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Adenosine Deaminases Acting on RNA, RNA Editing,
and Interferon Action

Cyril X. George,' Zhenji Gan? Yong Liu? and Charles E. Samuel'*

Adenosine deaminases acting on RNA (ADARs) catalyze adenosine (A) to inosine (I) editing of RNA that
possesses double-stranded (ds) structure. A-to-I RNA editing results in nucleotide substitution, because I is
recognized as G instead of A both by ribosomes and by RNA polymerases. A-to-I substitution can also cause
dsRNA destabilization, as I:U mismatch base pairs are less stable than A:U base pairs. Three mammalian ADAR
genes are known, of which two encode active deaminases (ADAR1 and ADAR?2). Alternative promoters together
with alternative splicing give rise to two protein size forms of ADAR1I: an interferon-inducible ADAR1-p150
deaminase that binds dsRNA and Z-DNA, and a constitutively expressed ADAR1-p110 deaminase. ADAR?2, like
ADARI1-p110, is constitutively expressed and binds dsRNA. A-to-I editing occurs with both viral and cellular
RNAs, and affects a broad range of biological processes. These include virus growth and persistence, apoptosis
and embryogenesis, neurotransmitter receptor and ion channel function, pancreatic cell function, and post-
transcriptional gene regulation by microRNAs. Biochemical processes that provide a framework for under-
standing the physiologic changes following ADAR-catalyzed A-to-I (=G) editing events include mRNA
translation by changing codons and hence the amino acid sequence of proteins; pre-mRNA splicing by altering
splice site recognition sequences; RNA stability by changing sequences involved in nuclease recognition; genetic
stability in the case of RNA virus genomes by changing sequences during viral RNA replication; and RNA-
structure-dependent activities such as microRNA production or targeting or protein-RNA interactions.

Introduction on the organization and regulation of ADARI and ADAR2
gene expression, the biochemical properties of the encoded
proteins, and the biological significance of A-to-I editing

A DENOSINE DEAMINASES ACTING ON RNA (ADARs) cat-
catalyzed by these ADARs.

alyze the hydrolytic C6 deamination of adenosine (A) to
produce inosine (I) in RNA substrates that possess regions of
double-stranded (ds) character (Fig. 1). A-to-I editing is of
increasingly broad physiologic significance (Samuel 2001;
Bass 2002). Editing by ADARs results in nucleotide substi-
tution in RNA, because the purine I generated as the result of
the deamination reaction is recognized as G instead of A,

RNA Adenosine Deaminase (ADAR) Genes
and Their Regulation

ADART1 gene
The human ADARI1

both by ribosomes during translational decoding of mRNA
and by RNA-dependent polymerases during RNA replica-
tion. In addition, A-to-I editing leads to destabilization of
dsRNA structures, because stable A:U base pairs are chan-
ged to less stable I:U mismatch base pairs (Valente and
Nishikura 2005; Toth and others 2006). Two mammalian
genes (ADARI and ADAR2) are known that encode enzy-
matically active ADARs (Bass and others 1997; Toth and
others 2006). A third gene, ADARS3, is known but has not yet
been shown to encode a catalytically active deaminase (Chen
and others 2000; Toth and others 2006). This review focuses

Chromosome assignment of ADARI.
gene maps to a single locus on chromosome 1 band g21.1-
21.2 by fluorescence in situ hybridization (Wang and others
1995; Weier and others 1995). Mouse Adarl maps by fluo-
rescence in situ hybridization to a single locus on chromo-
some 3 band F2 (Weier and others 2000). These assignments
for the human and mouse ADARI genes are consistent with
human-mouse homology maps that localize other genes
from human chromosome 1q to the mouse chromosome 3F
region. DNA sequence analyses of ADARI genomic and
cDNA clones are consistent with a single mammalian
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FIG. 1. RNA editing by adenosine deamination. Substitu-
tion RNA editing by hydrolytic C6 deamination of adenosine
(A) to generate inosine (I) in RNA with double-stranded (ds)
character catalyzed by adenosine deaminase acting on RNA
(ADAR) enzymes. I is recognized as G instead of A during
ribosome decoding of mRNA and during RNA replication
by RNA-dependent polymerases. Conversion of an A:U base
pair to an I:U mismatch destabilizes duplex RNA and alters
RNA structures.

ADARI1 gene (Wang and others 1995; Liu and others 1997;
George and Samuel 1999b; George and others 2005).
ADAR1 exon—intron organization. The human ADARI
gene spans ~40kb and includes 17 exons (Wang and others
1995; Liu and others 1997; George and Samuel 1999a; Ka-
wakubo and Samuel 2000) as summarized in Fig. 2. The
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consensus sequence for the human ADAR1 cDNA is 6,474 nt
and predicts an open-reading frame (ORF) of 3,678 nt with
the capacity to encode a 1,226 amino acid protein (Kim and
others 1994b; Patterson and Samuel 1995), but it is now
known that ADARI transcription initiates from multiple
promoters, one interferon (IFN) inducible and the others
constitutively active, and that the transcripts undergo alter-
native splicing to encode two differently sized ADARI1 pro-
teins, an IFN-inducible (p150) and a constitutively expressed
(p110) form of ADAR1 (Patterson and Samuel 1995; Liu and
others 1997; George and Samuel 1999a, 1999b).

Exon 1 occurs in three alternative forms, designated as 1A,
1B, and 1C (George and Samuel 1999a, 1999b; Kawakubo
and Samuel 2000) (Fig. 2A). Only the IFN-inducible 1A form
of exon 1 contains a translation initiation codon, designated
as AUG1 (George and Samuel 1999a). The constitutively
expressed forms of exon 1, 1B and 1C, both lack a translation
initiation codon and therefore translation begins at the
downstream AUG296 codon present in exon 2 (Patterson
and Samuel 1995; Liu and others 1997). The junction of the
different exon 1 structures (1A, 1B, or 1C) with exon 2 is
exactly conserved, in both human (George and Samuel
1999a, 1999b) and mouse (George and others 2005) ADAR1
transcripts. In addition to the 3 different forms of exon 1,
tissue and cell line differences are observed in the occurrence
of alternative splice variants of exons 6 and 7 (Liu and others
1997; Shtrichman and others 2002; George and others 2005).
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FIG. 2. Promoter and exon-intron organization of the human ADARI gene. (A) Organization of introns and exons of the
ADARI gene that spans about ~40kb on human chromosome 1q21. Exons are indicated by the numbers 1-15 (according to
Liu and others 1997; George and Samuel 1999a, 1999b) and are represented by the filled boxes; introns and the 5'- and 3'-
flanking regions are shown by the solid lines; and the alternative exons by outlined shaded boxes. (B) Alternative promoters
drive expression of the human ADARI gene. An interferon (IFN)-inducible promoter (P;A) drives expression of inducible
transcripts that possess the exon 1A; exons 1B and 1C are found in transcripts derived from constitutively active alternative
promoters (PcB, PcC). In addition, a constitutively active promoter (Pc2) is found in exon 2. The AUGI translation initiation
site of the IFN-inducible p150 protein (1,200 amino acids) is in exon 1A; the constitutively expressed p110 protein (931 amino
acids) initiates at AUG296 in exon 2. (C) The IFN-inducible promoter possesses a 12-bp IFN-stimulated response element
(ISRE) and an adjacent 13-bp kinase conserved sequence (KCS)-like element. Human, Hs, Homo sapiens; mouse, Mm, Mus
musculus (adapted from Toth and others 2006, with permission).
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Alternative exon 7b has been linked predominantly to IFN-
inducible transcripts that contain exon 1A (the p150-coding
RNA), whereas exon 7a is found in constitutively expressed
transcripts containing exon 1B (the pl110-coding RNA)
(George and others 2005). Exon 7b is 26 amino acids shorter
than exon 7a. With this exon arrangement, the IFN-inducible
transcripts possessing exons 1A and 7b encode an inducible
ADARLI protein (p150) of 1,200 amino acids. By contrast, the
constitutively expressed transcripts beginning at the 5'-end
with either exon 1B or 1C (George and Samuel 1999a, 1999b)
or within exon 2 (Kawakubo and Samuel 2000) encode a
constitutive ADAR1 protein (p110) predicted to be 931
amino acids (Fig. 2B). The two AUG codons used for trans-
lation initiation, AUGI in exon 1A and AUG296 in exon 2,
both have a strong translation initiation site based on their
—3/+4 flanking nucleotides (Kozak 1989; Kim and others
1994b; Patterson and Samuel 1995; Liu and others 1997).

Exon 2 is unusually large (1,586 nt) for a mammalian exon
that is entirely an ORF. However, this exon is only com-
pletely decoded when present in the inducible transcripts
(Liu and others 1997; George and Samuel 1999b). In the
constitutive transcripts, the 5'-region of exon 2 upstream of
AUG296 as well as all of exon 1B (or 1C) together account for
the 5'-untranslated region (UTR) (George and Samuel 1999a,
1999b). Further alternative splicing of ADARI transcripts in
the 5'-region that functions either as the 5-UTR or as part of
the ORF also has been described (Lykke-Andersen and oth-
ers 2007). The 3-UTR of human ADARI transcripts is
2,749 nt and is positioned entirely within exon 15, the largest
ADARI1 exon (2,984 nt) that has an UAG for translation ter-
mination. The 3’-UTR also includes the canonical hexameric
AAUAAA polyadenylation signal present 17 nt upstream of
the poly(A) tail. Curiously, a repeated sequence of 227nt
(87% identity) of unknown function, as well as three copies
of the AUUUA sequence associated with mRNA instability,
also are present in the 3’-UTR (Patterson and Samuel 1995).

The mouse Adarl gene consists of 15 exons with an or-
ganization similar to that of the human ADAR1 gene (Liu
and others 1997; Hartner and others 2004; Wang and others
2004; George and others 2005). The ORF of the rat ADARI1
c¢DNA (O’Connell and others 1995) is similar to that of both
the mouse and human ADAR1 cDNAs (Kim and others
1994b; Patterson and Samuel 1995; Kumar and Carmichael
1997). The homologies as deduced from the cDNA sequence
data are extensive: between human and mouse there is >85%
identity at the nucleotide level, and between mouse and rat
the identity is >90% at the nucleotide level.

ADAR1 promoters and transcriptional requlation. ADARI1
transcript levels are increased by IFN treatment and by
pathogen infection as measured by either northern hy-
bridization or reverse transcription-polymerase chain re-
action. Hybridization probes derived from exons 2 to 15 of
the human cDNA clone detect a single major transcript of
~ 6.7 kb, the steady-state level of which is increased by IFN
treatment (Patterson and others 1995; Patterson and Samuel
1995; George and Samuel 1999b). A similarly sized RNA is
seen in the absence of IFN treatment. When exon 1A- or
exon 1B-specific hybridization probes are used, both detect
an RNA of about 6.7 kb. However, the transcript detected
in human cells with an exon 1A-specific probe is IFN-
inducible, whereas the abundant transcript detected with
the exon 1B-specific probe is not inducible (George and
Samuel 1999a).
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The organization of the multiple promoters of the human
ADARI gene (George and Samuel 1999a, 1999b) is shown in
Fig. 2B. One promoter is IFN inducible. The others are con-
stitutively active. The IFN-inducible promoter (PiA) is
TATA-less and possesses a consensus 12-bp IFN-stimulated
response element (ISRE) (Fig. 2C) characteristic of type I IFN-
regulated genes (Stark and others 1998). The P;A promoter
drives expression of the exon 1A-containing ADARI tran-
scripts (George and Samuel 1999a, 1999b; George and others
2005). The region immediately upstream of the ISRE of the
inducible promoter is designated as a kinase conserved se-
quence (KCS)-like element (Ward and others 2002; Markle
and others 2003) because of homology with the KCS identi-
fied in the IFN-inducible human and mouse protein kinase
regulated by RNA (PKR) gene promoters (Kuhen and Sam-
uel 1997) (Fig. 2C). Mouse Adar1 gene expression, like human
ADARI gene expression, is driven by alternative promoters
(Shtrichman and others 2002; George and others 2005). The
12-bp ISREs of the human and mouse inducible promoters
differ in only one nucleotide position (Fig. 2C).

According to the canonical JAK-STAT signaling pathway
for transcriptional activation of gene expression by type I
IEN, following binding of IFN-o/f to the interferon alpha
receptor (IFNAR), the TYK2 and JAK1 kinases mediate ac-
tivation of STAT1 and STAT2 factors that, together with
IRF9, form the heterotrimeric ISGF3 protein complex that
binds at the ISRE to enhance transcription (Stark and others
1998). Induction by IFN of the p150 ADARI protein is im-
paired as expected in mouse embryo fibroblasts (MEFs) ge-
netically deficient in either the JAK1 kinase or STAT2 factor,
but surprisingly not in MEFs deficient in STAT1 (George and
others 2008). ADAR1 p150 induction also is independent of
Sp3 (George and others 2008), a component of the KCS
binding complex found at the PKR promoter (Das and others
2006). The STAT1-independent, STAT2-dependent property
of induction by IFN seen for the ADARI1 p150 form is in-
triguing. A second nucleic acid editing enzyme, APOBEC3G,
which catalyzes C-to-U deamination of DNA, is likewise
reportedly induced by type I IFN in a STAT1-independent,
STAT2-dependent manner (Sarkis and others 2006). The
ADARI gene promoters that drive constitutive expression of
exon 1B- and 1C-containing transcripts lack ISREs and are
not inducible by IFN (George and Samuel 1999a; Kawakubo
and Samuel 2000; George and others 2008). While the gene
organization involving multiple promoters and alternative
exon 1 structures is preserved between the human and
mouse ADARI genes, the actual sequences of the promoters
and alternative exon 1 structures are not well conserved
between species outside of the ISRE and KCS-like elements
of the inducible promoter (George and Samuel 1999a, 1999b;
George and others 2005, 2008).

The ADARI gene is ubiquitously expressed. However,
tissue-selective expression of the exon 1A- and 1B-containing
transcripts is observed in mouse organs (Shtrichman and
others 2002; George and others 2005). Mouse Adarl cDNA
probes hybridize to a major IFN-inducible mRNA of
~6.5kb, comparable in size to the human transcript. The
~6.5kb RNA is abundantly expressed in the liver of mice
following oral infection with Salmonella and in cultured
mouse fibroblasts treated with IFN. Transcripts possessing
7b, the short form of exon 7 that is found in exon 1A-
containing transcripts, are apparently most abundantly
expressed in response to inflammation or IFN treatment
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(Yang and others 2003a, 2003b; George and others 2005).
Exon 1A-containing transcripts are detected in mouse organs
such as liver, spleen, Peyer’s patches, kidney, heart, lung,
and cecum, and are increased following Salmonella infection.
However, in the brain, only very low levels of the exon 1A-
containing transcripts are detectable and no increase is seen
after infection. By contrast, exon 1B-containing transcripts
while found in all tissues are highest in the brain and are not
increased after infection (Shtrichman and others 2002;
George and others 2005). Analysis of the spatiotemporal
expression patterns for ADARI and ADAR?2 in the mouse
forebrain shows that both proteins are broadly distributed in
most regions of the forebrain by PO, with high expression
levels maintained in adulthood (Jacobs and others 2009).

ADAR2 gene

Chromosome assignment of ADAR2. The human ADAR?2
gene maps through a polymerase chain reaction-based
strategy to chromosome 21 band q22.3 (Mittaz and others
1997), a region that has been implicated in several genetic
disorders.

ADAR?2 exon—intron organization. The human ADAR?2
gene spans ~ 150 kb. While human and mouse ADAR?2 genes
have generally similar exon/intron organizations (Slavov
and Gardiner 2002), the complexity of their exon structures
has not been appreciated until recently. Both the human and
mouse ADAR2 genes are now known to possess 15 exons
(Slavov and Gardiner 2002; Maas and Gommans 2009) as
summarized in Fig. 3. Two exons, denoted as exons -2 and -1,
specify the 5-UTR. Exons 0-9 represent the ORF that en-
codes ADAR2. Similar to ADARTI, various ADAR? transcript
isoforms exist as a result of multiple alternative splicing
events (Gerber and others 1997; Lai and others 1997; Mittaz
and others 1997; Slavov and Gardiner 2002; Kawahara and
others 2005; Maas and Gommans 2009).

Comparison of human and mouse genomic sequences
with the 5'-terminal sequences of ADAR2 cDNAs identifies
3 exons, denoted exon 1a, 0, and 1 for human and exon 1b,
0, and 1 for mouse, respectively (Slavov and Gardiner 2002;
Maas and Gommans 2009). Each of these exons contains a
potential AUG codon for initiation of ADAR?2 translation.
For human ADAR?2, inclusion of exon 1a between exons —1
and 1 results in an N-terminal extension of 28 amino acids
that includes 7 Arg (R)/Lys (K) residues. By contrast, in
mouse ADAR?2 the inclusion of exon 1b between exons 1
and 2 causes a frame shift that disrupts the original ORF;
use of the next AUG codon within exon 1b leads to the
replacement of the original negatively charged N-terminal
sequence MDIEDEENS with MPLG. Therefore, for both

RI RII
CpG CpG

2 1 la 0 102

3 4 556

GEORGE ET AL.

human and mouse ADAR?2, use of an alternative exon 1 can
produce ADAR2 protein isoforms that possess altered
charge properties in their N-terminal regions (Slavov and
Gardiner 2002). In all brain regions and tissues tested,
~40% of human ADAR?2 transcripts are found to contain
exon la; however, exon 1b of mouse Adar?2 is transcrip-
tionally utilized at a much lower frequency (Slavov and
Gardiner 2002). In addition, the AUG-28 codon in human
exon la (or mouse exon 1b) does not occur in the —3/+4
context of a consensus Kozak sequence (A/GCCatgG)
(Kozak 1989), raising the possibility that these transcripts
are poorly translated. Recently, an additional exon desig-
nated as exon 0 positioned between exon —1 and exon 1 has
been characterized for both human and mouse ADAR?2
(Maas and Gommans 2009). Inclusion of exon 0 with initi-
ation at AUG-49 results in the addition of 49 amino acids
N-terminal of the previously identified initiation methio-
nine (AUGI) in exon 1; the added sequence exhibits a high
similarity to the Arg-rich domain present in the N-terminal
region of ADAR3. However, selective use of exon 0 also
occurs at a very low frequency, with the highest levels
observed in <10% of total human ADAR?2 transcripts in the
hippocampus (Maas and Gommans 2009). Neither the rel-
ative protein abundance nor the functional properties of the
ADAR? isoforms possessing the altered N-terminal resi-
dues have been determined.

ADAR? isoforms are also produced as a result of alterna-
tive splicing in the coding exon 5. Human ADAR2 possesses
exon 5 and 5a, with exon 5a encoding an in-frame Alu-J cas-
sette in the catalytic domain, inclusion of which appears to
reduce its enzyme activity in vitro (Gerber and others 1997). In
mouse Adar2, however, an alternative splicing event within
intron 5 extends exon 5 by 30nt, generating an ADAR2 pro-
tein isoform with relatively higher editing activity for GluR-B
RNA in vitro (Rueter and others 1999).

Alternative splicing events between exons 9 and 10 of both
human and mouse ADAR?2 contribute to producing multiple
isoforms with differing C-terminal sequences or 3-UTR re-
gions. In human ADAR2, use of an alternative splice site
within exon 9 leads to replacement of the C-terminal 29
residues by 2 amino acids encoded by exon 10, which gen-
erates an inactive protein for editing the GluR-B pre-mRNA
(Lai and others 1997). A recent characterization of human
brain ADAR?2 transcripts in different developmental stages
(fetal, neonatal, and adult) reveals 4 additional C-terminal
variants resulting from alternative splicing that leads to the
inclusion of intron 9 as well as an alternative splice site in
exon 9 at position 83nt downstream of the stop codon
(Kawahara and others 2005). Mouse Adar2 likewise contains
2 forms of exon 9 and exon 10 denoted as short (s) and long
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FIG. 3. Exon-intron organization of the human ADAR?2 gene. Organization of introns and exons of the ADAR? gene that
spans ~150kb on human chromosome 21q22. Exons are numbered from —2 to 10 (according to Slavov and Gardiner 2002;
and Maas and Gommans 2009) and represented by the filled boxes; introns and the 5'- and 3'-flanking regions are shown by
the solid lines. The shaded boxes indicate alternatively utilized exons or exons containing alternative splice sites. Autoediting
by ADAR?2 within intron 1 creates a 3’ splice site (from AA to Al) that leads to an insertion of 47 nucleotides (nt). CpG, CpG
islands present in the putative promoter regions.
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(). Out of the 4 possible splicing combinations, however,
only 2 variant forms, 9s+ 10! and 9!+ 10s, are detectable
(Slavov and Gardiner 2002). Despite the lack of experimental
evidence, it is tempting to speculate that the variations
within the 3’ UTR may affect the stability, transport, or
translational efficiency of ADAR2 mRNA.

The most unique alternative splicing event known thus far
for ADAR? is the one mediated by A-to-I autoediting to
create a new 3'-splice acceptor site (AA to Al) in the intron 1
sequence of ADAR2 (Rueter and others 1999). This editing-
dependent splicing results in the addition of 47 nts to the 5'-
end of exon 2 of ADAR?2, causing a frame-shift in the coding
region that is predicted to generate a 9-kDa protein due to
premature translational termination. Further, studies of
knockin mice suggest that this autoediting event may act as a
negative feedback mechanism for modulating ADAR2 ex-
pression (Feng and others 2006).

Thus, similar to ADARI, the exceptional diversity of
ADAR? transcripts and, consequently, ADAR?2 protein iso-
forms presumably reflect the physiological requirement for
regulation of the functional activities of ADAR2 enzyme.

ADAR? transcriptional regulation. In contrast to the oc-
currence of multiple promoters that drive expression of
ADARI, the promoter regions that direct ADAR?2 transcrip-
tion have not been fully characterized. Although a putative
promoter region has been described upstream of exon 0
(Maas and Gommans 2009), it has yet to be established
whether multiple promoters are utilized together with al-
ternative splicing to produce exon la (AUG-28), exon 0
(AUG-49), or exon 1 (AUGI) containing transcripts to control
expression of ADAR2.

Similar to ADARI, ADAR? is ubiquitously expressed in
most tissues but most abundantly in the brain (Melcher and
others 1996b; Gan and others 2006). Northern blot analyses
have revealed multiple ADAR2 mRNA species in a broad
size range from ~1.9 to ~8.8kb, indicating the multiplicity
of ADAR2 transcripts (Gerber and others 1997; Lai and
others 1997; Mittaz and others 1997; Kawahara and others
2005). The human ADAR? transcript of 8.5-8.8 kb appears to
be the predominant RNA form in the brain. ADAR2 displays
distinct spatio expression patterns in the adult rat brain as
shown by in situ hybridization analysis, with the highest
expression level found in the thalamic nuclei (Melcher and
others 1996b). During embryonic development, ADAR2
mRNA can be detected as early as embryonic day E19,
thereafter increasing gradually in several brain regions
(Paupard and others 2000; Hang and others 2008; Jacobs and
others 2009). This is in agreement with the finding that RNA
editing by ADAR?2 increases progressively during brain de-
velopment (Lomeli and others 1994). However, the molecu-
lar details with respect to how ADAR2 transcription is
regulated in specific neurons or at different developmental
stages remain poorly understood.

Significant levels of transcription of both Adarl and Adar2
also occur in murine pancreatic islets (Gan and others 2006).
Adar2, but not Adar1, transcription is selectively upregulated
in islets of obese mice induced by feeding a high-fat diet.
Further, in rat insulinoma insulin-secreting INS-1 B-cell cul-
tures, glucose can stimulate Adar2 transcription, and thus
ADAR2-mediated RNA editing (Gan and others 2006). The
detailed mechanism(s) by which Adar2 transcription is
metabolically regulated in pancreatic B-cells is yet to be elu-
cidated. It remains unclear what regulatory elements may be
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present in the Adar2 promoter that are important in sensing
metabolic stimuli such as glucose.

RNA Adenosine Deaminase (ADAR) Proteins
and Their Biochemical Activities

ADART1 proteins

Size isoforms of ADARI proteins. The IFN-inducible
ADAR1 protein (p150) predicted from the ORF is 1,200 (hu-
man) or 1,152 (mouse) amino acids, whereas the constitutively
expressed protein (p110) is predicted to be 931 (human) or 903
(mouse) amino acids (Patterson and Samuel 1995; George and
Samuel 1999a; George and others 2005). The sizes of the
ADAR1 proteins, deduced from cDNA sequence ORFs, are
somewhat smaller than the sizes estimated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (Patterson and
Samuel 1995; George and others 2005): ~133kDa for the
human p150 protein, and ~103kDa for the human p110
protein (Patterson and Samuel 1995). ADARI also has been
known variously as dsRAD, DRADA, or K88 in the earlier
literature (Patterson and Samuel 1995; Bass and others 1997).
Of the two size forms of ADAR1, p150 is sometimes referred
to as the long form and p110 as the short form.

Functional domains of ADAR1 proteins. The IFN-inducible
p150 ADARI protein is an N-terminally extended form of the
p110 constitutive protein and includes within the N-terminal
region two copies of a Z-DNA binding motif (Zo and Zp).
Both p150 and p110 ADART1 are active deaminases, and both
possess the catalytic domain in the C-terminal region and
three copies of the dsRNA-binding motif (R;, Ry, and Ryy) in
the central region of the proteins. The location of the catalytic,
RNA-binding and Z-DNA-binding domains of ADAR1 are
shown schematically in Fig. 4. Biochemical and mutational
studies have established the functional importance of each of
these domains, as well as sequences important for sumoyla-
tion, nuclear localization, and nuclear export of ADARI.

The C-terminal ~ 380 amino acids of ADARI that specifies
the catalytic domain was initially recognized to have exten-
sive homology with proteins known to possess cytosine de-
aminase activity (Kim and others 1994b; Lai and others 1995;
O’Connell and others 1995; Patterson and Samuel 1995; Maas
and others 1996, Melcher and others 1996b). His910 and
Glu912 of ADARI are key amino acids of the CHAE motif of
the catalytic core characteristic of deaminases. Substitution of
His910 with GlIn, and Glu912 with Ala, completely abolishes
A-to-I editing activity (Lai and others 1995; Liu and Samuel
1996). Atomic level structural studies of other deaminase
proteins, including ADAR2 (Macbeth and others 2005), es-
tablished that the His of the CHAE motif is involved in
binding of zinc and that GIn is important in proton transfer.
Further, Cys966 and Cys1036, which are believed to play a
role in zinc coordination along with His910, are necessary
for ADAR1 deaminase activity (Lai and others 1995).
O-phenanthroline, a chelator of zinc ions, inhibits the enzy-
matic activity of purified natural ADAR1 (Kim and others
1994a). The catalytically active form of ADARI1 is a dimer
(Cho and others 2003; Gallo and others 2003; Valente and
Nishikura 2007). Fluorescence resonance energy transfer
(FRET) and immunoprecipitation analyses have further
demonstrated that both ADAR1 and ADAR2 form homo-
dimers in human cells, that ADAR1 and ADAR2 may
also form heterodimers, and that the dimerization likely is
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FIG. 4. Domain organization of human ADAR1 and ADAR2 proteins. The 2 size forms of ADARI, the IFN-inducible (p150,
long form) and constitutively expressed (p110, short form), and the one known size form of ADAR2, are illustrated. The
numbers immediately below each schematic refer to the amino acid (aa) position of each domain or splice variant. Arrowheads
identify specific amino acid positions that, when mutated, impair function of the catalytic domain. For ADAR1, the 2 Z-DNA-
binding domains (Za and ZB), 3 dsRNA-binding domains (R;, Ry, and Ryyy), and the deaminase catalytic domain are shown;
an alternatively spliced exon 7 is 26 amino acids shorter in p150 ADARI1. For ADAR2, the 2 dsRNA-binding domains, the
catalytic domain, and splice site variants are shown. Additional splice variants are known for both ADAR1 and ADAR2

(adapted from Toth and others 2006, with permission).

RNA-independent (Chilibeck and others 2006; Cenci and
others 2008). Finally, while the crystal structure of the catalytic
domain of human ADAR2 revealed inositol hexakispho-
sphate bound in the ADAR?2 catalytic core and required for
RNA editing (Macbeth and others 2005), there is no evidence
for a similar cofactor requirement for ADARI.

Three copies of the dsRNA-binding domain (dsRBD;
designated as Ry, Ry, and Ryy in Fig. 4) present in both p150
and p110 ADARI1 are homologous to the dsRBD repeats first
discovered in the RNA-dependent protein kinase PKR
(McCormack and others 1992; Kim and others 1994b;
O’Connell and others 1995; Patterson and Samuel 1995; Liu
and Samuel 1996). The Ry, Ry, and Ry dsRBDs are located in
exons 3, 5, and 7, respectively, of human ADARI (Fig. 2).
Mutagenesis of a conserved Lys present in the core sequence
of each of the dsRBD domains (Lys554, Lys665, and Lys777)
provided a test of their relative importance, both for RNA
binding and for enzymatic activity (McCormack and others
1994; Liu and Samuel 1996; Fierro-Monti and Mathews 2000).
The Ry and Ry domains are the most important, and Ry; less
so, for binding to synthetic dsRNA (Liu and Samuel 1996;
Liu and others 1997). Ry emerges as the most important of
the three dsRBDs, and Ry the least important, for A-to-I
editing activity, more or less correlating with their impor-
tance in dsRNA binding (Liu and Samuel 1996; George and
Samuel 1999b). The Ry single mutant lacks detectable en-
zymatic activity, as do all of the double mutants and the
triple Ry, Ry, Ryp Lys substitution mutant (Liu and Samuel
1996). Similar conclusions were drawn from studies with
mutants where dsRBDs are deleted (Lai and others 1995).
Finally, when the three dsRBDs of ADARI are substituted
with the two from PKR, appreciable editing activity is re-
tained with the chimeric PKR:ADAR1 protein when mea-
sured with a synthetic dsRNA substrate, but not with natural
dsRNA substrates (Liu and others 2000).

The additional N-terminal sequence present in the induc-
ible p150 protein, but lacking in p110, originates because of
the alternative exon 1 structures and different translation
initiation sites (Fig. 4). The N-terminus of p150 ADAR1 in-
cludes two copies of a Z-DNA-binding domain (Herbert and
others 1997), designated as Zo and Zp, that was first iden-
tified as a region with homology to the poxvirus E3L protein

(Patterson and Samuel 1995; Kim and others 2003). Za and
ZB are encoded by exon 2 (Fig. 2A). The p110 protein pos-
sesses only ZP. While the Zo. domain is sufficient to bind
Z-DNA, the ZB domain does not bind Z-DNA as a separate
entity (Schwartz and others 1999). The physiologic function of
the Z-DNA binding by p150 has not been clearly defined.
Although mutation of the Z-DNA-binding domains decreases
the efficiency of ADARI1 editing of short (15-bp) dsRNA
substrates (Herbert and Rich 2001), the Za and Zf domains
together are not an obligate requirement either for dsRNA
binding or for deaminase activity because ADARI p110 pos-
sesses only Zp and ADAR?2 has neither Zo or Z (Fig. 4). For
the poxvirus E3L IFN-resistance protein, the Z-DNA-binding
domain plays a role in viral pathogenesis in the mouse model,
but again the biochemical basis of the observed biologic effect
is not yet elucidated (Kim and others 2003). The A form of
dsRNA with purine-pyrimidine repeats can be transformed to
a left-handed helix Z-RNA, and the Za domain of ADAR1 can
bind Z-RNA (Placido and others 2007).

Finally, human ADART1 is sumoylated at Lys418 (Fig. 4), a
modification that alters ADAR1 A-to-I editing activity
(Desterro and others 2005). Modification of proteins by the
small ubiquitin-like modifier (SUMO) has emerged as an
important regulatory mechanism for localization and func-
tion of proteins (Yeh 2009). Modification of ADARI1 by
SUMO-1 reduces editing activity in vitro. The mutation Ly-
s418Arg, which abolishes SUMO-1 conjugation, stimulates
ADARLI editing activity both in vivo and in vitro (Desterro
and others 2005).

Subcellular localization of ADARI. Immunofluorescence
microscopy and biochemical fractionation approaches ini-
tially established that the p110 form of ADARI localizes
predominantly, if not exclusively, to the nucleus, whereas the
IFN-inducible p150 protein is found both in the cytoplasm
and the nucleus (Patterson and Samuel 1995).

Nuclear localization signal (NLS) and nuclear export sig-
nal (NES) sequences have been identified in ADARI. One
NLS is present within the Ry copy of the dsRBD of human
ADAR1 (Eckmann and others 2001; Strehblow and others
2002); however, nuclear localization does not require dsRNA
binding (Eckmann and others 2001). Rather, RNA binding
involving R; and Ry may conversely impede activity of the
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NLS positioned in the Ry dsRBD (Strehblow and others
2002). ADAR1 localizes to the nucleolus (Patterson and
Samuel 1995; Desterro and others 2003; Yang and others
2003b). Further, the p150 form of ADARI1 shuttles between
the cytoplasm and the nucleus (Eckmann and others 2001;
Poulsen and others 2001). Inhibition of the nuclear export
protein Crml by the pharmacologic agent leptomycin B
(LMB) stimulates nuclear accumulation of ADARI1. Nuclear
export of p150 is mediated by a Rev-like NES present in the
Zo domain, a region of ADARI that interacts with Crm1 and
RanGTP (Poulsen and others 2001). Transportin-1 is a nu-
clear import factor for ADAR1, and dsRNA binding modu-
lates the interaction of transportin-1 and exportin-5 with the
dsRBD to regulate nucleocytoplasmic shuttling of ADAR1
(Fritz and others 2009).

RNA substrates edited by ADAR1. A-to-I RNA editing
occurs with both viral and cellular mRNAs. ADAR1 modi-
fying activity is implicated in two types of processes. First,
the deamination can be site-selective and occur at one or a
few sites. Second, the editing can occur at multiple sites
when RNA substrates possess high duplex character.

Site-selective A-to-I editing is exemplified by the editing of
viral RNAs, including the hepatitis delta virus (HDV) anti-
genome RNA (Jayan and Casey 2002a) and the human
herpes virus 8 (HHVS) kaposin K12 transcript RNA (Gandy
and others 2007), and editing of cellular mRNA transcripts in
the nervous system that encode neurotransmitter receptors
for rL-glutamate (GluR) and serotonin (5-HT2cR) (Higuchi
and others 1993; Burns and others 1997; Liu and others 1999;
Liu and Samuel 1999; Seeburg and Hartner 2003). In these
cases, the high positional selectivity of the A-to-I RNA edit-
ing events leads to the synthesis of specific protein products
with altered function. In the edited HDV, HHVS, GluR, and
5-HT2cR RNAs, the I generated by editing is recognized as G
instead of A by the translational machinery, thereby pro-
ducing selective amino acid substitutions (Bass 2002).

A-to-I editing of HDV RNA represents a well-characterized
example of viral RNA editing. Editing of HDV RNA occurs on
the highly structured antigenome at a site designated as
“amber/W,” thereby changing an UAG amber stop codon to
an UIG tryptophan (W) codon that permits synthesis of the
large delta antigen HDAg-L (Luo and others 1990). Con-
stitutively expressed p110 form of ADARI, specifically the
exon 7a splice variant, is the ADAR believed to be primarily
responsible for editing the amber/W site (Jayan and Casey
2002b; Wong and Lazinski 2002).

In the cases of neurotransmitter receptor transcript sub-
strates, highly selective A-to-I editing events are specified by
imperfect duplex RNA structures formed between adjacent
exonic and intronic sequences. The editing causes selective
amino acid substitutions that generate receptor proteins with
altered properties (Seeburg and Hartner 2003). The pre-
mRNA substrate encoding the B subunit of the glutamate
receptor (GluR-B) has two functionally important sites, des-
ignated as Q/R and R/G. The Q/R site occurs in exon 11,
where a genome encoded glutamine (Q) codon (CAG) be-
comes an arginine (R) codon (CIG) following A-to-I editing.
R/G editing involves the conversion of an arginine codon
(AGA) to a glycine (G) codon (IGA) in exon 13. In addition,
multiple sites of A-to-I editing are seen in intron 11, termed
hotspots, that include +60. Both ADAR1 and ADAR?2 edit
the R/G site of GluR-B; by contrast, Q/R site editing is
carried out primarily if not exclusively by ADAR2 (Melcher
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and others 1996a; Liu and Samuel 1999; Higuchi and others
2000; Hartner and others 2004; Wang and others 2004). The
+60 intron hotspot is edited by ADAR1 (Liu and Samuel
1999). Exon 3 of 5-HT,¢cR pre-mRNA transcripts possesses 5
editing sites dictated by an imperfect inverted repeat se-
quence present in the adjacent intron 3 (Burns and others
1997; Fitzgerald and others 1999; Liu and others 1999; Nis-
wender and others 1999; Wang and others 2000b). Editing of
all 5 sites in 5-HT,cR pre-mRNA leads to 3 amino acid
substitutions in exon 3 that specifies the second extracellular
loop of the 7-transmembrane receptor. Biochemical and
subsequent genetic analyses established that ADAR1 and
ADAR?2 both are necessary to achieve full editing (Burns and
others 1997; Liu and others 1999; Niswender and others 1999;
Higuchi and others 2000; Wang and others 2000b; Hartner
and others 2004).

A-to-I editing of substrates such as GluR-B and 5-HT,cR
RNAs must occur before splicing, and hence is nuclear. Both
ADARI1 and ADAR2 proteins are found associated with
spliceosomal Sm and SR proteins within 200S InRNP com-
plexes that constitute the natural pre-mRNA processing
machinery (Raitskin and others 2001). Further, ADAR1 and
the human Upfl protein involved in RNA surveillance are
found associated within nuclear RNA-splicing complexes.
RNAIi knockdown of ADARI1 is accompanied by upregula-
tion of a number of genes previously shown to undergo
A-to-I editing in Alu repeats and downregulated by human
Upfl (Agranat and others 2008). Analysis of a set of selec-
tively edited substrates by large-scale 454 sequencing sug-
gests that recognition and coupling of editing sites are
determined by the tertiary structure of the RNA (Enstert and
others 2009). When the target preferences of 3 novel coding
RNAs and 2 SINES were examined using embryos from ei-
ther Adarl or Adar2 knockout mice, some sites not unex-
pectedly were found to be edited selectively by ADAR1 and
others by ADAR2 (Riedmann and others 2008). ADARs act
on duplex RNA without obvious sequence-specific binding,
but with a 3'-neighbor preference of G or a purine and, with
the trinucleotide, UAG is favored (Lehmann and Bass 2000;
Kim and others 2004; Riedmann and others 2008).

In contrast to the HDV, GluR-B, and 5HT-,cR examples
of highly selective A-to-I editing, adenosine deamination by
ADART1 can occur at multiple sites when the RNA substrate
possesses extensive duplex character. Indeed, dsRNA-
specific adenosine deaminase activity was first described as
a dsRNA duplex-unwinding activity in Xenopus oocytes
during antisense RNA studies (Bass and Weintraub 1987;
Rebagliati and Melton 1987). However, now it is recognized
that, rather than unwinding of dsRNA duplexes, it is a
destabilization of the edited dsRNA that results when
more stable A:U base pairs become less stable I:U base pairs
(Bass and Weintraub 1988; Wagner and others 1989). A-to-I
editing of viral RNA genomes during certain lytic and
persistent infections apparently can occur at multiple
sites. Such hyperediting of viral RNAs has been implicated
during replication and subsequent persistent infection
with single-stranded RNA viruses, including measles
virus, where biased A-to-I (G) hypermutations were first
described (Cattaneo and others 1988), hepatitis C virus
(Taylor and others 2005), and lymphocytic choriomeningitis
virus (Zahn and others 2007), and also during infection
with the dsDNA virus, mouse polyoma virus (Kumar and
Carmichael 1997).
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Possibly, the shuttling of ADAR1 between the cytoplasm
and nucleus may impact in a temporal and spatial manner in
which dsRNA substrates are edited. For example, editing of
GluR-B RNA at the R/G site is efficiently catalyzed by p150
NES mutants that accumulate in the nucleus, whereas GluR-
B RNA is poorly edited by wild-type ADARI localized in the
cytoplasm (Poulsen and others 2001). Perhaps in the nucleus
ADARI1 functions to edit pre-mRNAs before splicing,
whereas in the cytoplasm ADARI may function to edit
substrates such as viral RNAs or microRNAs (miRNAs)
(Bass 2002; Seeburg and Hartner 2003; Valente and
Nishikura 2005; Toth and others 2006). In some instances the
function of ADAR1 may involve interactions with protein or
RNA independent of, or in addition to, its RNA deaminase
catalytic activity. For example, ADARI1 increases plasmid-
based gene expression at the translational level by decreasing
PKR-dependent elF-2a. phosphorylation independent of
editing activity (Gommans and Maas 2008; Wang and
Samuel 2009). In HIV-infected lymphocytes, ADARI inter-
acts with PKR and enhances viral replication without the
requirement for editing activity (Clerzius and others 2009;
Doria and others 2009). ADARI1 also interacts with nuclear
factor 90 (NF90) proteins and affects NF90-mediated gene
expression independently of editing activity (Nie and others
2005); ADARL1 is found in complexes that include Vigilin that
has a high affinity for I-containing RNA, RNA helicase A,
and Ku86/70 (Wang and others 2005); finally, I-containing
dsRNA binds a stress granule-like complex and down-
regulates expression of both reporter and endogenous genes
(Scadden 2007).

Antagonists of ADART activity. Two viral gene products,
one RNA and the other a protein, have been shown to an-
tagonize ADARI. Adenovirus VAI RNA and the vaccinia
virus E3L protein both antagonize ADAR1 deaminase ac-
tivity, at least in vitro (Lei and others 1998; Liu and others
2001; George and others 2009). VAI RNA and E3L protein
both mediate IFN resistance in the context of viral infections;
VAI and E3L were the first antagonists identified of the IFN-
inducible RNA-dependent protein kinase PKR (Kitajewski
and others 1986; Chang and others 1992; Samuel 2001;
George and others 2009).

VAI RNA, a product of RNA polymerase III and a highly
structured small RNA, antagonizes PKR activity by binding
to the dsRBDs and preventing subsequent autopho-
sphorylation and kinase activation and elF-2a phosphoryla-
tion (Kitajewski and others 1986; O’Malley and others 1986;
Mathews and Shenk 1991, McCormack and Samuel 1995).
VAI RNA inhibits the deaminase activity of both p110 and
p150 ADARI1 measured with synthetic dsRNA in vitro (Lei
and others 1998). Mutant adenovirus that does not express
VAI RNA replicates poorly, and surprisingly the stable
knockdown of PKR does not rescue the growth of VAI mutant
virus (Zhang and Samuel 2007), consistent with the notion
that VAI RNA has an additional physiologically important
target such as ADARI. The mechanism by which VAI RNA
antagonizes ADAR1 is not yet known, nor is the biological
significance in the context of adenovirus infection. However,
VAI RNA has been used to assess the role of ADARI1 in
hepatitis C virus (HCV) RNA replication. IFN-alpha treatment
of HCV RNA replicon-containing cells causes an inhibition of
HCV viral RNA. Inhibition of ADAR1 by VAI RNA or siRNA
knockdown stimulates replicon activity and reduces the in-
osine detected in HCV replicon RNA (Taylor and others 2005).
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Vaccinia virus E3L is a 190 amino acid protein expressed
at early times after infection. E3L is an established antagonist
of two IFN-inducible enzymes: the PKR kinase (Samuel 1979;
Chang and others 1992) and OAS, the RNA-dependent oli-
goadenylate synthetases that produce 2'5'-oligoadenylate
activators of RNase L (Rivas and others 1998; Rebouillat and
Hovanessian 1999). Similar to p150 ADARI, the poxvirus
E3L protein also binds both Z-DNA and dsRNA and local-
izes to the cytoplasm and the nucleus (Chang and Jacobs
1993; Yuwen and others 1993; Patterson and Samuel 1995;
Herbert and others 1997; Liu and others 1998). E3L inhibits
deamination of synthetic dsRNA in vitro by both size forms
of ADARI, p150 and p110 (Liu and others 2001). Although
sequestration of dsRNA would represent one possible and
obvious mechanism for the inhibition of ADAR1 by E3L,
neither reovirus 63 protein nor some E3L mutants that retain
dsRNA-binding activity inhibit ADAR1 activity, suggesting
that the RNA binding activity alone of E3L is not sufficient
for ADAR1 antagonism. No physical interaction between
E3L and ADARI has yet been reported. Mutant vaccinia
virus deleted for E3L replicates poorly in human cells. The
stable knockdown of PKR complements to a significant ex-
tent, but albeit not completely, the E3L deletion mutant
phenotype by restoration of both viral protein synthesis and
virus growth and reduction of apoptosis (Zhang and others
2008). These results suggest that PKR, rather than ADAR]I, is
a primary E3L target in infected HeLa cells in culture (Zhang
and others 2008).

ADARZ proteins

Functional domains of ADAR2 proteins. Like ADARI,
ADAR?2 possesses multiple copies of the highly conserved
dsRNA-binding domain (dsRBD), but ADAR2 has two
copies (Ry and Ry) of the dsRBD instead of three as found in
ADARI proteins. While having a C-terminal catalytic de-
aminase domain (Bass 2002; Maas and others 2003) like
ADARI, ADAR?2 does not contain a Z-DNA-binding domain
as found in ADAR1. While the Ry is essential for editing of
most naturally occurring RNA substrates, R; shows sub-
strate-dependent importance for its editing activity (Xu and
others 2006), suggesting distinct substrate-binding properties
of these 2 dsRBDs. Curiously, deletion of the N-terminal R;
dsRBD of the human ADAR2 retains its editing activity
in vitro on a short 15-bp substrate RNA harboring the GluR-B
R/G site (Macbeth and others 2004). The N-terminal portion
containing R; can act as an inhibitor in trans for the N-
terminally truncated ADAR?2 protein. This implies a possible
regulatory role for R; of ADAR? in recognizing its endoge-
nous cellular RNA targets. Structural analyses have provided
important insights into the functional features of the dsRBDs
in substrate recognition and catalysis. Studies using directed
hydroxyl radical cleavage data demonstrated that both R;
and Ry of human ADAR?2 exhibit similar selective binding at
locations adjacent to the GluR-B Q/R site of a 30-bp duplex
RNA substrate, whereas different binding selectivity is found
for the dsRBD of PKR (Stephens and others 2004). According
to the NMR solution structures, the two dsRBDs of rat
ADAR?2 with 50% amino acid identity possess a common
appfPa topology, differing slightly in the orientation of a-
helix 1 and the conformation of the 1 — 2 loop (Stefl and
others 2006). NMR chemical shift perturbation analysis of the
two ADAR2 dsRBDs interacting with a 71-nt GluR-B RNA
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harboring the R/G site suggests that the R; recognizes a
conserved penta-loop, while the Ry recognizes two bulged
bases adjacent to the editing site (Stefl and others 2006). The
linker region bridging the two dsRBDs of ADAR2 is un-
structured and does not appear to be involved in the inter-
action with the RNA stem-loop.

The crystal structure of the catalytic domain of human
ADAR? has been determined at 1.7 A resolution (Macbeth
and others 2005). A structurally conserved deamination
motif is formed by 77 residues, consisting of 2 a-helices, 4 B-
strands, and connecting loops. The deaminase catalytic do-
main contains 1 zinc ion and, unexpectedly, one molecule of
inositol hexakisphosphate (IP¢) buried in a cavity lined with
several Arg and Lys residues. Whether IP6 is directly in-
volved in deamination catalysis remains to be delineated,
though IP6 is a required cofactor for enzymatic activity.

Subcellular localization of ADAR2. ADAR?2 is localized
exclusively in the nucleus, primarily residing in nucleoli
(Desterro and others 2003; Sansam and others 2003). In ad-
dition to an NLS in the N-terminal domain of ADAR? that is
responsible for its nuclear localization, several lines of evi-
dence indicate that the dsRBDs are also crucial for the
translocation, if not retention, of ADAR?2 to the nucleoplasm,
likely through their ability to bind rRNA (Sansam and others
2003; Xu and others 2006). Photobleaching experiments in
live cells indicate that both ADAR2 and the p110 form of
ADARI1 constantly shuttle in and out of the nucleolus
(Desterro and others 2003; Sansam and others 2003). In cells
expressing the substrate GluR-B RNA, ADAR?2 can prefer-
entially localize to the nucleoplasm where the substrate
transcripts are located (Desterro and others 2003); enhanced
translocation of ADAR?2 from the nucleolus to the nucleo-
plasm is associated with increased editing of endogenous
RNA substrates (Sansam and others 2003). Therefore, the
subcellular mobilization of ADAR2 may serve as a mecha-
nism for modulating its editing activity. Similar to ADARI,
the ADAR?2 protein is found to associate with the spliceo-
some complex (Raitskin and others 2001), likely facilitating
its anchorage in the nucleoplasm and providing the cellular
compartmentalization for its editing function.

RNA substrates edited by ADAR2. ADAR2 and ADARI1
can catalyze the site-specific editing of a number of common
RNA substrates, including the aforementioned ionotropic
glutamate receptors and G-protein-coupled serotonin-2C
receptor (Sommer and others 1991; Lomeli and others 1994;
Melcher and others 1996b; Burns and others 1997; Lai and
others 1997; Seeburg and others 1998; Liu and others 1999;
Liu and Samuel 1999; Aruscavage and Bass 2000; Bhalla
and others 2004). Comparative genomics analysis also has
identified the mRNA encoding human voltage-dependent
K" channel Kv1.1 (Hoopengardner and others 2003) that
undergoes efficient editing by ADAR2, replacing an isoleu-
cine (ATT) residue with valine (ITT) in the highly conserved
ion-conducting pore-lining S6 domain and thereby control-
ling the channel inactivation (Bhalla and others 2004). Kv1.1
editing requires a hairpin structure formed within the
mRNA coding region instead of an exonic complementary
sequence within the adjacent intron to form a stem loop
structure (Bhalla and others 2004). This is in contrast to the
cases of GluR-B (Higuchi and others 1993), ADAR2 (Dawson
and others 2004), and 5-HT2cR (Burns and others 1997)
pre-mRNA substrates that contain exonic complementary
sequence. Other newly identified mammalian substrates
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targeted for editing by ADARs in the coding regions include
FLNA, BLCAP, CYFIP2, and IGFBP7 (Levanon and others
2005). Both ADAR1 and ADAR?2 can edit BLCAP (Galeano
and others 2009), whereas ADAR2 predominantly edits the
K/E site of CYFIP2 RNA (Kwak and others 2008) and FLNA
may be an ADAR2 substrate as indicated by the fact that
FLNA mRNAs coimmunoprecipitate with ADAR2 (Kwak
and others 2008). However, the functional consequences of
these editing events have not been demonstrated.

Among the endogenous cellular RNA transcripts edited
by ADAR2 is its own pre-mRNA, creating a 3’ splice site (AA
to Al) for the subsequent alternative splicing (see Fig. 3) near
the N-terminal portion (Rueter and others 1999). Viral RNA
species that are targeted for A-to-I modifications by both
ADARI and ADAR? include the site-selective editing at the
amber/W site of HDV RNA (Sato and others 2001; Jayan and
Casey 2002a). However, the p110 form of ADAR1 appears to
be the predominant enzyme responsible for the HDV RNA
editing (Wong and Lazinski 2002), and the exact role of
ADAR? in editing viral RNAs is currently unclear.

Antagonists of ADAR2 activity. In contrast to ADARI,
which has been shown to be antagonized by viral proteins,
viral RNA molecules, and synthetic RNA aptamers (Lei and
others 1998; Liu and others 2000, 2001), it remains unclear
whether there exist specific viral RNAs or viral proteins that
act as antagonists against ADAR2. However, the N-terminal
portion of ADAR2 that includes the dsRBD R; may act to
inhibit its own deaminase activity (Macbeth and others
2004). ADAR3 protein has been shown also as an ADAR2
inhibitor when assayed in vitro (Chen and others 2000),
possibly through competitive sequestration of the RNA
substrates. The brain-specific small RNA MBII-52 that may
function as a nucleolar C/D RNA can target the C-site of the
5-HT,c receptor pre-mRNA for 2'-O-methylation, conse-
quently altering its editing by ADAR2 (Vitali and others
2005). However, whether this nucleolar editing antagonism
is a general regulatory mechanism for ADAR2 is unknown.

Other RNA substrates of ADARs

Most cellular substrates of selective A-to-I editing by
ADARs, including GluR and 5-HT,cR pre-mRNAs, were
identified serendipitously. Computational searches of the
human transcriptome using large numbers of expressed se-
quences revealed several thousand candidate A-to-I editing
sites (Athanasiadis and others 2004; Kim and others 2004;
Levanon and others 2004, 2005). These newly identified
editing events occur primarily in noncoding regions of RNA,
often in Alu repeats. Pairs of inverted Alu repeats in the 3'-
UTR regions of mRNAs conceivably could form duplex
structures that lead to A-to-I editing by ADARs, and hence
altered gene expression (Chen and Carmichael 2008).

Biological Activities of RNA Adenosine
Deaminases ADAR1 and ADAR2

A broad range of biological processes are affected by the
ADAR proteins. These include virus growth and persistence,
apoptosis and embryogenesis, neurotransmitter receptor
function, pancreatic cell function, and post-transcriptional
gene regulation by miRNAs. Established biochemical
mechanisms that provide a framework for understanding the
physiologic changes following ADAR-mediated editing are
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FIG. 5. Effects that A-to-I RNA editing may exert on gene
expression and function. Adenosine (A) deamination to in-
osine (I) in duplex RNA structures catalyzed by ADARs
substitutes an I for an A in an RNA sequence. Because I is
recognized as G, A-to-l editing may effect gene expression
and function in a number of ways that include mRNA
translation by changing codons and hence the amino acid
sequence of expressed proteins; pre-mRNA splicing by
changing a conserved A in splice site recognition sequences;
RNA stability by altering sequences involved in nuclease
recognition; RNA virus genome stability by changing tem-
plate and thus product sequences during viral RNA repli-
cation; and, RNA-structure-dependent activities such as
microRNA production or targeting or protein-RNA interac-
tions (adapted from Samuel 2003 with permission).

summarized in Fig. 5. Because I is recognized as G, A-to-I
editing may affect gene expression and function at a number
of levels. These include mRNA translation by changing co-
dons and hence the amino acid sequence of synthesized
proteins; pre-mRNA splicing by altering splice site recogni-
tion sequences; RNA stability by changing sequences in-
volved in nuclease recognition; genetic stability in the case of
RNA virus genomes by changing template and thus product
sequences during viral RNA replication; and RNA-structure-
dependent activities such as miRNA production or targeting
or protein-RNA interactions.

Virus growth and persistence

While sequence changes consistent with A-to-I editing by
ADAR deaminases are seen in some viral RNAs, including
measles virus (Cattaneo and others 1988), hepatitis C virus
(Taylor and others 2005), lymphocytic choriomeningitis virus
(Zahn and others 2007), parainfluenza virus (Murphy and
others 1991), vesicular stomatitis virus (O'Hara and others
1984), and polyoma virus (Kumar and Carmichael 1997), the
precise role of ADARs in virus infection in most instances is
not well defined. Because the ADAR1 cDNA was isolated as
an IFN-inducible gene product (Patterson and others 1995)
and the p150 form of ADARI is an interferon-stimulated gene
(ISG) with an ISRE-containing promoter (George and Samuel
1999a, 1999b; George and others 2005), a reasonable consid-
eration is that ADAR1 may function in an antiviral role.
However, evidence of an antiviral activity for ADARI is
limited (Samuel 2001; Toth and others 2006). Overexpression
approaches failed to demonstrate an antiviral activity of either
ADARI1 or ADAR? in single-cycle infections with vesicular
stomatitis virus (Li and others 2010). While ADAR1 antiviral
activity is implicated in some studies with 2 hepatitis viruses,
HCV (Taylor and others 2005) and HDV (Jayan and Casey
2002b; Sato and others 2004), recent work with other viruses is

GEORGE ET AL.

most consistent with a proviral role for ADAR1 as exemplified
by measles virus (Toth and others 2009), vesicular stomatitis
virus (Nie and others 2007; Li and others 2010), HHVS8 (Gandy
and others 2007), human immunodeficiency virus (Phu-
phuakrat and others 2008; Clerzius and others 2009; Doria and
others 2009), and with HDV (Casey 2006; Linnstaedt and
others 2009). The proviral effect of ADARI appears to result,
at least in some instances, from the suppression of PKR acti-
vation and function (Nie and others 2007; Clerzius and others
2009; Toth and others 2009; Li and others 2010).

Under normal physiologic conditions, ADAR1 promotes
rather than inhibits HDV replication (Casey 2006). HDV has a
structured, circular RNA genome and depends on a helper
virus, hepatitis B virus, for replication. HDV expresses 2 forms
of delta antigen, small HDAg necessary for viral RNA repli-
cation and large HDAg that mediates packaging of the viral
genome (Taylor 2003). ADAR1 is proviral for HDV, because
RNA editing on the HDV antigenome converts the UAG stop
codon that terminates small HDAg synthesis to an UIG
tryptophan codon, thereby allowing synthesis of large HDAg.
Without editing, genome packaging does not occur; ADARI,
therefore, is necessary for virus replication. However, high
levels of ADART1 protein inhibit HDV replication (Jayan and
Casey 2002a; Hartwig and others 2004; Casey 2006). Over-
expression of ADAR1 or ADAR?2 in Huh-7 cells, or treatment
with IFN that induces the p150 form of ADARI, results in
increased HDV RNA editing and decreased HDV replication
(Jayan and Casey 2002a; Hartwig and others 2004). Likewise,
a replication-competent HDV virus mutant that shows in-
creased editing at the amber/W site produces increased
amounts of large HDAg early in infection, and replication of
the mutant virus terminates prematurely (Sato and others
2004; Casey 2006). It is not unreasonable to presume that an
antiviral activity for ADAR1 against HDV might occur during
natural infection, especially if the level of ADAR1 p150 is in-
creased during IFN-o therapy for hepatitis B virus (HBV).

In the case of HCV, evidence for an antiviral role of
ADARI comes from replicon studies and is based on re-
duction of ADART1 activity either by adenovirus VAI RNA
expression or siRNA knockdown of ADAR1. Such reduction
in ADARI reportedly causes a reduction in I-containing viral
RNA in replicon expressing cells and impairs the IFN-
induced inhibition of HCV RNA replication (Taylor and
others 2005). Whether this finding based on the HCV re-
plicon system will extend to the cell culture model of HCV
virus infection, eg, based on the HCV JFH-1 molecular clone
virus and Huh-7-derived cell lines, is not yet clear. An in-
triguing counterintuitive possibility is that ADAR1 is anti-
viral in the context of HCV by mediating a reduction in PKR
activation in HCV-infected cells; HCV infection has been
found to block IFN-induced protein induction through acti-
vation of PKR phosphorylation, which causes inhibition of
cellular (including ISG protein) but not viral (HCV) protein
production (Garaigorta and Chisari 2009). Consistent with
this notion, in cells infected with either measles virus (Toth
and others 2009) or VSV (Li and others 2010), ADAR1 defi-
ciency leads to enhanced PKR activation.

RNA editing of the HHVS8 kaposin K12 transcript during
lytic replication is believed to eliminate its transforming ac-
tivity (Gandy and others 2007). The K12 RNA, an abundant
transcript expressed in latent Kaposi’s sarcoma-associated
HHVS infection, also is induced during lytic replication.
The transcripts that possess an A at position 117990 are
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tumorigenic, whereas those with G (or I) are not. There is no
detectable G in the viral DNA sequence at this position, only
A. Purified human ADART1 efficiently edits K12 RNA in vitro
and the extent of A-to-I (G) editing in vivo correlates with the
replicative state of the virus (Gandy and others 2007).

Mouse polyoma virus, a DNA virus that replicates in the
nucleus, expresses early and late transcripts from opposite
strands of the viral genome. Early strand RNA is down-
regulated by antisense late-strand RNA. Approximately half
of the early strand RNAs in the nucleus at late times after
infection possess G (or I) in place of A as determined by
sequence analysis, and about 50% of the A’s are replaced in
these transcripts, consistent with hyperdeamination by an
ADAR (Kumar and Carmichael 1997). However, it is not yet
known whether ADAR1 or ADAR2, or both, are responsible
for the downregulation of early polyoma RNA.

Persistent measles virus infection can occur in the brain,
causing a rare but often fatal disease known as subacute
sclerosing panencephalitis (SSPE) (Oldstone 2009). When
viral RNA from SSPE patients was characterized, clustered
A-to-1(G) mutations were found in the M gene and less fre-
quently in other measles virus genes (Cattaneo and others
1988; Oldstone 2009). The M mRNA mutations seen in SSPE
patients are presumed to prevent synthesis of functional M
protein that is required for virion assembly and release, and
thereby contribute to persistence. Parainfluenza (Murphy
and others 1991) and vesicular stomatitis (O’'Hara and others
1984) viruses likewise are implicated as targets of ADARI1
deaminase activity based on observed sequence changes. In
the case of human parainfluenza virus 3 RNA isolated from
persistently infected LLC-MK2 cells in culture, biased A-to-I
(G) changes are observed toward the 3'-end of the viral RNA
along with U-to-C transitions (Murphy and others 1991).

Somewhat surprisingly, ADAR1 has emerged as a provi-
ral host factor in the context of measles virus (Toth and
others 2009), vesicular stomatitis virus (Nie and others 2007;
Li and others 2010), and HIV (Phuphuakrat and others 2008;
Clerzius and others 2009; Doria and others 2009) infections.
This proviral activity of ADARI correlates with the sup-
pression of PKR activation and elF-2o. phosphorylation (Toth
and others 2009; Li and others 2010) and the enhancement of
synthesis of viral proteins (Phuphuakrat and others 2008;
Doria and others 2009; Toth and others 2009). Among the
mechanisms that might contribute to the proviral effects of
ADARLI that involve suppressive modulatory effects on PKR
include inactivation of PKR activator RNAs and ADAR1-
PKR protein interaction. ADAR1-mediated deamination of
dsRNA through A-to-I editing would destabilize RNA
structures, the very property by which ADARs were origi-
nally discovered (Bass and Weintraub 1987, 1988; Rebagliati
and Melton 1987; Wagner and others 1989), which presum-
ably could decrease the amount of PKR activator RNA. The
other possibility is that ADAR interaction with PKR results
in a multiprotein complex and subsequent alteration in
protein localization that effectively neutralizes a host func-
tion such as that mediated by PKR which normally is anti-
viral. The enhanced apoptosis and reduced virus yields seen
following infection of cells stably deficient in ADAR1 with
measles virus C or V mutants correlates with enhanced ac-
tivation of PKR and IRF3 (Toth and others 2009). Induction
of IFN-B is amplified by PKR in cells infected with the C or V
deletion mutant of measles virus (McAllister and others
2010), but the role of ADART1 in the process is not yet known.
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Apoptosis and embryogenesis

Mouse gene knockouts have been described for both
Adarl (Wang and others 2000a, 2004; Hartner and others
2004, 2009; XuFeng and others 2009) and Adar2 (Higuchi and
others 2000). Their phenotypes are different. Homozygosity
for Adar1 null leads to liver disintegration, defects in hema-
topoiesis, and embryonic death between E11.5 and E12.5
(Hartner and others 2004; Wang and others 2004). Homo-
zygosity for Adar2 null is not embryonic lethal, but Adar2
null mice are shorter-lived than wild-type mice and display
neurological abnormality, including episodes of epileptic
seizures (Higuchi and others 2000).

Analysis of Adar1~/~ dead embryos reveals apoptosis in
many tissues, especially the liver (Wang and others 2004).
Subsequent studies of inducible Adar1 gene disruption in mice
suggest that ADAR1 is essential for maintenance of both fetal
and adult hematopoietic stem cells. Loss of ADARI1 in he-
matopoietic stem cells leads to global upregulation of type I
and II IFN-inducible transcripts and rapid apoptosis (Hartner
and others 2009). ADARI appears to be essential for survival
of differentiating hematopoietic progenitor cells as opposed to
more primitive stem cells in adult mice. In the absence of
ADAR], transplanted ADARI-deficient hematopoietic stem
cells are incapable of reconstituting irradiated recipients al-
though they are phenotypically present in the recipient bone
marrow (XuFeng and others 2009). MEF cells derived from the
Adar1~/~ mice are prone to serum-deprivation-induced apo-
ptosis (Wang and others 2004). Likewise, virus-induced apo-
ptosis is enhanced in human cells in culture made stably
deficient in ADAR1 p150 and p110 through short hairpin
RNA-mediated knockdown (Toth and others 2009). Con-
ceivably the antiapoptotic activity of ADARI arises in part
through suppression of activation of proapoptotic RNA-
dependent activities as exemplified by PKR and IRF3 (Toth
and others 2009; Li and others 2010). Whether it is the absence
of p110 or p150 or both ADAR1 protein isoforms that causes
increased apoptosis and embryonic lethality is not yet estab-
lished, as the Adar1 gene disruptions described to date elimi-
nate both p110 and p150. In wild-type embryos, constitutively
expressed exon 1B-containing transcripts are detectable at E10,
whereas the IFN-inducible exon 1A-containing transcripts are
not (George and others 2005). This suggests the possibility that
p110, but not p150, is important for embryogenesis. However,
another possibility is that the transcriptional activation of in-
ducible p150 ADARTI is necessary for embryonic development
but simply not triggered to a detectable level at E10. Selective
disruption of either the IFN-inducible P;/A promoter and the
corresponding exon 1A region, or the constitutive promoters
and corresponding exon 1B and 1C regions, might resolve this
question.

The ADAR1 requirement for embryo survival during de-
velopment cannot be complemented by ADAR2 (Hartner
and others 2004, 2009; Wang and others 2004); and, ADAR2
is not required for embryogenesis (Higuchi and others 2000).
Adar2™’~ mice, although prone to epileptic seizures, do
survive several weeks after birth. Lack of editing of GluR-B
RNA at the Q/R site appears to be the primary causal basis
of the neurological phenotype of Adar2 null mice, because
the behavioral dysfunction of Adar2”" mice is rescued by
replacing the unedited CAG codon of each GluR-B allele
with a GluR-B allele encoding an edited (CGG) RNA codon
(Higuchi and others 2000).
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Neurotransmitter receptor function

Adar gene targeting studies in the mouse have established
unequivocally that A-to-I RNA editing can modulate neu-
ronal activity and have confirmed the site selective roles of
ADARI and ADAR? in the editing of the neurotransmitter
receptor pre-mRNAs encoding the AMPA glutamate recep-
tor GluR-B and the serotonin 5-HT,¢ receptor (Higuchi and
others 2000; Hartner and others 2004; Wang and others
2004). The a3 subunit of the y-aminobutyric acid type A
(GABA,) receptor also is edited by ADAR1 and ADAR2
(Ohlson and others 2007; Rula and others 2008). Editing
leads to highly selective amino acid substitutions in the
GluR-B, 5-HT,cR, and o3 GABA,4 receptor proteins that af-
fect their functional activities and hence neurophysiology.

The ionotropic glutamate receptors are a diverse group of
receptors that are important in the mediation of excitatory
synaptic neurotransmission. RNA editing by ADAR proteins
at 2 sites contributes to the functional diversity of AMPA and
kainate glutamate receptors (Seeburg and Hartner 2003).
A-to-I editing by ADAR?2 at the Q/R site in exon 11 of hy-
drophobic transmembrane domain 2 alters calcium perme-
ability of the glutamate receptor channel; channels composed
of the edited GluR-B subunits show reduced permeability to
Ca™'™ ions, whereas channels composed of unedited subunits
show higher divalent ion permeability (Burnashev and oth-
ers 1992). Q/R editing also affects assembly and trafficking
of the glutamate receptors (Greger and others 2003). A-to-I
editing at the second GluR-B site, the R/G site in exon 13,
affects the kinetic properties of the GluR-B receptor; editing
leads to faster recovery rates from receptor desensitization
(Lomeli and others 1994). A-to-I editing of the ionotropic
GABA , receptor a3 subunit at the I/M site is regulated in a
spatiotemporal manner and leads to the conversion of a ge-
nomic Ile codon to a Met codon that alters chloride ion flux
(Ohlson and others 2007; Rula and others 2008). GABA a3
RNA editing is low in the embryo at E15 but approaches 90%
by P7 and persists in the adult mouse brain; GABA recep-
tors with the nonedited a3 subunit are activated more rap-
idly and deactivated more slowly than the edited receptors
(Rula and others 2008).

The 5-HT,cR serotonin receptor is a 7-transmembrane
G-protein-coupled receptor, linked to phospholipase C with
the production of inositol phosphates and diacylglycerol
(Baxter and others 1995; Burns and others 1997; Werry and
others 2008). Pre-mRNA transcripts for 5-HT>cR undergo
A-to-I editing at 5 different positions in exon 3 (Burns and
others 1997; Liu and others 1999; Niswender and others
1999). Editing at all 5 of the sites results in 3 amino acid
substitutions in the second extracellular loop of the receptor;
however, several different isoforms of the 5-HT,cR protein
can result from different combinations of edited or unedited
adenosines at the 5 sites (Fitzgerald and others 1999).
5-HT,cR receptor isoform expression patterns vary in dif-
ferent regions of the brain (Burns and others 1997; Liu and
others 1999; Niswender and others 1999; Wang and others
2000b). The fully edited 5-HT>cR isoform (with Val, Ser, and
Val substituting for Ile, Asp and Ile, respectively) displays
a ~10-15-fold reduction in G-protein-mediated signaling
compared to the fully unedited isoforms as assessed by
dose-response analysis of inositol phosphate accumulation
with serotonergic agonists (Burns and others 1997). The
difference in agonist potency between edited and unedited
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isoforms is caused by both decreased receptor-G protein
coupling (Burns and others 1997; Niswender and others
1999) and decreased agonist affinity (Fitzgerald and others
1999).

Metabolic and pancreatic cell function

Several lines of evidence have implicated a role of ADAR2
editing enzyme in metabolism. Mice expressing either the
wild-type or deaminase-deficient ADAR2 transgenes exhibit
hyperphagia and develop adult-onset obesity (Singh and
others 2007). However, the exact mechanism that underlies
the ADAR?2 effects on the central control of energy balance is
not yet known. In addition, a potential endocrine function is
suggested by the findings that ADAR2 expression and
ADAR2-mediated RNA editing are selectively upregulated
in primary pancreatic islets of mice with diet-induced obesity
and insulin resistance (Gan and others 2006). While ADAR2
and ADAR2-dependent RNA editing are increased in cul-
tured INS-1 B-cells in response to glucose stimulation, whe-
ther ADAR?2 is directly involved in the control of the
pancreatic endocrine function is yet to be demonstrated.
Thus, more detailed studies using tissue-specific gene-
targeting strategies will be required to dissect the central or
peripheral function of ADAR2 in metabolic homeostasis.

Post-transcriptional gene regulation by miRNAs

ADAR proteins can affect post-transcriptional gene regu-
lation by miRNAs, small noncoding RNAs that function as
regulatory RNAs. By base pairing to mRNAs, miRNAs can
downregulate with high specificity the production of pro-
teins encoded by targeted mRNAs, either by mediating
mRNA degradation or translational suppression without
degradation (Filipowicz and others 2008). miRNAs are pro-
duced from precursor transcripts, pri-miRNAs, that possess
base-paired stem structures and undergo nuclear processing
by the Drosha nuclease to generate ~70nt hairpin pre-
miRNAs that are transported to the cytoplasm by exportin 5
and further processed by the Dicer nuclease to yield ~20bp
miRNA duplexes. Drosha and Dicer are endonucleases that
function in complexes with proteins that possess dsRBD of
the nature first discovered in PKR and also present in the
ADARs (Samuel 2001; Toth and others 2006; Filipowicz and
others 2008). MiRNAs are assembled into RNAi-induced si-
lencing complexes (RISCs) and base pair with nearly perfect
complementarity to the targeted mRNA, typically in the
3'-UTR region, to silence expression. ADAR1 and ADAR2
have been shown to affect the miRNA gene silencing process
at multiple steps, which retrospectively is not surprising,
given that the miRNA silencing process depends upon
dsRNA structures and dsRNA-binding proteins. Among the
steps of the miRNA pathway altered by ADARs are the
processing of miRNA precursors and the targeting of miR-
NAs (Habig and others 2007; Heale and others 2009b).

Among the first hints of A-to-I editing of miRNAs was the
sequence changes seen for human and mouse pri-miRNA-22
transcripts (Luciano and others 2004) and then the subsequent
demonstration that editing of pri-miRNA-142 leads to inhi-
bition of processing by the Drosha nuclease (Yang and others
2006). A-to-I editing of two adenosines within the dsRNA
structure of pri-miRNA-142 blocks the processing cleavage by
the Drosha-DGCRS8 complex, thereby decreasing the level of
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mature miRNA-142 produced. A-to-I editing of pri-miRNA-
151 at 2 positions within its dSRNA structure inhibits cleavage
by the Dicer-TAR RNA binding protein (TRBP) complex and
leads to an accumulation of edited pre-miRNA-151 (Kawa-
hara and others 2007a). The first evidence that A-to-I editing
could alter the target specificity of miRNA was obtained with
miRNA-376a, where editing in the seed sequence changes the
targeting to silence expression of the phosphoribosyl pyro-
phosphate synthetase 1 enzyme in uric acid synthesis in a
manner dependent upon ADAR2 (Kawahara and others
2007b). A significant correlation also has been observed be-
tween A-to-I editing events in 3’-UTR regions of mRNA and
changes in miRNA complementarities, suggesting that crea-
tion of miRNA target sites by editing of mRNAs may also be a
function of ADARs (Borchert and others 2009).

The frequency of miRNA editing appears significant. In-
itial sequence analysis suggested that ~10% of the pri-
miRNAs were edited in human tissues (Blow and others
2006). A large-scale survey of human brain pri-miRNAs
by direct sequencing identified 86 editing sites in 47 pri-
miRNAs, leading to the prediction that ~16% of human pri-
miRNAs are subject to A-to-I editing (Kawahara and others
2008). The majority of the pri-miRNA editing events seem to
affect steps of miRNA processing rather than re-directing
targeting through altered seed sequences. Expression of
miRNAs has been described for various groups of viruses,
including herpesviruses, retroviruses, and small DNA viru-
ses, and cellular miRNAs have been identified that target
viral sequences (Berkhout and Jeang 2007). Essentially
nothing is known regarding whether the IFN-induced
ADARI1 deaminase is able to edit any of these miRNAs in a
manner that alters the virus-host interaction. However, it has
been observed that the liver-specific miRNA-122, implicated
in the control of HCV replication and the response to IFN in
hepatoma cells (Pedersen and others 2007), is present at
lower pretreatment levels in individuals with hepatitis C
responding poorly to peglFN alpha therapy than in re-
sponders (Sarasin-Filipowicz and others 2009).

ADAR proteins also can modulate gene silencing inde-
pendent of their deaminase activity (Yang and others 2005;
Heale and others 2009a). This was first suggested by the
finding that ADAR can limit the efficacy of RNAi by syn-
thetic siRNAs (Yang and others 2005). Both ADAR1 and
ADAR?2 bind to siRNAs, with the cytoplasmic p150 form of
ADARI showing the highest affinity. Short siRNAs (<36 bp)
while not edited, still bind with high affinity. Not unex-
pectedly, when such sequestration is circumvented, RNAi
becomes significantly more potent as seen in MEF cells de-
ficient in ADAR1 (Yang and others 2005). ADAR2 can
modulate the processing of miRNA-376a independent of
deaminase catalytic activity (Heale and others 2009a). Ex-
tensive editing of siRNAs is seen in Drosophila, and using a
Drosophila-based assay for RNAi, human ADAR1 p150 in-
hibits RNAi through a mechanism that is partially inde-
pendent of editing activity (Heale and otheres 2009a).
ADARI p150 also inhibits siRNA silencing when tested in
the background of Adar1 null MEFs (Yang and others 2005).

ADARs in human disease

Among the human genetic diseases associated with
ADARI and A-to-I editing are dyschromatosis symmetrica
hereditaria (DSH-1) and a variety of neurologic disorders
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(Maas and others 2006; Toth and others 2006). DSH-1 is an
autosomal dominant pigmentary dermatological disorder
that causes freckle-like pigmentation changes typically on
the hands and feet. The disease locus for DSH-1 has been
mapped to the ADARIT locus on chromosome 1q21 (Weier
and others 1995; Miyamura and others 2003; Zhang and
others 2003; He and others 2004). Multiple ADART muta-
tions, including missense, nonsense, frameshift, and splicing
mutations, have been identified in DSH-1 patients (Miya-
mura and others 2003; Gao and others 2005; Suzuki and
others 2005; Liu and others 2006). While neurological effects
are not usually seen, progressive mental changes are asso-
ciated with some rare mutations. The effects of these ADAR1
mutations on ADARI protein function and the mechanistic
basis by which the ADARI mutations cause the DSH pig-
ment disorder are largely unknown.

Altered editing of neurotransmitter receptor RNAs has
been observed in patients with several neurological disor-
ders, including schizophrenia, Alzheimer’s disease, Hun-
tington’s disease, and depression (Maas and others 2006;
Toth and others 2006; Werry and others 2008) as well as
astrocytomas (Cenci and others 2008). When A-to-I editing of
the serotonin 5-HT,cR receptor was examined in the frontal
cortex of schizophrenic patients, an overall decrease in
editing was seen (Sodhi and others 2001). Reduction in
5-HT,cR editing of one of the ADARI sites, the B site,
reached statistical significance. A statistically significant dif-
ference in editing at the other 5-HT,cR site edited by
ADAR]I, the A-site, also was reported in patients who had
committed suicide (Niswender and others 2001). Decreased
editing of GIuR-B at the Q/R site, a site edited by ADAR2,
has been reported in the prefrontal cortex of Alzheimer’s
disease and schizophrenic subjects and in the striatum of
Huntington’s disease patients (Akbarian and others 1995) as
well as in neurons from patients with amyotrophic lateral
sclerosis (Kwak and Kawahara 2005; Aizawa and others
2010) and astrocytomas, both adult (Maas and others 2001)
and pediatric (Cenci and others 2008).
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