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ABSTRACT

A- t o - I RNA e d i t i n g i s t h e c o n v e r s i o n o f a d e n o s i n e t o i n o s i n e i n d o u b l e - s t r a n d e d c e l l u l a r a n d v i r a l RNAs . Re c e n t l y , a b u n d a n t
e d i t i n g o f h u m a n t r a n s c r i p t s a f f e c t i n g t h o u s a n d s o f g e n e s h a s b e e n r e p o r t e d . Mo s t e d i t i n g s i t e s a r e c o n f i n e d t o t h e p r i m a t e -
s p e c i f i c Al u r e p e a t s . No t a b l y , t h e e d i t i n g l e v e l i n m o u s e w a s s h o w n t o b e m u c h l o w e r . In o r d e r t o f i n d t h e r e a s o n f o r t h i s
d r a m a t i c d i f f e r e n c e , h e r e w e i d e n t i f y e d i t i n g s i t e s w i t h i n m o u s e r e p e a t s a n d a n a l y z e t h e s e q u e n c e p r o p e r t i e s r e q u i r e d f o r RNA
e d i t i n g . Ou r r e s u l t s s h o w t h a t t h e o v e r a l l r a t e o f RNA e d i t i n g i s d e t e r m i n e d b y s p e c i f i c p r o p e r t i e s o f d i f f e r e n t r e p e a t f a m i l i e s
s u c h a s a b u n d a n c e , l e n g t h , a n d d i v e r g e n c e . W e s h o w t h a t t h e s t r i k i n g d i f f e r e n c e i n e d i t i n g l e v e l s b e t w e e n h u m a n a n d m o u s e
i s m o s t l y d u e t o t h e h i g h e r d i v e r g e n c e o f t h e d i f f e r e n t m o u s e r e p e a t s .

K e y w o r d s : RNA e d i t i n g ; m o u s e g e n o m e ; SINE s

INTROD U CTION

Adenosine to inosine (A-to-I) RNA editing is a post-

tr ansc r iptional al ter ation of RNA seq u enc es, c atal y z ed b y

m em b er s of th e dou b l e-str anded RNA-spec if ic adenosine

deam inases ac ting on th e RNA (AD AR) f am il y (B ass 2 0 0 2 ).

AD ARs ar e c r u c ial f or nor m al l if e and dev el opm ent in b oth
inv er teb r ates and v er teb r ates. AD AR-def ic ient inv er teb r ates

sh ow b eh av ior al def ec ts (P al l adino et al . 2 0 0 0 ; T onk in et al .

2 0 0 2 ), w h il e AD AR1 k noc k -ou t m ic e die em b r y onic al l y

and AD AR2 nu l l m ic e l iv e to ter m b u t die pr em atu r el y

(H igu c h i et al . 2 0 0 0 ; W ang et al . 2 0 0 0 ). U ntil r ec entl y onl y

a h andf u l of h u m an AD AR su b str ates w er e identif ied, m ost

of w h ic h w er e disc ov er ed ser endipitou sl y (B ass 2 0 0 2 ).

H ow ev er , m easu r ing total inosine l ev el s in RNA of r ats
h as su ggested th at editing af f ec ts a m u c h l ar ger f r ac tion of

th e m am m al ian tr ansc r iptom e (P au l and B ass 1 9 9 8 ). In

addition, tantal iz ing h ints f or ab u ndant editing w er e

ob ser v ed in h igh -th r ou gh pu t c D NA seq u enc ing data

(K ik u no et al . 2 0 0 2 ).
S eq u enc ing identif ies th e inosine in th e edited site

as gu anosine (G ). T h u s, editing sites sh ow u p w h en an

ex pr essed seq u enc e is al igned w ith th e genom e as A-to-G

m ism atc h es. H ow ev er , th e nu m b er of A-to-G m ism atc h es

du e to editing is dw ar f ed b y th e m any seq u enc ing er r or s,

S NP s, and m u tations. Rec entl y , a nu m b er of gr ou ps

(Ath anasiadis et al . 2 0 0 4 ; B l ow et al . 2 0 0 4 ; K im et al . 2 0 0 4 ;

L ev anon et al . 2 0 0 4 ) h av e ov er c om e th is ob stac l e and
appl ied dif f er ent m eth ods of m ism atc h anal y sis to identif y

th ou sands of A-to-I editing sites in th e h u m an tr ansc r iptom e.

T h e ac tu al nu m b er of editing sites in th e genom e is ex pec ted

to b e ev en h igh er , as th ese r ec ent inv estigations h av e pr ob ab l y

identif ied onl y th e ‘ ‘ tip of th e ic eb er g. ’ ’

M ost of th e r ec entl y identif ied editing sites r eside in Al u

el em ents w ith in u ntr ansl ated r egions (U T Rs), intr ons, and

intr agenic r egions. Al u el em ents ar e sh or t inter sper sed
el em ents (S INE s), anc estr al l y der iv ed f r om th e 7 S L RNA

gene (U l l u and T sc h u di 1 9 8 4 ). T h ey ar e ty pic al l y 3 0 0

nu c l eotides (nt) l ong, and ac c ou nt f or > 1 0 % of th e h u m an

genom e (L ander et al . 2 0 0 1 ). T h e assoc iation of editing in

h u m ans w ith th e Al u r epeat h as b een ob ser v ed pr ior to th e

disc ov er y of ab u ndant editing (K ik u no et al . 2 0 0 2 ; M or se

et al . 2 0 0 2 ). Appar entl y , th e r eason f or th is f inding is th e

6T h ese au th or s c ontr ib u ted eq u al l y to th is w or k .
Reprint requests to: E l i E isenb er g, S c h ool of P h y sic s and Astr onom y ,

T el Av iv U niv er sity , T el Av iv 69 9 7 8 , Isr ael ; e-m ail : el ieis@ post. tau . ac . il ;
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following: ADARs bind to double-stranded RNA (dsRNA)

structures. Alu repeats, being abundant in the genome, are

very likely to have a second, nearby Alu repeat of reversed

orientation. If such an inverted repeat exists, the two

repeats can pair together to form the dsRNA structure that

is then targeted by the ADARs. The distribution of Alu

elements is not uniform, with a strong bias toward GC-rich

and gene-rich regions (Lander et al. 2001), making the
probability of such pairs of Alu repeats in transcripts even

higher.

Alu repeats are primate specific (Batzer and Deininger

2002), but other mammals have a similar number of dif-

ferent SINEs. F or example, the number of rodent-specific

SINEs in the mouse genome is larger than the number of

Alu SINEs in humans, and they occupy a similar portion of

the genome (7.6% in mouse, 10.7% in human) (Waterston
et al. 2002). It was therefore expected that similar levels of

editing would be observed for other mammals. However,

two recent studies estimating the total level of editing in

mouse have found that this is not the case (Kim et al. 2004;

Eisenberg et al. 2005). Editing levels are at least an order of

magnitude lower in the mouse than in humans. RNA

sequences of rat, fly, and chicken also show lowered editing

levels as compared to human (Eisenberg et al. 2005). These
results are consistent with prior reports on higher editing

levels in human as compared to Caenorhabditis elegans

(Morse et al. 2002) and with recent experiments showing

that up to 1:2000 nt of human brain RNA are A-to-I edited

(1:1000 nt in intronic and intergenic regions), an order of

magnitude more than the previous observation of 1:17,000

nt in rat brain (Paul and Bass 1998). This global difference

between human and mouse came as a surprise, since it is
generally believed that cellular mechanisms are generally

conserved between human and mouse.

At the cellular level, the results raise the question of why

Alu repeats are preferred by ADARs over other repetitive

elements. Several ideas have been suggested to address this

point. Whereas only a single SINE (Alu) is active in the hu-

man lineage, the mouse lineage harbors four distinct SINEs

(B1, B2, ID, B4). Thus, even though the total number of
SINEs in the human and rodent genome is similar, the fact

that only one SINE is dominant in human makes a dsRNA

formation out of two consecutive and oppositely oriented

SINEs more probable. F urthermore, since Alus are longer

than the equivalent rodent B1, the dsRNAs formed in hu-

mans are longer. Thus, they contain more adenosines to be

edited and are energetically more stable. Alternatively, it

may be suggested that Alu repeats could be preferentially
targeted by ADARs. If this is the case, one would expect

editing in mouse to be enriched in B1 repeats, which bear

similarity with the Alu element, as both are derived from

the 7SL RNA (Q uentin 1994).

To address this question, here we study in detail the

abundant A-to-I editing in mouse. Insights gained from the

study of abundant A-to-I editing in human were used to

identify editing sites in the mouse transcriptome. As a re-

sult we could derive a database of 833 editing sites in the

mouse transcriptome (expected error rate < 5%). Studying

the distribution of editing sites over the different types of

repeats, we point out several factors that affect the rela-

tive contribution of each repeat family to editing. We

discuss the predictive power of the characteristics of edited

sequences and the possibility of identifying abundant
editing sites for organisms where only genomic data are

available.

RESULTS

Identification of abundant A-to-I editing sites within
mouse repeats

To date, only a handful of A-to-I editing sites have been

observed in the mouse. These are sites within coding se-

quences, which are conserved between human and mouse.

Here we aim at identifying the mouse equivalent of

the abundant editing recently reported for the human

transcriptome.

In a previous work (Eisenberg et al. 2005), we used the

UCSC alignments of human and mouse RNA sequences to
their respective genome (Karolchik et al. 2003) and re-

corded all mismatches along them, in order to identify

A-to-I editing events. We scanned 128,068 human RNA

sequences [ total length 259 megabase (259M) nt] and

102,895 mouse RNA sequences (total length 198M nt). A

simple count of all mismatches exhibited a vast over-

representation of A-to-G mismatches in human sequences,

suggesting z50,000 inosines in these sequences (z1:5,000
nt). In contrast, only z2500 A-to-G mismatches in excess

of the noise background level are found in mouse RNAs

(z1:80,000 nt). Nevertheless, the overrepresentation of A-

to-G mismatches still suggests that a few thousands of these

mismatches are due to ADAR mediated editing. In order to

identify true editing sites in the mouse transcriptome, one

needs to distinguish editing-derived mismatches from

those that are due to sequencing errors, SNPs, and
mutations (see Table 1).

In order to find reliable editing sites with low noise level

in mouse we used the fact that abundant editing is expected

to occur in clusters of sites within genomic repeats having

a nearby inverted repeat (Athanasiadis et al. 2004; Blow

et al. 2004; Kim et al. 2004; Levanon et al. 2004). We thus

focused only on mismatches located in such repeats (F ig. 1).

This procedure significantly reduced the noise level while
only mildly decreasing the absolute number of A-to-G

mismatches in excess of the background noise (for a full

description of the process see Materials and Methods). We

have found 833 A-to-G mismatches, with an estimated

false-positive rate lower than 5% (see Materials and

Methods). The list of 833 predicted editing sites is provided

as Supplemental data.

RNA editing in the mouse genome
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Relative abundance of editing in the different
repeat families

Editing sites in mouse reside in different types of repeats,

mainly the B1 and B2 SINEs, the L1 LINE, and the MaLR

LTR (Table 2). O ther repeat families are edited at much
lower frequencies. Notably, in contrast to results from hu-

man, not only SINEs, but also other classes of repeats are

broadly edited. The differential preference of the various

repeats enabled us to investigate the characteristics that

determine the level of editing in a given repeat. Looking at

the repertoire of mouse repeats, we attempted to identify the

critical factors determining the level of editing in each repeat.

First, we examined the characteristic length of a repeat and
the copy number in each of the six most abundant repeat

families in the mouse (see Table 3). As expected, shorter or

less abundant repeats contain fewer editing sites, while the

most highly edited repeats are relatively abundant.

Limiting the statistics to repeats residing within gene

borders, or only within exons, had no considerable effect

on the relative abundance or length of repeats. However,

the relative abundance did change due to the additionally
imposed restriction of having an inverted repeat within

2000 nt. Assuming a random distribution model, one expects

the number of repeats with inverted

neighboring repeats to be roughly pro-

portional to the square of the abundance

of the repeat. Indeed, looking at SINEs,

the number of B1 repeats is z1.5 larger

than the number of B2 repeats, and their
lengths are roughly the same. Accord-

ingly, the number of B1 repeats with

a neighboring inverted repeat is roughly

z1.52 larger, and the same ratio is

obtained between the number of editing

sites within B1 repeats and the number of

sites within B2 repeats. Thus, in this case one can attribute

the difference in the number of editing sites simply to the

differences in copy numbers of the two SINEs.

The case of the B4 SINE stands out as an exception. The

copy number, the number of repeats with a close-by

inverted repeat, and the typical length of the B4 are about

the same as the B2 SINE. However, the level of editing

within B4 repeats is at least an order of magnitude lower

than that in B2. The explanation for this exception pre-

sumably lies in the relatively high level of divergence within

the B4 repeat family (28%, compared to 18% and 19% in

the B1 and B2 families, respectively). Being so diverged, the

probability of forming a contiguous, stable dsRNA struc-

ture from two neighboring inverted repeats is lowered,

making them less amenable to ADAR-mediated editing. In

order to estimate this effect, we aligned each of the paired

repeats against its counterpart, looking for significant

reverse complement alignments (BLAST E-score <1e�10,

roughly corresponding to alignments longer than 35 nt

with 90% identity). Indeed, only 0.3% of the B4 paired

repeats result in such a putative dsRNA, compared to 10%

of the B1 and 13% of the B2 pairs (Table 3). Consistently,

B1 and B2 pairs that produce dsRNA candidates tend to be

FIGURE 1. Mismatch distributions within mouse RNA sequences: (A) all mismatches, (B)
mismatches within clusters of at least three consecutive identical mismatches, (C) mismatches
within clusters that reside within one of the mouse repeats, and (D) mismatches within clusters
that reside within paired repeats. Paired repeats are repeats within exons for which the closest
inverted repeat of the same family resides within 2000 nt.

TABLE 1. Distribution of most common types of mismatches in mouse and human RNA sequences

AG GA CT TC AG � GA AG/ GA

Mouse
All 30,958 28,328 29,238 24,711 2630 1.1
Clusters 3292 2132 3016 1941 1160 1.5
W ithin repeat 1164 126 146 146 1038 9.3
Paired repeats 833 19 53 42 814 43
Human
All 79,195 34,477 35,429 40,994 44,718 2.3
Clusters 35,382 2242 2120 3002 33,140 15.8
W ithin repeat 30,385 289 189 673 30,096 105
Paired repeats 26,116 87 78 354 26,029 300

Clusters refer to mismatches that are part of stretches of at least three consecutive identical mismatches. Paired repeats are repeats w ithin exons
for w hich the closest inverted repeat of the same family resides w ithin 2000 nt. The label xy refers to x in the DNA sequence and y in the
expressed sequence ( e.g. ac refers to genomic A’s that read as C’s in the expressed data) . The difference AG � GA is a measure for the
overrepresentation of A-to-G mismatches, attributed to editing. The ratio AG/ GA measures the ratio of true editing sites to false positives in the
set of all A-to-G mismatches.

Neeman et al.
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less diverged than those pairs that do not result in such

a candidate, in concordance with the above explanation.

The L1 LINE is the most abundant repeat in the mouse

transcriptome, but is less likely to reside within exons

compared to SINEs. As a result, the number of L1 repeats

within exons and the number of copies within exons with

inverted close-by repeats is somewhat lower compared to B1

repeats. The L1 repeats are four times longer than the B1s, so
one might expect to find more editing sites within L1. In

contrast, the number of sites within L1 repeats is z2.5 times

lower as compared to B1. A likely expla-

nation for this is the following: The total

length of mammalian L1 repeats is 6000–

8000 bp, but the average length of the L1

in the mouse genome is only z2600 bp.

This means that the L1 copies found in

the genome are fragments of varying

length of the full L1 consensus (note
the high variance of L1 repeat lengths).

As a result, two neighboring, oppositely

oriented L1 repeats, harboring different

parts of the L1 consensus, will not pair

and thus not provide a target for ADARs.

This difference is again reflected in the

lowered fraction of two neighboring L1

repeats producing a candidate dsRNA:
Only 60 pairs (3%) of inverted L1 repeats

do produce such a putative dsRNA.

Repeats of the ERV K family are also

very weakly edited. This can be attrib-

uted to the low number of ERV K copies with a close-by

inverted repeat, and the considerable variation in the

lengths of consensus sequences of this family, between

410 bp for the RMER17C repeat to 7406 for the ETnERV 2
repeat, making the formation of a stable dsRNA even more

difficult. As a result, only 8 dsRNA candidates due to ERV K

paired repeats are detected. Repeats of the MaLR family,

having a somewhat larger number of copies with inverted

close-by repeats and a much more uniform length distri-

bution, do contribute a few dozen editing sites.

TABLE 3. Characteristics of the six main repeat families in mouse.

All repeats
All repeats within

RNAs
All repeats within

exons
Paired repeats within

exons
Paired repeat with

a significant BLAST hit

Family Mean STD Median Mean STD Median Mean STD Median Mean STD Median Mean STD Median

L1 Number 815,952 75,586 4278 1936 60
Length 594 926 308 471 775 257 447 688 255 469 682 280 1474 1875 777
Divergence 20 10 21 20 97 22 22 9 24 21 9 22 11 7 9

B1 Number 546,495 121,859 9272 5612 573
Length 117 33 125 116 31 122 114 30 117 114 29 117 133 21 140
Divergence 18 9 19 18 9 20 20 8 21 20 8 21 11 6 11

B2 Number 357,728 70,892 4893 2073 272
Length 160 49 178 160 50 178 164 45 179 164 44 178 173 35 184
Divergence 19 9 21 19 8 21 20 8 22 19 8 21 11 6 9

B4 Number 386,251 80,439 5664 2275 6
Length 149 71 142 148 70 141 144 65 138 139 63 135 148 57 166
Divergence 28 5 28 27 4 27 27 5 27 26 5 27 26 3 28

MaLR Number 390,571 43,013 3111 963 28
Length 274 195 274 278 193 288 290 198 305 290 209 306 357 235 349
Divergence 22 9 24 22 9 23 22 8 24 23 8 24 15 6 15

ERVK Number 228,301 18,733 1652 326 8
Length 444 590 337 407 520 321 510 704 354 433 467 345 429 294 442
Divergence 18 8 18 18 7 18 18 7 18 18 7 17 18 8 20

The data in this table were extracted from RepeatMasker (http: //www.repeatmasker.org/) and UCSC genome browser (http: //genome.ucsc.edu/).
Number is the copy number of repeats of the given family. The length is in nucleotides, and the divergence values are given in percents.

TABLE 2. Mismatches distribution within different mouse repeat families

L1 B1 B2 B4 MaLR ERVK

AG
Within repeat 196 483 259 25 101 32
Paired repeats 112 434 188 11 54 21
GA
Within repeat 21 25 6 20 20 23
Paired repeats 3 9 3 0 0 4
CT
Within repeat 21 27 24 23 16 26
Paired repeats 3 21 4 10 1 7
TC
Within repeat 43 18 26 9 18 19
Paired repeats 19 10 9 3 1 0

The number of mismatches within each repeat family is presented. Only mismatches that
are part of clusters (at least three consecutive identical mismatches) are included. Paired
repeats are repeats within exons for which the closest inverted repeat of the same family
resides within 2000 nt.

RNA editing in the mouse genome
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In summary, we found that four mouse repeats contrib-

ute most of the editing sites: The B1 and B2 SINEs, the L1

LINE, and the MaLR LTR account for 788 out of 833

predicted editing sites (95%). The background noise level

in these four families is only z27 (leading to an error rate

of only z3%). The relative abundance of editing in

different repeat families can be explained by their genomic

distribution and correlates well with the number of paired
repeats with a significant reverse complement alignment.

A comparison of human and mouse editing levels

In order to pinpoint the reason for the striking 30–40-fold

difference in editing levels between human and mouse, we

applied the above analysis to the human genome (Table 1;

Supplemental Tables I and II). Previously, we suggested
that the dominance of one SINE in human makes it more

likely to find two consecutive oppositely oriented SINEs.

Surprisingly, this is probably not the case. A similar number

of paired repeats is found in human and mouse. While the

mouse repeats are typically shorter, this leads to only a

twofold difference in the total length of the paired repeats

regions (4.84M nt in human compared to 2.78M nt in

mouse). The exclusion of paired LINEs does not change
this ratio significantly (2.58M nt in human compared to

1.36M nt in mouse). Therefore, this is most likely not the

main factor responsible for the observed difference in editing

levels between human and mouse.

Instead, it seems that the divergence level of repeats can

account for the lower editing level of the mouse repeats.

The average divergence of the human Alus is z12% (Sup-

plemental Table II), much lower than even the least diverged
mouse SINE. This is a result of a more than twofold higher

substitution rate in mouse (Waterston et al. 2002), which

presumably reflects the lower number of human generations

since the primate–rodent split. As a result, even though the

number of paired repeats is roughly the same for both species,

there are 6354 pairs producing dsRNA candidates in human

(i.e., having significant BLAST reverse complement align-

ment), and the total length of these putative dsRNAs is
1185K nt. In comparison, there are only 960 such pairs in

mouse, with a total length of 102K nt. This 12-fold ratio is

thus probably the main factor underlying the global difference

between human and mouse editing levels. In addition, possible

preferential targeting of Alu sequences by ADARs, or the

preference of ADARs to longer and tighter dsRNAs (average

length of human alignments 187 nt, median 181 nt; average

length of mouse alignments 107 nt, median 91 nt), might
contribute further to the elevated editing levels in human.

P redictive model for locating abundant A-to-I
editing loci

Our results open a window for predictive analysis of editing

in other organisms with a lower amount of expressed

sequence data, based solely on their genome sequence.

Looking carefully at the properties of repeats, one might be

able to predict a priori which repeats will contribute to

editing, roughly estimate the overall editing level expected

for this organism, and target the search for editing to these

regions. The main factor determining the relative level of

editing in different repeat families within the same organism,

and even in different mammals, is the number of close-by
paired repeats that produce a strong putative dsRNA. Thus,

enumerating the putative dsRNAs formed by paired repeats

may serve as a tool for estimating the global editing level in

a given organism.

In addition, one would like to explore the predictive

power of this model to identify novel edited regions. Such

a tool could prove to be of great importance for future

research on the abundant editing phenomenon. Current
computational detection methods, including the one pre-

sented in this work, are severely limited to organisms with

a sizable amount of expressed sequences data, practically

restricting the analysis to human and mouse only. How-

ever, the above-described model predicts which repeats are

likely to be edited based on genomic sequence alone and

may be applied to many more organisms.

Using the database of editing sites in mouse presented
above, we can confidently identify editing in 39 out of the

960 paired repeats producing dsRNA in the mouse genome.

While the false positive rate is very high, the model still gives

a relatively small number of predicted loci, a reasonable

starting point for an experimental validation study. In human,

editing was identified in 1968 out of the 6354 paired repeats

producing a dsRNA candidate; i.e., the positive predictive

value is as high as 31%. It should be stressed that these positive
predictive value estimates are based on our analysis of RNA

sequences passing through the suspected regions. This analysis

is limited by the availability of RNA sequences supporting the

given region in public databases, and there are typically one or

only a few such sequences spanning a limited variety of tissues.

In addition, even in tissues and conditions in which editing

does occur, its characteristic efficiency is low (Athanasiadis

et al. 2004; Levanon et al. 2004), and the editing signal is
expected to be seen only in a small fraction of the supporting

sequences. Thus, failing to observe editing in the available

RNA sequences is definitely not a reliable indicator for the lack

of editing in the corresponding regions. Indeed, previous

validation studies (Levanon et al. 2004) have shown that one

typically finds more editing sites in an edited locus than

computationally predicted. One should thus bear in mind that

the above estimates are just lower bounds for the predictive
value, and a higher success rate is to be expected in actual

experimental validation studies.

Sequence preference in the vicinity of the editing sites

In addition, we studied cis sequence preferences in the

vicinity of the editing sites. We used the above classification
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of mouse editing sites based on the different repeats they

reside in. Looking at sequence preferences separately for

each class, one can better identify those preferences that are

common to all classes. These common motifs probably

represent a property of the ADAR enzyme binding to the

site, being less prone to bias due to the underlying repeat

consensus. We also compare these findings to the results

obtained for human editing sites in order to see whether
the preferences seen in human are due to preferences of the

enzyme or rather just reflect the underlying Alu sequence.

The nucleotide distributions in the vicinity of the editing

sites are presented in Table 4. Clear differences between

different classes of editing sites can be seen. For example, C

seems to be significantly underrepresented in the position

downstream to editing sites located within L1 repeats, while

for other repeats this tendency is much weaker, if at all
existing. For simplicity, we focus here only on a nearest-

neighbor analysis, one base upstream or downstream of the

edited sites. The only significant patterns, common to all

classes as well as to the human sites within Alu repeats, are

the strong preference toward G at the downstream site and

the strong underrepresentation of G’s in the upstream sites.

This next-neighbor preference is in good agreement with

previous studies investigating site specificities of ADARs in
vitro and is largely consistent with the editing preference of

ADAR1 (Polson and Bass 1994; Lehmann and Bass 2000)

Other preferences that are clearly seen in the Alu repeat

(e.g., the preference for C’s in the upstream site) seem to be

possibly repeat dependent, and thus may not reflect

a property of the enzyme.

DISCUSSION

The method described here is aimed at locating editing sites

within repeats. However, one should bear in mind that

many more editing sites might exist outside repeats. For

example, all known editing sites within the coding sequence

are apparently not part of any known repeat, their editing

being due to pairing with a matching nonrepetitive se-

quence in a nearby region that is mostly intronic. Similarly,
noncoding parts of the gene may also be edited out of

known repeats. Therefore, it should be noticed that, even

for the mouse, the extent of the editing phenomenon is

probably much larger than the 833 sites presented in this

work.

The functional role of global editing is yet a mystery.

Obviously, changing the original genomic A to I (which is

read by the ribosome as a G) within the coding sequence is

reflected in changes in the translated protein. However,

virtually all known editing occurs in noncoding regions,

and the biological meaning of these editing sites is still
unknown. One possibility is that changing the RNA

sequence might affect the affinity of RNA binding proteins

and RNA–RNA interaction. For example, it was observed

that editing within an intron may affect splice sites (Rueter

et al. 1999). In addition, editing changes the stability of the

dsRNA. Thus it can potentially regulate dsRNA-dependent

mechanisms such as RNAi. Indeed, a link between these

two dsRNA-based mechanisms was made recently (Tonkin
and Bass 2003). Furthermore, editing marks the edited

transcript with an inosine, which is not naturally part of

RNA molecules. It was suggested that RNAs containing ino-

sines are recognized and retained in the nucleus (Z hang

and Carmichael 2001). At least in one case (Prasanth et al.

2005), this retention is exploited as a buffer mechanism; the

edited repeats are later cleaved from the retained RNA in

response to a stress signal, resulting in transport of the RNA
to the cytoplasm followed by translation. This mechanism

thus allows for a prompt response to the stress signal.

Notably, large proportions of edited RNAs have aberrant

splicing patterns (Kim et al. 2004), suggesting that editing

might be the signaling mechanism through which aberrant

transcripts are retained in the nucleus. Furthermore, recent

reports indicate that miRNAs can serve as targets for RNA

editing (Luciano et al. 2004; Blow et al. 2006). The con-
sequence of miRNA editing is not entirely clear yet, but at least

in one case it has been shown that editing can inhibit

processing of the miRNA, resulting in its premature degrada-

tion (Y ang et al. 2006). Degradation of miRNAs is most likely

mediated by an inosine-specific nuclease (Scadden 2005).

Thus, further studies are required to clarify the functional

implications of abundant editing. Here we make available

a list of such editing sites in the mouse, which enables such
studies in a convenient model organism.

Editing levels in mouse and other organisms tested were

found to be much lower than in human. We have indicated

TABLE 4. Cis preferences of editing sites

L1 B1 B2 MaLR Alu (Human)

�2 �1 +1 +2 �2 �1 +1 +2 �2 �1 +1 +2 �2 �1 +1 +2 �2 �1 +1 +2
A 30 36 33 26 81 128 90 138 30 62 40 50 13 22 19 15 2296 4145 3067 3532
C 32 23 9 20 140 133 74 108 39 74 24 36 11 14 3 10 4609 5406 3207 4386
G 21 18 45 34 111 35 224 91 42 17 97 55 7 2 23 15 3605 1113 6387 3539
T 29 35 25 32 102 138 46 97 77 35 27 47 23 16 9 14 4264 4110 2113 3497

Frequencies of A, G, C, or T at positions �2, �1, 1, and 2 relative to each of the A-to-G mismatch sites found within the L1, B1, B2, and MaLR
repeat families. Similar data for the editing sites within human Alu repeats are reproduced from Athanasiadis et al. (2004) for comparison.
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how this difference can be attributed to

the basic requirements from two nearby,

oppositely oriented repeats to form

a long stable dsRNA. It thus seems that

humans owe their extraordinary preva-

lence of editing to the massive intrusion

of the relatively long Alu repeats to the

primate genome and the relatively low
divergence of these repeats since. We

hope that future understanding of the

role of abundant editing will reveal the

answer to the intriguing question: Did

abundant RNA editing play a role in

primate evolution?

MATERIALS AND METHODS

Mapping A-to-I editing sites within
mouse repeats

Our previous analysis of RNA editing (Eisenberg et al. 2005) in

human has ignored any prior knowledge on the nature of editing.

To significantly improve the signal-to-noise ratio and obtain

a clean list of editing sites, we have here included such knowledge.

A-to-I editing sites often occur in clusters. An edited sequence

typically shows editing in many close-by sites (Morse et al. 2002).

We thus searched for RNA sequences that exhibit three or more

consecutive identical mismatches. Applying this analysis to mouse

RNA sequences, we found 3292 A-to-G mismatches that are parts

of clusters of three or more consecutive A-to-G mismatches. The

A-to-G mismatches are overrepresented as compared to other

types of mismatches (Table 1), but the signal-to-noise ratio is still

too low for reliable identification of editing sites.

All recent studies on human transcripts have shown that

abundant editing primarily occurs within Alu repeats, as these are

likely to pair with nearby inverted Alu repeats. Accordingly, it seems

reasonable to expect that abundant editing in the mouse will also

concentrate within mouse repeats. We therefore focused our search

at mismatches located within repeats. All repeats identified by

RepeatMasker (http://www.repeatmasker.org/) in the UCSC data-

base (Karolchik et al. 2003) were considered, except for simple

repeats and low complexity regions. Indeed, the overrepresentation

of A-to-G mismatches is much more pronounced within repeats:

1164 out of the 3292 A-to-G mismatches that are part of clusters

(i.e., stretches of at least three consecutive identical mismatches) are

located in repeats (35%), compared to only 126 out of 2132 G-to-A

mismatches (6%) and a similar fraction for other types of

mismatches. Notably, the restriction to repeat regions only mildly

decreases the absolute number of A-to-G mismatches that are in

excess of the background noise, suggesting that there are relatively

few editing sites outside repeated regions (see Table 1).

We next accounted for the fact that a repeat region is likely to

be edited only if it can form a dsRNA structure (Higuchi et al.

1993). Therefore a repeat of inverted orientation should be in the

vicinity. In order to estimate the range of distances between

neighboring repeats that allow for effective A-to-I editing, we

looked at the distribution of mismatches as a function of the

distance to the closest inverted repeat of the same family. Figure 2

shows that the overrepresentation of A-to-G mismatches is

limited to repeats whose inverted neighbor is closer than 2000

nt, in agreement with prior results for human Alu and coding

substrate editing (Athanasiadis et al. 2004; Blow et al. 2004). We

therefore focused our attention only on repeats with a neighboring

inverted repeat within 2000 nt and counted the number of

mismatches residing therein. Out of the 1164 (72%) A-to-G

mismatches within repeats, 833 passed this additional filter,

compared to only 19 out of 126 (15%) for G-to-A mismatches.

Based on the average count of these three types of dominant

mismatches, we conclude that the list of 833 A-to-G mismatches is

likely to contain mostly true editing events, with z40 exceptions,

and estimate the overall false-positive rate at 5%. This error rate

can be further reduced if one limits the mismatch count to specific

types of repeats. The list of 833 predicted editing sites is provided

as Supplemental data.

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://star.tau.ac.il/~ eli/

mouse_ editing/.
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