAAAAAT

NB11 GGGGT TCGAGACCGGECCT GBCCAACAT GGT GGACGCTGT CCCTGGT AAAAGT GCAGAAAT
CHROMOL GGAGT TCGAGACCAGCCT GGCCAACAT GGTAAACGCTGTCCCTAGTAAAAATACAAAAAT
CHROMX®2 GGAGTTCGAGACCAGCCT GGCCAACAT GGTAAACGCTGTCCCTAGTAAAAATACAAAAAT

CFLAR  GGAGTTCGAGACCAGCCT GGCCAACAT GGTAAACGCTGICCCTAGTAAAAATACAAAAAT
Hek1 TAGCTGGGTGTGGGTGTGGGTACCTGTATTCCCAGT TACT TGGGAGGCT GAGGT GGGAGG
Hek2 TAGCTGGGTGTGEGT GTGGGTACCTGTATTCCCAGT TACT TGGGAGGCT GAGGT GBGAGG
HeLal  TAGCTGGGTGTGGGTGIGGGTACCTGTATTCCCAGT TACT TGGGAGGCT GAGGT GEGAGG
HeLa2  TAGCTGGGTGTGGGTGTGEGTACCT GTAT TCCCAGT TACT TGGEGAGGCT GAGGT GGGAGG
HelLa3  TAGCTGGGTGTGGGT GTGGGTACCTGTATTCCCAGT TACT TGGGAGGCT GAGGT GEGAGG
HeLa4  TAGCTGGGTGTGGGT GTGGGTACCTGTATTCCCAGT TACT TGGGAGGCT GAGGT GEGAGG
HeLa5  TAGCTGGGTGTGGGTGTGEGTACCTGTATTCCCAGT TACT TGGGAGGCT GAGGT GEGAGG
HeLa6  TAGCTGGGTGTGGGT GTGGGTACCTGTATTCCCAGT TACT TGGGAGGCT GAGGT GEGAGG
NB1 TAGCTGGGT GT GEGT GTGEGTACCT GTATTCCCAGT TACT TGGGAGGCT GAGGT GBGAGG
NB2 TAGCTGGECGT GEGT GTGEGTACCTGTATTCCCAGT TACT TGGGAGGCTGAGGT GBGAGG
NB3 TAGCTGGGTGTGEGT GTGGGTACCTGTATTCCCAGT TACT TGGGAGGCTGAGGT GBGAGG
NB4 TAGCTGGGTGTGGGT GTGGGTACCTGTATTCCCAGT TACT TGGGAGGCTGAGGT GBGAGG
NB5 TAGCTGGGTGTGGGTGTGGGTACCTGTATTCCCAGT TACT TGGGAGGCTGAGGT GGGAGG
NB6 TGGCTGGEGTGTGEGT GTGEGTACCTGTGT TCCCAGT TACT TGGGAGGCT GEGGT GBEEEG
NB7 TGGCTGGEGTGTGEGT GTGEGTACCTGT GT TCCCAGT TACT TGGGAGGCT GEGGT GBGEEGEG
NB8 TAGCTGGGTGTGGGT GTGGGTGCCTGT GT TCCCGGT TGCATGGGAGGCT GAGGT GBGAGG
NB9 TAGCTGGGTGTGGGTGTGGGTACCTGTGT TCCCAGT TACT TGGGAGGCTGAGGT GGGAGG
NB10 TAGCTGGGTGTGGGTGTGGGTACCTGTATTCCCAGT TACT TGGGAGGCTGAGGT GGGAGG
NB11 TGGCTGGEGTGTGEGTGTGGGTACCTGTGT TCCCAGT TACT TGGGAGGCT GAGGT GBGAGG

CHROMOL TAGCTGGGTGTGGGTGTGGGTACCTGTATTCCCAGT TACT TGGGAGGCT GAGGT GBGAGG
CHROMX®2 TAGCTGGGTGIGGGTGTGGGTACCTGTATTCCCAGT TACT TGGGAGGCTGAGGT GBGAGG
CFLAR  TAGCTGGGTGIGGGTGTGGGTACCTGTATTCCCAGT TACT TGGGAGGCTGAGGT GBGAGG

with RefSeq sequences (http://www.ncbi.nlm.nih.gov/RefSeq), 12%
were located in the 5'-UTR, 54% in the 3'-UTR and 33% in RefSeq
introns. Some of the sites annotated as introns might actually be
within an alternative exon not covered by the RefSeq sequence. Note
that our strict cleaning procedure definitely misses many true editing
sites. In particular, the known examples of A-to-I editing in the glu-
tamate receptor and serotonin receptor were not picked up by our
algorithm, as the expressed part of the dsRNA supporting them was
not long enough. Thus, it is likely that there are more editing sites
within the coding region not detected in this work.

It was suggested?! that one of the functions of RNA editing is the
destabilization of dsRNAs. Our large database of editing sites
enabled us to test this prediction. ADAR-mediated editing of an A in
an A-U base pair produced the less stable I-U pair, whereas A-C
mismatches were edited into the more stable I-C pairs. Looking at
the best complementary alignment of the editing regions, we found
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Figure 4 Editing in the F11 receptor (JAM1) gene. (a) Some of the publicly
available expressed sequences covering this gene, together with the
corresponding genomic sequence. The evidence for editing is highlighted.

(b) Results of sequencing experiments. Matching DNA and cDNA RNA
sequences for a number of tissues. Editing is characterized by a trace of
guanosine in the cDNA RNA sequence, where the DNA sequence exhibits only
adenosine signals (highlighted). Twenty-three additional examples are provided
on our website (see Methods). Note the variety of tissues showing editing, and
the variance in the relative intensity of the edited guanosine signal.

that in 78% of the editing cases an A-U pair was destabilized,
whereas in 19% an A-C pair was stabilized. Editing of either A-A or
A-G pairs occurred in only 3% of the cases. This suggests that editing
is aimed at stabilization and destabilization only, and does not occur
in situations where it has no major effect on dsRNA stability.
Furthermore, the editing mechanism seems to prefer stabilization:
22% of the editing events target a mismatched base pair, whereas the
average frequency of such mismatched base-pairs in the sites adja-
cent to the editing sites is only 10%, because these sites are all located
in double-stranded regions. Thus, although most editing events
result in destabilization of the dsRNA, we found many more stabi-
lization events (that is, editing of A-C to I-C) than what would be
expected based on a random choice of the editing sites along the
dsRNA. The preference towards stabilization editing is in agreement
with previous reports?’.

DISCUSSION

This work increases the number of editing substrates by two orders
of magnitude, in accordance with prior estimates!®. This allows a
large-scale analysis of the editing phenomenon. The widespread
occurrence of editing makes it an important contributor to the
diversity of the transcriptome, producing presumably more different
transcripts than produced by alternative splicing, while affecting
only a small number of nucleotides. Interestingly, the large-scale
editing in humans is found to be strongly associated with Alu
repeats, which are unique to primates. Thus, one does not expect the
corresponding sites to be found in nonprimate mammals. However,
other repeats present in these organisms may be associated with the
same phenomenon. The pronounced concentration of editing sites
in Alu repeats raises the question whether A-to-I editing acts as an
antitransposition mechanism by inhibiting the integration of tran-
scribed Alu back into the genome. Such a scenario is in agreement
with an antiviral mechanism of editingzs, as retrotransposition
of many repetitive elements is very similar to some stages of the
retroviral infection. Alternatively, it has been suggested that editing
regulates RNAi by protecting the dsRNA from degradation?®. Our
results indicate that these possible mechanisms may be of wide appli-
cability. Finally, we note that there are probably many more sites than
those listed in this work. (i) Editing happens in only a fraction of
the sequences. Because the expressed sequence coverage of many
genes is scarce, many editing sites might be absent from GenBank
sequences. (ii) Our filtering parameters were chosen to minimize the
noise, but inevitably miss many true sites such as the known sites in
the glutamate receptor and serotonin 2c receptor pre-mRNAs>2°,
(iii) The experimental evidence shows that a typical editing substrate
contains more editing sites than the number predicted by us. Thus,
the 12,723 sites we listed may still represent only a portion of the
actual editing repertoire. The large-scale mapping of editing sites
enables the identification of new properties of noncoding regions,
and may facilitate the association of mutations in these regions with
known pathologies.
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CAGGAGT TCAAGAT CAGCCTGACCAACAT GGAGAAACCCTACTAAAAA
CAGGAGT TCGGGAT CAGCCTGACCAACAT GGAGAAACCCTACT GGGAA
CGGGGGT TCGAGAT CAGCCTGACCAACAT GGAGAAACCCTACT GAAAA
CGGGAGT TCGGGAT CAGCCTGACCAACAT GGAGAAACCCTACT GAAAA
CAGGAGT TCAGGAT CAGCCTGACCAACAT GGAGAAACCCTACT GNGAA
CAGGAGT TCAGGATCAGCCTGACCAACAT GGAGAAACCCTACT GGAAA
CAGGAGT TCAGGATCAGCCTGACCAACAT GGAGAAACCCTACT GGGAA
CGGGAGT TCGGGAT CAGCCTGACCAACAT GGAGAAACCCTACT GGAAA
CGGGAGT TCAGGATCAGCCTGACCAACAT GGAGAAACCCTACTGGAAA
CGGGAGT TCGAGAT CAGCCTGACCAACAT GGAGAAACCCTGCTGAAAA
CGGGAGT TCGGGAT CAGCCTGACCAACAT GGAGAAACCCTACT GGGAA
CAGGAGT TCAAGAT CAGCCTGACCAACAT GGAGAAACCCTACTAAAAA
CGGGAGT TCAGGATCAGCCTGACCAACAT GGAGAAACCCTACT GGGAA
CAGGAGT TCGGGATCAGCCTGACCAACAT GGAGAAACCCTACT GGAAA

GENOVE

Al 093487
BF771639
BM681047
BQB07221
R01692

BQB05305
AA101562
AW 90875
BE350662
AA149993
Al 925871
Al 333843
AWB38261

b

gDNA lung

TAGGAGTTCAAGATCAGGCCTGAGCGAACATGGAGAAAGCCCTACTAARAAAR

RNA liver MY WAV VI M XAXA LAXA Add VA A /.88 VARV
NG GAGTTCAGGATCHNGECTEACEARCATEGRGCARACTTC TACT GO AAR

RNA lung

RNA brain

RNA kidney

METHODS

Alignment of expressed sequences to the genome. Human ESTs and cDNAs
were obtained from NCBI GenBank version 136 (June 2003; http://www.ncbi.
nlm.nih.gov/dbEST). The genomic sequences were taken from the Human
Genome Build 33 (June 2003; http://www.ncbi.nlm.nih.gov/genome/
guide/human).

Briefly, sequences were aligned as follows: sequences were cleaned from ter-
minal vector sequences, and low-complexity stretches and repeats (including
Alu repeats) in the expressed sequences were masked. Then, expressed
sequences were compared with the genome to find likely high-quality hits.
They were then aligned to the genome by use of a spliced alignment model that
allows long gaps. Only sequences having >94% identity to a stretch in the
genome were used in further stages. Further details can be found in ref. 20.

Experimental methods. Total RNA and genomic DNA (gDNA) isolated simul-
taneously from the same tissue sample were purchased from Biochain Institute.
In this work we used samples of liver, prostate, uterus, kidney, colon, normal
and tumorous lung, brain tumor (glioma), cerebellum and frontal lobe.

The total RNA underwent oligo-dT primed reverse transcription using
Superscript II (Invitrogen) according to manufacturer’s instructions. The
c¢DNA and gDNA (at 0.1 pg/pl) were used as templates for PCR reactions. We
aimed at high sequencing quality and thus amplified rather short genomic
sequences (roughly 200 bp). The amplified regions chosen for validation were
selected only if the fragment to be amplified maps to the genome at a single site.
PCR reactions were done with TaKaRa Ex Taq Hot Start (Takara Bio) using the
primers and annealing conditions as detailed in the Supplementary Methods.
The PCR products were run on 2% agarose gels and if a single clear band of the
correct approximate size was obtained, it was excised and sent to Hy-labs labo-
ratories for purification and direct sequencing without cloning.

Poly A RNA from tissue culture cells was isolated using Trifast (PeqLab) and
poly-A was selected using magnetic oligo dT beads (Dynal). We reverse tran-
scribed 1 pg of poly A RNA using random hexamers as primers and RNAseH-
deficient M-MLV reverse transcriptase (Promega). Genomic DNA from tissue
culture cells was isolated as described™.

First strand cDNAs or corresponding genomic regions were amplified with
suitable primers using Pfu polymerase, to minimize mutation rates during
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amplification. Amplified fragments were A-tailed using Tag polymerase, puri-
fied by agarose gel electrophoresis and cloned into pGem-T easy (Promega).
After transformation in Escherichia coli, individual plasmids were sequenced
and aligned using ClustalW.

We used Contig Express software from Vector NTI 6.0 Suite (Informax) for
multiple-alignment of the electropherograms. Typically, the extent of A-I edit-
ing is variable; for example, the levels of the guanosine trace sometimes is only
a fraction of the adenine trace, whereas in some instances the conversion from
A to Iis almost complete. For each gene tested, we sequenced the three tissues in
which the expression was the highest. The RT-PCR and gDNA-PCR of one of
these tissues were sequenced from both ends to ensure the consistency of the
resulting electropherograms.

Information concerning the editing sites is available online at: http://www.
cgen.com/research/Publications/AtolEditing. This site includes the chro-
matograms of 23 additional editing substrates, a FASTA file containing the
flanking sequences of 12,723 identified sites, and a database with additional
annotation for the editing sites.

Note: Supplementary information is available on the Nature Biotechnology website.
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