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Abstract
A-to-I RNA editing, the deamination of adenosine (A) to inosine (I) that occurs in regions of RNA
with double-stranded character, is catalyzed by a family of Adenosine Deaminases Acting on
RNA (ADARs). In mammals there are three ADAR genes. Two encode proteins that possess
demonstrated deaminase activity: ADAR1, which is interferon-inducible, and ADAR2 which is
constitutively expressed. ADAR3, by contrast, has not yet been shown to bean active enzyme. The
specificity of the ADAR1 and ADAR2 deaminases ranges from highly site-selective to non-
selective, dependent on the duplex structure of the substrate RNA. A-to-I editing is a form of
nucleotide substitution editing, because I is decoded as guanosine (G) instead of A by ribosomes
during translation and by polymerases during RNA-dependent RNA replication. Additionally, A-
to-I editing can alter RNA structure stability as I:U mismatches are less stable than A:U base pairs.
Both viral and cellular RNAs are edited by ADARs. A-to-I editing is of broad physiologic
significance. Among the outcomes of A-to-I editing are biochemical changes that affect how
viruses interact with their hosts, changes that can lead to either enhanced or reduced virus growth
and persistence dependent upon the specific virus.

The Three ADARs: ADAR1, ADAR2, and ADAR3
ADARs, RNA adenosine deaminases, catalyze the hydrolytic C6 deamination of adenosine
to produce inosine in RNA substrates with double-stranded (ds) character (Bass, 2002;
Nishikura, 2010; Toth et al., 2006). This reaction is commonly referred to as A-to-I RNA
editing (Fig. 1). ADAR activity was first described during antisense RNA studies as a
dsRNA duplex unwinding activity in Xenopus oocytes (Bass and Weintraub, 1987;
Rebagliati and Melton, 1987). But instead of unwinding dsRNA, the deamination of
adenosine in duplexes leads to destabilization of the dsRNA structure because I:U mismatch
base pairs are less stable than A:U pairs (Bass and Weintraub, 1988; Strobel et al., 1994;
Wagner et al., 1989). A-to-I editing is of two general types: the editing can be highly site-
selective with the adenosine deamination occurring at one or very few specific A’s in an
RNA; alternatively, multiple A’s may be deaminated in RNA substrates with near perfect
duplex structure (Bass, 2002; Gott and Emeson, 2000; Nishikura, 2010; Toth et al., 2006).

There are three members of the mammalian ADAR gene family, ADAR1, ADAR2 and
ADAR3(Bass et al., 1997; Bass, 2002; George et al., 2010; Maas et al., 2003; Nishikura,
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2010; Toth et al., 2006). While the three ADAR gene family members share extensive
similarity, significant differences also exist among the ADARs in terms of their regulation,
their protein domain structure, their subcellular localization and their biological functions.
Among the domains present in all of the ADAR proteins are repeated copies of a double-
stranded RNA binding domain, designated dsRBD or R, that are found in the central region
of the ADAR proteins. The C-terminal region of ADARs has homology to the catalytic
domain characteristic of nucleotide deaminases (Fig. 2).

ADAR1
The ADAR1 gene is present on human chromosome 1q21 (Wang et al, 1995; Weier et al,
1995) and mouse chromosome 3F2 (Weier et al., 2000). There are two protein size forms of
ADAR1 (Patterson and Samuel, 1995), known commonly as p150 and p110 but sometimes
referred to as ADAR1-L or large form and ADAR1-S or short form, respectively. ADAR1
also has been known variously as dsRAD, DRADA and K88 in the earlier literature (Bass et
al., 1997; Patterson and Samuel, 1995).

ADAR1 p150 is IFN inducible, whereas p110 is constitutively and ubiquitously expressed
(George et al, 2005; Patterson et al., 1995; Patterson and Samuel, 1995; Shtrichman et al.,
2002). The consensus long open reading frame of the human ADAR1 cDNA is 1226 amino
acids in length (Kim et al., 1994b; O’Connell et al., 1995; Patterson and Samuel, 1995).
Alternative promoters, only one of which is IFN inducible, drive the expression of the
human and mouse ADAR1 genes (George and Samuel, 1999a, 1999b; George et al., 2005;
Kawakubo and Samuel, 2000). The IFN inducible ADAR1 promoter possesses a consensus
Interferon-stimulated Response Element (ISRE) characteristic of type I IFN regulated genes
and an upstream Kinase-consensus Sequence (KCS-like) element similar to that found in the
IFN inducible PKR promoter, but the inducible promoter lacks a TATA box (George and
Samuel, 1999a,b; George et al., 2005, 2008; Kawakubo and Samuel, 2000; Kuhen and
Samuel, 1997; Markle et al., 2003). Because of alternative splicing involving exons 1 and 7,
unique transcripts are produced that encode the IFN-inducible p150 protein that is 1200
(human) or 1152 (mouse) amino acids as deduced from the cDNA sequence and the
constitutively expressed p110 protein that is 931 (human) or 903 (mouse) amino acids (Fig.
2).

The IFN inducible ADAR1 p150 protein is an N-terminal extension of the constitutively
expressed p110 protein. p150 and p110 both possess three copies of the prototypical
dsRNA-binding domain, RI, RII and RIII, first characterized in the IFN inducible RNA-
dependent protein kinase PKR (Fierro-Monti and Mathews, 2000; Liu and Samuel, 1996;
McCormack et al., 1992; Samuel, 1979). The same C-terminal deaminase catalytic domain
is present in both p110 and p150 (Kim et al., 1994; O’Connell et al., 1995; Patterson and
Samuel, 1995). However, the two ADAR1 proteins differ in their N-terminal region: two
copies of a Z-DNA binding domain, Zα and Zβ, are present in p150 but only Zβ is present in
p110. The Z-DNA binding domains of ADAR1 have homology to the poxvirus E3L protein
N-terminal region that also possesses a Z-DNA binding domain (Herbert et al., 1997, 2001;
Patterson and Samuel, 1995; Schwartz et al., 1999).

Mutational analyses have verified the activities assigned to the functional domains as
exemplified by the following site-specific amino acid substitutions. Mutation of His910 and
Glu912 within the C-terminal region corresponding to the deaminase catalytic core CHAE
motif abolished deaminase enzymatic activity of both p110 and p150 (Lai et al., 1995; Liu
and Samuel, 1996). The addition of the zinc ion chelator, O-phenanthroline, to deaminase
reaction mixtures also inhibits ADAR1 enzyme activity (Kim et al., 1994a). Substitution
mutations of a key lysine residue present in the core region of the dsRNA binding domains
of ADAR1 (K554, K665, and K777 in RI, RII and RIII, respectively) revealed that RIII was
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functionally the most important of the three RNA binding domains, and RII the least
important, for ADAR1 deaminase activity (Lai et al., 1995; Liu and Samuel, 1996; Liu et al.,
2000). The functional importance of the Z-DNA binding domains found in ADAR1, but not
ADAR2 or 3, is not yet clear. However, the related Z-DNA binding domain present in the
N-terminal region of the poxvirus E3L protein appears to play roles in viral pathogenesis
and innate immune signal transduction processes (Kim et al., 2003; Valentine and Smith,
2010). Because the A-form of dsRNA with purine-pyrimidine repeats can be transformed to
a left-handed Z-RNA helix and because Zα of ADAR1 can bind Z-RNA (Placido et al,
2007), conceivably a function of the so-called Z-DNA binding domain actually relates to the
binding of Z-RNA, but this remains to be established in a physiologically relevant context.

The ADAR1 p150 protein is found in both the cytoplasm and the nucleus, whereas the p110
protein localizes predominantly if not exclusively to the nucleus based on
immunofluorescence microscopy of whole cells and biochemical fractionation of cell
extracts (Patterson and Samuel, 1995). Nuclear localization and nuclear export signal
sequences have been characterized in ADAR1 and the p150 protein has been demonstrated
to shuttle between the cytoplasm and nucleus of cells (Eckmann et al., 2001; Fritz et al.,
2009; Poulsen et al., 2001; Strehblow et al., 2002). Thus, A-to-I RNA editing catalyzed by
ADAR1 p150 could occur either in the nucleus or cytoplasm, whereas editing by ADAR1
p110 would be a nuclear event. RNA editing by ADAR1 can be highly site-selective or the
editing can occur at multiple sites. Examples of RNAs edited by ADAR1 with high
positional selectivity include cellular transcripts in the nervous system that encode
neurotransmitter receptors for glutamate (GluR-B) and serotonin (5-HT2cR) (Burns et al.,
1997; Higuchi et al, 1993; Liu et al., 1999; Liu and Samuel, 1999; Niswander et al., 1999)
and viral RNAs including hepatitis delta virus antigenome RNA (Taylor, 2003; Casey,
2006) and the kaposin K12 transcript of human herpes virus 8 (Gandy et al., 2007). A-to-I
editing of GluR-B and 5-HT2cR transcripts takes place prior to splicing and is specified by
imperfect duplex RNA structures formed between adjacent exon and intron sequences;
hence, these edits are nuclear events (Seeburg and Hartner, 2003; Toth et al., 2006; Valente
and Nishikura, 2005). Beginning with the discovery of A-to-G hyper-editing of measles
virus RNA (Cattaneo et al., 1988), several examples of viral RNAs have been identified that
possess A-to-G transitions at multiple sites, sequence changes that are presumed to reflect
editing by an ADAR. These examples will be discussed later for respective specific viruses,
although in most instances it has not yet been established whether ADAR1 or ADAR2 is
responsible for the observed sequence changes. Finally, two viral gene products, the
vaccinia virus E3L IFN resistance protein (Liu et al., 2001) and the adenovirus VAI RNA
(Lei et al., 1998; Taylor et al., 2005) have been demonstrated to antagonize ADAR1
enzymatic activity. It is also conceivable that virus-induced post-translational modifications
alter ADAR activity, although this has not yet been demonstrated. However, sumoylation of
ADAR1 at Lys418 does alter A-to-I editing activity (Desterro et al., 2005).

ADAR2
The ADAR2 gene is found on human chromosome 21q22 (Mittaz et al., 1997) and mouse
chromosome 10C1 (Maas and Gommans, 2009a; Slavov and Gardiner, 2002). ADAR2 also
has been known variously as RED1 and DRADA2 in the earlier literature (Bass et al., 1997).

ADAR2, similar to ADAR1, is ubiquitously expressed in most tissues but is most abundant
in the brain (Melcher et al., 1996a, 1996b; Gan et al., 2006; Jacobs et al., 2009). ADAR2,
like ADAR1, also undergoes alternative splicing events and the diversity of transcripts seen
include alternative forms of exons 2, 5, 9 and 10, all of which suggests the existence of
different ADAR2 protein isoforms with potentially different activities (Gerber et al., 1997;
Maas and Gommans, 2009a; Mittaz et al., 1997; Slavov and Gardiner, 2002). The consensus
open reading frame of the human ADAR2 cDNA is 701 amino acids and this form is now
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referred to as ADAR2a (Bass et al., 1997; Lai et al, 1997; Maas and Gommans, 2009;
Mecher et al, 1996b; Mittaz et al., 1997; O’Connell et al., 1997). A second isoform of 750
amino acids designated ADAR2R with an N-terminal extension of the open reading frame
by 49 amino acids has been identified (Maas and Gommans, 2009a). The unique N-terminal
region of ADAR2R that is not present in ADAR2a includes an arginine-rich domain (ARG,
or R) similar in sequence, length and relative position to the ARG or R-domain found in
ADAR3 (Maas and Gommans, 2009a; Melcher et al., 1996b). ADAR2a and ADAR2R both
possess two copies of the dsRNA-binding domain (RI, RII) instead of three copies as found
in ADAR1; the deaminase catalytic domain is present at the C-terminus of ADAR2 similar
to the organization for ADAR1 (Fig. 2).

Atomic level structural insights have been gained from the study of ADAR2 domains
(Macbeth et al., 2005; Stefl et al., 2006). The NMR solution structure has been solved for
the dsRNA-binding domain region of rat ADAR2 (Stefl et al., 2006). The crystal structure of
the catalytic domain region of human ADAR2 also has been solved. The structure revealed
that the catalytic domain of ADAR2 contains one zinc ion and one molecule of inositol
hexakisphosphate. The inositol hexakisphosphate was shown to be a required cofactor for
ADAR2 enzymatic activity but not for ADAR1 activity (Macbeth et al., 2005).

ADAR2 localizes predominantly if not exclusively to the nucleus (Desterro et al., 2003;
Sansam et al, 2003). ADAR2 displays some overlap with ADAR1 in specificity and
substrates that can be edited (Lehmann and Bass, 2000), but also has some uniqueness
among substrates. For example, combined biochemical and genetic analyses have revealed
that the Glu-R Q/R site is edited by ADAR2, whereas both ADAR1 and ADAR2 can edit
the R/G site (Hartner et al., 2004; Higuchi et al., 2000; Liu and Samuel, 1999; Wang et al.,
2004). Both ADAR1 and ADAR2 are necessary for complete site-selective editing of the 5-
HT2cR substrate RNA (Burns et al., 1997; Hartner et al., 2004; Liu et al., 1999). Editing of
transcripts encoding the GluR and 5-HT2cR receptors results in selective amino acid
substitutions that affect the functional activities of these neurotransmitter receptor proteins
and hence the ensuing neurophysiology. In the case of GluR Q/R editing the calcium
permeability of the channel is reduced, whereas the R/G site editing alters kinetic properties
of the GluR-B receptor (Seeburg and Hartner, 2003). In the case of 5-HT2cR, full editing
reduces G-protein mediated signaling by the receptor (Burns et al. 1997; Niswender et al.,
1999). Whether viral infections, for example with neurotropic viruses, leads to alterations in
GluR or 5-HT2cR receptor function as a result of changes in the ADAR editing pattern
remains to be explored.

ADAR3
The third ADAR, ADAR3, displays significant similarity in size, sequence and domain
organization to that of ADAR2R, but otherwise differs from both ADAR1 and 2 in two
important ways: ADAR3 lacks enzymatic activity; and, ADAR3 shows restricted tissue
expression. While ADAR3 possesses a C-terminal region homologous to the deaminase
catalytic core of all known ADARs (Fig. 2), ADAR3 does not display demonstrable
deaminase catalytic activity with known A-to-I RNA editing substrates including the GluR-
B Q/R, R/G and intronic hot spot sites, the 5-HT2cR sites, or with synthetic dsRNA
substrates (Melcher et al, 1996b;Chen et al., 2000). Although ADAR3 lacks editing activity,
ADAR3 has been implicated as an inhibitor of both ADAR1 and ADAR2 enzymes (Chen et
al., 2000;Cho et al., 2003;Melcher et al., 1996b). Both ADAR1 and ADAR2 function as
dimers and are subject to dominant negative effects (Chilibeck et al., 2006;Valente and
Nishikura, 2007). Unlike ADAR1 and 2 which are ubiquitously expressed, expression of
ADAR3 is restricted to brain regions including amygdala and thalamus (Chen et al.,
2000;Melcher et al., 1996b). The N-terminal region of ADAR3, like that of ADAR2R,
includes an arginine-rich ARG or R domain (Fig. 2). This ARG/R domain has been shown
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to possess single-stranded RNA binding activity (Chen et al., 2000) and also specifically
interacts with importin-α1 and functions as a nuclear localization sequence (Maas and
Gommans, 2009b).

Effects of ADARs and A-to-I Editing on Virus-Host Interactions
ADARs play important roles during viral infections. They can have either a proviral or an
antiviral consequence, dependent upon the virus-host combination. A-to-I editing of viral
RNAs by ADARs first was implicated from sequence analyses that showed multiple A-to-I
(G) substitutions, an occurrence now termed hyper-editing. A-to-I (G) mutations attributed
to the action of ADARs during lytic and persistent infections have been described for
several different RNA viruses, initially with measles virus (Cattaneo et al., 1988) and then
with other RNA viruses including human parainfluenza virus (Murphy et al., 1991),
respiratory syncytial virus (Martinez et al., 1997), influenza virus (tenOever et al., 2007),
lymphocytic choriomeningitis (LCM) virus (Zhan et al., 2007), Rift Valley fever virus
(Suspène et al, 2008), mumps virus (Chambers et al., 2009) and hepatitis C virus (Taylor et
al., 2005), and a DNA virus, mouse polyoma virus (Kumar and Carmichael, 1997). Among
the RNA viruses implicated as editing targets of ADARs, most are negative-stranded or
ambisense in genome organization and coding strategy (Knipe et al., 2007). These examples
of viral RNA editing characterized by multiple sequence changes, and others that are
decidedly more site-selective including hepatitis delta virus (Jayan and Casey, 2002b; Luo et
al., 1990; Wong and Lazinski, 2002), Kaposi’s sarcoma-associated herpesvirus (HHV8)
(Gandy et al., 2007) and Epstein-Barr virus (Iizasa et al., 2010), will be considered in further
detail. For some of these viruses, the observed A-to-I (G) sequence changes are known to be
catalyzed by a specific ADAR and the editing has a subsequent functional consequence that
affects the outcome of the virus-host interaction. For viruses that replicate in the cytoplasm
of the infected host cell and for which ADAR-mediated A-to-I editing of viral RNA is
implicated, based on subcellular localization considerations, it is reasonable to presume that
the p150 isoform of ADAR1 is most likely the protein responsible because p150 is the sole
ADAR protein found in the cytoplasm. For viruses that replicate in the nucleus, either
ADAR1 p110 or p150 or ADAR2 presumably could be responsible for the viral editing
events as all of these ADAR proteins are active deaminases and all are found in the nucleus
(Bass, 2002; George et al., 2010; Nishikura, 2010; Toth et al., 2006).

The fundamental importance of A-to-I editing to normal physiology of uninfected cells and
animals is illustrated by the striking phenotypes seen in the mouse model following either
genetic disruption of Adar genes or overexpression of ADAR proteins. Knockouts have been
described for Adar1 that disrupt expression of both p110 and p150 (Hartner et al., 2004,
2009; Wang et al., 2004; XuFeng et al. 2009) or only p150 (Ward et al., 2010). The
knockout of mouse Adar1 results in embryonic lethality; Adar1−/− embryos die between
E11.5 and 12.5 and are characterized by apoptosis in many tissues, liver disintegration and
defects in hematopoiesis. By contrast, the Adar2 gene disruption does not result in
embryonic lethality, but rather Adar2−/− mice instead display behavioral abnormalities
including epileptic seizures (Higuchi et al., 2000). The behavioral dysfunction of Adar2−/−

mice interestingly is rescued by the knock-in of GluR-B with an edited (CGG) codon in
place of the unedited CAG codon (Higuchi et al., 2000). Finally, transgenic overexpression
of either wild-type or deaminase-deficient ADAR2 protein in mice leads to metabolic
alterations characterized by hyperphagia and adult-onset obesity (Singh et al., 2007).
Adargene targeting studies in the mouse have provided mouse embryo fibroblast cell lines
genetically deficient in either ADAR1 or ADAR2. Studies with these cells established
unequivocally, in some instances, the site selective roles of ADAR1 and ADAR2
deaminases for editing of viral and cellular RNAs (George et al, 2010; Nishikura, 2010). A-
to-I editing has been demonstrated to occur during virus growth and persistence for
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members of several virus families. Surprisingly, in some instances the ADAR-mediated A-
to-I editing has a proviral effect, and in other instances an antiviral effect, as illustrated by
the following examples.

Measles Virus and additional Paramyxoviruses
A-to-I (G) substitution editing by in situ C-6 deamination of adenosine has a long history
with viruses of the Paramyxoviridae family (Cattaneo and Billeter, 1992), and this form of
nucleotide substitution RNA editing should not be confused with the co-transcriptional
pseudo-templated G nucleotide insertion editing that causes a frameshift in the transcript
that encodes the V protein product of the P/V/C gene (Knipe et al., 2007). Measles virus, a
member of the Morbillivirus genus of the family Paramyxoviridae, is an enveloped virus
with a nonsegmented negative-stranded ~16-kb RNA genome that specifies five
monocistronic genes and the polycistronic P/V/C gene. Measles virus causes a typically
acute childhood infection spread by the respiratory route (Moss and Griffin, 2006).
However, a rare complication is a persistent infection of the central nervous system (CNS)
resulting in a fatal degenerative neurological disease, subacute sclerosing panencephalitis
(SSPE), and it is in this context where A-to-G transitions of MV RNA became apparent
(Oldstone, 2009).

When MV RNAs from brain autopsies of SSPE patients were characterized by cloning and
sequence analysis, numerous differences were found between the sequences of viruses that
cause acute infection and those from SSPE patients that included extensive hypermutations
in the matrix M gene as well as other viral genes (Baczko et al., 1993; Cattaneo et al., 1986,
1988; Schmid et al., 1992; Wong et al., 1991). The MV sequence changes found in the
diseased human brains, U-to-C transitions (or A-to-G dependent upon the strand sequenced),
are characteristic of A-to-I (G) editing by an ADAR deaminase (Cattaneo and Billeter,
1992). Reduction of viral M protein synthesis leads to decreased production of infectious
virions, and defective M protein production is associated with SSPE (Hall et al., 1979;
Liebert et al., 1986). Biologic evidence that the hypermutated matrix M protein of SSPE
virus contributes to the persistent infection and progressive CNS disease was provided by
transgenic CD46 mouse model studies with MV, including the Edmonston strain virus and
recombinant virus engineered to replace the Edmonstron M gene with the M gene of Biken
strain SSPE virus (Oldstone et al., 1999; Patterson et al., 2001).

A PCR-based strategy for analysis of viral RNAs has provided additional evidence for A-to-
G sequence changes characteristic of ADAR editing events ( Suspène et al., 2008). By
inversing the natural hydrogen bonding it was possible to selectively amplify GC-rich viral
genomes. The recovery of hyper-edited genomes of Schwarz strain measles virus from IFN
sensitive MRC5 cells included multiple A-to-G transitions, whereas genomes amplified
from MV infected Vero cells showed typical quasispecies variation of an RNA virus
(Suspène et al., 2008). While one study suggested that modification of MV RNAs by ADAR
must occur at a very low level if at all based on levels of ADAR activity in cells (Horikami
and Moyer, 1995), direct evidence consistent with a functional role of the IFN inducible
ADAR1 deaminase as a restriction factor for controlling measles virus infection was
provided by the study of mouse embryo fibroblasts (MEFs) stably expressing the SLAM
receptor for MV (Ward et al., 2010). MEFs genetically null for the p150 form of ADAR1
displayed extensive syncytium formation and virus-induced cytotoxicity following infection
with Edmonston MV strain, and produced infectious yields ~3 to 4 log10 higher at early
times after infection, compared to wild-type MEFs (Ward et al., 2010). Studies with human
HeLa cells made stably deficient in both ADAR1 p110 and p150 through a short hairpin
RNA-mediated knockdown strategy likewise revealed that ADAR1 suppresses MV-induced
cytotoxicity. Furthermore, the growth of Moraten vaccine strain MV mutants lacking
expression of the accessory proteins V or C was decreased in ADAR1-deficient HeLa cells
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compared to ADAR1-sufficient cells (Toth et al., 2009). Enhanced apoptosis and virus-
induced cytotoxicity in ADAR1-deficient cells correlated with enhanced activation of PKR
kinase and interferon regulatory factor IRF3 (Toth et al., 2009). Interestingly, induction of
IFN by MV is enhanced by PKR (McAllister et al., 2010) and synthetic dsRNAs containing
multiple I:U pairs are sufficient to suppress IFN induction and apoptosis in transfected cells
in a manner that correlates with the inhibition of activation of IRF3 (Vitali and Scadden,
2010). Presumably I:U mismatched dsRNA formed under physiologic conditions by the
deaminase action of ADARs could act in a similar manner.

Human respiratory syncytial virus (RSV), a member of the Pneumovirus genus of the
Paramyxoviridae family, is an important human pathogen. The G glycoprotein of RSV is the
virus attachment protein. Antibodies specific for the G protein of RSV have been used to
study the antigenic structure of the glycoprotein and to select antibody escape mutants.
Among the mutants obtained were hypermutated viruses with multiple A-to-G nucleotide
substitution transitions that caused a loss of epitopes of the G glycoprotein (Martínez et al.,
1997; Rueda et al., 1994). Such biased sequence changes found in the glycoprotein G gene
are consistent with the editing action of an ADAR, and appeared not to be scattered
generally throughout the RSV genome as no A-to-G sequence differences were found in the
glycoprotein F gene in three G gene mutants (Martínez et al., 1997; Martínez and Melero,
2002). A model has been presented for the generation of the multiple A-to-G transitions in
the RSV genome based on the predicted RNA secondary structures that serve as substrates
for editing by ADARs (Martínez and Melero, 2002).

Human parainfluenza virus 3 (HPIV3), a member of the Respirovirus genus of the
Paramyxoviridae, also has been shown to undergo hyper-mutation consistent with A-to-I
editing by an ADAR (Murphy et al., 1991). The 3′-end of HPIV3 RNA recovered from
cultured cells persistently infected for 29 months was highly mutated with A-to-G and U-to-
C transitions. Deamination catalyzed by ADAR has been implicated as a contributing factor
in the sequence changes seen in the live-attenuated Jeryl Lynn vaccine against mumps virus,
a member of the Rubulavirus genus of the Paramyxoviridae family (Amexis et al., 2002;
Chambers et al., 2009). The Jeryl Lynn vaccine against mumps virus contains two
components, JL5 and JL2, that differ by more than 400 nucleotides in sequence (Amexis et
al., 2002) with significant sequence variation of the JL2 component (Chambers et al., 2009).
Finally, similar to the results obtained with the Edmonston strain MV, ADAR1 p150
protected MEFs from virus-induced cytopathic effects following infection with additional
members of the Paramyxoviridae including Newcastle disease virus (NDV, genus
Rubulavirus), Sendai virus (genus Respirovirus) and canine distemper virus (CDV, genus
Morbillivirus) (Ward et al., 2010).

Vesicular stomatitis virus
In contrast to the results seen with NDV, Sendai and CDV viruses, no significant difference
was found between wild-type and ADAR1 p150−/− MEF cells following infection with
vesicular stomatitis virus (VSV). The single-cycle yields of VSV were comparable in wild-
type and p150−/− mutant MEFs (Ward et al., 2010). The stable over-expression of ADARs
in HEK 293 cells also did not affect VSV growth (Li et al., 2010). The single-cycle yield of
Indiana serotype VSV was comparable in human 293 cells in which either ADAR1 p150 or
ADAR2 was overexpressed compared to parental 293 cells. Furthermore, passage of VSV
for up to ten rounds of growth showed similar cycling yields of infectious VSV progeny by
293 parental cells and 293-ADAR1 and 293-ADAR2 overexpressing lines (Li et al., 2010), a
cycling phenomenon earlier described for VSV (Palma and Huang, 1974). The stable
knockdown of both p110 and p150 ADAR1 in HeLa cells to less than ~10 to 15% of the
parental cell levels of p110 and p150 also had no significant effect on VSV growth in the
absence of IFN treatment. However, inhibition of VSV growth in IFN-treated cells was ~1
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log10 further reduced in the ADAR1 knockdown cells compared to parental cells, and the
reduced VSV yield correlated with an increased phosphorylation and activation of the IFN-
induced protein kinase PKR (Li et al., 2010).

Prior to the discovery of ADARs, it was found that VSV Indiana defective interfering (DI)
particles, when characterized at intervals from a series of undiluted lytic passages of BHK
cells, exhibited extensive sequence rearrangements and base substitutions (O’Hara et al.,
1984). In one case, the DI particle exhibited a clustering of A-to-G (and U-to-C) transitions
in a short but intrinsically A-rich region, sequence changes that would be consistent with
editing by an ADAR. Alternatively, the sequence changes might reflect an error-prone VSV
polymerase complex rather than A-to-I editing given the lack of an effect of either ADAR1
p150 knockout, ADAR1 p110 and p150 knockdown, or ADAR1 or ADAR2 overexpression
on VSV Indiana replication (Li et al., 2010; Ward et al., 2010). Sequence evidence for an
ADAR-mediated hypermutation of the PP3 protein of Drosophila sigma virus has been
described (Carpenter et al., 2009). Sigma virus is a negative-stranded RNA virus and, like
VSV, is a member of the Rhabdoviridae family. Both the biased nature and the nucleotide
context of the A-to-G sequence changes seen in sigma virus are consistent with A-to-I
editing, although the frequency of their detection was low; the sequence changes were found
in only 2 of 104 viral isolates examined. Nonetheless, the observations raise the possibility
that ADAR deaminases may plan a role in antiviral immunity in insects (Carpenter et al.,
2009) that are known to possess some immune defense strategies similar to those found in
mammals (Ding, 2010).

A proviral effect of ADAR1 that enhances VSV replication has been described (Nie et al.,
2007). ADAR1 was found to interact with PKR and inhibit PKR activation and eIF-2α
phosphorylation, and transfected ADAR1 increased host susceptibility to VSV in wild-type
(PKR+) MEFs but not in PKR−/− mutant MEFs (Nie et al., 2007). Both the VSV proviral
effect of ADAR1 in transfected MEFs (Nie et al., 2007) as well as the enhancement of
plasmid-based ectopic gene expression by ADAR1 seen at the translational level by
decreasing PKR-dependent eIF-2α phosphorylation (Wang and Samuel, 2009) required the
N-terminal dsRNA binding domain but not the C-terminal deaminase domain of ADAR1.

Influenza virus
Influenza A viruses, enveloped viruses with segmented, negative-stranded RNA genomes
consisting of eight different ssRNAs, are members of the Orthomyxoviridae family of
viruses. A-to-G transitions are observed in influenza virus RNA isolated from infected mice
that possess an intact innate immune signaling system (tenOever et al., 2007). However,
mice lacking the IKKε kinase are hyper-susceptible to influenza virus infection, likely
because of a defect in IFN signaling in which a subset of ISGs including ADAR1 are poorly
expressed. The frequency of A-to-G transitions, the sequence change characteristic of A-to-I
editing by an ADAR, was reduced in mice null for IKKε following infection with the WSN
strain of influenza virus. When influenza virus RNA isolated from infected lung tissue was
analysed, >30% of the clones corresponding to a stem-loop structure present in the viral
matrix M1 mRNA showed one or more A-to-G changes in control mice with normal
ADAR1 induction, whereas <5% of the clones from IKKε null mice with poor ADAR1
induction possessed an A-to-G transition (tenOever et al., 2007). Whether the editing of
influenza virus RNAs in addition to M matrix RNA is altered in the absence of IKKε is not
yet known. The p150 isoform of ADAR1 protects against influenza virus-induced cytopathic
effects (Ward et al., 2010), but the mechanism of protection is not yet known. Infection of
p150−/− MEFs with the mouse adapted WSN strain of influenza A virus resulted in
enhanced virus-induced cytopathic effect (CPE) compared to minimal CPE seen with wild-
type infected MEFs (Ward et al., 2010). These results taken together are consistent with an
antiviral role of ADAR1 against influenza virus.
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The influenza virus NS1 non-structural protein is a known antagonist of the interferon
response (Randall and Goodbourn, 2008; Samuel, 2001). Among the cellular proteins
identified in a yeast two-hybrid screen as an interacting partner with NS1 is ADAR1. The
NS1 RNA binding domain and ADAR1 interacted in yeast and co-localized in MDCK cells
infected with an H5N1 strain of influenza A (Ngamurulert et al., 2009). Whether the
interaction of ADAR1 with NS1 reflects a direct protein: protein interaction or an indirect
interaction through an RNA bridge is not yet established. Finally, quantitative analysis of the
nucleolar proteome following infection with H1NI PR8 or H3N2 Udorn influenza A strains
revealed an increase in nucleolar ADAR1, both p150 and p110, in infected cells (Emmott et
al., 2010). The functional consequence of the enhanced amount of ADAR1 present in the
nucleolus following influenza infection remains to be established.

Lymphocytic choriomeningitis virus and Rift Valley fever virus
Lymphocytic choriomeningitis virus (LCMV) and Rift Valley fever virus (RVFV) are both
enveloped single-stranded RNA viruses with segmented genomes. LCMV is a member of
the Arenaviridae family of viruses and has two single-stranded genomic RNA segments, S
and L, that display an ambisense coding strategy. An increased frequency of A-to-G and U-
to-C mutations has been observed in LCMV infections (Grande-Perez et al., 2002, 2005;
Zahn et al., 2007). Again, while the observed LCMV sequence changes are consistent with
A-to-I editing, they have not yet been unequivocally established to be caused by the editing
action of a specific ADAR isoform.

Infection with LCMV leads to increased expression of the p150 form of ADAR1, both in
L929 mouse fibroblasts and in the spleens of C57BL/6 mice (Zahn et al., 2007). The
induction of p150 correlates with induced IFN levels in the serum of mice. Although the
mutation rate of genomic clones of LCMV in L929 cells did not show any specific pattern at
2 days after infection, after seven days a distinct A-to-G (and U-to-C) bias emerged when
the sequence analysis was focused on the glycoprotein GP region within the S segment.
Furthermore, infrequent clones showed a hyper-mutation pattern in a region of GP in which
38% of the A’s and 14% of the U’s were mutated. The spleen is a site of high LCMV virus
replication in the mouse, and a clear preference for A-to-G and U-to-C transitions was found
at four days after infection when mouse spleen tissue was analyzed. Up to 50% of the
mutations found in GP in cell culture and mice would be expected to cause mutations at the
GP protein, and in some instances the mutations altered the functionality of the viral GP
(Zahn et al., 2007). These results suggest that ADAR1, likely p150, is antiviral in the
context of the WE strain of LCMV virus in cell culture and the mouse model, with the
effects most pronounced after late times after infection. However, no significant differences
were seen in the yields of the clone 13 strain of LCMV between wild-type and ADAR1
p150−/− mutant MEFs (Ward et al., 2010).

Rift Valley fever virus is a member of the Bunyaviridae family of viruses and possesses
three negative-stranded RNA genomic segments, S, M and L. The RVFV NSs protein
product of the S segment is an antagonist of the IFN response, by blocking IFN production
and by mediating the degradation of the PKR kinase (Billecocq et al., 2004; Habjan et al.,
2009). When a region of the L gene was isolated from RVFV-infected cells by the 3DI-
PCR-based strategy that amplifies GC-rich ADAR-edited RNAs, characterization by cloning
and sequencing of the PCR products revealed extensive A-to-G hyper-editing of the viral
RNA isolated from infected IFN competent MRC5 cells but only quasispecies variation of
the RNA from infected Vero cells (Suspene et al., 2008).
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Hepatitis C virus
HCV is a member of the Flaviviridae family of viruses and possesses a ~9.6-kb positive-
stranded RNA genome contained within an enveloped virion. Chronic liver disease caused
by HCV infection, including liver cirrhosis and heptaceullar carcinoma, are estimated to
affect ~180 million individuals globally. The present therapy for chronic HCV infection is a
combination therapy consisting of pegylated IFNα and ribavirin. While the therapeutic
responsiveness of HCV genotypes 2 and 3 approaches 80%, a sustained virologic response
as measured by HCV RNA load reduction is much lower for genotype 1 HCV-infected
individuals (Fried et al., 2002). The analysis of polymorphisms in several genes of the IFNα
system not unexpectedly revealed that host genetic factors affect HCV responsiveness to
IFN therapy, in addition to factors including HCV virus genotype, patient age and cirrhosis
status (Welzel et al., 2009). Among these genes identified is ADAR. When European
American patients in the Hepatitis C Antiviral Long-term Treatment against Cirrhosis
(HALT-C) trial were analyzed for relationships between polymorphisms of 13 IFN system
pathway genes and sustained response, the benchmark of undetectable HCV RNA at week
72 of therapy was associated with ADAR Ex9 +14A in addition to polymorphisms in
IFNAR1and IFNAR2 and JAK1 (Welzel et al., 2009). These latter genes encode receptor
subunits for IFN and a tyrosine kinase involved in IFN signal transduction leading to
induction of IFN stimulated genes, including Adar1 (George et al., 2008; Samuel, 2001)

While the analysis of polymorphisms in genes such as ADAR1 suggests that ADAR1 may
play an important role in the host response to HCV infection (Welzel09), only limited
mechanistic studies have been described that directly test this possibility. The HCV replicon
system has provided a valuable experimental strategy to study HCV RNA replication and
innate antiviral immunity (Appel et al., 2006). Evidence consistent with an antiviral role of
ADAR1 emerged when it was found that IFNα treatment of HCV RNA replicon-containing
cells inhibited HCV viral RNA production, and that the siRNA-mediated knockdown of
ADAR1 or the inhibition of ADAR (and PKR) activity by adenovirus VAI RNA stimulated
HCV viral RNA production and reduced inosine-containing viral RNA (Taylor et al, 2005).

The availability of the JFH-1HCV virus and Huh7 hepatoma cell system for production of
infectious HCV in cell culture now permits mechanistic analyses of innate antiviral
responses to HCV in virus-infected cells (Lemon, 2010). It will be interesting to learn from
the study of HCV-infected cells whether ADAR1 is an important contributor to the outcome
of the HCV virus-host interaction in the infectious virus cell culture system. However, it is
known already that ADAR1 can modulate PKR activation status in cells infected with
negative-stranded RNA viruses (Li et al., 2010; Nie et al., 2007; Toth et al., 2009); PKR
activation and eIF-2 phosphorylation is suppressed by ADAR1. It also is known that PKR
activation in HCV-infected cells results in the inhibition of IFN-stimulated cellular protein
synthesis that initiates translation through a 5′-cap dependent mechanism, but not HCV
IRES-dependent viral protein synthesis (Garaigoita and Chisari, 2009). Furthermore, HCV
also controls IFN production through modulation of PKR activation; PKR-mediated
inhibition of IFN induction occurs in JFH1 HCV-infected Huh cells at the level of eIF2-
mediated inhibition of translation (Arnaud et al., 2010). Thus, an interesting possibility is
that ADAR1 is antiviral in the context of HCV infection through a combination of
mechanisms that includes A-to-I editing of HCV RNA that reduces HCV protein expression
directly through mutation of viral coding sequences, and editing that inhibits HCV indirectly
through suppression of PKR activation because of the A-to-I destablization of viral RNAs
that otherwise would activate PKR and prevent expression of both IFN and ISGs that do
block HCV replication.
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Hepatitis D virus
HDV provides an excellent example of site-selective editing of a viral RNA by ADAR in
which the effect of A-to-I editing is proviral (Casey, 2006). HDV is a viroid-like infectious
agent that occurs as a subviral satellite of hepatitis B virus (HBV) and is dependent upon
HBV for replication to provide the HBV surface antigen as the capsid coat of HDV. The
~1.7 kb HDV genome is a circular RNA that forms a rod-like imperfect double-stranded
RNA duplex in which ~70% of the nucleotides are based-paired. HDV encodes two forms of
virus-coded delta antigen protein (HDAg), a shorter form (HDAg-S) that is necessary for
viral RNA replication and a longer form (HDAg-L) that mediates packaging of the viral
genome and is necessary for HDV particle formation (Casey, 2006; Taylor, 2003). Early
during replication HDAg-S is produced, but at later times HDAg-L is synthesized. A-to-I
editing by ADAR at an “amber/W” site is necessary for production of the HDAg-L protein.

The ADAR editing of HDV antigenome RNA changes the amber (UAG) translation
termination codon that stops HDAg-S synthesis to a tryptophan (UIG) codon that permits
translation elongation and production of the HDAg-L protein. Without A-to-I editing to
generate the U(I=G)G Trp codon, HDAg-L synthesis and subsequent genome packaging
into HDV particles does not occur. HDV RNA editing is highly specific for the amber/W
site (Polson et al., 1998; Sato et al., 2001). The constitutively expressed p110 isoform of
ADAR1 is the ADAR deaminase primarily responsible for editing of the amber/tryptophan
site under normal conditions (Jayan and Casey 2002b; Wong and Lazinski, 2002). An
important determinant of the amount of editing of the amber/W site that occurs during viral
RNA replication is the metastable secondary structure of the HDV RNA substrate that may
differ among HDV genotypes and isolates (Jayan and Casey, 2005; Linnstaedt et al., 2010).

While under normal physiologic conditions ADAR1 p110 editing of HDV RNA is proviral,
enhanced levels of editing by either ADAR1 or ADAR2 can result in an antiviral response
(Jayan and Casey 2002a; Hartwig et al., 2004). Inhibition of HDV replication occurs under
conditions of increased HDV RNA editing in Huh cells achieved by ectopic overexpression
of either ADAR1 or ADAR2, by IFN treatment to induce increased expression of the
endogenous p150 isoform of ADAR1, or by generation of a replication competent HDV that
produces increased amounts of HDAg-L due to increased editing (Jayan and Casey 2002a;
Hartwig et al, 2004; Sato et al., 2004). Whether inhibition of HDV occurs in natural
infections because of enhanced editing by ADAR is unkown. However, when pegylated
IFNα is utilized as a therapy for treatment of HBV, if the level of ADAR1 p150 is increased
in patients treated with IFN, it is not unreasonable to presume that the elevated p150 might
display antiviral activity against HDV if also present as a satellite of HBV in the patient.

Retroviruses including human immunodeficiency virus
Human immunodeficiency virus type 1 (HIV-1), a member of the Lentivirus genus of the
family Retroviridae, is an enveloped virus with a positive-stranded RNA genome that is
reverse transcribed into a dsDNA provirus that subsequently is integrated into the host’s
genome. Several host cell machineries and factors are utilized during HIV-1 replication
including those for viral RNA transcription and processing (Brass et al., 2008; Bushman et
al., 2009; Knipe et al., 2007). ADAR1 generally has been found to have a proviral role,
enhancing HIV-1 expression (Clerzius et al., 2009; Doria et al., 2009; Phuphuakrat et al.,
2008). Thus, the action of ADAR1 is in contrast to the mutator activity of APOBEC3G and
related cytidine deaminases which fucntion as potent host restriction factors to impair
retrovirus growth, including HIV-1, through dC-to-dU editing of retroviral DNA (Chiu and
Green, 2008; Malim, 2009).
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The expression of ADAR1 but not ADAR2 was increased following PHA-activation of
CD4+ T lymphocytes (Phuphuakrat et al., 2008). Overexpression of wild-type ADAR1 but
not a catalytic domain HAE to QAA 910912 substitution mutant of ADAR1 lacking
deaminase activity upregulated HIV p24 protein expression. While ADAR overexpression
increased HIV-1 production, siRNA-mediated knockdown of ADAR1 decreased production
of the Gag precursor p55 and the capsid p24 proteins (Phuphuakrat et al., 2008). HIV-1
RNA was cloned and sequenced corresponding to two known regions of structured viral
RNA, the transactivation responsive element TAR and the Rev responsive element RRE.
The sequences around TAR did not show any repetitive editing, whereas A-to-G changes
were found around the RRE region at positions 8164–8166 in the ADAR1 overexpressing
cells corresponding to sites within the env gene. Mutant HIV-1 with the A-to-G edited
sequence was expressed more efficiently that wild-type HIV-1 (Phuphuakrat et al., 2008).
The TAR stem-loop structure of HIV was earlier shown to be a substrate for A-to-I editing
by ADARs when injected into Xenopus oocytes (Sharmeen et al., 1991), although the
significance of TAR editing in a physiologically relevant context of HIV-1 infected T cells
has not yet been clearly established (Phuphuakrat et al., 2008).

Subsequent studies showed that over-expression of ADAR1 in HIV-1 producer cells
increased viral replication by both editing-dependent and editing-independent mechanisms.
HIV-1 protein expression was enhanced by ADAR1 p150 overexpression in a manner that
required the dsRNA binding domains of ADAR but not ADAR1 deaminase activity, and the
increased HIV-1 expression correlated with a reduction in PKR activation and eIF-2
phosphorylation (Clerzius et al., 2009; Doria et al., 2009). However, the release of progeny
HIV-1 virions was increased by overexpression of wild-type but not a catalytic mutant
ADAR1, and these virions displayed enhanced infectivity. ADAR1-mediated editing was
detected in an A-rich hairpin region region of the the 5′-UTR shared by all HIV-1 transcripts
as well as at sites in the Rev and Tat coding sequences (Doria et al., 2009). Thus, HIV-1 not
only takes advantage of ADAR1 to impair antiviral pathways including PKR, but HIV-1
also seemingly employs mechanisms to avoid potentially deleterious A-to-I editing of its
genome RNA transcripts in a manner that would impair virus production.

Finally, sequence changes presumed to be caused by A-to-I editing catalyzed by ADARs
have been described for Rous-associated virus (RAV-1) (Hajjar and Linial, 1995) and avian
leucosis virus (ALV) (Felder et al, 1994). A c-mil/c-raf transducing retrovirus, designated
IC4, was isolated that contained a highly mutated U3 long terminal repeat sequence in which
48% of the A was converted to G, a substitution consistent with A-to-I editing (Felder et al.,
1994). An avian recombinant provirus generated during in vitro passage was described that
contained a ~150 nucleotide repeat region with A-to-G hypermutations, likely arising from
editing by an ADAR activity (Hajjar and Linial, 1995).

Human herpesviruses 4 (EBV) and 8 (KSHV)
Epstein-Barr virus (EBV) also known as human herpesvirus 4, and Kaposi’s sarcoma-
associated herpesvirus (KSHV) also known as human herpesvirus 8, are both members of
Herpesviridae family of dsDNA viruses. Both of these herpesviruses encode RNA
transcripts that undergo site-selective A-to-I editing (Gandy et al., 2007; Iizasa et al., 2010).
In one case, a viral transcript is edited in a manner that affects both a protein coding
sequence and a microRNA (miRNA); in the other case, a virus-derived miRNA is edited.

KSHV is associated with two AIDS-associated malignancies, Kaposi’s sarcoma (KS) and
primary effusion lymphoma (PEL). The K12 RNA transcript of KSHV produces multiple
kaposin protein variants (A,B,C) and also a miRNA. K12 is abundantly expressed in latent
KS-associated KSHV infection and also is induced in lytic infection. The region of the K12
transcript that encodes the miR-K10 microRNA also includes the kaposin A ORF, and has
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tumorigenic potential (Damania 2004; Muralidhar et al., 1998; Pfeffer et al., 2005).
However, selective A-to-I RNA editing corresponding to genome position 117990 within
the K12 transcript eliminates transforming activity and is increased during lytic KSHV
infection (Gandy et al., 2007). ADAR1 transcripts are ~10 to 20 times more abundant than
ADAR2 transcripts in PEL cells, and purified ADAR1 p110 was able to edit the K12 RNA
at adenosine 117990 in a highly selective manner (Gandy et al., 2007). Thus, in the case of
KSHV, A-to-I editing appears to contribute to the control of the kaposin A and miR-K10
transcript expression and subsequent biology: an unedited A at 117990 is associated with
tumorigenicty; the presence of a G (I) at 117990 resulting from A-to-I editing is associated
lytic KSHV replication.

EBV is associated with infectious mononucleosis and a variety of lymphomas. Among
virus-derived small regulatory RNAs that function as miRNAs, the first was identified in
EBV-infected human B cells (Pfeffer et al., 2004). More than 20 EBV miRNA genes are
now known and they include BART6. EBV miRNAs are implicated in the transition from
lytic to latent infection and the attenuation of antiviral responses (Berkhout and Jeang, 2007;
Skalsky and Cullen, 2010). EBV BART6 miRNA primary transcripts (pri-miR BART6)
have been shown to undergo A-to-I editing (Iizasa et al., 2010). BART6 miRNA, which
targets the Dicer nuclease that cleaves pre-miRNAs into miRNA duplexes, affects the latent
state of EBV infection. Editing of the BART6 miRNA inhibits its activity and thus is
potentially an important determinant in the regulation of EBV replication and latency (Iizasa
et al., 2010). In the context of the known human tropism of EBV, it is interesting that the
sites in the 3′-UTR of human Dicer mRNA targeted by the EBV BART6 miRNA are not
conserved in either mouse or chimp Dicer mRNAs. In contrast to the editing of EBV
BART6 miRNA (Iizasa et al., 2010), the full significance of KSHV K12 miRNA editing is
not yet established (Gandy et al., 2007). It is not yet known which of the ADARs is
responsible for editing either the EBV or the KSHV miRNAs.

Mouse polyoma virus
Mouse polyoma virus (PyV), a member of the Polyomaviridae, is a small DNA virus that
possesses a ~5-kb double-stranded circular DNA genome. In mouse cells permissive for
productive PyV infection, viral transcription occurs in the nucleus whereby early and late
promoters drive expression from opposite strands of the viral genome. Spliced early RNA
transcripts encode the three T antigens including large T important for DNA replication, and
the late viral transcripts encode the three capsid structural proteins. At late times in PyV
multiplication cycle the early mRNA is down-regulated by nuclear antisense late-strand
RNA (Liu et al., 1994). It has been convincingly demonstrated by sequence analysis that the
overlap between early and late transcripts and their 3′-polyadenylation signals leads to
extensive A-to-G substitutions (Gu et al., 2009; Kumar and Carmichael, 1997). Early-strand
RNAs present in the nucleus at late times after infection possess extensive A to G (I)
sequence changes consistent with hyper-deamination by an ADAR activity (Kumar and
Carmichael, 1997). After knocking down ADAR1 by only about 4-fold in NIH3T3 cells by
siRNA transfection, a defect in the early-to-late switch was reported (Gu et al., 2009). MEFs
genetically null in either Adar1 or Adar2, both of which are nuclear enzymes, would
provide an approach to establish which of the ADARs is responsible for the biased hyper-
editing of PyV RNA.

Biochemical Mechanisms by which ADARs and A-to-I Editing Mediate
Biologic Changes that Affect Virus-Host Interactions

A-to-I editing by the ADAR deaminases is of immense physiologic importance, with
demonstrated profound consequences both in virus-infected cells and in uninfected cells in
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culture and intact animals (George et al., 2010; Hundley and Bass, 2010; Nishikura, 2010;
Seeburg and Hartner, 2003; St. Laurent et al., 2009). Because an edited RNA possesses a
different sequence than its unedited counterpart (A-to-I, C-to-U) whose sequence
corresponds to the genome specified sequence, the edited RNAs may have different
functional activities. Established and potential biochemical mechanisms by which A-to-I
RNA editing by ADARs may affect gene expression and function and alter the outcome of
virus-host interactions are summarized in Figure 3.

Translation
A-to-I editing may alter the process of mRNA translation (Fig. 3). The purine inosine base
pairs as guanosine with cytidine instead of adenosine with uridine. Hence, I in an mRNA
triplet codon is read as G instead of A by ribosomes during translation. The genetic recoding
that happens as a result of editing, if occurring in a highly site-selective manner, can lead to
amino acid substitutions and hence protein products with altered activity. Among the best
characterized examples of site-selective editing is the HDV viral RNA in which a stop
codon becomes a tryptophan codon permitting the synthesis of large delta antigen (Casey,
2006;Taylor, 2003). Two well characterized examples of site-selective editing of cellular
mRNAs leading to amino acid substitutions are the transcripts in the nervous system for the
glutamate receptor GluR-B and the serotonin receptor 5-HT2CR (Jepson and Reenan,
2008;Seeburg and Hartner, 2003). In these cases, the receptors produced following transcript
editing by ADARs display altered kinetic properties and calcium permeability (GluR) and
altered G-protein mediated signaling (5-HT2CR). Conceivably neurotropic viruses, or for
that matter viral infections generally that lead to induction of IFN and hence increased levels
of ADAR1 deaminase, might under some pathological conditions lead to changes in editing
of neurotransmitter receptor transcripts and hence altered neurophysiology, although this has
yet to be established. Editing of viral transcripts can occur at multiple sites, thereby
generating altered reading frames with multiple amino acid substitutions if not premature
termination codons. These changes to ORFs altogether may result in aberrant or reduced
viral protein production as exemplified by matrix and envelope glycoprotein products of
MV, RSV and LCMV (Cattaneo et al., 1988;Martinez et al., 1997;Schmid et al., 1992;Zahn
et al., 2007).

RNA structure
A-to-I editing also can cause a change in RNA structure (Fig. 3), as more stable Watson-
Crick A:U base pairs became less stable I:U wobble base pairs (Bass, 2002;George et al.,
2010;Serra et al., 2004;Toth et al, 2006;Valente and Nishikura, 2005). Indeed, the reduced
stability of a duplex RNA following ADAR-catalyzed A-to-I editing of dsRNA is the basis
of discovery of ADARs in Xenopus oocytes during the course of antisense RNA studies
(Rebagliati and Melton 1987;Bass and Weintraub 1987). A quantitation of the reduced
duplex stability observed upon conversion of a A:U pair to a I:U base pair, as would be seen
following adenosine deamination in a dsRNA by an ADAR, has been described (Strobel et
al., 1994). An internal I:U pair is less stable (approximately 1 kcal per mol) than an internal
G:U pair, and substantially less stable (approximately 2 kcal per mol) than an internal A:U
base pair. ADAR-mediated suppression of proapoptotic and dsRNA-dependent activities
exemplified by PKR and IRF3 have been described in virus-infected cells (Li et al.,
2010;Nie et al., 2007;Toth et al., 2009). Furthermore, synthetic dsRNAs containing multiple
I:U base pairs, as would be formed by the action of ADAR, suppress the IFN response and
apoptosis. I:U dsRNA inhibits the activation of IRF3, possibly the result of impairment of
IPS-adaptor dependent cytosolic RNA sensors RIG-I and MDA5 (Vitali and Scadden,
2010).
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Pre-mRNA Splicing
A-to-I editing may alter pre-mRNA splicing patterns (Fig. 3). As exemplified by ADAR2
transcripts, editing can change a splice site-recognition sequence. Among the cellular RNA
transcripts edited in the nucleus by ADAR2 is its own pre-mRNA transcript. ADAR2
autoregulation by autoediting of ADAR2 pre-mRNA creates a 3′-splice site (from AA to AI)
for a subsequent alternative splicing event that leads to the insertion of 47 nucleotides from
intron I into the mature transcript (Rueter et al., 1999;Feng et al., 2006). While not yet
shown to occur for a viral mRNAs, it nevertheless is possible that an ADAR could affect
alternative splicing of a nuclear viral transcript in a manner conceptually similar to that
established for the editing of pre-mRNA by ADAR2.

RNA replication
A-to-I editing may conceivably contribute to the generation of viral genome mutations in the
case of viruses that undergo RNA-dependent RNA replication (Fig. 3). Again, because the
purine I base pairs as G instead of A, editing by ADAR could generate A-to-G or U-to-C
transitions. If a secondary structure in the template RNA was edited by an ADAR-mediated
adenosine deamination, this would be expected to lead to a complementary change in the
product strand following RNA-dependent RNA replication by viral polymerases in virus-
infected cells. For single-stranded RNA viruses, editing of either the genome or antigenome
RNA strand is theoretically possible (Casey, 2006;Cattaneo and Billeter, 1992;Toth et al.,
2006).

RNA silencing
A-to-I editing has been demonstrated to alter microRNA (miR) and siRNA silencing
processes (Fig. 3). Editing of both cellular and viral microRNAs by ADARs has been
demonstrated, exemplified by miR-142, miR-151 and miR-376 (cellular) and miR-BART6
(EBV). The known effects of ADARs on RNA silencing include altered processing of miR
precursors and altered targeting of miRs and siRNAs (Habig and others 2007; Heale et al.,
2009;Luciano et al., 2004;Nishikura, 2010).

Drosha and Dicer endonucleases function together with dsRNA binding proteins to process
pri-miRNA transcripts to produce mature miRs (Berkhout and Jeang, 2007; Filipowicz et al.
2008). It is estimated that ~20% of the human pri-miRs are subject to A-to-I editing by
ADAR1 and ADAR2 (Kawahara et al., 2008). A-to-I editing of the pri-miR-142 leads to an
inhibition of processing of the precursor transcript in the nucleus by the Drosha-DGCR8
complex, consequently reducing the level of mature miR-142 produced (Yang et al., 2006).
A-to-I editing of pri-miR-151 inhibits cleavage by Dicer-TRBP in the cytoplasm (Kawahara
et al, 2007a). ADAR2-mediated A-to-I editing within the seed sequence of miR-376 alters
the targeting of the miR to silence different genes than the unedited miR-376 (Kawahara et
al, 2007b). A-to-I editing of the viral pri-miR-BART6 in latently EBV-infected cells inhibits
its expression or loading onto functionally active RISC complexes (Iizasa et al., 2010).
Finally, ADAR proteins were found in some instances to modulate gene silencing
independent of deaminase catalytic activity (Heale et al., 2009; Yang et al., 2005). Both
ADAR1 and ADAR2 bind to siRNAs, and ADARs can impair the knockdown efficiency of
synthetic siRNAs (Peacock et al., 2010; Scadden and Smith, 2001a; Yang et al., 2005).
ADAR2 also can modulate the processing of miRNA-376a independent of catalytic activity
(Heale and others 2009). Finally, modulation of cellular miRs by IFN has been described as
an antiviral defense mechanism in the case of HCV (Pedersen et al., 2007).

Samuel Page 15

Virology. Author manuscript; available in PMC 2012 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RNA Degradation
Finally, A-to-I editing may target RNAs for degradation (Fig. 3). A ribonuclease was
identified that specifically targeted hyper-edited duplex RNAs, with efficient cleavage
within a region of multiple I:U base pairs (Scadden and Smith, 2001b). ADAR1 and
ADAR2 generated the cleavage site when hyper-editing long dsRNA (Scadden and
O’Connell, 2005). Tudor staphylococcal nuclease (Tudor-SN), a component of the RISC
complex in RNAi, was then identified as a nuclease that bound and cleaved I-containing
dsRNA (Scadden, 2005).

Bioinformatic analyses of the human transcriptome identified several candidate A-to-I
editing sites. Curiously most of these sites were found in non-coding regions, introns and 3′-
UTRs that contain inverted repeats exemplified by Alu repeats (Athanasiadis et al., 2004;
Kawahara et al., 2008; Kim et al., 2004; Levanon et al., 2004, 2005; Sakurai et al., 2010) in
addition to miRs (Kawahara et al., 2008). Among the functions of the noncoding intronic
editing of Alu sequences mediated by ADAR1 is to prevent aberrant exonization of Alu
sequences into mature processed mRNA (Sakurai et al., 2010). Another function of the A-
to-I editing appears to target hyper-edited I-containing RNAs for degradation (Osenberg et
al., 2009; Scadden, 2005; Scadden and O’Connell, 2005). Possibly additional factors are
needed in some instances to achieve selectivity (Agranat et al, 2008), but the consistent
levels of A-to-I editing seen including in Alu repeats (Greenberger et al., 2010)suggests a
tightly regulated process. Because ADAR1 p150 is IFN inducible (Patterson and Samuel,
1995; George et al., 1999a,b; 2005) and because editing of specific transcripts can become
increased in human cells treated with IFN (Hartwig et al., 2004; Yeo et al., 2010), it is
tempting to speculate that the RNase selective for I-containing duplex RNA could play an
antiviral role if the targeted RNA was viral or even cellular perhaps encoding a component
required by the virus for replication (Scadden and Smith, 1997; 2001b).

Summary and Future Prospectives
Do we need editors in virology? Dependent upon the circumstances, the answer is an
emphatic and unequivocal “yes”, whether the editors are ADARs editing RNA or APOBECs
editing DNA. In the case of the former, the subject of this review, the outcome of altered
ADAR protein expression and changes in A-to-I editing during viral infection can be either
antiviral or proviral, dependent upon the virus-host combination. Considerable progress has
been made toward understanding the biochemistry and molecular biology of the ADAR
family of proteins and the physiological consequences of their expression and actions.

We now know two mammalian genes that encode an enzymatically active RNA adenosine
deaminase, Adar1and Adar2. Furthermore, through a gene organization strategy that
includes alternative promoters, one of which for Adar1 is interferon inducible, together with
several different alternative splice variants, multiple different protein variants of ADAR1
and ADAR2 potentially can be expressed that potentially possess different cellular
localizations and different biochemical activities. But with few exceptions, such differences
have yet to be established. One precedent, though, is the expression of two size isoforms of
ADAR1, p150 and p110, through the use of altnerative promoters and splicing. The large
protein size isoforms of ADAR1, p150, is expressed from a promoter that is interferon and
pathogen inducible, and the subcellular localization and some biochemical activities of
ADAR1 p150 differ from those of the other known active ADAR deaminases, ADAR1 p110
and ADAR2.

Studies of the regulation of expression of ADARs and identification of sequence changes
characterized by A-to-G and U-to-C nucleotide substitutions observed during persistent
infections initially established a link between the interferon system and a possible role of
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ADARs in the host response to viral infection. Knockouts of ADARs in mice and
knockdowns in cultured cells further established a relationship between the innate immune
interferon response and ADAR1, and between stress-induced apoptotic responses and
ADAR1. While insight has been gained regarding how the ADAR1 deaminase and A-to-I
editing may affect IFN induction and action and virus-induced cytotoxicity, including
through modulation of PKR and IRF3 activation and RIG-I/MDA5 cytosolic RNA sensing,
the precise molecular mechanisms remain to be elucidated.

Most effects attributed to ADARs in virus-infected cells are dependent upon ADAR
catalytic activity and A-to-I editing, but unexpectedly some catalytic-independent effects
also have been found for ADAR1 and ADAR2, both in infected and uninfected cells and
mice. These editing independent effects possibly reflect the consequence of ADAR protein
interactions with other cellular or viral proteins, or alternatively they may arise either
because of sequestration or steric effects following RNA binding by ADAR. Whether these
editing independent changes occur during viral infections and under physiologically relevant
conditions of ADAR expression remain to be fully elucidated.

There remains much to be learned about ADARs and their roles in virus-infected cells. The
details of the molecular mechanisms by which ADARs modulate virus-host interactions, in
some cases observed as an antiviral effect and in other cases as a proviral effect, with a few
exceptions largely remain unresolved. For some viruses, the functional effect of ADAR is
clearly a direct consequence of enzymatic editing of the viral RNA, as exemplified by HDV.
But in other situations the effect that an ADAR may exert on the host response to infection
may be indirect, for example through the editing of a cellular RNA that encodes a membrane
channel or neurotransmitter receptor that subsequently alters the virus-induced
cytopathogenic response. The discovery that noncoding RNAs are frequent targets of
ADARs, including microRNAs and Alu elements in UTRs, has expanded the possible role of
ADARs beyond the mechanistic changes attributed to alternations of coding potential by
virtue of editing within open reading frames. Both viral and cellular microRNA transcripts
have been identified that are edited by ADARs. Conceivably virus infection together with
IFN treatment leads to changes in the profile of viral and cellular microRNAs as a
consequence of A-to-I editing, thereby altering the virus-host interaction.

With few examples, it is not yet fully clear what determines the balance between an antiviral
and a proviral effect of ADAR in a viral infection. From insights gained so far, the type of
virus examined, the kind of cell infected, and whether the cell is interferon treated or not,
altogether contribute to determining the outcome of the virus-host interaction and the
contributing roles of ADARs. But whether the rate-limiting action of an ADAR in a specific
viral infection always requires A-to-I editing activity, or in some instances may be
independent of ADAR enzymatic activity, and whether the targeting of a viral or
alternatively a cellular RNA represents the rate-limiting step attributed to ADAR action that
contributes to determining the outcome of a given infective process, in most instances
remains to be established. Precedents have been established for both editing dependent and
editing independent ADAR responses, and for ADAR actions in virus-infected cells that are
exerted toward both viral and cellular targets.
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Abbreviations

ADAR adenosine deaminase acting on RNA

bp base pair

dsRNA double-stranded RNA

IFN interferon

ISRE interferon-stimulated response element

nt nucleotide

PKR protein kinase regulated by RNA

ssRNA single-stranded RNA

UTR untranslated region
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Figure 1. A-to-I Editing by ADARs
Adenosine deaminases acting on RNA (ADARs) catalyze the hydrolytic C-6 deamination of
adenosine (A) to yield inosine (I) in RNA with double-stranded character.
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Figure 2. Domain Organization of Human ADAR s
Three ADAR gene family members are known. ADAR1 and ADAR2 are active deaminase
enzymes whereas ADAR3 is not known to possess deaminase activity. Alternative
promoters and alternative splicing give rise to the different forms of ADAR1 and ADAR2.
The p150 isoform of ADAR1 is IFN-inducible. The dsRNA binding domains (RI, RII, RIII),
three present in ADAR1 p110 and p150 and two each in ADAR2 and ADAR3, are depicted
in red. The C-terminal region deaminase catalytic domain is shown in yellow for ADAR1
and ADAR2, and the homologous region in stipled yellow for ADAR3 that is not yet
demonstrated to be an active enzyme. The N-terminal region of the p150 form of ADAR1
possesses two Z-DNA binding domains (Zα and Zβ shown in pink, and the ADAR2R and
ADAR3 proteins possess an arginine-rich domain (ARG) shown in green.

Samuel Page 30

Virology. Author manuscript; available in PMC 2012 March 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Mechanisms by which A-to-I RNA Editing may affect Gene Expression and Function
Deamination of adenosine (A) to produce in osine (I) in duplex RNA structures catalyzed by
ADARs leads to the nucleotide substitution of an I for an A in an RNA sequence. Because I
base pairs as G instead of A, A-to-I editing may effect gene expression and function in
virus-infected cells by a number of ways that includes: mRNA translation, by changing
codons and hence the amino acid sequence of synthesized proteins; pre-mRNA splicing, by
changing a conserved A in splice site recognition sequences; RNA stability by altering
sequences and structures involved in nuclease recognition; viral genome genetic stability, by
changing template and thus product sequences by deamination leading to A-to-G (U-to-C)
transitions during viral RNA synthesis; and RNA structure-dependent activities including
microRNA production or targeting or dsRNA protein-RNA interactions involved in innate
immune responses. [Adapted from Samuel 2003 with permission])
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