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Abstract
One type of RNA editing converts adenosines to inosines (A→I editing) in double-stranded RNA
(dsRNA) substrates. A→I RNA editing is mediated by adenosine deaminase acting on RNA (ADAR)
enzymes. A→I RNA editing of protein-coding sequences of a limited number of mammalian genes
results in recoding and subsequent alterations of their functions. However, A→I RNA editing most
frequently targets repetitive RNA sequences located within introns and 5′ and 3′ untranslated regions
(UTRs). Although the biological significance of noncoding RNA editing remains largely unknown,
several possibilities, including its role in the control of endogenous short interfering RNAs
(esiRNAs), have been proposed. Furthermore, recent studies have revealed that the biogenesis and
functions of certain microRNAs (miRNAs) are regulated by the editing of their precursors. Here, I
review the recent findings that indicate new functions for A→I editing in the regulation of noncoding
RNAs and for interactions between RNA editing and RNA interference mechanisms.
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INTRODUCTION
With the number of genes much fewer than previously expected, the complexity of higher
organisms largely depends on posttranscriptional and posttranslational mechanisms that create
different gene products and the diversity required for complex structural, enzymatic, and
regulatory functions (1). A primary RNA transcript of the gene undergoes various maturation
processes, such as 5′ capping, splicing, 3′ processing, and polyadenylation (2). RNA editing is
one of the posttranscriptional mechanisms that introduce changes in RNA sequences encoded
by genome sequences.

The phenomenon of RNA editing was first discovered more than 20 years ago in kine-toplastid
protozoa (3). In the mitochondrial mRNA of these trypanosomes, many uridine nucleotides
were found to be inserted or deleted to generate functional proteins (3). Since then, many other
types of RNA editing mechanisms have been identified (4). In the animal kingdom, the most
prevalent type of RNA editing that alters one nucleotide to another is mediated by adenosine
deaminase acting on RNA (ADAR) enzymes; ADAR converts adenosines to inosines (A→I
editing) in double-stranded RNA (dsRNA) substrates. A→I RNA editing can lead to a codon
change and consequent alterations of protein-coding sequences of selected genes, resulting in
a diversification of their protein functions. However, the vast majority of A→I RNA editing
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sites are in noncoding sequences. 5′ and 3′ untranslated regions (UTRs) and intronic
retrotransposon elements, such as Alu and long interspersed elements (LINEs), are frequently
targeted. Although the biological significance of these repetitive RNAs remains largely
unknown, the interesting possibility that they are involved in the control of endogenous short
interfering RNAs (esiRNAs) has emerged.

Precursors of certain microRNAs (miRNAs) also undergo A→I RNA editing. Here, editing
regulates processing of precursor miRNAs into mature miRNAs or leads to selection of new
target genes for silencing by edited miRNAs. These recent studies reveal new functions for
A→I editing in regulation of noncoding RNAs and modulation of RNA interference (RNAi)
pathways (5).

In this review, I briefly introduce the A→I RNA editing system, ADARs, editing-site
selectivity, and representative A→I RNA editing targets of some protein-coding genes and
diversification of their functions. However, I put much emphasis on A→I RNA editing of non-
coding RNAs and also on the interaction between RNA editing and RNAi pathways. I do not
attempt to cover all aspects of A→I RNA editing. More comprehensive reviews are available
(6–10).

A→I RNA EDITING AND ADAR GENES
A→I RNA editing is mediated by ADARs. In the following sections, the A→I deamination
mechanism, different ADAR genes, domain structures of ADARs, editing-site selectivity,
regulation of ADAR gene expression, and their localization are described.

Hydrolytic Deamination of Adenosine to Inosine by ADARs
During A→I editing, adenosine is converted to inosine by hydrolytic deamination of the
adenine base (Figure 1a) (11, 12). The A→I deamination reaction is catalyzed by ADARs
(Figure 2a). ADARs were originally identified in Xenopus laevis eggs and embryos as a
mysterious dsRNA-unwinding activity (13, 14). Soon after, however, it was revealed that this
activity is a dsRNA-specific adenosine deaminase (11, 12). The first mammalian ADAR gene
identified, human ADAR1, was cloned following biochemical purification (15, 16) and
microsequencing of ADAR1 protein (17, 18), which led to identification of ADAR2 (19–21)
and ADAR3 (Figure 2a) (22, 23). The enzymatic activity of ADAR1 and ADAR2 has been
demonstrated (17, 19–21). Although ADAR3 activity has not been demonstrated, its functional
domain features are conserved (22, 23). These three ADARs are highly conserved in vertebrates
(24, 25).A single ADAR2-like gene, dADAR, is present in Drosophila melanogaster (26),
whereas two ADAR genes, CeADR1 and CeADR2, exist in Caenorhabditis elegans (27). Two
splicing isoforms of squid ADAR2, with high homology to human ADAR2, were also
identified (Figure 2a) (28). Interestingly, recent screening of invertebrate genome databases
identified ADAR1 and ADAR2 but not ADAR3 in sea urchin and sea anemones (29), indicating
that ADAR1 and ADAR2 arose in early metazoan evolution, whereas ADAR3 might have
evolved more recently by possible duplication of ADAR2 in vertebrates. Furthermore,
ADAR1 or ADAR2 was lost in some species, such as insects and squid, during subsequent
evolution. ADARs are absent in all protozoa, yeast, and plants (29).

In addition to the ADAR family, adenosine deaminases acting on tRNA (ADATs) have been
identified because of their sequence homology to ADARs (Figure 2b). ADATs are involved
in A→I editing of tRNAs at or near the anticodon position. The ADAT members are conserved
in eukaryotes from yeast to man (30). Moreover, a bacterial ortholog of the ADAT family,
tRNA adenosine deaminase (TadA), also exists, indicating conservation of this A→I editing
function between prokaryotes and eukaryotes (31). ADATs have been hypothesized to be the
evolutionary ancestors of ADARs. Interestingly, it is not the adenosine deaminase acting on
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mononucleotides (ADAs) but the cytidine deaminases acting on mononucleotides (CDAs) that
are the likely predecessors to ADATs and consequently ADAR (17, 30).

ADAR Domain Structure and the A→I Editing Mechanism
Common domain structures are found among members of the ADAR gene family (Figure
2a). One to three repeats of the dsRNA-binding domain (dsRBD) (~65 amino acids), forming
a highly conserved α-β-β-β-α configuration structure, are present among ADARs. The dsRBD
makes direct contact with the dsRNA (32) and is required for dsRNA binding (33). Certain
structural features are unique to particular ADAR members. For instance, ADAR1 contains
two Z-DNA-binding domains, Zα and Zβ (34). The functional significance of Z domains
remains largely unknown. ADAR3 contains an arginine-rich single-stranded RNA (ssRNA)-
binding domain (R domain) in its N-terminal region (22). More recently, the presence of the
R domain was detected also in a minor fraction of ADAR2 mRNAs, indicating the evolutionary
conservation of this domain and thus its functional significance (35).

The C-terminal region of ADAR contains a catalytic domain consisting of amino acid residues
that are conserved in several cytidine deaminases, including APOBEC1, that are involved in
the C→U mRNA editing mechanism and are predicted to participate in the formation of the
catalytic center containing a zinc ion (17,36). The crystal structure of the catalytic domain of
human ADAR2 reveals that histidine H394, glutamic acid E396, and two cysteine residues,
C451 and C516, are involved in the coordination of a zinc atom and the formation of the
catalytic center (37). Most interestingly, an inositol hexakisphosphate (IP6) moiety is buried
within the enzyme core and likely stabilizes multiple arginine and lysine residues present in
the catalytic pocket. IP6 is located very close to the catalytic center, strongly arguing that it
plays a critical role during the hydrolytic deamination reaction (37).

Editing-Site Selectivity
A→I editing of dsRNA can be very specific, leading to deamination of select adenosine
residues, or it can be almost random and lead to nonselective conversion of many adenosines.
Both inter- and intramolecular dsRNAs of >20 base pair (bp) (two turns of the dsRNA helix)
can serve as a substrate for ADAR (38). Many adenosine residues of long dsRNAs (>100 bp)
are edited promiscuously, resulting in ~50% of all adenosine residues being converted to
inosine. These are detected as so-called hypermutations of viral RNAs during replication and
as a subsequent persistent infection with certain ss-RNA viruses, such as the measles virus
(39), and they are also detected during extensive editing of sense-antisense RNA pairs made
from transcripts of select genes, such as Drosophila 4f-rmp (40) and C. elegans eri-6 and
eri-7 (41). By contrast, short dsRNAs (~20–30 bp) or long ds-RNAs with mismatched bases,
bulges, and loops (imperfect dsRNAs) are edited selectively; only a few adenosines are
specifically chosen, indicating that the secondary structure within ADAR substrates dictates
editing-site selectivity (42).

For site-selective A→I editing of protein-coding sequences, an imperfect fold-back dsRNA
structure is formed between the exon sequence surrounding the editing site(s) and a
downstream, usually intronic complementary sequence termed editing-site complementary
sequence (ECS). This is demonstrated for the pre-mRNAs of the glutamate receptor B (GluR-
B) Q/R site (43); the GluR-B,-C,-D R/G sites (44); or the A–E sites of serotonin (5-HT) receptor
2C (5-HT2CR) (45,46). However, the ECS of certain substrate RNAs is found within the exon
sequence; for example, in the Drosophila Kv1.1 potassium ion channel (47); mammalian
GABAA receptor α3 (Gabra-3) (48); and the self-editing site of dADAR (49). Furthermore,
the dsRNA structure can be formed with the ECS through a complicated long-range
pseudoknot, as shown for several recoding sites identified in Drosophila synaptotagmin I
(50). Nonetheless, the ECS and the dsRNA structure are absolutely required for editing (8,9).
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Homodimerization of ADAR Is Required for Catalytic Activity
Some editing sites are preferentially edited only by ADAR1 or ADAR2, indicating a significant
difference in their RNA-substrate interactions, possibly through their dsRBDs (51). ADAR1
or ADAR2 differ in the number of dsRBDs and in the spacing between the dsRBDs (51). In
GluR-B pre-mRNA, the unique positioning of the second dsRBD of ADAR2, which is located
close to two bulged bases adjacent to the R/G editing site, may contribute to selection of the
adenine to be edited (51). The distinctive editing-site selectivity of ADAR1 and ADAR2 may
also be mediated through functional interactions between the two monomers of ADAR1 and
ADAR2, as such interactions possibly position specific adenosine residues relative to the
catalytic center of ADAR (51,52).

In vitro studies have revealed that the A→I editing activity of fly dADAR (53) and mammalian
ADAR1 and ADAR2 (52) requires homodimerization. By contrast, ADAR3 does not dimerize
at least in vitro, perhaps explaining the enzymatic inactivity of this ADAR family member
(52). In vivo homodimerization of mammalian ADAR1 and ADAR2 was verified through
studies using bioluminescence resonance energy transfer and fluorescence resonance energy
transfer methods (54,55). Whether ADAR dimerization requires RNA is the subject of debate
(52–55). However, recent studies, using mutant ADAR1 and ADAR2 incapable of binding to
dsRNA, indicate that dimerization is independent of RNA binding, suggesting that homodimer
complex formation is mediated through protein-protein interactions between two monomers
(33). Interestingly, a mutated ADAR subunit had a dominant-negative effect on dimer
functions, indicating that the dsRBDs of the interacting monomers function cooperatively
(33). The region involved in the dimerization of mammalian ADAR proteins remains to be
established.

ADAR Regulation and Tissue and Cellular Distribution
Both ADAR1 and ADAR2 are present in many tissues, whereas ADAR3 is expressed only in
brain (17,19–23). Two isoforms of ADAR1, a full-length ADAR1p150 and a shorter, N-
terminally truncated ADAR1p110, are known (Figure 2a) (56). One of the three promoters that
drive transcription of the ADAR1 gene is interferon inducible, and the mRNA transcribed from
this promoter directs translation of ADAR1p150 (57). Two other ADAR1 mRNAs, transcribed
from constitutive promoters, direct the synthesis of ADAR1p110, which is initiated from a
downstream methionine as the result of alternative splicing and skipping of the exon containing
the upstream methionine (Figure 2a). ADAR2 expression is regulated by the transcriptional
activator CREB (cyclic adenosine monophosphate response element-binding) protein during
experimental induction of ischemia in rat brain (58). The regulatory mechanism for ADAR3
is currently unknown.

The developmentally regulated expression of ADAR1 and ADAR2, starting around E10.0, has
been reported in mice (59,60). Finally, ADAR1 is regulated by the miRNA-mediated RNAi
mechanism. The expression of ADAR1 is downregulated by miRNA-1 (miR-1) (61).
Interestingly, miR-1 plays a critical role in the development of embryonic heart (62). Moreover,
the earliest and highest expression of ADAR1 is detected in mouse embryonic heart at E10.0
(63), suggesting an important function of ADAR1 in mouse heart development and its tight
regulation by miR-1.

ADAR1p150 is detected mainly in the cytoplasm (56,64,65). The cellular distribution of
ADAR1p150 suggests that its targets, possibly including a different class of dsRNA substrates
(e.g., esiRNAs, see below), may be localized to the cytoplasm (66). A nuclear localization
signal has been identified in the third dsRBD of ADAR1 (65,67). In addition, a functional
nuclear export signal has been identified in the N-terminal Zα domain in full-length
ADAR1p150, which is exported to the cytoplasm by the CRM1-RanGTP-mediated mechanism
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(65). Recently, however, the nuclear cytoplasmic shuttling of ADAR1p110 that lacks this
Zα domain has been reported in certain cell lines (68). Interaction with the protein exportin-5,
which is mediated via dsRNA binding, may be responsible for the CRM1-RanGTP-
independent nuclear export of ADAR1. Although binding of dsRNA to the third dsRBD
appears to facilitate nuclear export of ADAR1, it inhibits nuclear import of the complex.
Transportin-1, which binds to the third dsRBD, has been identified as the import receptor for
ADAR1 (68).

ADAR1, together with RanGTP and exportin-5, seems to act as a nuclear export carrier of
certain dsRNAs. Interestingly, pre-miRNAs, processed from primary transcripts of miRNAs
(pri-miRNAs) by Drosha/DGCR8, are exported into the cytoplasm by the RanGTP/exportin-5
complex (69). Thus, it would be interesting to determine whether ADAR1 is involved in the
nuclear export of pre-miRNAs (possibly edited pre-miRNAs).

Nuclear import of ADAR2 and ADAR3 appears to be controlled by importin α family
members: ADAR2 by importin α4 and α5, whereas ADAR3 by importin α1, which recognizes
the N-terminal R domain (70). The presence of the factor ADBP-1, which binds to CeADR2
and regulates the nuclear localization and activity of CeADR2, has also been reported (71).

Finally, ADAR1p110 and ADAR2 accumulate in the nucleolus (64,72). The localization of
ADAR1p110 and ADAR2 in this compartment, which is dependent on functional dsRBDs,
has been proposed to occur through their binding to rRNA or to small nucleolar RNA. They
may be stored temporarily in the nucleolus but move out to the nucleoplasm as substrate
dsRNAs appear (64,72). However, the significance of the nucleolar localization of
ADAR1p110 and ADAR2 remains largely unknown.

PHYSIOLOGY OF EDITING
Editing of coding sequences can result in dramatic alterations of the target gene functions.
Deficiency in editing created in animal model systems revealed the importance of editing in
vivo. Furthermore, the presence of human diseases related to A→I RNA editing has recently
become known.

Diversification of Protein-Coding Gene Functions
The translation machinery reads an inosine as if it were guanosine (Figure 1b), which could
lead to codon changes. Despite the initial expectation, only a limited number of cellular genes
(~30, mostly neurotransmitter receptors and ion channels) that are subjected to site-selective
A→I RNA editing within their coding sequences have been identified. These include
mammalian GluR (43), 5-HT2CR (46), and potassium channel Kv1.1 (73), squid Kv1.1A (74),
and Drosophila Na+ channel (75) gene transcripts as well as the hepatitis delta virus antigen
gene (76).

In most cases, RNA editing of protein-coding genes results in generation of protein isoforms
and diversification of protein functions. For instance, the coding regions of receptors for several
GluR ion channel subunits contain a total of eight A→I RNA editing sites (8,43). One of these
sites, the Q/R site, which is located within the channel pore-loop domain of the GluR-B subunit,
plays a critical role in ion channel function. A→I editing (CAG glutamine → CIG arginine,
thus Q/R site) of this site changes the tetrameric channel protein so that the channel becomes
impermeable to Ca2+ (8,43). Another example is the combinatorial editing of five sites (A-E
sites) located within the second intracellular loop or G protein– coupling domain of 5-HT2CR.
Editing of these sites changes three codons—AUA (isoleucine), AAU (asparagine), and AUU
(isoleucine)—to possibly six different amino acid residues (45,46,77). The result is that up to
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24 receptor isoforms are expressed with substantially altered G protein–coupling functions,
affecting 5-HT potency and ligand-binding affinity (45,46,77).

Among the 14 editing sites identified in the squid Kv1.1 channel, some sites affect the rate of
deactivation, whereas other sites located within the N terminus inhibit tetramerization of
individual subunits (74). However, the functional significance of most protein-recoding editing
sites remains to be established (7). This includes sites recently found in mammalian Gabra-3
(48) as well as numerous sites in Drosophila neurotransmitters and ion channels identified by
the comparative genomic method (73). The reader may refer to more comprehensive reviews
on these protein-recoding type A→I editing targets and their biological significance (7,8,10,
73).

Advantage of RNA Editing over Gene Mutations
RNA editing has several advantages over gene mutations. As with alternative splicing, the
extent of RNA editing can be differentially regulated (ranging from no editing to nearly 100%
editing) and can be spatiotemporally controlled. By contrast, because of the lack of such
control, gene mutations convey permanent, hardwired changes in the genome. This advantage
of RNA editing is reflected in the developmental regulation of GluRs (8), 5-HT2CR (46), and
Gabra-3 mRNA editing (48,78,79), as well as in editing targets containing multiple editing
sites, such as GluR-B (8), 5-HT2CR (46), and fly Ca2+ channel α1-subunit (80). Combinatorial
editing of the latter can generate numerous editing isoforms that are distributed differentially
in various brain subregions, contributing to a complicated regulation of multiple, functionally
diversified gene products. Interestingly, certain editing sites, such as the GluR-B Q/R site
(81) and Gabra-3 (48), are hardwired in the fish and frog genomes (which contain guanosine
instead of adenosine at sites subject to A→I editing in other species), indicating that the G→A
mutation of this site and control of the codon through A→I editing must have occurred more
recently for an evolutionary advantage.

RNA-Editing Deficiencies and Mutants with Altered Editing
Inactivation of ADAR gene family members has significant physiological consequences, as
seen in phenotypic alterations of ADAR gene mutants created in various species. Mutant flies
with a homozygous deletion in the dADAR gene exhibit brain-related changes, such as
temperature-sensitive paralysis, uncoordinated locomotion, and age-dependent
neurodegeneration, presumably resulting from a lack of editing of important dADAR target
genes such as Na+ (para), Ca2+ (Dmca1A), and glutamate-gated Cl− channels (DrosGluCl-α)
(26). C. elegans strains that contain homozygous deletions of both CeADR1 and CeADR2
display defective chemotaxis (27), although much reduced penetration of this phenotype has
been reported by a separate group (71). Mice with a homozygous ADAR2 null mutation die
several weeks after birth. These mice experience repeated episodes of epileptic seizures that
originate from excess influx of Ca2+ and consequent neuronal death caused by underediting
of the GluR-B Q/R site (82), which is a major target of ADAR2. However, ADAR2−/− mice
can be rescued by introducing the genomic GluR-BR mutation, which restores expression of
GluR-B “edited” at the Q/R site (82). ADAR3−/− mice are viable and appear to be normal,
although the possibility that ADAR1 and/or ADAR2 activity compensates for loss of ADAR3
function has not been excluded (M. Higuchi & P.H. Seeburg, personal communication). By
contrast, the inactivation of ADAR1 leads to an embryonic lethal phenotype because of
widespread apoptosis (60,63,83). Thus, at least ADAR1 is absolutely required for life in
mammals.

Recent studies using conditional inactivation of ADAR1 revealed that ADAR1 also plays a
critical role in the maintenance of hematopoietic stem cells, perhaps by preventing
inappropriate induction of interferon signaling pathways and apoptosis of hematopoietic
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progenitor cells (84). Mutant mice overexpressing ADAR2 display adult-onset hyperphagia
and consequent obesity (85). Interestingly, this obese phenotype was reproduced with a
separate mutant mouse line overexpressing catalytically inactive ADAR2, indicating the
possibility that hyperphagia and obese phenotype are caused by other ADAR2 functions,
perhaps through its binding to a currently unknown dsRNA substrate (85).

Mutant animal model systems with permanently altered editing patterns of specific substrate
RNAs have also been created. Phenotypes of these mutants generated important and often
surprising insight into the in vivo significance of A→I editing of particular substrate RNAs.
Self-editing of an ADAR2 intronic site creates a proximal 3′ splice site containing a
noncanonical adenosine-inosine dinucleoside. This leads to alternative splicing and consequent
loss of functional ADAR2 protein expression owing to premature translation termination
(86). The mutant mice, in which this ADAR2 intronic self-editing is eliminated by removing
the ECS sequence, lose ADAR2 autoediting and subsequent alternative splicing. ADAR2
protein expression is substantially increased in the mutant mice, confirming the function of
this intronic editing site in a negative feedback regulatory mechanism (87).

Drosophila dADAR undergoes developmentally regulated self-editing of its own mRNA,
which changes a conserved Ser (AGU) residue to Gly (IGU) in the catalytic domain and
generates an isoform with much reduced editing activities (88). Ubiquitous expression of only
the unedited isoform dADAR in embryos and in larvae of mutant flies is lethal because of the
excess editing activities of the unedited enzyme (49).

The importance of GluR-B Q/R site editing was clearly demonstrated in heterozygous mice
GluR-B+/ΔECS harboring an editing-incompetent GluR-B allele that lacks the ECS essential for
editing (89). The unedited GluR-B subunit, although having relatively low expression levels
(~25%), increased Ca2+ permeability in neurons and led to epileptic seizures and premature
death by 3 weeks of age (89).

Mutant mouse lines harboring knockin 5-HT2CR-VGV or 5-HT2CR-INI alleles have been
created, resulting in the sole expression of the fully edited 5-HT2CR-VGV isoform or the
unedited (editing-blocked) 5-HT2CR-INI isoform (90). Although INI mice grew normally,
VGV mice had drastically reduced fat mass, in spite of compensatory hyperphagia. Constitutive
activation of the sympathetic nervous system and consequent increase in energy expenditure
were detected in VGV mice. These studies revealed the presence of a previously unknown
mechanism, mediated via 5-HT2CR mRNA editing, that regulates energy expenditure and fat
metabolism (90). This discovery raised the possibility that substantial variations in metabolic
rate and obesity among individuals of different ages and ethnic backgrounds may be related,
at least in part, to differences in the editing efficacy of 5-HT2CR mRNAs (90).

RNA Editing in Human Diseases and Pathophysiology
Dysfunction of the A→I RNA editing mechanism can cause human diseases or
pathophysiology (91,92). Heterozygosity for functional null mutations in the ADAR1 gene—
a total of 41 sites have been discovered—results in dyschromatosis symmetrica hereditaria, an
autosomal dominant human pigmentary genodermatosis (93). Although the target dsRNA, as
well as the mechanism underlying the pathophysiology, of this genetic disease is unknown, a
longer isoform of ADAR1 (p150) has been given particular importance (91).

RNA-editing deficiencies also underlie disorders of the central nervous system. Underediting
of the Q/R site of GluR-B pre-mRNA has been implicated in the death of motor neurons of
sporadic amyotrophic lateral sclerosis (ALS) patients (94). Deficiency in the Q/R site of GluR-
B pre-mRNA editing has also been proposed to be responsible for the apoptotic death of
neurons during ischemia resulting from cardiac arrest and disruption of blood flow to the brain
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(58). RNA editing of 5-HT2CR might be relevant to the cause of certain neuropsychiatric
disorders, such as depression and schizophrenia (92). Also, the editing pattern of 5-HT2CR
mRNA is significantly altered in the prefrontal cortex of suicide victims (92,95,96).

Underediting of the GluR-B Q/R site (ADAR2 site) and reduced ADAR2 activities have been
reported in human gliomas. Increased Ca2+ influx through GluRs with unedited GluR-B was
proposed to underlie aggressive growth of tumor cells (97,98). Furthermore, the loss of ADAR2
editing activity in pediatric astrocytomas has been reported (99). Results of a global
bioinformatic survey of inverted Alu sequence editing also suggest that significant hypoediting
occurs in various types of human cancers, due at least in part to simultaneous downregulation
of ADAR1, ADAR2, and ADAR3 (100). This suggests that reduced A→I editing in general
may be involved in the patho-genesis of cancer (100). However, the causative relevance of the
reduction in A→I editing activities to the malignant transformation of cancers remains to be
established.

A→I EDITING OF REPETITIVE NONCODING RNA
Physiologically important editing sites, such as those for GluR-B and 5-HT2CR, and the
consequent alterations of their protein functions, were discovered serendipitously.
Identification of many more A→I RNA editing target genes was anticipated because a
substantial amount of inosine was detected in rat brain poly(A)+ RNA (101). Accordingly,
bioinformatics strategies for globally searching for A→I editing sites have been developed,
leading to the identification of a large number of new sites, which are mainly within noncoding
regions.

Bioinformatics Screening and Identification of A→I Editing Sites in Repeat Sequences
Reverse transcriptase recognizes inosine as guanosine; and therefore, A→I editing is detected
as an A→G change in the cDNA sequence or expressed sequence tag (EST). Accordingly,
several groups have developed computational methods for genome-wide identification of A→I
editing sites in cDNA (EST) sequencing databases (102–105). The screening strategy consists
of an algorithm that aligns a cluster of A→G mismatches within cDNAs or ESTs to the genome
sequence. A large number of human A→I RNA editing sites (~15,000 sites mapped in ~2,000
different genes) have been identified in noncoding regions that consist of inversely oriented
repetitive elements (Figure 3a), mostly within Alu elements and some LINE (102–105). It is
predicted that more than 85% of pre-mRNAs may be edited, with the vast majority being
targeted in introns and UTRs (102).

Editing depends on formation of RNA fold-back structures formed between intramolecular
inverted Alu (LINE) repeats. It turns out that the distance between an Alu and the closest
inverted element is a critical determinant for the likelihood that a given element is targeted by
the editing machinery (102,103). Alu repeats are short interspersed elements (SINEs) that are
unique to primates. Interestingly, bioinformatics screening for A→I editing sites in mouse, rat,
and chicken transcriptomes revealed that noncoding repeat sequences are also major targets in
these species, but the editing frequency is much lower than that observed in human
transcriptomes (104,106,107). The substantial reduction in frequency is most likely a result of
the differences in repeat length (e.g., ~300 bp versus ~150 bp for human Alu and mouse SINE,
respectively) and of the higher sequence homogeneity among human Alus as compared to more
divergent SINEs of other species (104,106,107).

Rare Editing of Protein-Coding Sequences
Combined bioinformatics and comparative genomics screening restricted to coding regions
resulted in the identification of only a few editing target genes (108,109). Application of a
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similar bioinformatics screening of Drosophila cDNA and EST databases identified 27 new
protein-coding targets, raising the possibility that the insect editing system may more
efficiently utilize recoding type A→I editing (110). Moreover, it became clear that some single-
nucleotide polymorphism (SNP) databases included many A→I RNA editing sites. However,
screening of a human SNP database identified only a few editing sites that result in recoding
of protein sequences (111,112). Finally, most recently, an unbiased screening method (the
padlock approach) was developed that allows amplification and deep sequencing of a large
number of human exons simultaneously. By focusing on the exons containing potential A→I
RNA editing sites (A→G changes in cDNA and EST), 53 new recoding type editing sites were
identified, increasing the repertoire of recoding type A→I RNA editing sites substantially
(113). Nonetheless, these results together indicate that the most common targets of ADARs
are the noncoding sequences of transcriptomes and also that protein recoding as a result of
A→I RNA editing is relatively rare.

FUNCTIONAL IMPLICATIONS OF REPETITIVE RNA EDITING
The biological significance of widespread global A→I editing of noncoding, repetitive
sequences remains largely a mystery (Figure 3a). The editing of an A:U pair results in creation
of an I·U wobble base pair and destabilization of the dsRNA structure. Some of the editing
sites are at an A·C mismatched pair, with editing resulting in an I:C Watson-Crick pair and
stabilization of the dsRNA structure. This change in the local and overall stability of the dsRNA
structure and of inosines converted from adenosines seems to be recognized by several
mechanisms. Accordingly, several possible functions of repeat element editing have been
proposed.

Creation and Elimination of Splicing Sites?
The splicing machinery interprets an inosine as a guanosine. A→I editing could therefore create
or delete splice donor and acceptor sites (Figure 3b). For example, a highly conserved canonical
5′ splice site dinucleotide recognition sequence GU (AU→IU = GU) or a 3′ splice acceptor
site AG (AA→ AI = AG) can be created by editing. Similarly, editing of a 3′ splice site AG
(AG→IG = GG) can destroy the site (114). Indeed, several examples of inclusion and exclusion
of the Alu exon due to editing of the Alu fold-back dsRNA sequence have been identified
through analysis of human cDNA sequences (102). More recently, a series of exonizations of
the intronic sequence of the human nuclear prelamin A recognition factor resulting in coding
differences has been reported (115, 116). The A→I editing of the Alu sequence and exonization
of the noncoding sequence may be one important evolutionary means for generating a new
variant protein with a novel function (102, 115, 116).

Nuclear Retention of Inosine-Containing RNAs?
A nuclear-localized multifunctional protein called p54nrb may play a role in the retention of
extensively edited RNAs (I-RNA) within the nucleus (Figure 3c) (117). It has been proposed
that A→I editing of a dsRNA formed on inverted repeats of SINEs present within the 3′ UTR
of mouse cationic amino acid transporter 2 (CAT2) nuclear RNA (CTN-RNA) and its binding
to p54nrb is involved in the mechanism that traps CTN-RNA within nuclear speckles (also
known as interchromatin granule clusters) (118). During stress, CTN RNA is
posttranscriptionally cleaved and de novo polyadenylated at an alternative site to produce
protein-coding mCAT2 mRNA, which is then translated for CAT2 proteins (118). Whether
the A→I editing of inverted Alu repeats in the 3′ UTR affects the nuclear retention mechanism
was evaluated in human cells with an EGFP reporter system (119). Silencing of the reporter
resulted from mRNA retention in the nucleus and was correlated with the extent of A→I editing
of inverted Alu repeats as well as by its association with p54nrb. However, more recent studies
on reporter RNAs, as well as on endogenous C. elegans and human mRNAs with an inverted
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repeat dsRNA structure, revealed that the presence of the dsRNA structure or A→I editing of
the dsRNA region plays no role in the nuclear retention of these mRNAs (120). In fact, these
dsRNA-containing mRNAs are exported into the cytoplasm, integrated into polysomes, and
translated efficiently, independent of their editing status (120). This raises doubt on whether
A→I editing of inversely oriented repeat elements does indeed play a role in the nuclear
retention mechanism (120).

Control of esiRNA Synthesis?
The concentration of editing sites in repeat elements brings up the question of whether A→I
editing acts as an antitransposon mechanism by altering the element sequence and inhibiting
the integration of transcribed Alu and LINE sequences back to the genome (102,104).
Alternatively, editing may protect dsRNAs derived from inverted repeats of these
retrotransposons from entering into the RNAi pathway (5). Recently, generation of esiRNAs
from long hairpin dsRNAs (hpRNAs) has been reported in insect somatic cells (121) and mouse
oocytes (122,123). Processing of founder dsRNAs into esiRNAs proceeds in a processive
fashion, producing esiRNAs with a ~21-nucleotide periodicity. The vast majority of esiRNAs
originate from long terminal repeats of transposons and retrotransposons, such as SINEs and
LINEs, whereas a substantial number of the remaining esiRNAs arise from pseudogenes or
protein-coding genes arranged in reverse orientations (124). These esiRNAs are generated by
Dicer and are involved in the silencing of transposon activities and founder genes of the
pseudogenes (122,123). Most interestingly, some esiRNAs contain a limited number of A→G
changes, indicating that the founder dsRNAs of these esiRNAs have undergone A→I RNA
editing (125). dsRNA that is extensively edited in vitro by ADAR becomes resistant to Dicer
(see the next section) (126). Therefore, generation of esiRNAs may be suppressed through
extensive A→I editing of the fold-back dsRNA in cells and in tissues expressing high levels
of ADARs (Figure 3d).

INTERACTION OF RNA EDITING AND RNAi PATHWAYS
Accumulating evidence suggests that A→I RNA editing and RNAi pathways interact. In fact,
the major function and evolutional reason for development of A→I RNA editing system may
be to modulate the efficacy of RNAi. In following sections, the studies related to this particular
aspect of A→I RNA editing are described.

Antagonistic Effects of A→I RNA Editing on RNAi
The A→I editing mechanism may interact with the RNAi pathway by competing for shared
dsRNA substrates and by antagonizing RNAi efficacy (5,127). Dicer seems to distinguish
dsRNAs that contain I·U wobble base pairs from dsRNAs that contain only Watson-Crick base
pairs. Increasing deamination of long dsR-NAs by ADAR progressively reduces the production
of small interfering RNA (siRNA) by Dicer. Indeed, dsRNA that is extensively edited (~50%
of the adenosines are converted to inosines) in vitro by ADAR becomes completely resistant
to Dicer (126). By contrast, moderately deaminated dsRNA can be processed in vitro to siRNAs
containing up to one I·U base pair per siRNA (126,128). However, the substitution of even a
single I·U for A:U base pair between the edited siRNAs and target mRNA could reduce the
efficacy of RNAi (126). As already described in the previous section, a large proportion of
esiRNAs containing a single A→G change has been identified recently in insect somatic cells
(125). These results suggest that founder dsRNAs consisting of long hpRNAs of repetitive
sequences are subject to A→I editing. Furthermore, they suggest that processing of the
extensively edited founder dsRNAs by Dicer may be prohibited. Taken together, A→I RNA
editing of long dsRNAs, such as those to be processed to esiRNAs, certainly can antagonize
siRNA-mediated gene-silencing efficacy (Figure 4a).
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Degradation of Edited dsRNAs by Tudor Staphylococcal Nuclease
Extensive A→I editing of dsRNA may also result in degradation, consequently reducing the
expression of esiRNAs. A ribonuclease activity that specifically cleaves inosine-containing
dsRNA (I-dsRNA) has been reported (126). This ribonuclease preferentially cleaves dsRNA
that contains multiple I·U base pairs (I-dsRNA) (126). Interestingly, Tudor staphylococcal
nuclease (Tudor-SN), an RNA-induced silencing complex (RISC)-associated component that
lacks an assigned function in the RNAi mechanism, has been identified as a potential I-dsRNA-
specific ribonuclease or at least as an essential cofactor of ribonuclease activity (129).
Extensive A→I editing might therefore lead to the degradation of dsRNAs by Tudor-SN, which
in turn results in reduced esiRNA expression levels (Figure 4a).

Sequestration of siRNA by ADAR1p150
In mammalian cells, ADAR1p150 might quench the function of siRNAs that have already been
processed from long dsRNA by Dicer. In vitro studies revealed that cytoplasmic ADAR1p150
binds siRNA very tightly, and gene silencing by siRNA is significantly more effective in mouse
fibroblasts that are homozygous for an ADAR1 null mutation than in wild-type cells (66).
These findings implicate ADAR1p150 as a cellular factor that limits siRNA potency in
mammalian cells by decreasing the effective siRNA concentration (66). Interestingly, induced
ADAR1 gene expression is observed in mice injected with high doses of nonspecific siRNA
(130), indicating that ADAR1 is involved in a cellular feedback mechanism in response to
siRNA (Figure 4b).

RNAi-Dependent Phenotypes of ADAR null Worms
C. elegans strains that contain homozygous deletions of both CeADR1 and CeADR2 genes
have defective chemotaxis (Figure 2a) (131). These phenotypic alterations, however, can be
reverted in RNAi-defective worms, indicating that the ADAR null phenotype is RNAi
dependent (131). Expression of a gene involved in the chemotaxis mechanism seems to be
controlled by the balance between A→I editing and RNAi on dsRNA derived from the
chemotaxis gene (Figure 4a). Overly enhanced RNAi effects and suppression of the chemotaxis
gene likely result in ADAR null worm phenotypes, but the identity of the chemotaxis gene as
well as details of the interaction between RNA editing and the RNAi pathway remain unknown.

In addition, studies of ADAR null worms indicate that ADAR is involved in the mechanism
that regulates the expression of transgenes. In C. elegans, A→I RNA editing of dsRNAs
derived from inverted repeats of transgenes seems to prevent silencing of the transgenes by
RNAi (132). RNAi-mediated transgene or viral gene silencing (cosuppression) is very efficient
in plants and fungi that lack ADAR genes and the A→I RNA editing system (133). Thus,
ADAR gene families and the A→I RNA editing system might have evolved to counteract or
regulate RNAi in the animal kingdom.

EDITING OF MIRNA AND ITS BIOLOGICAL SIGNIFICANCE
miRNA-mediated gene silencing controls many processes, such as development,
differentiation, and apoptosis (133,134). pri-miRNAs are processed sequentially by Drosha
and Dicer (69). Nuclear Drosha, together with its partner, DGCR8, cleaves pri-miRNAs,
releasing 60- to 70-nt pre-miRNAs. Correctly processed pre-miRNAs are recognized and
exported from the nucleus by exportin-5 and RanGTP. Cytoplasmic Dicer together with the
dsRNA-binding protein, transactivating response RNA-binding protein (TRBP), then cleaves
pre-miRNAs into 20- to 22-nt siRNA-like duplexes. One or both strands of the duplex may
serve as the mature miRNA. Following integration into miRNA-induced silencing complex
(miRISC), miRNAs block the translation of partially complementary targets located in the 3′
UTR of specific mRNAs or guide the degradation of target mRNAs as do siRNAs (Figure
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5a) (69,134). Although certain pri-miRNAs have been reported to undergo A→I RNA editing
in vivo (135–137), the biological significance of pri-miRNA remains unknown. Recent studies
revealed that A→I RNA editing modulates processing and function of miRNAs.

Editing of Pri-miRNA Inhibits Drosha Cleavage
Several adenosine residues of pri-miR-142 are highly edited by ADAR1 and/or ADAR2. In
vitro processing assays using Drosha/DGCR8 and Dicer/TRBP complexes revealed that
editing inhibits Drosha cleavage of pri-miR-142 and that sites most inhibitory for processing
of pri- to pre-miRNA-142 RNAs are the +4 and +5 sites located in the fold-back dsRNA stem
near the Drosha cleavage site (Figure 5b). As expected, miR-142-5p and miR-142-3p
expression levels are significantly higher in spleens of B-cell-lineage-specific ADAR1−/− mice
and ADAR2−/− mice than in spleens of wild-type control mice (138).

In view of the suppressive effects of A→I editing on the processing of pri-miR-142 and on the
expression of mature miR-142 RNAs, detection of a substantial level of highly edited pri-
miR-142 RNA sequences in wild-type mouse spleen is anticipated. However, only a relatively
low level of edited pri-miR-142 RNAs can be detected. Highly edited pri-miR-142 RNAs
(prohibited from cleavage by Drosha) appear to be rapidly degraded by Tudor-SN, a
ribonuclease specific to I-dsRNAs (Figure 5b) (129). Taken together, these findings suggest
that steady-state levels of edited pri-miR-142 RNAs are regulated by editing frequency and
Tudor-SN activity (138). However, some edited pri-miRNAs are stable, and perhaps only some
edited pri-miRNAs with multiple I·U pairs are selected for degradation by Tudor-SN following
A→I RNA editing.

Editing of Pri-miRNA Inhibits Dicer Cleavage
A major editing site (+3) and a minor site (−1) of pri-miR-151 were identified on its antisense
strand and near its end loop (139). Analysis of ADAR1−/− embryos revealed that editing of the
−1 and +3 sites is carried out by ADAR1 (139). No edited mature miR-151-3p RNAs were
detected, but all pre-miR-151 molecules detected were completely edited at the +3 site. An in
vitro pri-miRNA processing assay revealed that the A→I substitution at the −1 or +3 site had
no effect on Drosha cleavage but inhibited cleavage of the edited pre-miR-151 by the Dicer/
TRBP complex. These studies demonstrated that Dicer cleavage is the step inhibited by the
editing of pri-miR-151 at the major +3 and minor −1 sites, resulting in accumulation of edited
pre-miR-151 RNAs in the cytoplasm (139). Interestingly, in vitro studies showed that the
editing efficiency at the +3 site is much higher with pre-miR-151 than with pri-miR-151. It is
possible that certain pri-miRNAs, not edited in the nucleus, may be edited only after processing
to pre-miRNAs in the cytoplasm, most likely by the only cytoplasmic ADAR, ADAR1p150
(139).

Redirection of Silencing Target Genes by Edited miRNAs
A→I editing of miR-376 cluster transcripts can lead to the silencing of specific sets of genes,
resulting in stringent and tissue-specific regulation of certain gene products. Six human and
three mouse miR-376 family genes are included within the maternally imprinted loci. Most
miR-376 cluster members undergo extensive and simultaneous A→I editing at two specific
sites (+4 and +44 sites) in select human and mouse tissues and specific subregions of the brain
(Figure 6) (140). The +4 site is edited by ADAR2, whereas the +44 site is selectively edited
by ADAR1. Identification of the edited forms of mature miR-376 RNAs in certain tissues, such
as brain, revealed that, unlike the case of pri-miR-142 and pri-miR-151, editing of pri-miR-376
RNAs at the two sites does not affect the Drosha and Dicer cleavage steps. Both of the two
editing sites in pri-miR-376 RNAs (+4 and +44) are located within the functionally critical 5′
proximal “seed” sequences of miRNA-376-5p and −3p strands. Two different sets of the
potential target genes for unedited and edited miR-376a-5p (~80 each) were predicted in
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silico. Only a few overlapping genes were predicted to be targeted by both unedited and edited
miR-376a-5p. In vitro reporter verification experiments for select unedited-version targets and
edited-version targets confirmed that a single A→I base change is sufficient to redirect
silencing miRNAs to a new set of targets.

Endogenous expression levels of one of the edited-version miR-376a-5p targets,
pyrophosphate synthetase 1 (PRPS1), were assessed in wild-type and ADAR2−/− mouse
cortices. The +4 site of miR-376a-5p is edited exclusively by ADAR2. No edited mature
miR-376a-5p is expressed in ADAR2−/− mice, whereas both unedited and edited miR-376a-5p
are expressed in brain cortex of wild-type mice. Only unedited mature miR-376a-5p RNAs
were detected in liver of wild-type mice because of a nearly total lack of pri-miR376a RNA
editing in this tissue. The levels of PRPS1 were almost twofold lower in wild-type mouse cortex
than in ADAR2−/− mouse cortex. By contrast, no difference in PRPS1 expression was detected
between wild-type and ADAR2−/− liver, revealing that the edited miR-376a-5p does repress
this target gene in a tissue-specific manner. PRPS1 is involved in purine metabolism and the
uric acid synthesis pathway. Analysis of uric acid levels confirmed that tissue-specific
repression of PRPS1 is indeed reflected in a twofold increase in uric acid levels in
ADAR2−/− cortex. Thus, editing of miR-376a appears to be one of the mechanisms that ensure
tight regulation of uric acid levels in select tissues such as brain cortex (140).

Frequency and Fate of miRNA Editing
A large-scale survey of pri-miRNAs subject to A→I editing identified 86 A→I editing sites
in 47 pri-miRNAs, which are highly edited in human brain (141). Statistical analysis revealed
the most preferred sequence and structure surrounding pri-miRNA editing sites. The adenosine
residue of the UAG triplet with a partner nucleotide of cytidine appears to be the most
frequently and highly edited (141), consistent with the sequence preference of the highly edited
adenosine residues found previously by analysis of synthetic dsRNAs (6). In vitro processing
assays conducted on select pri-miRNAs (pri-let7-g, pri-miR-33, pri-miR-133a2, pri-miR-197,
pri-miR-203, and pri-miR-379) suggest that the majority of pri-miRNA editing events
suppresses or enhances miRNA processing steps (Figure 5b,c). Additional edited mature
miRNAs (miR-99b-3p, miR-379-5p, miR-411-5p, and miR-607) with altered seed sequences
are also detected. These edited mature miRNAs are predicted to repress a set of genes that
differ from those targeted by the unedited miRNAs (Figure 5d). Approximately 16% of human
pri-miRNAs are edited in brain, and thus the expression of a large number of genes is expected
to be affected globally by A→I editing of miRNAs (141). Conversely, ADARs may have
affected development of mammalian miRNAs during evolution because of a selective force
imposed on miRNA sequences by A→I editing.

Although this is yet to be demonstrated, A→I editing of certain pri-miRNAs at specific sites
may suppress their export from the nucleus by RanGTP/exportin-5 (Figure 5a). A→I RNA
editing is expected to affect the local stability of the duplex. The selection of the “effective”
miRNA strand that is loaded onto miRISC and that guides the miRNA to the target mRNA
depends on the local stability of the sense-antisense miRNA duplex (Figure 5a) (133, 134,
142). Thus, editing may also affect the selection of the effective miRNA strand.

Modulation of the miRNA Target Sites by A→I Editing?
The possibility that editing of miRNA target sites may affect miRNA-mediated gene silencing
has been proposed (143). Because A→I editing occurs frequently within 3′ UTRs, which are
also common miRNA-binding (target) sites, A→I editing of 3′ UTRs may create or eliminate
the miRNA target site. However, computational screening for the frequency of editing at sites
that contain potential miRNA target sites revealed that RNA editing tends to avoid miRNA
target sites (143).
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INVOLVEMENT OF ADAR AND I-RNA IN OTHER FUNCTIONS
Several reports have implicated ADAR and/or inosine-containing RNAs (edited RNA
molecules) in functions that are currently not thoroughly understood. Nonetheless, these reports
may indicate important future directions of the field.

Function of I-dsRNA
dsRNAs containing tandem repeats of I·U base pairs have a unique geometry and reduced
stability compared to those containing A:U or G·U pairs (129). Moreover, they appear to be
recognized by certain cellular proteins, e.g., Tudor-SN (129). Hyperedited I-dsRNA may have
a unique function (144). I-dsRNAs specifically bind a complex that consists of proteins
previously characterized as components of stress granules. During stress, a subset of cellular
mRNAs are translationally silenced by sequestration into stress granules. Apparently, I-
dsRNAs complexed with stress granule component proteins downregulate gene expression by
inhibiting the translation initiation step (144). One of the I-dsRNAs tested for its translation
suppression activity was the edited pri-miR-142 (Figure 5b) (138). The presence of edited pri-
miR-142 substantially reduces the expression of a luciferase reporter, indicating that edited
miRNAs in general may have the potential for regulating gene expression in trans (144).

Involvement of ADAR in Other RNA Processing Pathways?
A→I RNA editing machinery appears to interact with several posttranscriptional RNA
processing pathways. Involvement of the intron sequence in the formation of the dsRNA
structure essential for editing as well as identification of many intronic editing sites predicted
that interactions occur between splicing machinery and editing enzymes. Both ADAR1 and
ADAR2 associate with spliceosomal component proteins (Sm and SR) within large nuclear
ribonucleoprotein particles (145). Indeed, coordination of editing and splicing has been noted
for the editing of GluR-B pre-mRNA Editing at the GluR-B Q/R site, 24 bases upstream of the
intron 5′ splice donor site, stimulates splicing (146). Furthermore, RNA editing and the
nonsense-mediated mRNA decay (NMD) mechanism also reportedly interact: The NMD-
associated protein Upf1 associates with ADAR1, leading to the proposed degradation of pre-
mRNAs containing edited Alu repeats by the NMD mechanism with the aid of Upf1 (147).

Heterochromatic Silencing?
The possible involvement of A→I RNA editing in the heterochromatic silencing mechanism
was proposed following the identification of vigilin as a cellular factor that binds I-RNAs
(148). Vigilin localized to heterochromatin is a component of a complex that contains ADAR1,
the Ku86/Ku70 heterodimer (DNA-binding proteins involved in the DNA repair mechanism);
RNA helicase A (RHA), the histone variant H2AX; and the heterochromatin protein HP1α
(148). RHA has various proposed functions, such as unwinding a dsRNA structure formed
around the exon-intron of the D. melanogaster Na+ channel gene, which is also an A→I RNA
editing target (75). The vigilin/ADAR1/Ku heterodimer/RHA complex recruits the DNA-
protein kinase DNA-PKcs enzyme, which phosphorylates a set of target proteins including
HP1α and H2AX and also plays a major role in the chromatin silencing mechanism (148). The
presence of ADAR1 in this complex suggests its involvement and a role for A→I RNA editing
or edited RNAs (I-RNAs) in the heterochromatic gene-silencing mechanism (148). Vigilin
supposedly recognizes the genomic loci producing dsRNAs derived from repetitive sequences,
such as retrotransposons, through binding to hyperedited I-RNAs and recruits other factors
(such as histone methylase SUV39HZ) essential for transformation of the region into
heterochromatin (149).

Nishikura Page 14

Annu Rev Biochem. Author manuscript; available in PMC 2010 October 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ADAR1 Function in Antiviral Mechanisms and Immunity?
Interferons induce the upregulation of ADAR1 (56), thus raising the possibility that ADAR1
functions in host defense mechanisms against viral infection and inflammation. For instance,
ADAR1 edits the hepatitis C virus RNA genome and inhibits its replication (150). Inosine-
containing mRNAs increase in T lymphocytes and macrophages stimulated with a variety of
inflammatory mediators, including tumor necrosis factor-α and interferon-γ (151).
Furthermore, ADAR1 interacts with nuclear factor 90 (NF90) family proteins, also known as
interleukin enhancer-binding factor 3 (ILF3), and affects the NF90-mediated gene regulatory
mechanism (152). NF90 is a known regulator that stimulates the activation of the cellular
antiviral expression cascade and activates interferon-β (152). Suppression of the interferon
activation pathway through the ADAR1-NF90 interaction is important for protecting
hematopoietic progenitor cells from apoptosis (84). Finally, the inhibitory effects of ADAR1
on interferon-β induction of the cellular response to DNA treatment have been reported,
supporting ADAR1’s function in DNA-mediated immune responses (153).

CONCLUSIONS AND PERSPECTIVES
Nearly two decades ago, ADARs were originally discovered as a mysterious dsRNA-
unwinding activity. Soon thereafter, ADARs were identified as dsRNA-specific adenosine
deaminase enzymes that are essential for the recoding type A→I editing of important
mammalian genes, such as GluRs and 5-HT2CRs. Since then, great progress has been made
with regard to identifying new RNA editing targets, the ADAR enzyme structure, and the site-
selective editing mechanism. However, many questions remain to be answered.

One of the most important issues to address is the biological significance of A→I editing of
noncoding RNAs, especially in relation to RNAi-mediated gene silencing.We are now
beginning to realize that A→I editing and ADAR functions are more global, affecting
expression of many more genes than previously anticipated. It appears that the primordial
function of ADAR may be to deal with noncoding dsR-NAs, such as those made from repetitive
elements of transposons and retrotransposons as well as pri-miRNAs, and to counterbalance
the efficacy of RNAi in the animal kingdom, possibly along with the expansion of repeat
elements in the genome. Editing of protein-coding sites may have appeared more recently,
perhaps by chance at the beginning, but were retained because of their extreme advantage. The
Functional Annotation of Mouse (FANTOM) project has revealed that mouse retrotransposons
are much more transcriptionally active than expected (154). The expression of these SINE,
LINE, and LTR elements is tightly regulated in a tissue-specific manner (154). It would be
interesting to determine whether A→I RNA editing is involved in the regulation of the
retrotransposon transcriptome.

The inactivation of ADAR1 leads to an embryonic-lethal phenotype, which is caused by
widespread apoptosis (60,63,83). Editing of currently unknown target dsRNA(s) appears to
protect developing embryos from massive apoptosis. It is tempting to speculate that the critical
function of ADAR1 may be to regulate the expression of noncoding RNAs, perhaps a select
set of miRNAs or the founder dsRNAs of esiRNAs.

Apart from further investigation into RNAi and RNA editing interactions, studies in other areas
are needed also. Studies on the interaction of ADAR with other proteins and factors (e.g.,
vigilin) revealed the involvement of A→I RNA editing in previously unexpected areas (e.g.,
heterochromatic gene silencing). Investigations into additional proteins and machinery that
interact with ADAR are anticipated to reveal new functions of A→I RNA editing. ADAR
expression levels in certain tissues and/or developing embryos do not necessarily correlate with
A→I RNA editing activities, indicating the presence of a posttranslational regulatory
mechanism (79). Almost no investigations exist on the posttranslational modification of
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ADARs, except for one report on sumoylation of ADAR1 and downregulation of its activity
(155). Furthermore, a better understanding of the mechanism that controls the cellular
distribution of ADARs (nuclear import and export) seems to be essential. Investigation into
such mechanisms—e.g., identification of regulatory factors, control of ADAR cellular
distribution, and posttranslational modifications—is needed to better understand the
mechanism regulating ADAR activity.

SUMMARY POINTS

1. A→I RNA editing is catalyzed by adenosine deaminases acting on RNA (ADARs).

2. Three mammalian ADAR genes (ADAR1–3) with common functional domains
have been identified.

3. ADARs edit protein-coding sequences of a limited number of genes, such as
glutamate receptor GluR-B and serotonin receptor 2C, resulting in dramatic
alterations of protein functions.

4. Deficiencies in the A→I RNA editing mechanism cause human diseases and
pathophysiology.

5. Bioinformatics studies have identified numerous A→I RNA editing sites genome
wide in Alu and LINE-repetitive RNA sequences located within introns and
untranslated regions (UTRs).

6. Although the biological significance of A→I editing of repeat RNAs remains
mostly unknown, one possibility is to control the synthesis of esiRNAs derived
from retrotransposons.

7. A→I RNA editing and RNAi mechanisms appear to interact and compete for
common substrate dsRNAs.

8. The biogenesis and function of certain miRNAs are regulated by the editing of
their precursors.

FUTURE ISSUES

1. The physiological significance of recoding editing of newly discovered protein-
coding genes needs to be identified.

2. Studies on mechanisms that regulate ADAR enzymatic activities, including
posttranslational modification and nuclear cytoplasmic transport control, and that
identify regulatory factors are necessary.

3. Structural studies on full-length ADAR proteins in complex with their RNA
substrates are essential for understanding of the site-selective editing mechanism.

4. We need to better understand the significance of the editing of noncoding repetitive
RNAs of transposons and retrotransposons.

5. Comprehensive identification of editing sites of pri-miRNAs and edited miRNAs
and determination of their significance are required.

6. The interaction between RNAi and RNA editing pathways needs to be further
investigated.

7. The RNA substrate(s) critical for apoptosis-prone ADAR1−/− mouse embryos must
be identified.
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Glossary

Adenosine deaminase
acting on RNA (ADAR)

ADAR catalyzes an RNA editing reaction whereby an adenosine
is converted to an inosine

Retrotransposons genetic elements containing retroviruses and transposons are
replicated through an intermediate RNA stage

Alu a dispersed, middle-repetitive DNA sequence (~1.4 million
copies) found in the human genome

LINE a long interspersed element sequence that is typically used for
non-long terminal repeat retrotransposons

Endogenous siRNA
(esiRNA)

repeat-associated siRNAs derived from endogenous repetitive
sequences such as Alu or LINE retrotransposon elements

MicroRNA (miRNA) a small (19–23 nucleotides) single-stranded RNA that is
processed from a precursor that consists of a short dsRNA
region, bulges, and a loop

Noncoding RNA RNA transcribed from DNA but not translated into protein

RNA interference
(RNAi)

a posttranscriptional gene-silencing process in which dsRNA
triggers the degradation of homologous mRNA induced by
siRNAs

Double-stranded RNA-
binding domain (dsRBD)

each dsRBD forms a domain (~65 amino acids) with α-β-β-β-
α structures and makes direct contact with dsRNA

Z-DNA left-handed DNA that differs from A- and B-DNA and that is
believed to be involved in specific biological functions

Expressed sequence tag
(EST)

a single-pass, short read of complementary DNA that is
generated from a transcribed region of the genome

SINE a short interspersed element of repetitive sequences, such as Alu
elements, generated by retrotransposons

Single-nucleotide
polymorphism (SNP)

SNPs are base-pair substitutions that are the most common
forms of genetic polymorphism SNPs are typically biallelic

Wobble base pair non-Watson-Crick pairing such as the thermodynamically less
stable G·U and I·U pairing

Small interfering RNA
(siRNA)

a small (19–23 bp) noncoding dsRNA that is processed from a
longer dsRNA by Dicer

miRNA-induced
silencing complex
(miRISC)

the miRNA-mediated RNAi machinery that contains miRNAs
and other protein factors, such as Ago-2
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Figure 1.
Deamination of adenosine to inosine by ADAR. (a) A hydrolytic deamination reaction converts
adenosine to inosine. (b) Adenosine base pairs with uridine, whereas inosine base pairs, as if
it were guanosine, in a Watson-Crick-bonding configuration with cytidine.
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Figure 2.
ADAR and ADAT family members. (a) The ADAR family is shown. Three vertebrate ADAR
family members (ADAR1–3) are known. Two ADAR1 translation products (ADAR1p150 and
ADAR1p110 isoforms) are known. Vertebrate ADARs, squid SqADAR2a and SqADAR2b
(splicing isoforms), Drosophila melanogaster dADAR, and two C. elegans members
(CeADR1 and CeADR2) share common functional domains: two to three repeats of the
dsRNA-binding domain (dsRBD) and a catalytic deaminase domain. Certain structural
features, such as Z-DNA-binding domains and the arginine-rich R domain, are unique to
particular ADAR members. (b) The ADAT family is shown. Presented is the only known
mammalian ADAT family member (ADAT1), its yeast homolog (ScADAT1), two additional
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yeast ADAT families (ScADAT2 and ScADAT3), and the only known bacterial ADAT family
member (EcTadA). The unique mammalian ADAT1 sequence is located within the deaminase
domain (gray bar). ADARs target dsRNA. ADATs target tRNA, even though they lack any
known RNA-binding motifs. Yeast ScADAT2 and ScADAT3 form active heterodimers,
whereas ADAR1 and ADAR2 form active homodimers.
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Figure 3.
Possible regulatory functions for noncoding RNA editing. (a) Extensive A→I editing of an
RNA duplex structure that consists of inverted Alu or LINE repeats. The inverted Alu or LINE
repeats in introns and untranslated regions (UTRs) form intramolecular RNA duplexes genome
wide, which are then subjected to A→I RNA editing by ADAR. (b) Splicing machinery
interprets an inosine as a guanosine. Therefore, splice sites might be created or deleted by A→I
editing of intronic Alu fold-back dsRNAs, leading to the inclusion or exclusion of Alu exons
(102). (c) A→I editing of a short interspersed element (SINE) fold-back dsRNA present within
the 3′ UTR of cationic amino acid transporter 2 (CAT2) nuclear (CTN) RNA. Its binding to
p54nrb might be involved in the regulatory mechanism that retains this RNA within nuclear
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speckles (118). When cells are placed under stress, CTN-RNA is cleaved and de novo
polyadenylated at an alternative site to release the protein-coding mCAT2 mRNA, which is
then translated for CAT2 proteins (118). (d) A→I editing of Alu or LINE fold-back dsRNAs
might suppress the generation of esiRNAs and consequent RNAi-mediated silencing of
retrotransposon activities and/or genes (mRNAs) harboring these sequences within UTRs in
trans.
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Figure 4.
Interaction between RNA editing and RNAi pathways. Two possible ways in which RNA
editing and RNAi pathways may interact. (a) The introduction of many I·U base pairs and the
alteration of the dsRNA structure by ADAR leads to the generation of fewer esiRNAs by Dicer,
because dsRNAs that contain many I·U base pairs become resistant to Dicer cleavage.
Alternatively, extensively edited dsRNAs with multiple I·U base pairs may be rapidly degraded
by Tudor staphylococcal nuclease (Tudor-SN), resulting in the generation of fewer esiRNAs.
(b) In addition, a fraction of already processed siRNAs might be sequestered by certain ADAR
gene family members, reducing the effective siRNA concentration. For instance, cytoplasmic
ADAR1p150 binds siRNA tightly. Gene silencing by siRNA is significantly more effective in
the absence of ADAR1, indicating that ADAR1p150 is a cellular factor that limits siRNA
potency in mammalian cells by decreasing the effective siRNA concentration and its
incorporation into RNA-induced silencing complex.
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Figure 5.
Regulation of miRNA processing and expression by RNA editing. (a) The Drosha/DGCR8
complex cleaves pri-miRNAs in the nucleus, producing ~70-nt pre-miRNA intermediates,
which are exported by exportin-5 (Exp5) and RanGTP (Ran) into the cytoplasm. The Dicer/
TRBP complex executes a second cleavage, generating mature miRNAs. (b) Drosha cleavage
of pri- to pre-miRNA is suppressed by A→ editing of certain sites, such as the +4 and +5 sites
of pri-miRNA-142 (miR-142). In addition, highly edited pri-miRNA-142 is degraded by Tudor
staphylococcal nuclease (Tudor-SN) (138). (c) A→I editing of certain sites might lead to
inhibition of the Dicer/TRBP cleavage step, as shown for pri-miR-151 editing. (d) Editing of
pri-miRNAs at certain sites might lead to the expression of edited mature miRNAs and
silencing of a different set of target genes owing to “seed” sequence alterations, as shown for
miR-376.
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Figure 6.
A→I RNA editing of pri-miR-376 RNAs. Hairpin structures of five human pri-miR-376 cluster
member RNAs that are frequently edited in brain and other tissues. Regions processed into
mature miRNAs are highlighted in blue. The two most highly edited adenosines (+4 and +44
sites) are highlighted in red. Editing sites that are numbered with the 5′ end of the human
miR-376a1–5p sequence are counted as +1.
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