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ADAR? is a double-stranded-RNA-specific adenosine deaminase involved in the editing of mammalian RNAs
by the site-selective conversion of adenosine to inosine. Previous studies from our laboratory have demon-
strated that ADAR2 can modify its own pre-mRNA to create a proximal 3’ splice site containing a noncanonical
adenosine-inosine dinucleotide. Alternative splicing to this proximal acceptor adds 47 nucleotides to the
mature ADAR2 transcript, thereby resulting in the loss of functional ADAR2 protein expression due to
premature translation termination in an alternate reading frame. To examine whether the editing of ADAR2
transcripts represents a negative autoregulatory strategy to modulate ADAR2 protein expression, we have
generated genetically modified mice in which the ability of ADAR2 to edit its own pre-mRNA has been
selectively ablated by deletion of a critical sequence (editing site complementary sequence [ECS]) required for
adenosine-to-inosine conversion. Here we demonstrate that ADAR2 autoediting and subsequent alternative
splicing are abolished in homozygous AECS mice and that ADAR?2 protein expression is increased in numerous
tissues compared to wild-type animals. The observed increases in ADAR2 protein expression correlate with the
extent of ADAR2 autoediting observed with wild-type tissues and correspond to increases in the editing of
ADAR?2 substrates, indicating that ADAR2 autoediting is a key regulator of ADAR2 protein expression and

activity in vivo.

The conversion of adenosine to inosine (A to I) by RNA
editing is a widespread posttranscriptional modification result-
ing from the hydrolytic deamination of selective adenosine
residues that alters the nucleotide sequence of RNA tran-
scripts from that encoded by genomic DNA. The majority of
well-characterized A-to-I editing events involve nonsynony-
mous codon changes in mRNA sequences, resulting in the
production of proteins with altered functional properties. In
mammals, the most prominent examples of A-to-I editing have
been described for transcripts encoding ionotropic glutamate
receptor subunits (GluR), a voltage-gated potassium channel
subunit (K,1.1), and the 2C subtype of the serotonin receptor
(5-HT,cR), which lead to the production of channels with
altered electrophysiological and ion permeation properties (6,
27, 37, 38, 43, 54) and receptors with decreased G-protein
coupling efficiency (5, 10, 46). A-to-I modifications have also
been described for nontranslated RNA species and noncoding
regions of RNA transcripts, suggesting that such RNA modi-
fications may also affect other aspects of RNA function, in-
cluding splicing, trafficking, translation efficiency, and tran-
script stability (1, 7, 35, 42, 45).

The enzymes responsible for the site-specific deamination of
A to I in mRNA transcripts are known as adenosine deami-
nases that act on RNA (ADARS) (2, 3, 34, 53). For mammals,
three ADAR proteins (ADAR1, ADAR2, and ADAR3) and
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their corresponding genes have been identified (12, 28, 36, 44).
ADARI1 and ADAR2 have been shown to be ubiquitously
expressed (44, 50, 59) and mediate A-to-I conversion in syn-
thetic double-stranded RNAs (dsRNAs) and naturally occur-
ring pre-mRNA substrates (18, 41, 49, 53). ADARS3 is ex-
pressed exclusively in the brain but has not been shown to have
any catalytic activity using synthetic dSRNA or known ADAR
targets (12). ADAR2, an 80-kDa nuclear protein with two
dsRNA-binding domains (dsRBDs) in the amino-terminal re-
gion and an adenosine deaminase domain near the carboxyl
terminus, is responsible for the majority of known codon-al-
tering A-to-I modifications in mammals (25, 26, 61). Geneti-
cally modified mice lacking ADAR?2 expression develop pro-
gressive seizures and die postnatally by day 21 due to a lack of
editing (Q/R site) in transcripts encoding a subunit of the
a-amino-3-hydroxy-5-methyl-isoxazole-4-propionic acid
(AMPA)-subtype glutamate receptor (GluR-2) (26), demon-
strating the critical role that ADAR?2 plays in the normal de-
velopment and function of the central nervous system (CNS).

Multiple splice variants of ADAR?2 have been identified for
rats, mice, and humans; yet only a subset of these RNA-pro-
cessing events are conserved in all three species (22, 50, 56).
One such splicing event results in the production of ADAR2
protein isoforms containing an additional 40 (human) or 10
(rat or mouse) amino acids between the second and third zinc
coordination residues of the deaminase domain, generating
enzymes that are approximately twice as active as those lacking
the insertion (22, 50). Alternative 3’ splice site selection near
the 5’ end of the coding region introduces an additional 47
nucleotides (nt) to the mature ADAR2 mRNA, generating a
—1 frameshift that is predicted to produce a 9-kDa protein
lacking the dsRBDs and the deaminase domain required for
protein function (50, 56). Previous studies have demonstrated
that this alternative splicing event is dependent upon the ability
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of ADAR? to edit its own pre-mRNA, converting an adeno-
sine residue within intron 4 (—1 site) to inosine, thereby cre-
ating a noncanonical A-I dinucleotide which serves as a novel
3" splice acceptor (50). As with all identified ADAR substrates,
editing at the —1 site of ADAR?2 requires an imperfect RNA
duplex formed by the base-pairing of sequences surrounding
the —1 site with an inverted region referred to as the editing
site complementary sequence (ECS). In the rat, the ADAR2
ECS is located approximately 1.4 kb upstream of the —1 site in
intron 4 (14, 50), and this region of the intron demonstrates a
high level of sequence conservation with corresponding se-
quences from ADAR?2 genes isolated from all characterized
vertebrate species (see Fig. S1 in the supplemental material)
(21, 50, 56). Deletion of the ECS region resulted in the abla-
tion of editing at the —1 site in heterologous expression sys-
tems, while deletion of intronic sequences between the ECS
and the region surrounding the —1 site had little effect on the
extent of A-to-I conversion (14, 50).

The ability of ADAR? to edit and direct alternative splicing
of its own pre-mRNA may represent an autoregulatory mech-
anism by which ADAR2 can prevent its own overexpression to
avoid increased levels of editing for numerous ADAR2 sub-
strates. In this report, we have generated genetically modified
mice in which the ability of ADAR?2 to edit its own transcript
has been selectively ablated. Here we show that disruption of
the predicted duplex required for A-to-I editing resulted in a
loss of editing at the —1 site, ablation of alternative splicing,
increased ADAR?2 protein expression in multiple tissues, and a
concomitant increase in the editing of ADAR?2 target RNAs.
The observed increases in ADAR?2 protein expression corre-
lated with the extent of editing-dependent alternative splicing
observed with wild-type tissues, further demonstrating that
autoediting represents a key regulatory step in the modulation
of ADAR?2 expression and the extent of A-to-I conversion for
ADAR?2 substrates.

MATERIALS AND METHODS

Generation of mutant mice. The targeting vector was generated from two
129S6/SvEvTac mouse genomic bacterial artificial chromosome clones (Genome
Systems, Inc.) containing the ADAR?2 gene. A short-arm fragment extending
from the 3’ end of intron 2 to a region upstream of the ECS element in intron
4 (—4,053 to —1,575 base pairs relative to the —1 editing site) was floxed and
inserted between Xhol and BamHI sites, replacing the first LoxP site within sites
in the LoxP-Neo-TK vector (a generous gift from Mark Magnuson, Vanderbilt
University), where Neo is the neomycin resistance cassette and TK is thymidine
kinase. A 7.4-kb long arm harboring the remainder of intron 4, downstream from
the ECS element through intron 6 (—1,369 to +6,061 relative to the —1 editing
site), was inserted between Sall and NotI sites in the LoxP-Neo-TK vector, and
a 195-bp ECS containing an intronic fragment (—1,517 to —1,322 bp relative to
the —1 site) was inserted between the two adjacent LoxP sites using BamHI
digestion. The thymidine kinase gene was excised from the targeting vector by
EcoRI digestion to eliminate the previously described toxicity of thymidine
kinase to the male germ line (8, 17). The Clal-linearized targeting construct was
electroporated into 129S6/SvEvTac-derived embryonic stem cells. The integra-
tion of the targeting vector and the fidelity of homologous recombination were
confirmed by Southern blotting analysis using 5" and 3’ probes outside the region
of homology, and the correctly targeted embryonic stem cells were microinjected
into C57BL/6J blastocysts. High-percentage chimeras were mated with 12956/
SvEvTac animals to obtain heterozygous mice bearing the targeted allele (3lox
[see Fig. 1A]), which were then mated with EITA-Cre transgenic mice developed
on a C57BL/6J background (a generous gift from Richard Breyer, Vanderbilt
University) to delete the region between the loxP sites early in embryogenesis
(40, 62). Progeny from this mating were analyzed by PCR and direct DNA
sequence analysis for either loss of the phosphoglycerate kinase (PGK)-neomy-
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FIG. 1. Targeting strategy for selective ablation of ADAR2 au-
toediting. (A) Schematic diagram of a portion of the mouse ADAR2
gene, extending from exon 3 through exon 6, before and after targeted
gene modification. The positions of the positive selectable marker
(PGK-neo), the ECS, and the alternative 3’ splice site generated by
ADAR? autoediting (*) are indicated. The positions of primer pairs
used for genotype analysis (—), introduced loxP recombination sites
for selective deletion of the PGK-neo cassette and the ECS region (),
and DNA sequences outside the region of targeting vector homology
(- —-) are shown. (B) Analysis of mouse genotype by PCR amplifica-
tion of mouse tail genomic DNA. The migration positions for PCR
amplicons corresponding to the wild-type (+/+; 343 bp) and AECS
(—=/—; 172 bp) alleles are indicated.

cin cassette alone (lox-ECS-lox) or recombination of the entire region containing
the selectable marker and a 209-bp region of ADAR2 containing the ECS
(AECS). Mutant mice bearing the AECS alleles were mated with wild-type
C57BL/6J animals, and subsequent progeny were assessed for the presence of the
modified ADAR?2 allele and loss of the Cre transgene by segregation.

Genotype analysis. The wild-type and targeted (3lox [see Fig. 1A]) alleles were
distinguished using a PCR-based strategy with sense (5'-TGTGAGCAGATGT
AGCGTGTGAT-3') and antisense (5'-AATTTTCATTTATAACATCCTC-3')
primers, flanking the upstream loxP site to generate PCR amplicons of 140 and
174 bp for wild-type and targeted alleles, respectively. To distinguish between the
wild-type and AECS alleles, PCR was performed using sense (5'-TGTGAGCA
GATGTAGCGTGTGAT-3') and antisense (5'-GCGGGCAGGG TTAATGT
GATGA-3") primers flanking the ECS region to generate 343- and 172-bp
amplicons for the wild-type and AECS alleles, respectively.

RNA characterization. Male AECS mice and wild-type littermates were sac-
rificed at 4 weeks of age, organs were immediately frozen in liquid nitrogen, and
RNA was isolated and purified using a Versagene RNA tissue kit and DNase kit
(Gentra Systems) according to the manufacturer’s instructions. To quantify rel-
ative expression of ADAR2 mRNA splice variants in RNAs isolated from tissues
in wild-type and AECS mice, first-strand cDNA was synthesized using avian
myeloblastosis virus reverse transcriptase (Promega) and then amplified using
PCR with a 6-carboxyfluorescein-labeled sense primer (5'-CGCTTGCTATTTT
AGTGCTGCGG-3') and a nonlabeled antisense primer (5'-GCGGTTTTCTT
TAACATCAGTGC-3"). Amplicons corresponding to alternatively spliced
ADAR? variants were resolved by 2.5% agarose gel electrophoresis and quan-
tified by phosphorimager analysis (Amersham Biosciences).

To determine the extents of site-selective editing for different ADAR sub-
strates, first-strand cDNA was synthesized and amplified using gene-specific
primers and assessed using a modified primer extension analysis (50); the prim-
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ers and mixtures of deoxy- and dideoxynucleotides used in each primer extension
assay are listed in Table S1 in the supplemental material. The extension products
were resolved by denaturing polyacrylamide gel electrophoresis and quantified
using phosphorimager analysis.

To quantify levels of ADAR1 and ADAR2 mRNA expression, first-strand
c¢DNA was synthesized as described above and subjected to TagMan real-time
PCR analysis (Applied Biosystems). All primers and probes used for the real-
time PCRs were products of Assay-On-Demand from Applied Biosystems
(ADARI, assay ID Mm00508001_m1; ADAR?2, assay ID Mm00504621_m1).
Eukaryotic 18S rRNA (product no. 4319413E; Applied Biosystems) was included
in each multiplex PCR as an internal control. Real-time PCR and subsequent
analysis were performed with an ABI Prism 7900HT sequence detection system
(SDS v2.1; Applied Biosystems). Quantitation of target gene expression in all
samples was normalized to 18S rRNA expression by the equation Cyargery —
Crassy =ACr, where Cy is the threshold cycle number. The mean ACy value of
samples from each tissue for all wild-type animals was determined and used as a
reference point for the samples from the same tissues for AECS mice. Differ-
ences between wild-type and AECS mice, including individual variation, were
calculated by the equation ACr(ndividual aAECs) — ACT(mean wild-typey = AACT.
Changes in target gene expression (n-fold) in each sample were calculated by
27%%¢ from which the means and standard errors of the means (SEM) were
derived.

For quantification of expression levels for ADAR2 mRNA isoforms, RNase
protection analysis was performed, essentially as described previously (19), using
an [a-3?P]UTP-labeled antisense probe corresponding to a region from —88 to
+314 relative to the start codon of the mouse ADAR2 ¢cDNA (GenBank acces-
sion no. AF403109). A 111-nt antisense RNA probe for cyclophilin (nt 34 to 144;
GenBank accession no. M19533) was used as an internal control for RNA
loading and normalization of expression levels. The protected fragments were
resolved by denaturing polyacrylamide gel electrophoresis and quantified by
phosphorimager analysis.

Quantitative Western blotting analysis. Expression levels of ADAR2 and
B-actinin tissue homogenates from wild-type and AECS mice were quantified by
Western blotting analysis using an anti-ADAR?2 polyclonal antibody (1:250 [vol/
vol]) (50, 52) and an anti-B-actin monoclonal antibody (1:500 [vol/vol], sc-1616;
Santa Cruz Biotechnology), respectively, followed by an Alexa Fluor 680 anti-
goat secondary antibody (1:10,000 [vol/vol], A21084; Molecular Probes). The
secondary antibody was detected directly using an Odyssey infrared imaging
system in accordance with the manufacturer’s instructions (Li-Cor Biosciences).
The linear range of detection for the assay was defined by quantifying serial
dilutions of tissue homogenates.

Statistical analysis. Student’s ¢ test was performed using GraphPadPRISM
(GraphPad Software, Inc.). Values are reported as means * SEM, and P values
of <0.05 were considered significant.

RESULTS

Generation of AECS mice. To examine whether the ability of
ADAR? to edit its own pre-mRNA represents a negative au-
toregulatory mechanism to modulate ADAR? protein expres-
sion, we generated genetically modified mice in which ADAR2
autoediting was selectively ablated. Previous analysis of the
cis-active elements necessary for ADAR?2 autoediting revealed
the requirement for an extended RNA duplex formed by base-
pairing interactions between the region surrounding the prox-
imal 3’ splice site in intron 4 (—1 site) and an ECS element
located more centrally in the intron (see Fig. S1 in the supple-
mental material) (14, 50, 56). To selectively eliminate ADAR2
autoediting, we deleted the ECS region to disrupt the con-
served duplex structure (Fig. 1A), similarly to previous studies
in which editing of the Q/R site in GluR-2 pre-mRNAs was
disrupted by deletion of the intronic ECS (9). Since previous
studies demonstrated that ablation of ADAR?2 expression re-
sulted in early-onset seizures and postnatal lethality (26), we
chose to circumvent the possibility of a lethal phenotype by
generating mutant mouse strains in which the ECS region
could be conditionally deleted by taking advantage of the P1
bacteriophage Cre-loxP system (62). Mutant mice that were
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heterozygous for the modified ADAR?2 allele (3-lox [Fig. 1A])
were mated to transgenic animals expressing Cre recombinase
under the control of the EIIA promoter (40) to delete the
DNA sequences between the loxP sites early in embryogenesis.
Progeny from this mating lost either the PGK-neomycin cas-
sette alone (lox-ECS-lox [Fig. 1A]) or the region of ADAR2
gene containing the ECS (lox-neo-lox) or both (AECS [Fig.
1A]). Heterozygous AECS mice were interbred, and progeny
demonstrated the expected Mendelian frequency (34 wild type
[+/+], 67 heterozygous mutants [+/—], and 44 homozygous
mutants [—/—]) (x* = 2.2; P > 0.25), as assessed using a
PCR-based assay (Fig. 1B); no obvious phenotypic alterations
were observed with animals homozygous for the AECS allele.

Ablation of ADAR2 pre-mRNA editing and alternative splic-
ing in AECS mice. To confirm that deletion of the ECS region
resulted in the loss of ADAR?2 autoediting, we took advantage
of a primer extension-based assay (50) to quantify the editing
efficiency of ADAR2 pre-mRNA transcripts isolated from
multiple tissues in wild-type and homozygous AECS mice. The
extents of ADAR2 pre-mRNA editing (—1 site) varied widely
in tissues from wild-type animals, with the greatest and least
levels of editing observed in lung (32%) and testis (8%), re-
spectively. By contrast, only background levels of editing were
observed with tissues from AECS mice (Fig. 2A), thereby dem-
onstrating that the 195-bp ECS region was critical for A-to-I
conversion in vivo.

Since the generation of an A-I dinucleotide to form a func-
tional 3’ splice site in intron 4 requires ADAR?2 autoediting, it
was predicted that abrogation of this RNA-processing event
would result in sole use of the distal splice acceptor immedi-
ately preceding exon 5 to produce ADAR2 mRNAs that lack
the 47-nt cassette and encode a full-length, functional protein
product. However, in addition to alternative 3’ splice site se-
lection in this region of the ADAR?2 gene, recent studies have
identified an additional exon (exon 4) that occurs 174 bp down-
stream of exon 3 within the ADAR?2 gene (56). While inclusion
of this 73-bp exon is predicted to result in a +1 frameshift, the
extent of exon 4 inclusion in ADAR?2 transcripts isolated from
mouse brain was very low (56). As a result of these alternative
splicing events, up to four ADAR2 splice variants can be gen-
erated in the region between exons 3 and 5 (Fig. 2B). Among
these four mRNA isoforms, only the isoform lacking both exon
4 and the 47-nt cassette (designated 3/5 —47) can encode a
full-length ADAR2 protein. To quantify the relative abun-
dance of ADAR?2 splice variants, we developed a quantitative
reverse transcription (RT)-PCR-based strategy using a 6-car-
boxyfluorescein-labeled sense PCR primer. The quantitative
accuracy of this method was confirmed using a series of tem-
plates with mixtures of plasmids containing or lacking the 47-nt
cassette at fixed ratios (see Fig. S2 in the supplemental mate-
rial). Consistent with previous reports (56), mRNA isoforms
containing exon 4 represented a small percentage of total
ADAR? transcripts in all tissues (Fig. 2C), while use of the
proximal A-I splice site roughly paralleled the tissue-specific
pattern of —1 site editing in wild-type animals (Fig. 2A and C).
In RNA isolated from various tissues of AECS mice however,
ADAR2 mRNA isoforms containing the 47-nt cassette were
not observed, demonstrating that deletion of the ECS region
concomitantly ablated ADAR?2 autoediting and the ability to
use the proximal splice site in intron 4. The single exception to
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FIG. 2. Ablation of ADAR?2 autoediting and alternative splicing in
AECS mice. (A) Extent of editing at the —1 site in ADAR2 pre-
mRNA isolated from different tissues of wild-type (open columns) and
AECS (filled columns) mice was determined by primer extension anal-
ysis. Values were obtained from tissue isolated from three animals per
genotype (mean = SEM). (B) Schematic diagram of four possible
ADAR?2 mRNA isoforms resulting from alternative splicing of exon 4
and inclusion or exclusion of 47-nt cassette (+47 and —47, respec-
tively) at the 5’ boundary of exon 5. (C) Quantitative analysis of
ADAR? alternative splicing. The positions of RT-PCR amplicons cor-
responding to the four alternatively spliced ADAR?2 transcripts de-
scribed for panel B are indicated. The percentages of total ADAR2
transcripts containing the 47-nt cassette but not exon 4 (3/5 +47) are
shown (mean = SEM; n = 3).

this observation was the presence of a PCR amplicon gener-
ated from testis RNA that comigrated with the 3/5 +47 iso-
form, representing less than 2% of the ADAR2 mRNA tran-
scripts.

ADAR?2 protein expression in AECS mice. The ablation of
ADAR? autoediting and proximal splice acceptor use in AECS
mice resulted in the predominant production of an ADAR2
mRNA isoform (3/5 —47) that encodes full-length, functional
ADAR? protein. By contrast, expression of the 3/5 +47 iso-
form in wild-type mice, representing a significant portion of the
total ADAR?2 transcripts in most tissues, is predicted to gen-
erate a truncated, inactive ADAR?2 protein resulting from the
premature translation termination. We therefore anticipated
that the ablation of ADAR?2 autoediting would lead to ele-
vated ADAR?2 protein expression in AECS mice. Homoge-
nates prepared from multiple tissues of wild-type and AECS
animals were assessed for ADAR?2 protein levels by quantita-
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FIG. 3. Quantitative Western blotting analysis of ADAR2 protein
levels in tissues isolated from wild-type (WT) and AECS mice. A
representative Western blot using 20 pg of total protein from each
tissue is presented; the expected migration positions for ADAR2 and
B-actin are indicated. The increase of ADAR2 protein expression in
AECS versus wild-type tissues was quantified after normalization to
the internal B-actin control (mean = SEM; n = 5; ** P < 0.01; *, P
< 0.05).

tive Western blotting analysis using antisera directed against
ADAR? and B-actin. In the lung, where the greatest level of
ADAR?2 autoediting and 47-nt inclusion was observed with
wild-type animals (Fig. 2C), a 3.7-fold increase in ADAR2
protein expression was identified with AECS mice (Fig. 3).
Similarly, in the brain and heart, where the +47 isoform rep-
resented >50% of the total ADAR2 mRNA, 2.4- and 1.7-fold
increases in ADAR?2 protein were exhibited, respectively. In
tissues such as the liver and testis, where ADAR?2 autoediting
and proximal splice site use occurred at a low frequency in
wild-type animals, the ADAR?2 protein expression in AECS
mice was not significantly different from that of control animals
(Fig. 3).

Characterization of ADAR2 mRNA expression in AECS
mice. To confirm that the elevated ADAR2 protein levels in
AECS mice resulted from alterations in 3’ splice site selection
rather than an increase in the steady-state levels of ADAR2
transcripts, an RNase protection assay was employed to quan-
tify isoform-specific ADAR2 mRNA expression in tissues from
control and mutant animals. Due to the complexity of alterna-
tive splicing events between exons 3 and 5, generating as many
as four mRNA isoforms, the RNase protection probe was
designed to generate a 481-nt fragment from the 3/5 —47
mRNA, whereas partial protection by all other mRNA iso-
forms and unspliced pre-mRNA gave rise to a 332-nt protected
species (Fig. 4A). We were unable to develop a probe that
specifically recognized the mRNA isoform containing the 47-nt
cassette, due to the presence of multiple editing sites at posi-
tions 10, 23, and 24 (relative to the —1 site) in this region (14).
Results from this analysis demonstrated the expected increase
in the relative level of 3/5 —47 ADAR2 mRNA, when normal-
ized to a constitutively expressed cyclophilin RNA control, in
the brains and lungs of AECS mice. A trend toward an increase
in 3/5 —47 mRNA levels was also observed for RNA from the
hearts of mutant mice; however, the difference did not reach
statistical significance with the current sample size. Consistent
with the lower levels of autoediting observed with wild-type
animals (Fig. 2A), no significant increase in the 3/5 —47 iso-
form was seen with RNAs isolated from the liver and the testis
in AECS mice (Fig. 4B). To further confirm that deletion of the
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FIG. 4. Characterization of ADAR2 mRNA isoform expression.
(A) Schematic diagram indicating the structures and sizes of predicted
RNase protection products resulting from ADAR2 pre-mRNAs or
ADAR?2 mRNA isoforms containing or lacking the 47-nt cassette or
exon 4. (B) RNase protection analysis of total RNA (10 pg) from
tissues of wild-type (WT) and AECS mice. The predicted migration
positions for protected RNA fragments are indicated. The increase
(n-fold) in ADAR2 RNA isoforms lacking both the 47-nt cassette and
exon 4 (3/5 —47) in AECS versus wild-type tissues was quantified after
normalization to the internal cyclophilin control (mean = SEM; n = 6
for brain, lung, and heart; n = 3 for liver and testis; **, P < 0.01; *, P
< 0.05.) (C) Quantification of relative ADAR2 mRNA expression
between wild-type (open columns) and AECS (filled columns) mice by
use of real-time RT-PCR analysis (mean = SEM; n = 6 for brain, lung,
and heart; n = 3 for liver and testis; **P < 0.01; *P < 0.05).

ECS region did not result in alterations in the steady-state level
of ADAR?2 transcripts, a real-time RT-PCR-based strategy
using a TagMan probe spanning exons 9 and 10 was performed
to quantify total ADAR2 mRNAs in multiple tissues from
wild-type and AECS mice. Results from this analysis revealed
that despite the increase in ADAR?2 protein expression in
AECS animals (Fig. 3), there was no significant change in the
total level of ADAR2 mRNAs in any tissue examined, except
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TABLE 1. Site-specific RNA editing of ADAR substrates

% Editing (mean = SEM)

Transcript Editing site Tissue

Wild type AECS*
5-HT,.R D Brain 478 £2.5 63.0 = 4.7**
GluR-2 R/G Brain 68.6 = 1.8 79.8 = 0.9%*
K 1.1 v Brain 37.0 3.1 46.7 £ 2.6*
5-HT,.R A Brain 743 1.2 64.4 = 0.7
GluR-2 +60 Brain 61.8 13 60.2 1.7

@* P <0.05 **, P <0.01; *** P < 0.001.

for the brain, where there was a 30% decrease in ADAR2
mRNA (Fig. 4C). This decrease in the steady-state level of
ADAR? transcripts could result from a tissue-specific instabil-
ity of the modified ADAR2 pre-mRNA, alterations in splicing
efficiency, or a compensatory transcriptional alteration to
counteract elevated ADAR?2 protein levels.

Alterations in editing of ADAR substrates in AECS mice.
ADAR?2 has been shown to be responsible for the site-selective
editing of numerous mammalian RNAs (6, 10, 46, 50, 60). To
examine whether the increase in ADAR?2 protein expression
observed with AECS mice resulted in editing changes for
ADAR? substrates, we quantified the extent of editing for
known ADAR? targets, including the D site of 5-HT,R tran-
scripts, the R/G site of the GluR-2 pre-mRNA, and the I/V site
of the K, 1.1 mRNA (6, 25, 27, 60, 61). Since expression of most
identified ADAR?2 substrates is restricted to the nervous sys-
tem (26), we determined the editing efficiencies of ADAR?2
targets in RNA isolated from whole brains of wild-type and
AECS mice by using a modified primer extension analysis (10).
While the level of editing at the D site for 5-HT,R transcripts
(47.8%) isolated from wild-type mice was comparable to that
found by previous studies (61), a 15% increase in editing was
seen with AECS animals (Table 1). Similarly, editing for
GluR-2 (R/G site) and K, 1.1 (I/V site) was increased by 11%
and 10%, respectively, in AECS animals (Table 1). To deter-
mine whether the changes in editing were limited to ADAR2-
selective sites, we also examined the editing efficiencies of two
known ADARI sites, the +60 site in the GluR-2 pre-mRNA
and the A site in 5-HT,R transcripts (10, 25, 26, 60). The
extent of editing at the A site in 5-HT,R transcripts decreased
from 74% in wild-type animals to 64% in AECS mice, yet
editing at the +60 site was not significantly changed. ADAR1
mRNA expression in the brains of AECS mice was not differ-
ent from that of wild-type animals, as determined by real-time
RT-PCR analysis (see Fig. S3 in the supplemental material),
suggesting that the decreased editing observed to occur at the
A site did not result from a decrease in ADARI1 expression.
Recent studies have demonstrated that ADAR2 may compete
with ADARI1 binding to the duplex in 5-HT,-R transcripts
(12), thus providing a direct molecular mechanism by which
increased ADAR? expression can affect ADAR1-selective ed-
iting.

Despite significant alterations in the editing of ADAR sub-
strates in AECS mice (Table 1), no overt phenotypic alter-
ations were observed with mutant mice from birth through
adulthood. Since any expected changes in AECS mice are
dependent upon the repertoire of ADAR targets affected by
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changes in ADAR?2 expression and the majority of character-
ized editing events are limited to neurotransmitter receptors in
the CNS, we assessed alterations in animal behavior by using a
gross examination based upon the neurological screen devel-
oped by Irwin (29). This standardized method provides a be-
havioral and functional profile of wild-type and mutant mice by
observational assessment of potential defects in gait or pos-
ture, motor control and coordination, changes in excitability
and aggression, salivation, lacrimation, piloerection, defeca-
tion, muscle tone, and body temperature. Results from this
neurological screen identified no significant alterations be-
tween AECS and wild-type mice (data not shown).

DISCUSSION

Unlike the static changes imparted by genetic polymor-
phisms, the conversion of A to I by RNA editing represents a
dynamic cellular strategy to increase the spatiotemporal diver-
sity of gene expression in response to extracellular cues (23, 24,
63, 65). Selective ablation of ADAR2 or ADARI in mutant
mice can give rise to pathological conditions ranging from
postnatal seizures to embryonic lethality (25, 26, 58, 60, 61),
and alterations in A-to-I conversion have been associated with
a number of CNS disorders, including depression, schizophre-
nia, seizure susceptibility, and amyotrophic lateral sclerosis
(24, 30, 32, 39, 47, 57, 58). While numerous studies have iden-
tified novel ADAR targets in the human and mouse transcrip-
tomes (1, 7, 13, 35, 42, 45), little is known about the molecular
mechanisms regulating ADAR expression under basal condi-
tions and in response to a variety of physiologic stimuli. Pre-
vious studies have demonstrated that ADAR2 may be regu-
lated by nucleolar sequestration (15, 52) and alternative
splicing (22, 50). One such splicing event is dependent upon
the ability of ADAR2 to edit its own pre-mRNA, thereby
promoting the insertion of a 47-nt cassette near the 5" end of
the open reading frame to abort translation prematurely (50).
To determine whether ADAR?2 autoediting and subsequent
alternative splicing represent important regulatory mecha-
nisms for modulating ADAR?2 protein expression and activity,
we generated mutant mice in which the ability of ADAR2 to
edit its own transcript was selectively ablated.

To eliminate the ability of ADAR?2 to generate a proximal 3’
splice site preceding exon 5, we disrupted the predicted RNA
duplex required for A-to-I conversion using Cre-mediated re-
combination to remove the evolutionarily conserved ECS re-
gion in intron 4 (14, 50, 56). In the current study, deletion of
the ECS region in mice efficiently eliminated editing at the —1
site (Fig. 2A) and inclusion of the 47-nt cassette in mature
ADAR? transcripts (Fig. 2C), further confirming that the ECS
element is essential for —1 site editing and subsequent alter-
native splicing in vivo. Ablation of —1 site editing promoted
the use of the distal 3’ splice site immediately preceding exon
5 (Fig. 2C) to allow exclusion of the 47-nt cassette and increase
the relative expression of the ADAR2 mRNA isoform (3/5
—47) that encodes the full-length, functional protein (Fig. 4B).
Accordingly, increased ADAR?2 protein expression in multiple
tissues (Fig. 3) and a concomitant increase in the editing of
ADAR? substrates were observed with AECS mice (Table 1),
strongly supporting the hypothesis that ADAR?2 autoediting
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FIG. 5. ADAR? autoediting is a key regulator of ADAR2 protein
levels. Correlation between ADAR?2 autoediting levels in isolated tis-
sues from wild-type mice (from Fig. 3) and relative increases in
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animals (from Fig. 4) was determined by nonlinear regression with the
equation Y = A/(B — X) (4 = 70; B = 98). The best-fit lines defined
by the observed [Y = 70/(98—X)] and predicted [Y = 100/(100 — X)]
data are indicated with solid and dashed lines, respectively.

serves as a negative-feedback mechanism for modulating
ADAR? protein expression.

In the simplest model, where ADAR?2 autoediting repre-
sents the rate-limiting step for determining alternative splice
site selection, the equation Y = 100/(100 — X) can define the
relationship between the extent of tissue-specific proximal
splice site use in wild-type tissues (X) and the expected in-
crease in ADAR?2 protein expression (Y) in AECS mice (Fig.
5). For example, only a 1.05-fold increase in ADAR?2 protein
expression would be predicted for the testis of AECS animals,
since the +47 RNA isoforms represent only 5% of the total
ADAR2 mRNA transcripts in this tissue from wild-type mice
[1/(1 — 0.05) = 1.05] (Fig. 2C), whereas a 4.8-fold increase in
ADAR?2 protein levels would be anticipated for lung samples
from mutant mice [1/(1 — 0.79) = 4.8]. A comparison of the
relationship between ADAR2 protein expression in AECS
mice and proximal 3’ splice site use in wild-type tissues re-
vealed a good correlation between predicted and observed
values (Fig. 5), confirming that ADAR?2 autoediting is a key
regulator for modulating ADAR? protein expression in vivo.

The possibility that the increased ADAR2 expression in
AECS mice resulted from alterations in the steady-state level
of ADAR?2 transcripts, via changes in RNA stability or tran-
scription, were ruled out by real-time PCR analysis; no change
in the level of ADAR2-derived RNAs was observed for most
tissues, with the exception of the brain, where the level of
mature ADAR2 mRNA was decreased by 30% compared to
that of control animals (Fig. 4C). Decreased levels of GluR-2
mRNA have been reported previously for mice with a deletion
of the ECS element required for GluR-2 editing (Q/R site),
due to nuclear accumulation of incompletely processed pri-
mary GluR-2 transcripts (9). A similar decrease in GluR-2
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mRNA expression was also observed with ADAR2-null mice,
where a low level of GluR-2 editing (Q/R site) was observed
(26), indicating that RNA editing may be a prerequisite for
efficient splicing and processing of GluR-2 pre-mRNAs (26).
RNase protection analysis of ADAR2 RNA isoforms from
wild-type mouse brain indicated that a majority of the tran-
scripts (75%) represented a combination of RNAs containing
the 47-nt cassette, exon 4, or intron 4 (Fig. 4A and B). Since
quantitative RT-PCR analysis further indicated that the major
ADAR?2 mRNA isoform contained the 47-nt cassette (74%)
and isoforms containing exon 4 represented only 3% of the
total ADAR2 mRNA species, these data suggest that only a
small percentage of the total ADAR2-derived RNAs are rep-
resented by unprocessed precursors in wild-type animals. By
contrast, analysis of AECS mice revealed no detectable RNA
isoforms with the 47-nt cassette and only 2.5% of the tran-
scripts containing exon 4 (Fig. 2C), indicating that the 332-nt
protected species observed from RNase protection analysis of
AECS mice (Fig. 4B) (22% of total ADAR2 RNAs) repre-
sented almost exclusively ADAR2 pre-mRNA. As with mutant
mice in which GluR-2 (Q/R site) editing was eliminated, the
ablation of ADAR?2 autoediting results in an accumulation of
unprocessed RNA precursors that could explain the decreased
level of mature ADAR?2 transcripts in RNA isolated from
AECS mouse brain (Fig. 4C).

Consistent with the increased expression of ADAR?2 protein,
the extent of editing at ADAR2-selective sites was elevated in
the brains of AECS mice, whereas a significant decrease in
editing at an ADARI-preferred site also was observed (5-
HT,R A site) (Table 1). Previous in vitro studies have indi-
cated that ADAR1 and ADAR?2 can affect the site selectivity
of one another, presumably due to sequence-independent
competition for binding dsRNA (12). Further support for this
hypothesis was observed with mice lacking ADARI1 expression,
where editing at the ADAR2-selective D site was increased
(25). Molecular recognition of dsRNA is a key event for nu-
merous biological pathways, including the trafficking, editing,
and maturation of cellular RNA, the interferon-mediated an-
tiviral response, and RNA interference (11, 16, 64). A lack of
sequence-specific binding for members of the dsRBD-contain-
ing family (20, 51) suggests that ADAR2 may bind to a wide
variety of dsSRNA substrates, thus competing with the functions
of other dsRNA-binding proteins within the cell.

Comparisons of ADAR2 genes between multiple vertebrate
species (zebra fish, pufferfish, chicken, rat, mouse, dog, chim-
panzee, and humans) have revealed >90% intronic sequence
conservation in the predicted region of the inverted repeats
(see Fig. S1 in the supplemental material), with a majority of
the nucleotide differences clustered in predicted bulge regions
within the duplex (14, 50, 56). Furthermore, alternative 3’
splice site selection has been shown to be conserved among
these species (56), suggesting that ADAR?2 autoediting and
alternative splicing represent an important biological process
to modulate ADAR?2 protein expression in vertebrates. Recent
studies of the Drosophila melanogaster ADAR gene (dADAR)
have demonstrated that the dADAR enzyme is capable of
editing its own mRNA to generate a protein isoform with a
serine-to-glycine substitution close to the dADAR active site
(33). This single amino acid alteration appears to restrict dA-
DAR function, since the glycine-containing isoform encoded
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FIG. 6. Model of ADAR?2 autoregulation. A schematic diagram of
the biosynthetic processes involved in the production of ADAR?2 is
presented, showing a region of the ADAR2 pre-mRNA between exon
3 and 5, the predicted RNA duplex required for A-to-I editing, and the
position of the —1 site (*). The RNA processing pathway lacking —1
site editing, leading to the production of full-length (711-amino-acid
[aa]) ADAR2D is indicated with dashed arrows; the functional do-
mains in ADAR2 (nuclear localization signal [NLS], dsRBD, and
adenosine deaminase domain) are indicated. The biosynthetic pathway
involving A-to-I conversion at the —1 site (*), leading to the produc-
tion of a predicted 9-kDa (83-aa) protein, is indicated with solid ar-
rows; the cross-hatched box represents the amino acid sequences en-
coded by an altered reading frame resulting from proximal 3’ splice
acceptor use and inclusion of an additional 47 nt in the mature
ADAR? transcript.

by the edited dJADAR mRNA is less active than the genomi-
cally encoded protein product. Ubiquitous or muscle-specific
expression of a dADAR transgene that cannot be modified by
A-to-I conversion resulted in increased editing of a voltage-
gated calcium channel transcript (Ca-alpha 1D) and subse-
quent lethality (33), suggesting that the ability of dADAR to
edit its own mRNA is critical for Drosophila viability. In an
example of what may represent convergent evolution, dADAR
and ADAR?2 have developed distinct autoediting strategies to
modulate ADAR activity. Explanations for the difference in
phenotypic consequences between Drosophila mutants and
AECS mice include the level of heterologous-promoter-driven
dADAR transgene expression in flies compared to increased
ADAR?2 expression in AECS mice, as well as the potential for
compensatory alterations in vertebrates that could serve to
circumvent the adverse phenotypic consequences resulting
from increased ADAR?2 activity.

It is commonly believed that the process of negative feed-
back provides a noise reduction mechanism for biological sys-
tems and can serve to minimize the effects of fluctuations on
downstream processes (4, 31, 48, 55). A simple model for
ADAR?2 autoregulation would suggest that the extent of A-to-I
conversion at the —1 site is dictated by ADAR?2 activity that
exceeds a critical threshold value in the cell (Fig. 6). Analysis
of ADAR?2 autoediting in wild-type mice, however, revealed a
broad range of editing efficiency at the —1 site in multiple
tissues (Fig. 2). The tissue-specific threshold for ADAR?2 au-
toediting could be determined by any number of cellular pro-
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cesses affecting ADAR? activity, including the level of ADAR2
protein or the expression of other ADAR?2 targets which could
inhibit the ability of ADAR2 to modify its own pre-mRNA. In
this regard, autoediting could serve as a sensor to modulate
editing activity in response to changing levels of ADAR?2 tar-
gets, thereby maintaining steady-state levels of A-to-I conver-
sion.
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