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Preface

Adenosine deaminases acting on RNA (ADARs) bind double-stranded RNA and
catalyze the deamination of adenosine (A), producing inosine (I) in RNA sub-
strates. Because “I” is recognized as “G” instead of “A”, nucleotide substitutions
are generated that have the potential to amplify genetic diversity and alter gene
product function, thereby affecting a broad range of biological processes. A-to-I
editing occurs with both cellular and viral RNA substrates, and in both coding and
noncoding regions of RNAs. The importance of ADARs for normal development
and physiology, both in the absence and presence of pathogen infection, is illus-
trated by the phenotypes seen in model organisms and cultured cells following
genetic disruption of adar genes, and either knockdown or over expression of
ADAR proteins. This volume of Current Topics in Microbiology and Immunology
reviews several aspects of ADARs and A-to-I editing. The volume begins with the
two chapters that review the biochemical properties of ADAR proteins: their
structure and catalytic mechanism, and their nucleic acid binding activities con-
ferred by repeated dsSRNA and Z-DNA binding domains. The next four chapters
concern A-to-I editing of coding and noncoding RNA transcripts: editing of coding
RNAs that affects the open reading frame and subsequently causes changes in
ribosome decoding, resulting in protein products with altered function including
cellular neurotransmitter receptors and ion channels and viral proteins; and, the
editing of noncoding micro RNAs and mRNA 3'-untranslated regions. Bioinfor-
matic strategies to identify new candidate targets of A-to-I editing are next con-
sidered. The volume concludes with three chapters that focus on roles that ADARs
play that affect virus-host interactions and innate immunity, and mouse develop-
ment and Drosophila biology.

The objective of this CTMI volume is to provide readers with a foundation
for understanding what ADARSs are and how the act to affect gene expression and
product function. It is becoming increasingly apparent that ADARs may function
not only as enzymes that deaminate adenosine in RNA substrates with double-
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stranded character, but also as RNA binding proteins independent of their catalytic
property. Future studies of ADARs no doubt will provide us with additional sur-
prises and new insights into the modulation of biological processes by the ADAR
family of proteins.

Santa Barbara, April 2011 Charles E. Samuel
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ADAR Proteins: Structure and Catalytic
Mechanism

Rena A. Goodman, Mark R. Macbeth and Peter A. Beal

Abstract Since the discovery of the adenosine deaminase (ADA) acting on RNA
(ADAR) family of proteins in 1988 (Bass and Weintraub, Cell 55:1089-1098,
1988) (Wagner et al. Proc Natl Acad Sci U S A 86:2647-2651, 1989), we have
learned much about their structure and catalytic mechanism. However, much about
these enzymes is still unknown, particularly regarding the selective recognition
and processing of specific adenosines within substrate RNAs. While a crystal
structure of the catalytic domain of human ADAR?2 has been solved, we still lack
structural data for an ADAR catalytic domain bound to RNA, and we lack any
structural data for other ADARs. However, by analyzing the structural data that is
available along with similarities to other deaminases, mutagenesis and other
biochemical experiments, we have been able to advance the understanding of how
these fascinating enzymes function.
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1 The Reaction Catalyzed by ADARs

The overall reaction catalyzed by ADAR enzymes is the conversion of aden-
osine (A) in RNA to the rare nucleoside inosine (I) (Fig. 1). It is inosine’s
structural similarity to guanosine (G) (lacking only guanosine’s C2 amino
group) that is responsible for ADARs’ profound effects on the function of RNA
substrates. Inosine selectively base pairs with cytidine (C) and therefore func-
tions in translation and replication as guanosine (G). In addition, conversion of
adenosine present in A:U pairs in duplex structures leads to I-U mismatches,
destabilizing the duplex structure (Bass and Weintraub 1988). Conversely, the
ADAR reaction at A—C mismatches leads to more stable I:C pairs. Early work
by Bass et al. on the ADAR reaction established key elements of the mecha-
nism. Using 80 labeled water in the reaction and mass spectrometry of the
product, they showed that the oxygen atom in the inosine product is from water
and that the glycosidic bond of the reacting nucleotide is not broken during the
reaction (i.e. ADARs do not use a transglycosylation mechanism) (Polson et al.
1991). This information supported a hydrolytic deamination mechanism for the
ADARs similar to that seen previously with the nucleoside modifying enzymes
ADA and cytidine deaminase (CDA) (Carter 1995). This type of mechanism
implied the existence of a hydrated intermediate along the reaction coordinate
and required a means for activation of a water molecule for nucleophilic attack
(Fig. 1). Work done with ADARs and other deaminases (discussed in detail
below) has helped us to identify the key residues and steps involved in this
mechanism.
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NHo HO NH2
N s\N ADAR

N
< ) +H20 < ) 'NH3 < Jz

RNA' RNA RNA
hydrated
adenosine intermediate inosine

Fig. 1 ADARs catalyze the deamination of adenosine to inosine via addition of water to the
6-position to form a hydrated intermediate. Inosine differs from guanosine only at the 2-position,
where inosine lacks guanosine’s amino group. Therefore, inosine base-pairs with cytidine and so
is recognized as guanosine by the translation machinery

Z-domain dsRMNA binding deaminase
ADAR1a Nl s s Jss(TRC 1226

dsRMNA binding  deaminase

ADAR2a N e e e 701

Fig. 2 Domain maps of ADAR1a and ADAR?2a. Yellow boxes indicate approximate locations of
dsRBMs in each protein. Blue indicates Z-alpha and Z-beta domains in ADAR1. Orange boxes
refer to the CDA-like deaminase domains

2 The ADAR Protein Structure is Modular

Cloning and sequencing of ADAR cDNAs allowed for the identification of likely
functional domains within the expressed proteins (Kim et al. 1994; Melcher et al.
1996). Indeed, the ADAR proteins are modular in their makeup with multiple
independently folded domains that work in concert to achieve efficient and selective
RNA editing (Fig. 2). RNA binding is controlled by sequence motifs (dsSRBMs)
present in multiple copies in both ADAR1 and ADAR2 (Doyle and Jantsch 2002).
The C-terminal region of each protein harbors the deaminase domain with the
catalytic machinery necessary to convert adenosine to inosine. In addition, ADARI
has an N-terminal Z-domain similar to other known Z-DNA binding domains
(Herbert et al. 1997). Indeed, the Z-alpha subdomain of ADAR1 has Z-DNA and
Z-RNA binding activity (Koeris et al. 2005). Below we describe in more detail the
structure and function of the ADAR catalytic domain along with a description of our
current understanding of the catalytic mechanism. The reader is directed to other
reviews in this issue for information about ADARs’ dsRBMs and Z-domains.

3 Overview of Structure of ADAR2 Deaminase Domain

The modular nature of ADARSs described above has allowed structural biologists
to obtain high-resolution structures of both the RNA binding domain and the
catalytic domain of ADAR proteins. High resolution structures for two members of
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the protein family to which ADAR belongs are available: (1) the prokaryotic ADA
that acts on tRNA 2 (ADAT?2 or TadA) which is a sub-type of the ADAR family
that deaminates the wobble position (A34) of tRNAAE? (Gerber and Keller 1999;
Wolf et al. 2002; Kuratani et al. 2005; Kim et al. 2006; Losey et al. 2006; Lee et al.
2007), and (2) the catalytic domain (spanning residues 306-701) of hADAR2
(Macbeth et al. 2005). These structures support phylogenetic data suggesting
that ADARs and ADATS belong to the CDA superfamily of enzymes (Kim et al.
1994; Gerber and Keller 1999, 2001). Other deaminases that belong to this
family include E. coli cytidine nucleoside deaminase and the RNA and DNA
editing enzymes apo-lipoprotein B mRNA editing catalytic subunit-1, -2, and -3
(APOBECI1-3) as well as activation induced deaminase (AID) (Navaratnam and
Sarwar 2006).

These enzymes catalyze a hydrolytic deamination reaction by employing a zinc
coordinated water molecule as the nucleophile. In the proposed mechanism for this
reaction, discussed in detail below, a conserved glutamate residue accepts a proton
from the nucleophilic water, and the reactive hydroxide ion attacks C6 of aden-
osine (for ADARs and ADATSs) or C4 of cytidine (in CDAs and APOBECs) in
their respective substrates. Thus, the enzymes share a common mechanism, a
common sequence of residues proximal to the active site zinc, and a striking
conservation of structural topology that comprises the ‘deaminase motif” (Fig. 3).

The core deaminase motif of CDAs, APOBECs and ADARs consists of a
central 5-stranded f-sheet (f1-5) flanked on one face by an o-helix («1) crossing
roughly perpendicular to the ff-strands, and two helices (z2—«3) that run parallel to
the f-strands on the opposite face of the sheet (Betts et al. 1994; Kuratani et al.
2005; Macbeth et al. 2005; Prochnow et al. 2007; Holden et al. 2008). The two
helices contain residues that coordinate the zinc ion as well as the invariant glu-
tamate residue that accepts a proton from the nucleophilic water. In addition, the N
termini of «2 and o3 are located at the base of the active site cleft and thus provide
positive charge to this region due to the helical dipole. The positive dipole may act
to stabilize the developing negative charge on the nucleophile as a proton is
transferred, or may facilitate shuttling of a proton between N1 of adenosine,
residue E396 and the hydrated intermediate.

It is curious that ADARs bear a resemblance to CDAs but not to the adenosine
nucleotide deaminases (ADAs). ADAs, like ADARs, use a zinc-coordinated water
as the nucleophile in a hydrolytic deamination reaction at C6 of adenosine
nucleotides. However, despite a catalyzing a similar reaction, the three-dimen-
sional (3D) structures are vastly different. The ADA structure is an 8-strand,
parallel o/f barrel instead of the helix/f-sheet/2-helix deaminase fold of ADARs
and CDAs (Wilson et al. 1991).

The ADAT?2 family of deaminases convert the wobble position (A34) of
various tRNAs to inosine. In prokaryotes, the reaction is catalyzed by a
homodimer of the TadA protein and it is specific for tRNA®™®2 while in
eukaryotes the modification is catalyzed by a heterodimer of Tad2/Tad3 (ADAT2/
3) which deaminates the wobble position of several tRNAs (Gerber and Keller
1999). ADAT?2 proteins are 20-25 kDa, lack a dsSRBM and have a shortened C
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".
hADAR2-CD
A=l ) |
dRNA h

&
CDA {
Cc—U r
nucleotide

H-i\;'\ =~ APOBEC3G
v C-U
4 ssDNA

Fig. 3 Comparison of the deaminase motifs of hADAR2-CD, TadA monomer, CDA monomer
and APOBEC3G-CD2 (PDB ID: 1ZY7, IWWR, 1CTU, 3E1U). a-Helices and f-strands that
comprise the deaminase motif are colored orange and purple, respectively, and are labeled in the
TadA structure. The catalytic zinc ions are shown as green spheres and the IP¢ found in hADAR?2
is represented as sticks. To the right is a topology diagram of the deaminase motif common to the
CDA superfamily with similar color coding and labeling as the structures on the left. Double hash
marks indicate extended loops between secondary structure elements

terminus compared to the catalytic domain of ADARs. The crystal structure of
TadA has been determined both in the apo form and in the presence of the
tRNA"% anticodon stem-loop (Kuratani et al. 2005; Kim et al. 2006; Losey et al.
2006; Lee et al. 2007). The structures revealed that the enzyme consists primarily
of the core deaminase motif with an additional extended helix at the C terminus.
The protein exists as a dimer with much of the dimerization interface comprised of
the o2 and o3 helices that are part of the deaminase motif and the random coil
between p4 and 5. The two subunits are flipped 180° about the dimerization
interface, each subunit contributing to the formation of both active sites. One of
the monomers provides the zinc and catalytic glutamate residue while the other
subunit provides additional residues for recognition of the appropriate substrate
(Losey et al. 2006).

The catalytic domain of hADAR2 (hADAR2-CD) is approximately 45 kDa and
is comprised of the C-terminal 400 residues. The structure of hADAR2-CD was
determined by X-ray crystallography and revealed a globular structure roughly
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Fig. 4 Comparison of the IP4 binding pocket of hADAR2-CD to the TadA dimerization
interface. Left the hADAR2-CD structure highlighting the IP¢ binding pocket in blue; the 1Pg
molecule is shown as sticks (for clarity, the random coil representing residues 374-393 and
475-515 were cut away). Right the TadA homodimer with the elements that contribute to the
dimerization interface shown in blue. The second subunit of the homodimer is shown as a
transparent surface view. The active site zinc ion is in green

40 A in diameter (Macbeth et al. 2005). While the core deaminase motif structure
is largely similar to TadA, the intervening loops between secondary structural
elements are longer and the central f-sheet is larger, having three more f-strands
than TadA. The ADAR2-CD also has an extended C terminus made up of several
a-helices that are not found in the TadA protein.

The active site zinc ion of hADAR2-CD is buried in a pocket and coordinated
by one histidine and two cysteine residues. The substrate binding surface is
surrounded by positive electrostatic potential that likely facilitates binding of
dsRNA and it is plausible that residues on the surface may be responsible for the
5" and 3’ neighbor preferences exhibited by hADAR2 (Macbeth et al. 2005).

One striking feature revealed by the crystal structure of hADAR2-CD was the
presence of the metabolite myo-inositol-1,2,3,4,5,6-hexakisphosphate (IP¢) buried
in the interior of the domain. The IPg molecule is 10.5 A from the active site zinc
ion and is linked to it via hydrogen bonding of invariant residues. The binding
cavity of IPg is on one side of the «2—a3 helices of the deaminase motif, opposite
the central f-sheet, and surrounded on the other side by the largely helical C
terminus that is missing in TadA. Upon superposition of TadA and hADAR2-CD,
the IP¢ binding fold replaces the dimerization interface found in TadA (Fig. 4).
The IP¢ pocket is very basic and contains many residues that act as hydrogen bond
donors to interact with the phosphate oxygens of IPg. These residues are conserved
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Fig. 5 The Zn(l) in the
ADAR? active site is ligated
by Cys516, Cys451, His394
and the nucleophilic water
(red sphere) that attacks C6
of the edited adenosine.
Glu396 is another key active
site residue that mediates the
proton transfers involved in
the reaction

in the ADAR proteins as well as the ADATI family of adenosine deaminases that
act on tRNA which deaminate A37 of tRNA*? in eukaryotes. Details of the
ADAR?2-IPg interaction and its role in ADAR function are described below.

4 H394, C451, C516: Zn** Binding

Other nucleoside/nucleotide deaminases activate water for attack using a zinc ion
in their active sites (Wilson et al. 1991; Betts et al. 1994). ADAR?2 also uses a
zinc-containing active site where the metal ion is ligated by two cysteines (451 and
516) and a histidine (394), along with the water molecule responsible for hydration
of the editing site adenosine (Macbeth et al. 2005) (Fig. 5).

Mutation of the equivalent residues in ADARI causes a loss of activity
(Lai et al. 1995). Zinc ions are commonly found in proteins ligated by some
combination of cysteine, histidine, glutamic acid, aspartic acid and water. Zn(II)
can be found in both structural and catalytic capacities in proteins. For Zn(II)
acting in a catalytic capacity, the preferred ligands are generally His, Glu, Asp and
Cys (in that order) (Lee and Lim 2008). Indeed, the active site of the nucleoside
deaminase ADA has three histidines, one aspartic acid and the reactive water
(Wilson et al. 1991). Carbonic anhydrase also has three histidines ligating the
active site zinc (Liljas et al. 1972). CDAs, APOBECs, ADARs and ADATSs
(including TadA) are somewhat unusual among enzymes with catalytic zinc sites
in that the Zn(Il) is ligated by two (and sometimes three) cysteines (Betts et al.
1994; Johansson et al. 2002; Chung et al. 2005; Elias and Huang 2005; Macbeth
et al. 2005; Teh et al. 2006; Prochnow et al. 2007). Of all the amino acid ligands
that Zn(I) could have, cysteine donates the most electron density and therefore
decreases the Lewis acidity of the Zn(II) ion to the greatest extent. Lee and Lim
analyzed a number of PDB (Protein Data Bank) and CSD (Cambridge Structure
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Database) structures containing Zn(Il), some of which are known to contain Zn(II)
in a structural motif and some of which are known to contain Zn(Il) in a catalytic
motif. They compared the types of ligands to Zn(II) as a method to determine the
function of Zn(II) in an unknown protein, and they found that when there are two
or more cysteines ligated to a Zn(Il) it usually acts in a structural capacity.
However, there are also other effects from the rest of the protein that may con-
tribute to the electronic environment surrounding the Zn(II), and so the distances
between Zn(I) and its ligands can also be considered as a method to evaluate the
function. They find that the Zn(II)-S and Zn(II)-N distances are longer for catalytic
Zn(Il) than they are for structural Zn(Il) (Lee and Lim 2008). Interestingly, the
ADAR? active site fits into the parameters defined for a structural Zn(Il), except
for the fact that it has a water bound (Macbeth et al. 2005), which is a charac-
teristic of a catalytic Zn(II). Structural Zn(Il) sites, which tend to have shorter
bond lengths between the Zn(II) and ligands, are more difficult to target with
inhibitors that bind directly to the Zn(II). For catalytic Zn(II) ions, however, the
bonds are longer and so it is easier to target the Zn(II) (Lee and Lim 2008). In fact,
although the Zn(II) clearly plays a catalytic role in the ADAR enzymes, not only
are the ligands and bond lengths more similar to those in a structural Zn(II), but
millimolar concentrations of the metal chelator EDTA have no effect on the
activity of the protein (Hough and Bass 1994; Saccomanno and Bass 1994).
Therefore, it seems that while the Zn(Il) in ADARs clearly serves a catalytic
function, in some ways acts more like a structural Zn(II), perhaps accounting in
part for the slow deamination rates observed for ADARs (see below). This has
implications for the design of ADAR inhibitor molecules, since structural zinc
sites are more effectively targeted by compounds that interact with the cysteine
ligands rather than the zinc itself (Lee and Lim 2008).

Although CDAs have the same 2 Cys, 1 His ligand environment as ADARs and
ADATS, their reaction rates are typically faster (Cohen and Wolfenden 1971).
However, this may be due to the intrinsic reactivity of adenosine and cytidine to
deamination. For instance, the rate constant for uncatalyzed deamination of cyti-
dine in water at 85°C is 8.8 x 1078 s™!, while the rate constant for deamination of
adenosine under the same conditions is an order of magnitude slower at
8.6 x 1072 7! (Frick et al. 1987). Also, the equilibrium constant for hydration of
zebularine, a cytosine analog, is about 40-fold more favorable than for hydration of
nebularine, an adenosine analog (Wolfenden and Kati 1991; Losey et al. 2006).
Hydration of the heterocycle is a key step in deamination reactions catalyzed by
these enzymes (see below).

As described above, while the chemical reaction occurring in the ADAR active
site is more similar to that of ADA, the ADAR enzymes are more closely related to
the family of CDAs (including APOBECs and AID) than to ADA. Indeed, ADARs
likely evolved from a CDA ancestor (Kim et al. 1994; Gerber and Keller 2001).
Why would modern adenosine deaminases that act on RNA have evolved from a
CDA ancestor whose active site appears to be ill equipped for maximum ADA
activity? While the active site of ADARs is not apparently capable of high turn-
over for adenosine deamination (the highest single turnover rate constants we have
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Fig. 6 Proton transfers involving E396 during ADAR?2-catalyzed adenosine deamination

measured for model RNA substrates are 1-2 min "), this may not be necessary for
ADAR function. Indeed, the pre-mRNA substrates for ADARSs are likely to be
present in relatively low concentrations in cells, so tight binding is more important
for ADAR function than high turnover. In fact, with their extensive RNA binding
surfaces found in multiple domains, the ADARs bind their substrates very tightly
(Kd’s typically in low nano Molar range). ADA and CDA have turnover numbers
>10 s~!, but bind their substrates much less tightly than do ADARs (with Ky,’s
near 10 pM) (Hunt and Hoffee 1982; Ashley and Bartlett 1984). If one estimates
ADAR2’s catalytic efficiency using a kops = 1 min~' and a Kd = 20 nM
(Stephens et al. 2000), the resulting value of 8.3 x 10° M~'s™! is within an order
of magnitude of that calculated for ADA and CDA which are considered highly
efficient enzymes (Frick et al. 1987). Thus, the catalytic efficiency of the ADAR
enzymes is comparable to that of the nucleoside deaminases.

4.1 E396

A glutamate residue (E396) in the active site of ADAR2 acts as a proton shuttle,
similar to the ADAs (Mohamedali et al. 1996), CDAs (Betts et al. 1994) and
ADATs (Kuratani et al. 2005) (Fig. 5). It is found within hydrogen bonding
distance of the zinc-bound water molecule in the ADAR?2 active site (Fig. 5).
When this glutamate is mutated to alanine, the enzyme loses all activity (Lai et al.
1995; Haudenschild et al. 2004). Based on studies of both CDA and TadA (see
below), E396 of ADAR?2 likely deprotonates the zinc-bound water molecule to
generate a reactive zinc-hydroxide (Fig. 6a), delivers a proton to N1 (Fig. 6b),
serves to remove the proton from the newly formed O6 hydroxyl of the hydrated
intermediate (Fig. 6¢), and protonates the N6 amino group allowing for departure
of ammonia (NH;) (Fig. 6d). We have treated these latter two proton transfers as
distinct steps to illustrate all the transfers required for the reaction to take place.
However, Schramm has suggested that E70 of TadA (corresponding to E396 of
ADAR?2) mediates the transfer of a proton from O6 to N6 via a multi-centered
H-bonded array, which combines proton transfers illustrated in C and D into a
single step (Fig. 6¢c + d). This suggestion came from kinetic isotope studies of the
TadA reaction that were used to calculate a transition state structure for that
enzyme (Luo and Schramm 2008).



10 R. A. Goodman et al.

HoN, OH HO_ .NH, H, OH Ho_.H

N N N~ N
NH NH

g e S w4

NN NN N N =
HO HO. HO. HO

o o (o] (0]
OH OH OH OH OH OH OH OH

product of pro-R addition  product of pro-S addition coformycin epi-coformycin

Fig. 7 ADAR2 and TadA have a mechanism in which the hydroxyl adds to the pro-S face of the
adenosine, whereas ADA adds to the pro-R face of the adenosine. Coformycin is a potent
inhibitor of ADA, whereas neither coformycin nor epi-coformycin are inhibitors of ADARI1 even
at millimolar concentrations

In that study, the adenosine at the editing site was labeled at several positions:
[1*H], [5-*H], [1"-'*C], [6-"°C], [6-"°N, 6-'°C] and [1-"°N]. Based on the results
of those experiments, the authors propose a late nucleophilic aromatic substitution
(SnAr) transition state with the rate-limiting step involving the E70 assisted proton
shuttle from O6 to N6 (Fig. 6¢ + d). The transition state has almost complete N1
protonation and elongation of the N6—C6 bond as it is breaking (Luo and Schramm
2008). The late SNAr transition state is similar to that observed previously for
CDA, underscoring the mechanistic link between these deaminases (Snider et al.
2002; Ireton et al. 2003; Chung et al. 2005). The water attacks from the pro-S-face
of the adenosine, forming a tetrahedral intermediate that has S-stereochemistry.
It is likely that this is also true for ADAR2, because it is consistent with modeling
nucleotides into the structure of the ADAR?2 catalytic domain. This transition state
is in contrast to that of adenosine deaminase, which has an early SyAr transition
state and attack from the pro-R-face (Sharff et al. 1992; Tyler et al. 2007) (Fig. 7).

Interestingly, ADA is potently inhibited by the natural product coformycin
(Ki in pM range), whose structure is a stable mimic of the intermediate for adenosine
deamination where the hydroxyl adds to the pro-R face of adenosine (Schramm and
Baker 1985; Luo et al. 2007) (Fig. 7). Coformycin does not inhibit ADARs, even at
millimolar concentrations. This is not surprising since it does not effectively
mimic ADARSs’ pro-S attack on adenosine. However, epi-coformycin, which has
the opposite configuration at the carbon bearing the hydroxyl and does mimic the
pro-S attack (Fig. 7), is also not an inhibitor of ADARs (Polson et al. 1991). This
may be because high affinity requires incorporation into an RNA structure
mimicking an ADAR substrate (see below for discussion of 8-azanebularine).

4.2 T375

Roles for the zinc-binding residues (H394, C451, and C516 in ADAR?2), and
catalytic glutamate (ADAR2 E396) had been suggested prior to solution of the
structure of ADAR2’s deaminase domain since similar residues are found in other
related deaminases (Lai et al. 1995; Melcher et al. 1996). However, when the
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Fig. 8 The potential
interactions of T375 and
R455 with adenosine at the
2'-hydroxyl and N7-positions,
respectively, were observed
when the crystal structure of
the ADAR2 deaminase
domain was solved and AMP
was docked into the zinc site

ADAR?2 catalytic domain structure was solved, additional residues were identified
that could participate in the deamination reaction. For instance, threonine 375 was
observed at a position from which it might interact with the edited nucleotide
(Macbeth et al. 2005) (Fig. 8). When zebularine (a cytidine analog lacking the C4
amino group) was modeled into the active site, it clashed with this residue,
although an adenosine nucleotide did not. The greater size of the purine ring
system allows access to the zinc with more shallow penetration of the active site
than required for the pyrimidine nucleotide (Macbeth et al. 2005). This explains
why ADAR?2 does not deaminate cytidine in RNA (Easterwood et al. 2000). The
position of this residue also suggested its side chain hydroxyl could form a
hydrogen bond with the 2-OH of the adenosine. Although a threonine is not
conserved at this position in ADARI, the asparagine present in that enzyme
(Kim et al. 1994) could still participate in hydrogen bonding.

To explore the role of specific residues in the reaction of ADAR2, our labo-
ratory developed a method to rapidly screen ADAR2 mutant libraries for editing-
competent clones by linking editing to the expression of a reporter enzyme in
Saccharomyces cerevisiae (Pokharel and Beal 2006; Pokharel et al. 2009) (Fig. 9).
This was accomplished using a sequence derived from the human GIluR B pre-
mRNA that forms a duplex recognized by ADAR2. This sequence was mutated
such that the editing site falls within an UAG stop codon in frame with sequence
encoding the reporter enzyme o-galactosidase. Thus editing converts the UAG stop
codon to a UIG (translated as UGG) codon for tryptophan, allowing for expression
of the reporter, which is readily detected in yeast colonies grown on X-a-gal plates.
When we screened for active mutants at the 375 position of ADAR2, small,
hydrophobic residues were selected for, albeit with decreased activity, whereas large
residues were selected against. When the residue at position 376 was also varied, only
threonine or cysteine was selected at the 375 position (Pokharel and Beal 2006).
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Fig. 9 An o-galactosidase
based reporter assay for
ADAR?2 activity. Upon
editing of the substrate RNA,
a stop codon is converted to a ADAR
tryptophan codon. This
allows expression of the

subsequent in-frame
sequence coding for the

enzyme o-galactosidase. ADAR UAG— UIG

Y g : Reporter} __, o\ hstrate {(stop; w)
When yeast expressing plasmid i -
a-galactosidase are grown on

a-galactosidase

plates coated with X-o-gal the
colonies are colored

In addition, when the 375 position and 455 positions were varied simultaneously,
most of the amino acids found to function at position 375 were small hydrogen
bond donors, including serine and cysteine in addition to threonine (Pokharel et al.
2009). When the T375C mutant was evaluated in an in vitro assay for deamination
kinetics, the rate of deamination was substantially reduced. This activity is still
significant, even though reduced, because a similar structural change in the RNA
(see below) completely abolishes editing (Jayalath et al. 2009). Both hydroxyl and
thiol groups can act as hydrogen bond donors, but only threonine and serine would
act as good hydrogen bond acceptors (Zhou et al. 2009). Given these observations,
we suggest the residue at position 375 in ADAR?2 serves two key roles. First, it
prevents cytidine from fully engaging the active site, preventing C to U deami-
nation. Second, the T375 side chain interacts with the 2'-hydroxyl of the edited
adenosine, acting as a hydrogen bond donor. We discuss the role of the edited
nucleotide 2’-OH in more detail below.

4.3 R455

Another residue in the active site of ADAR?2 that appears to be in proximity to the
edited adenosine is arginine 455 (Macbeth et al. 2005) (Fig. 8). When AMP is
modeled into the active site of the ADAR?2 catalytic domain, the R455 side chain
appears close to the N7 position of the adenosine. Interestingly, arginine residues
are also found in the active sites of CDAs (e.g. R54 of Bacillus subtilis, R68 of
mouse and human) and are believed to neutralize the excess negative charge in the
active site (Carlow et al. 1999; Johansson et al. 2002; Teh et al. 2006). However,
when we screened for alternative residues at the 455 position of ADAR2, we
recovered active clones with either small residues (A, G, S) or arginine itself (and
no lysine) at this location. Indeed, subsequent kinetic studies with the R455A
mutant showed it to be nearly as active as wild type ADAR?2 with a single turnover
rate for deamination within two fold of the wild type rate (Pokharel et al. 2009).
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ADAR2 RLKENVQFHLYISTSPCGDARIF
ADAR]1 QIKKTVSFHLYISTAPCGDGALF

Fig. 10 Amino acid sequence alignment of ADARI and ADAR2. Conserved residues are
marked in green, position 455 of ADAR?2 and the equivalent position in ADARI are marked in
purple

This indicates that R455, while it may be proximal to the adenosine ring during the
reaction, is not required for efficient catalysis. The relatively high reactivity of the
ADAR?2 R455A mutant allowed us to compare the reactivity of several nucleoside
analogues placed at the editing site (discussed in detail below). These results
support a model in which adenosine binds into the active site in such a way that
R455 approaches the N7 position of the reactive adenosine, but direct interaction is
not required. Interestingly, a sequence alignment of the ADAR2 and ADARI
sequences indicates that ADARI1 has an alanine at the position corresponding to
R455 in ADAR?2 (position 970 in ADART1 p150) (Kim et al. 1994) (Fig. 10). This
suggests that the pocket we created by mutating R455 to alanine in ADAR2
already exists in ADARI. Furthermore, one would then expect the wild type form
of ADARI to tolerate modifications at the 7-position better than the wild type form
of ADAR?2. This could open up possibilities for designing molecules that would
selectively recognize ADAR1 versus ADAR?2.

5 Residues Involved in IP¢ Binding

IP¢ is the phosphorylated derivative of myo-inositol, and was first characterized as
a phosphorous storage mechanism in plant seeds, then later as part of the phos-
pholipase C signal transduction pathway (Berridge and Irvine 1989; Raboy 1997).
Phospholipase C cleaves phosphatidylinositol bis-phosphate to generate IP; and
diacylglycerol. IP5 is then phosphorylated by two kinases in yeast and Drosophila,
or three kinases in humans, to make the cellular inositol phosphate derivative IPg
(York et al. 1999; Seeds et al. 2004; Verbsky et al. 2005).

The crystal structure of hADAR2-CD revealed that IP¢ formed a tight associ-
ation with the protein (Macbeth et al. 2005). The presence of IP¢ was suggested by
a strong electron density generated from 1.7 A-resolution X-ray diffraction data
and was confirmed by positive ion electrospray mass spectrometry of the native
protein. ADARs were not suspected of requiring any additional co-factors; when
purified to homogeneity, they robustly deaminated dsRNA substrates in vitro in the
absence of any additional components. IPs co-purifies with hADAR2 upon
expression of the protein in the yeast S. cerevisiae. It is essential for hADAR2
activity as yeast cells that cannot synthesize IPg cannot express active hADAR2
(Macbeth et al. 2005). Additionally, ADARs are notoriously insoluble (and
inactive) when expressed in traditional prokaryotic expression systems, likely due
to the fact that prokaryotes do not synthesize IPs.
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IP¢ has been implicated in a variety of cellular processes, including two well-
studied roles in nucleic acid metabolism. IP¢ associates with the Ku70/80 subunits
of DNA dependent protein kinase to stimulate non-homologous end joining of
DNA. It is also binds the Glel protein to stimulate the DExD/H ATPase Dbp5 and
promote mRNA export from the nucleus (York et al. 1999; Hanakahi and West
2002; Weirich et al. 2006). While the precise biochemical role for IP¢ in these
interactions is not known, it has been implicated to have a structural role in
autocatalysis of clostridial glycosylating toxins and multifunctional autoprocessing
(MARTX) toxins from Clostridium difficile and Vibrio cholerae (Reineke et al.
2007; Prochazkova and Satchell 2008). In these cases, a large bacterial holoprotein
translocates through a host cell membrane and then is autoprocessed by a cysteine
protease domain to release a functional effector domain (Egerer and Satchell
2010). IPg¢ activates the cysteine protease domain by binding to an allosteric site on
an opposite surface from the active site (Lupardus et al. 2008; Pruitt et al. 2009).
One-dimensional "H-NMR studies suggest that IP¢ binding to the allosteric site
induces a conformational change in the protease domain that confers activity
(Pruitt et al. 2009). While there is no structural homology in the IP¢ binding pocket
between these cysteine protease domains and hADAR?2, it is entirely plausible that
IPg is playing a structural role to alter the conformation of hADAR?2 in a similar
manner.

The IP¢ interaction with hADAR2 is unusual compared to other IP¢ requiring
proteins in that IPs makes a tight association in the core of ADAR2, 8 A below the
protein surface, as opposed to a binding pocket near the surface (Fig. 11a). In this
way, the ADAR2-IP¢ interaction is reminiscent of proteins that bind Fe-S com-
plexes or FAD, where the protein envelops the co-factor, although the ADAR2-IP¢
interaction is non-covalent, mediated by H-bonds and completely hydrophilic
(Macbeth et al. 2005; Sun et al. 2005; Sazanov and Hinchliffe 2006). IP¢ directly
interacts with the side-chains of 12 residues that are conserved in ADARs: R400,
R401, K519, R522, S531, K629, Y658, K662, Y668, K672, W687 and K690
(Fig. 11b). In addition, the invariant W523 makes a water mediated H-bond to a
phosphate oxygen of P1 of the inositol ring. Twelve residues that are not con-
served between ADAR sequences also interact with IPg through water mediated
H-bonds. In many of these cases, these interactions are via main-chain carbonyl
oxygen or secondary amine nitrogen atoms.

At this point the function of the IPg co-factor in an ADAR is not known, but it is
likely involved in the proper folding of the C terminus of the enzyme. The IPg
binding pocket in the protein core is exceptionally basic, and the acidic molecule can
negate the positive charge of the several lysine and arginine residues. IPs may have a
more direct role in catalysis by modulating the structure of residues near the active
site. IPg is 10.5 A from the active site zinc ion and is linked to it via a hydrogen-
bonded relay of invariant residues, including K519, D392, and K483 (Fig. 11c). The
latter makes a H-bond to the thiolate of C516 which is a zinc coordinating side-chain.
The H-bond between K483 and C516 displaces electron density from the zinc—sulfur
bond and allows the zinc to accommodate the developing negative charge of the
hydroxide ion during the reaction (Macbeth et al. 2005). Mutation of this residue to
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Fig. 11 a Surface representation of the IP¢ binding cavity. The hADAR2-CD surface is shown
as transparent gray, IPg is shown as blue, orange and red sticks (for carbon, phosphorous and
oxygen, respectively). b Same view of hADAR2-CD as in a, except as a cartoon structure with
the surface removed. Yellow sticks represent conserved residues whose side-chains H-bond
directly to IPs. Magenta sticks are invariant residues that participate in a H-bonded chain (dashes)
between the IPg molecule and the active site Zn>* (green sphere). ¢ Detailed view of the IPg-Zn>*
H-bond relay, with the nucleophilic water shown as an aqua sphere. d Structure of one monomer
of T-CDA from B. subtilis. Shown are the three Zn-coordinating cysteine residues and the
conserved R56 that makes H-bonds (dashes) to C53 and C89. PDB codes: 1ZY7 and 1JTK

alanine (as well as the mutations D392 N and K519A in the H-bond relay between
the active site and IPg) inactivates hADAR?2 in vitro, though the effect of these
mutations on the global structure of the protein must be assessed (Macbeth,
unpublished observations). The interaction between a basic residue and a zinc-
coordinating thiolate also occurs in the tetrameric CDA (T-CDA) of B. subtilis.
In T-CDAs the zinc ion is coordinated by three cysteine residues; a metal-binding
mode that potentially decreases activity of the enzyme due to the extensive electron
density contributed by the three thiolates (see above). To overcome this, R56, a



16 R. A. Goodman et al.

conserved residue in T-CDAs, forms two H-bonds with the thiolate sulfurs of C53
and C89, withdrawing the electron density between the zinc—sulfur bond and
allowing charge to develop on the nucleophile (Fig. 11d) (Johansson et al. 2002).
Mutation of R56 to alanine and glutamine supports this hypothesis as B. subtilis CDA
harboring these mutations is less active (Johansson et al. 2004).

The yeast protein Tadlp, a member of the ADAT1 family of deaminases that
converts A37 to I37 of eukaryotic tRNA™?, also requires IPg for optimal activity
(Macbeth et al. 2005). This enzyme is approximately 45 kDa and has the extended
C terminus present in ADARs but not in ADAT?2. Sequence alignments show that
many, but not all, of the conserved residues that bind IP¢ in ADARs are conserved
in ADAT1. When the activity of yeast ADATI was assayed in extracts prepared
from mutants that could not synthesize 1P, activity was decreased to about 5% of
normal levels. However, this activity could be recovered to approximately 50% of
maximum by the addition of exogenous IP¢s. This suggests IPg is not essential
during folding and that the apo form of ADATTI is in a dynamic state that can bind
free IP¢. Alternatively, there are factors present in the extract that could assist
folding around the molecule. Curiously, addition of inositol hexakissulfate (IS¢),
the sulfate derivative of inositol, does not recover activity, suggesting that the
protein can sense slight differences in size and charge of the co-factor.

Finally one must consider why ADARs and ADATI1 evolved to require IPg,
while the evolutionary precursors, TadA/ADAT2 and CDAs, are capable of
deaminating their substrates without any additional co-factors. One possibility for
the IP¢ requirement is for regulation of activity in a manner similar to the IPg-
dependent proteases described above. When IPg is present, ADARSs can bind to it
and fold into an active conformation, however, when IPg levels are low or
sequestered away from the ADAR, the enzyme is inactive.

6 Roles of Functional Groups in RNA Substrate
at or Near the Deamination Site

One aspect of the ADAR enzymes that has continued to elude the community is
the nature of the specificity that these enzymes exhibit. One example of this
specificity can be found in the recently discovered editing sites in the pre-mRNA
for the DNA repair enzyme NEIL1. This RNA has two editing sites next to each
other in an AAA codon for lysine; the central adenosine is preferred by ADARI
while the other is preferred by ADAR2 (Yeo et al. 2010). Why one enzyme prefers
one adenosine over another closely positioned adenosine remains difficult to fully
explain. Factors that contribute to specificity include the secondary structure of the
RNA substrate and the length of the duplex (Nishikura et al. 1991; Stephens et al.
2000), the positioning of bulges, loops and mismatches (Lehmann and Bass 1999;
Ohman et al. 2000), the identity and number of dsSRBMs involved in the protein/
RNA interaction (Liu et al. 1997, 2000; Stephens et al. 2004; Xu et al. 2006),
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the identity of the catalytic domain (ADAR1 or ADAR2) (Melcher et al. 1996;
Burns et al. 1997; Yang et al. 1997), the RNA sequence flanking the edited
nucleotide (Polson and Bass 1994; Lehmann and Bass 2000; Dawson et al. 2004),
and the base opposite the edited nucleotide in a duplex substrate (Wong et al.
2001; Kéllman et al. 2003; Yeo et al. 2010). All of these factors are important, but
the relative contribution of each to the overall efficiency of the reaction may not be
the same for all editing sites. Indeed, the 5S-HT2cR D site is an excellent ADAR2
site even though it does not conform to an ideal site based on flanking sequence.
This is also true for the GluR B Q/R site. Factors that contribute to selective
ADAR binding of these RNAs and that position the catalytic domain precisely
may be more important for these substrates than others with preferred flanking
sequence, for instance.

7 The Effect of Helix Defects

One factor that clearly influences specificity of the ADAR enzymes is the presence
of defects (bulges, loops, mismatches) in the double helix surrounding the edited
adenosine (Lehmann and Bass 1999). One example of this specificity is the editing
of the serotonin 2C receptor pre-mRNA. This RNA has six editing sites (A-E in
the exon and F in the intron), some edited by ADARI and some by ADAR?2. These
editing sites are in very close proximity (the exonic editing sites are all within 13
nucleotides), yet each enzyme has a clear preference for certain sites (Burns et al.
1997). It is likely that this specificity arises from the mismatches, bulges and loops
limiting the number of binding modes available to the dsSRBMs of the protein,
which require approximately 16 base pairs of duplex to bind (Nishikura et al.
1991). Indeed, the internal loop in the editing complimentary sequence (ECS) of
the serotonin 2C receptor pre-mRNA is necessary to maintain this specificity.
In the presence of the loop ADAR? has a strong preference for the D site, whereas
without the loop the D site is still preferred, but editing at the other sites increases
significantly (Schirle et al. 2010). This type of specificity is typical of ADAR
substrates.

8 Preferred Flanking Sequence

The two most clearly defined RNA sequence effects are nearest neighbor effects
(in the same strand) (Polson and Bass 1994; LLehmann and Bass 2000) and effects
based upon the nucleotide in the opposite strand base paired with the edited
adenosine (Wong et al. 2001) (discussed in more detail below). ADAR1 has a 5’
nearest neighbor preference of A = U > C > G (Polson and Bass 1994) but no
reported 3’ nearest neighbor preference. On the other hand, ADAR2 has a 5’
nearest neighbor preference of A ~x U>C =G and a 3’ nearest neighbor
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preference of U =G > C = A (Lehmann and Bass 2000). In a recent report
involving high throughput transcriptome sequencing, an analysis was performed to
identify the 5" and 3’ nearest neighbor preferences exhibited by a number of newly
discovered editing sites (Li et al. 2009). These were grouped together rather than
analyzed individually, so the results contain a combination of ADARI1 and
ADAR?2 sites. This analysis gave results similar to that discovered previously,
except that both U and A were under-represented as a 3’ nearest neighbor, in
contrast to the earlier finding that U is a preferred 3’ nearest neighbor of ADAR?2.
Guanosine was clearly preferred as a 3’ nearest neighbor, and disfavored as a 5’
nearest neighbor, as predicted for both ADAR1 and ADAR?2 according to earlier
studies (Polson and Bass 1994; Lehmann and Bass 2000; Li et al. 2009). The
differences seen could be a result of the combination of ADARI and ADAR2
editing sites, or could be due to the fact that the original studies were carried out on
long, synthetic duplex RNAs and not natural editing sites.

One explanation for the ADAR2 3’ nearest neighbor preference of a G is
presented in a recent report by Stefl et al. (2010). The authors make the case that
this preference is, in fact, a result of a sequence-specific interaction between
dsRBM2 and the amino group of the guanosine directly 3’ to the edited adenosine.
Unfortunately, as mentioned earlier, there is no structure of the catalytic domain of
ADAR?2 bound to RNA. However, when one examines the catalytic domain
structure with an AMP modeled into the active site, it is difficult to imagine that an
interaction between Ser258 and the guanosine 3’ nearest neighbor could be
maintained when the adenosine is flipped into the active site. It is possible that the
interaction between Ser258 and the guanosine is involved in recognition of the
RNA by ADAR2, but that the interaction is lost during catalysis. Further studies
are necessary to fully identify the specific protein/RNA interactions that lead to
nearest neighbor effects.

9 A-C Mismatch at Editing Site

Both ADARI and ADAR?2 react efficiently with adenosines in A—C mismatches.
Indeed, when mutagenesis has been carried out to vary the base opposite the edited
adenosine in duplex substrates, the preferred context is A—C. Adenosines in A:U
pairs can also be good substrates, whereas A—A and A—G mismatches react poorly
(Fig. 12) (Wong et al. 2001; Kéllman et al. 2003; Yeo et al. 2010).

While the tRNA adenosine deaminases have a different recognition mechanism
than the ADARs, involving the anticodon stem loop, the crystal structure of TadA
bound to RNA is the only structure of an RNA deaminase bound to RNA. In this
structure, the authors observed that when the adenosine is in the active site, the
other nucleobases in the anticodon stem loop are splayed out and unstacked (Losey
et al. 2006). In the structure of tRNA guanine transglycosylase, another enzyme
that interacts with an anticodon stem loop, the surrounding bases are also splayed
out and are inserted into individual recognition pockets on the protein (Xie et al.
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Fig. 12 For both ADAR1 and ADAR2 an A-C mismatch is the preferred sequence context.
In general, an adenosine opposite a pyrimidine is much more efficiently edited than an adenosine
opposite a purine

2003). Although there is not yet any evidence that this is the case for ADARI or
ADAR?2, an interaction like this, in which there are specific recognition pockets for
surrounding nucleotides, could explain the preference of both of these enzymes for
a pyrimidine opposite the edited adenosine and for certain flanking sequences
(Fig. 12).

10 2'-Hydroxyl of the Edited Nucleoside

As mentioned above, modeling using the crystal structure of the ADAR?2 catalytic
domain and activity data for various mutants suggests that T375 may interact with
the 2'-position of the edited adenosine. Consistent with this idea, our early work on
the reactivity of nucleoside analogs showed that 2’'-O-methyladenosine at an
editing site is deaminated extremely slowly by ADAR?2 (>100-fold difference in
deamination rate, Fig. 14) (Yi-Brunozzi et al. 1999). More recently we have
shown that replacing the 2’-hydroxyl with a 2'-thiol at the edited nucleotide also
inhibited the ADAR?2 reaction. In fact, we were unable to observe product for-
mation in an ADAR?2 reaction where the editing site adenosine was replaced with
2'-deoxy-2'-mercaptoadenosine (Fig. 13) (Jayalath et al. 2009). Thus, while
thiol substitution for hydroxyl group was detrimental both in the protein (T375C,
discussed above) and in the RNA (2'-hydroxyl to 2’-thiol), a more severe effect
was observed with the change in RNA structure (Fig. 13). Since a thiol is a better
H-bond donor than acceptor, these results are most consistent with H-bond
donation from the threonine side chain to the 2'-hydroxyl of the edited adenosine
(Zhou et al. 2009).

Other modifications at the 2'-position of the ribose of the edited adenosine have
also been evaluated. 2'-Deoxy-2'-fluoroadenosine was less reactive than adeno-
sine, but only by two fold (Fig. 14) (Yi-Brunozzi et al. 1999). Fluorine has been
suggested to be capable of accepting a hydrogen bond, so this result is consistent
with the proposed H-bonding interaction (West et al. 1962). However, we also
observed only a three fold reduction in rate when adenosine was replaced with
2'-deoxyadenosine (Fig. 14) (Yi-Brunozzi et al. 1999). While the reduction in rate
arising from removal of the 2'-hydroxyl indicates a possible interaction, the
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Fig. 13 Mutagenesis and nucleoside analogue data suggest a role for T375 as a hydrogen bond
donor and the 2'-hydroxyl as a hydrogen bond acceptor. The hydroxyl on the amino acid could be
mutated to a cysteine and maintain activity, albeit highly reduced, but when the hydroxyl on the
sugar was mutated to a thiol no product was observed. Since sulfur is a better hydrogen bond
donor than acceptor, this supports the model for the role of T375

Fig. 14 Modifications at the NH,
2'-position that change the N Q
hydroxyl to either a fluorine </ | N
or hydrogen are both well RNA )
tolerated. In contrast, both (l) N
O-methyl and thiol groups 0

inhibit editing
NA/O OH— F>H>>0OMe, SH

R
HO Base HO Base
OH OH
3'-endo 2'-endo

Fig. 15 Sugar puckers adopted by ribose and 2'-deoxyribose. 3’-endo sugar pucker is preferred
by ribose due to the presence of an electronegative substituent at the 2’-position

magnitude of the change seems modest considering our proposed role for this
group. However, 2’-deoxy nucleotides prefer the 2’-endo ribose conformation
unlike the other analogs (Fig. 15). This is the conformation of the nucleoside that
is preferred for cytidine deamination catalyzed by CDA. In contrast, ADA prefers
substrates in the 3’-endo conformation (Marquez et al. 2009). Since ADAR? is
more closely related to CDAs than ADAs, ADAR2 may prefer substrates that
more readily adopt the 2’-endo conformation. Therefore, while adenosine and
2'-fluoroadenosine contain potential hydrogen bond acceptors at the site poised to
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Fig. 16 Structures of
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hydration-dependent tight HO OH HO OH
binding (8-azanebularine) 8-azaadenosine 8-azanebularine

interact with T375, they prefer a 3’-endo sugar pucker because of the electro-
negative substituents at the 2’-position. However, although 2'-deoxyadenosine
does not have a hydrogen bond acceptor, its lack of electronegative substituent
allows it to more readily adopt a 2’-endo sugar pucker. These competing affects
may account for the similar reaction rates of these substrates.

11 8-Aza Substitution at Edited Adenosine

Substitution of the carbon at position 8 of a purine with nitrogen decreases the
barrier to hydration at the 6 position (Erion and Reddy 1998). In addition, the rate
of deamination of 8-azaadenosine by ADA is faster than the rate for adenosine
(Agarwal et al. 1975) (Fig. 16). This is likely due to the increased electron-
withdrawing capability of the nitrogen, which helps to facilitate disruption of the
n-electron system. When 8-azaadenosine is placed at the site of the edited aden-
osine in an ADAR?2 substrate, the rate is increased by more than six fold, whereas
the binding is comparable. The “aza effect” is greater when the modified aden-
osine is placed in a poor sequence context for editing. Even though the 8-aza
substitution can have a large effect on the deamination rate and is clearly an
excellent substrate for ADAR?2, 8-azanebularine, which is predicted to form a
hydrate mimicking the high energy intermediate of the ADAR reaction, only
inhibits the reaction in the millimolar range (Véliz et al. 2003) (Fig. 16). On the
other hand, when 8-azanebularine is placed at an editing site in a model ADAR
substrate RNA, it binds tightly (Kd in low nano Molar range) to ADAR?2 even in
the absence of dsSRBMI (Haudenschild et al. 2004). These observations underscore
the importance of the RNA structure for substrate binding by ADARSs. Indeed,
ADARs will not deaminate nucleotides or short single stranded oligonucleotides,
but require the adenosine to be in the double helical structure of at least
~ 15 base pairs (Bass and Weintraub 1988; Lehmann and Bass 1999; Doyle and
Jantsch 2002).

The high affinity binding observed with 8-azanebularine is dependent upon the
catalytic activity of the enzyme. When the critical E396 residue is mutated to
alanine, this tight binding is lost (Haudenschild et al. 2004). This suggests that the
enzyme carries out the first steps of the reaction to generate a covalent hydrate of
8-azanebularine that cannot proceed down the normal pathway to product because
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Fig. 17 Deamination rates relative to the rate of adenosine for both R455 and A455 ADAR2
enzymes with modifications at the 7-position [kobs(analogue)/kobs(adenosine)]. There is an
increase in reaction rate due to the 8-aza substitution, but a decrease in rate with the more
sterically demanding substituents at the 7-position, particularly with the R455 enzyme. Mutation
to A455 allows these substituents to be better tolerated

it lacks the C6 amino group. This hydrate has structural similarities to proposed
transition states for adenosine deamination and thus binds tightly in the active site
(Haudenschild et al. 2004).

12 N7 of Substrate, C7 Substituents on Adenosine Analogs

ADA and TadA both make hydrogen-bonding contacts to all of the purine nitro-
gens (Wilson et al. 1991; Losey et al. 2006). If ADAR2 makes similar contacts,
these interactions are not essential for deamination. When 7-deazaadenosine was
incorporated at the position of the edited adenosine, the ADAR?2 reaction rate was
comparable to that of adenosine (Easterwood et al. 2000), although this molecule
is not a substrate for ADA (Frederiksen 1966). Therefore it was possible to
incorporate several 7-deaza-8-azaadenosine analogues into the position of the
edited adenosine and evaluate the rate of reaction with wild-type ADAR2 com-
pared to the rate of deamination of adenosine (Fig. 17).

When hydration free energies, which are thought to be a reasonable predictor of
the ADAR reaction rate, were calculated for these heterocycles, the substituted
analogues were calculated to be more stable in the hydrated form. However, for all
of these, and particularly for the iodo- and propargyl -alcohol substituted ana-
logues, the change in reaction rate was not as predicted with wild type ADAR?2.
When we modeled these analogues into the active site of ADAR2, we found that
the C7 substituents, particularly those that were more sterically bulky, could
clash with the side chain of R455. When the R455 residue was mutated to
alanine (described above), this increased the reaction rates of the bulky analogues.
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Fig. 18 A comparison of the active site structures of ADA and ADAR?2 with nebularine bound
(A, ADA) or AMP docked into the structure (B, ADAR?2). Hydrogen bonding of D296 of ADA to
N7 of adenosine contributes substantially to this reaction, whereas mutation at R455 and use of
nucleoside analogues indicate that ADAR2 does not require adenosine N7 interactions
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Fig. 19 Active site steps in the proposed ADAR2 mechanism

This suggests that while the R455 residue is close in space to the N7 position of the
adenosine in the active site, it does not form an essential interaction with N7, since
neither changing N7 to a carbon nor mutating R455 to alanine has a large effect on
the rate (Pokharel et al. 2009). This is in contrast to ADA, in which the interaction
between an amino acid side chain and N7 of adenosine is critical (Fig. 18).
An aspartic acid in the ADA active site (D296 in mouse ADA) hydrogen bonds to
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N7 and this residue is necessary for activity (0.001% of wild type k../K,, for the
D296A mutation) (Sideraki et al. 1996). In addition, removal of N7 from the
substrate is highly inhibitory to the ADA reaction and 7-substituted 7-deaza
compounds are poor ADA substrates (Frederiksen 1966; Seela and Xu 2007).
One can understand the difference in importance of the interaction between
enzyme and N7 of the adenine for the different types of adenosine deaminases
when one recalls that ADARs bind their substrates tightly via their dsSRBMs and
are not as dependent on specific interactions with the reacting base to hold the
substrate in the active site (as is the case for the nucleoside processing enzyme
ADA). Indeed, dissociation constants for RNA binding to the isolated RNA-
binding domain of ADAR?2 are similar in magnitude to those for the full-length
enzyme (Yi-Brunozzi et al. 2001; Stephens et al. 2004). In the case of TadA, a
crystal structure of the S. aureus enzyme bound to a model substrate RNA did
show ordered water molecules interacting with N7 as well as the other purine
nitrogens through hydrogen bonding interactions (Losey et al. 2006). However,
the effect of removing the N7 interactions for the TadA reaction has not yet been
determined.

13 Cé6- and C2-Positions of the Edited Purine

Analysis of substitutions at the C6- and C2- positions of adenosine allows us to
learn more about the placement of the adenosine into the ADAR?2 active site. This
analysis also shows additional differences between ADAR and ADA. For example,
ADA has been shown to deaminate 2,6-diaminopurine only four fold more slowly
than adenosine (Chassy and Suhadolnik 1967). However, when 2,6-diaminopurine
was placed at the ADAR?2 editing site no product was observed (Véliz et al. 2003).
2-Aminopurine (2-AP) containing RNA has also been used to study conforma-
tional changes in the substrate that occur during the ADAR2 reaction (see below).

The 6-position of adenosine is somewhat more tolerant of modifications than
the 2-position, but still cannot accommodate large increases in steric bulk. ADAR2
is able to process 6-O-methylinosine (Easterwood et al. 2000) and N6-methylad-
enosine at similar rates (Véliz et al. 2003), albeit slower than the rate for adeno-
sine. However, N6-ethyladenosine shows no deamination product when allowed to
react with ADAR?2, indicating that the ethyl group is too large to be accommodated
in the active site (Véliz et al. 2003). Finally, placement of a methyl at the
C6-position inhibits formation of the covalent hydrate even in the 8-azanebularine
context, as it decreases the binding by nearly 100-fold (Maydanovych and Beal
2006), approaching the affinity of the enzyme for nonspecific binding to RNA
(Haudenschild et al. 2004). Methylation at the 6-position of 8-azapurine has been
shown to decrease covalent hydration at the same site, and methylation at the site
of hydration has actually been shown to inhibit hydration for multiple nitrogen-
containing heterocycles (Albert et al. 1976).
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13.1 The ADAR Reaction Mechanism

Given the structure/activity relationships obtained for the ADAR2 reaction
described above, kinetic isotope effects measured for the TadA reaction and other
mechanistic data available, we can propose a catalytic mechanism for the ADAR
reaction. This mechanism is summarized below along with discussions of the
oligomerization state of the enzyme, substrate recognition, and conformational
changes.

13.2 Dimerization

One aspect of the ADAR mechanism in which conflicting data exists in the
literature is the question of whether these proteins dimerize, and if so, whether or
not this dimerization is RNA binding-dependent and necessary for activity. In the
case of Drosophila melanogaster ADAR, which has high sequence similarity to
human ADAR?2, a variant lacking the N-terminal portion of the protein comprising
residues 1-46 was shown to retain the ability to bind dsSRNA but yet was not able
to dimerize and did not retain editing activity. This report also indicated
that dADAR dimerization is RNA-dependent (Gallo et al. 2003). However, the
N-terminal domain of hADAR?2 has been shown to be dispensable for catalytic
activity (Macbeth et al. 2004), so perhaps this represents a difference between
dADAR and hADAR?2. Evidence has also been reported supporting dimerization
of hADAR?2 both in vivo and in vitro. One report utilizing FRET indicated that
ADARI1 and ADAR?2 both dimerize in vivo, and in fact can form heterodimers as
well. This dimerization was dependent upon the presence of the dsRBMs
(Chilibeck et al. 2006). Additional work by Poulsen et al. also gives evidence for
in vivo dimerization of ADARs. Using a yeast two-hybrid screen, growth and
therefore dimerization was only observed when dsSRBM1 was present. When only
dsRBM2 or only the catalytic domain was used, no dimerization was observed
(Poulsen et al. 2006). On the other hand, Poulsen et al. agree with previous
findings that dSRBM?2 is most critical for retention of catalytic activity (Macbeth
et al. 2004; Poulsen et al. 2006). However, the observations that dSRBM1 is
required for binding whereas dsSRBM2 is required for catalytic activity are hard to
reconcile, considering that RNA binding is necessary for robust catalytic activity
(Macbeth et al. 2005). Valente et al. suggest that this may be explained by the
choice of mutation made to disrupt the dsSRNA binding. They suggest that the A-E
mutation made by Poulse et al. could in fact interfere with a hydrophobic residue
required for folding, and therefore could entirely disrupt the structure of the
dsRBM. Instead, they chose to make a mutation in a conserved KKXXK stretch
that is known to be involved in RNA binding in other dsSRNA binding proteins.
This mutation disrupted RNA binding but in fact still allowed observation of
protein dimerization. The authors observed that a dimer in which only one unit was
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able to bind RNA was not catalytically active, whereas a dimer in which both units
were able to bind RNA but only one of the units was catalytically active still
exhibited 50% activity. The dimerization of these RNA binding-deficient proteins
was confirmed by size-fractionation chromatography (Valente and Nishikura
2007). However, another analysis of the dimerization of ADAR2 by both ana-
lytical gel filtration and equilibrium sedimentation indicated that human ADAR?2 is
a monomer (Macbeth and Bass 2007). Therefore, while ADATSs such as ADAT2/3
and TadA have been shown to dimerize (Gerber and Keller 1999; Wolf et al. 2002)
and CDA have been shown to form oligomers (Prochnow et al. 2007), the question
of dimerization for the ADAR enzymes is still debated. Poulsen and coworkers do
suggest (Poulsen et al. 2006), however, that a requirement for dimerization could
explain the substrate inhibition phenomenon observed for ADARs (Hough and
Bass 1994). Perhaps in the presence of an excess of RNA, only one ADAR binds
per RNA molecule, and so dimerization-dependent editing is decreased.

13.3 Substrate Binding and Conformational Changes

ADARs will only bind and edit RNAs containing double helices of sufficient
length (Bass and Weintraub 1988; Lehmann and Bass 1999; Doyle and Jantsch
2002). This requirement is due to the presence of the double stranded RNA
binding motifs (dsSRBMs, also referred to as dsRBDs) in the ADAR structure. The
review of Allain and colleagues in this issue addresses the structure of ADAR
dsRBMs and their role in editing selectivity. In addition, it appears the ability of a
substrate RNA to engage both dsRBMs of ADAR?2 contributes to editing speci-
ficity. Macbeth and Bass deleted the ADAR2 N-terminal domain including
dsRBMI. The resulting enzyme retained the ability to efficiently deaminate at the
R/G site of GluR-B. Importantly, this truncation mutant was also able to deaminate
short substrates that the full-length enzyme was unable to process. This was
rationalized by invoking autoinhibition by ADAR2’s N-terminal domain that is
relieved upon dsRBMI binding to RNA (Macbeth et al. 2004). Thus, it appears that
ADAR?2 has a duplex length requirement for its substrates arising from the
requirement to bind both dsSRBMI and dsRBMII, with dsRBMI binding causing a
conformational change in the protein that relieves autoinhibition. This requirement
would limit unwanted reaction with other cellular RNA substrates containing short
(<15 bp) duplex segments.

One of the consequences of the double helical nature of the ADAR substrate is
the requirement for conformational changes in the RNA prior to deamination. It is
clear from the structure of the catalytic domain of ADAR2 that the reactive
nucleotide must adopt a conformation that removes the edited base from the
helical stack before it can access the zinc-containing active site (Macbeth et al.
2005). The issue of conformational changes in the ADAR substrate was addressed
using RNAs bearing the fluorescent base 2-AP at different positions, including at a
known editing site. Stacking into a duplex quenches the fluorescence of 2-AP
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(Ward et al. 1969). Thus, 2-AP can be used as a probe of the stacking environment
of a nucleotide under different experimental conditions. These studies demon-
strated that ADAR?2 causes a conformational change in an RNA substrate con-
sistent with flipping the reactive base from the helix into the enzyme active site.
The change in 2-AP fluorescence was significantly faster than deamination, indi-
cating that this step was not rate limiting for the substrate studied (Stephens et al.
2000). Molecular dynamics simulations were also used to study base flipping
processes for adenosines in different duplex RNA sequence environments. These
efforts demonstrated that an adenosine at a known editing site (R/G of GluR-B) is
more prone to move out of the helical stack than other adenosines present in the
simulated duplex (Hart et al. 2005). Thus, the local structure of the RNA may
facilitate the base-flipping step in the editing reaction. Protein conformational
changes have also been studied by monitoring differences in the tryptophan
fluorescence of ADAR2 when RNA binds. The results point to a coupling of RNA
substrate binding and conformational rearrangements in the ADAR2 catalytic
domain (Yi-Brunozzi et al. 2001).

13.4 Deamination in the ADAR Active Site
and Product Release

Once adenosine occupies the active site, the adenine base engages the catalytic
residues. For ADAR2, E396 (as glutamate) is predicted to deprotonate the water
molecule bound to zinc. The resulting hydroxide then attacks the purine at C6 with
protonation at N1 via the acid form of E396. These steps form a high energy
intermediate with a tetrahedral center at C6. This type of mechanism is referred to
as Substitution, Nucleophilic, Aromatic or SyAr and the intermediate formed after
attack of the nucleophile on the aromatic system but before departure of the
leaving group is called the Meisenheimer intermediate (Pietra 1969). This inter-
mediate is substantially higher in energy than either the reactant (adenosine) or
product (inosine) because it lacks the stabilization of aromaticity. Because this
unstable intermediate is likely similar in structure to the highest energy transition
state on the deamination pathway, molecules that mimic the intermediate bind
tightly to the deaminase active site. Indeed, several different inhibitors of nucle-
oside deaminases are known that mimic this structure, including the ADA inhibitor
coformycin described above (Fig. 7). Since E396 was required for tight binding of
ADAR? to an RNA-containing 8-azanebularine, we believe the enzyme catalyzes
the first steps of the reaction to form hydrated 8-azanebularine, a structure simu-
lating the Meisenheimer intermediate.

For deamination to occur from the Meisenheimer intermediate, a proton must
be transferred from the newly formed C6 hydroxyl and the leaving amino group.
This is undoubtedly mediated again by E396 (Fig. 6c + d). Once protonated, the
amino group leaves as ammonia (NH;3) in a step that also forms the product
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inosine. At that point inosine exits the active site, product RNA is released and the
zinc binds a new water molecule to reset the active site for another turnover.

While no kinetic isotope studies have been carried out with ADARs,
Schramm’s KIE determination and calculation of the transition state structure for
TadA suggests the rate determining step for that enzyme is proton transfer from the
newly formed C6 hydroxyl and leaving ammonia (Luo and Schramm 2008). Our
lab has shown using a model substrate and ADAR?2 that RNA binding steps (both
association and dissociation) are fast relative to the rate of deamination. In addi-
tion, the 2-AP fluorescence changes induced by ADAR?2 were also fast relative to
the deamination rate indicating base flipping was unlikely to be rate limiting for
the substrate studied (Stephens et al. 2000). Our data with ADAR2 substrate
analogs is consistent with formation of the Meisenheimer intermediate as rate
determining for this enzyme. However, since ADARs deaminate adenosine in a
variety of different RNAs, the rate-determining step may be context dependent
(Véliz et al. 2003). For instance, in particularly stable duplex structures, base
flipping may be slow and rate determining overall. More studies are necessary to
determine how the rate-determining step for the ADAR reaction varies among the
different known natural substrates.

In this review we are able to explain many aspects of the ADAR structure and
mechanism, yet many questions still remain. The field would benefit tremendously
from additional high resolution structural data on ADAR-RNA complexes, par-
ticularly involving ADAR catalytic domains, and these studies are underway
worldwide. More mechanistic work needs to be done with ADARI and different
ADAR?2 substrates to define general features of these reactions and those that are
either ADAR- or substrate-specific. Adaptation of the tools and approaches
described here will enable us to continue to answer questions about these fasci-
nating enzymes in the years ahead.
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ADAR Proteins: Double-stranded RNA
and Z-DNA Binding Domains

Pierre Barraud and Frédéric H.-T. Allain

Abstract Adenosine deaminases acting on RNA (ADAR) catalyze adenosine to
inosine editing within double-stranded RNA (dsRNA) substrates. Inosine is read as
a guanine by most cellular processes and therefore these changes create codons for
a different amino acid, stop codons or even a new splice-site allowing protein
diversity generated from a single gene. We review here the current structural and
molecular knowledge on RNA editing by the ADAR family of protein. We focus
especially on two types of nucleic acid binding domains present in ADARSs,
namely the dsRNA and Z-DNA binding domains.
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1 Introduction

The published sequence of human, mouse, and rat genomes (Venter et al. 2001;
Baltimore 2001) revealed a surprisingly small number of genes, estimated to be
around 26,000. Such a small number cannot fully account for the expected
molecular complexity of these species and it is now well appreciated that such a
complexity is likely to come from the multitude of protein variants created by
alternative-splicing and editing of pre-mRNA (Graveley 2001; Pullirsch and Jan-
tsch 2010). For example, the sole paralytic gene (a Drosophila sodium channel) can
generate up to one million mRNA isoforms by combining its 13 alternative exons
and its 11 known RNA editing sites (Hanrahan et al. 2000). Moreover, alternatively
spliced and edited mRNAs are particularly abundant in the neurons. The finely
regulated population of the different isoforms of most neurotransmitter receptors,
ion channels, neuronal cell-surface receptors, and adhesion molecules ensure
proper brain function. Any imbalance of the gene expression can impair neuro-
logical functions and lead to severe diseases such as brain cancer, schizophrenia or
neuromuscular, and neurodegenerative syndromes (Maas et al. 2000).

RNA editing is a posttranscriptional modification of pre-mRNA (Gott and
Emeson 2000). Editing occurs via insertion or deletion of poly-U sequence (seen
in Trypanosome mitochondria (Benne et al. 1986)), or via a single base conversion
by deamination, cytidine to uridine (C — U) or adenosine to inosine (A — I)
(seen from protozoa to man) (Gott and Emeson 2000). These changes can create a
codon for a different amino acid, a stop codon, or even a new splice-site allowing
protein diversity to be created from a single gene (Gott and Emeson 2000; Keegan
et al. 2001; Bass 2002). A — I editing occurs by hydrolytic deamination of the
adenine base (Fig. 1a). Because inosine base-pairs with cytidine (Fig. 1b), inosine
is read as a guanine by most cellular processes. RNA editing by adenosine
deamination is catalyzed by members of an enzyme family known as adenosine
deaminases that act on RNA (ADAR) (Bass et al. 1997).

We review here the current structural and molecular knowledge of RNA editing
by the ADAR family of proteins. More comprehensive reviews on ADAR func-
tions are available elsewhere (Gott and Emeson 2000; Keegan et al. 2001; Bass
2002; Wulff and Nishikura 2010; Nishikura 2010). We focus here on the structures
of RNA substrates and how these structures are recognized by the double-stranded
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RNA binding domains (dsRBDs also refer to as dsSRBMs for double-stranded RNA
binding motifs) present in the ADAR family of protein. We also review the current
structural knowledge of another type of nucleic acid binding domain present in
ADARs, namely the Z-DNA binding domains.

2 Adenosine Deaminases Acting on RNA Family Members
and Their Domain Organization

Adenosine deaminases acting on RNA proteins were first discovered in Xenopus
laevis (Rebagliati and Melton 1987; Bass and Weintraub 1987, 1988) and have
now been characterized in nearly all metazoa from worm to man (Tonkin et al.
2002; Palladino et al. 2000; Slavov et al. 2000; Herbert et al. 1995; Melcher et al.
1996b; O’Connell et al. 1995; Kim et al. 1994; Palavicini et al. 2009), but not in
plants, yeast, or fungi. In vertebrates, two functional enzymes (ADARI1 and
ADAR?2) and one inactive enzyme (ADAR3 (Melcher et al. 1996a; Chen et al.
2000)) have been characterized. ADAR3 most likely originated from ADAR?2
to which it is most similar in sequence and domain organization (Fig. 2a).
In Caenorhabditis elegans, two active ADARs (CeADARI1 and CeADAR?2) have
been found whereas in Drosophila melanogaster, a single ADAR2-like protein
(dADAR) was found (Fig. 2a).

ADARs from all organisms have a common modular domain organization that
includes from one to three copies of a dSRNA binding domain (dsRBD) in their
N-terminal region followed by a C-terminal adenosine deaminase catalytic domain
(Fig. 2a). For detailed information regarding the structure and the catalytic activity
of the C-terminal domain, please refer to the chapter by Beal and coworkers.
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Fig. 2 Domain organization of the ADAR family members. a The ADAR family members are
represented with their domain structure organization. Three ADARs are found in vertebrates
(ADARI1-3). One ADAR is found in D. melanogaster (dAADAR) and two in C. elegans
(CeADARI1-2). ADARs have a conserved C-terminal deaminase domain (in yellow) and diverse
numbers of dsRNA binding domains (in blue). In addition ADARI has one or two copies of
Z-DNA binding domains (in green). The long isoform of ADARI is interferon-inducible
(ADARI-i), whereas the short isoform is constitutively expressed (ADARI1-c). ADAR3 has an
arginine-rich R-domain (in red). b Sequence alignment of dsRBDs from the ADAR family
members. The alignment is coloured by amino acid conservation and properties. hADAR2
dsRBD1 secondary structure elements are shown on top of the alignment

In addition to this common feature, ADAR1 exhibit Z-DNA binding domains in
its most N-terminal part, Zo: and Zf (Herbert et al. 1997). This renders it unique
among the members of ADAR protein family (Fig. 2a). Actually, ADARI is
expressed in two isoforms: the interferon-inducible ADARI-i (inducible;
150 kDa) and the constitutively expressed ADARI-c (constitutive; 110 kDa)
which is initiated from a downstream methionine as the result of alternative-
splicing and skipping of the exon containing the upstream methionine (Patterson
and Samuel 1995; Patterson et al. 1995; Kawakubo and Samuel 2000). As a
consequence, the short version of ADARI lacks the N-terminal Z-DNA binding
domain (Fig. 2a). It is important to note that only Za but not Zf has the ability to
bind Z-DNA, the left-handed form of DNA (Athanasiadis et al. 2005).
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ADARI and ADAR?2 are expressed in humans in most tissues and function as
homodimers (Cho et al. 2003). In contrast, ADAR3 expresses only in the central
nervous system and does not dimerize (Chen et al. 2000) which could explain its
inactivity. Moreover, ADAR3 acts as a repressor of ADARI1 and ADAR?2 activity,
most probably by sequestering their potential substrates without editing them
(Chen et al. 2000). ADAR3 contains also an arginine-rich RNA binding domain
(R-domain) in its N-terminal region. It has been shown to be responsible for the
binding of ADAR3 to single-stranded RNA (Chen et al. 2000). However, there is
no structure of this domain in complex with ssRNA that would reveal the
molecular basis of RNA recognition. Interestingly, a recent study showed that an
R-domain is also present in a minor splicing variant of ADAR2 (Maas and
Gommans 2009).

After the presentation of ADARs editing substrates, the structure and function
of the Z-DNA binding domains and the dsSRNA binding domains of ADAR will be
described in the remaining sections.

3 RNA Editing Substrate
3.1 Specificity of Editing

Adenosine deaminases that act on RNA (ADARs) convert adenosine into inosine
in cellular and viral RNA transcripts containing either perfect or imperfect regions
of double-stranded RNA (dsRNA) (Gott and Emeson 2000; Bass 2002; Nishikura
2010). A — I modification is nonspecific within perfect dsRNA substrates,
deaminating up to 50% of the adenosine residues (Polson and Bass 1994;
Nishikura et al. 1991). The nonspecific reaction occurs as long as the double-
stranded architecture of the RNA substrate is maintained since ADARs unwind
dsRNA by changing A-U base-pairs to I-U mismatches (Bass and Weintraub
1988; Wagner et al. 1989). Such modifications can modulate gene silencing
triggered by intramolecular structures in mRNA (Tonkin and Bass 2003), nuclear
retention of RNA transcripts (Zhang and Carmichael 2001), or antiviral responses
by extensive modification of viral transcripts (Wong et al. 1991). The majority of
nonselective editing occurs in untranslated regions (UTRs) and introns where large
regular duplexes are formed between inverted repeats of Alu and LINE (Long
Interspersed Nucleotides Element in primates) or SINE domains (Small Inter-
spersed Nucleotides Elements found in mouse) (Levanon et al. 2004; Athanasiadis
et al. 2004; Osenberg et al. 2010). It is estimated that this constitutes about 15,000
editing events in about 2,000 human genes. The biological function of this major
A — I editing event is not fully understood yet (Hundley and Bass 2010).

A — I editing can also be highly specific within imperfect dsSRNA regions in
modifying a single or limited set of adenosine residues (Gott and Emeson 2000;
Bass 2002). Selective editing within pre-mRNAs has been shown to affect the
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Fig. 3 Structures of various ADAR editing substrates. a Secondary structure of ADAR editing
substrates: GluR-B R/G and Q/R sites, Drosophila sytl I/V site and pri-miR-376al. b Structure of
the GluR-B GCUAA apical pentaloop (PDB code 1YSV). ¢ Structure of the RNA helix
surrounding the GluR-B R/G site revealing two particular A*eC wobble base-pairs (PDB code
212 J). d Hydrogen bond pattern in an A*eC wobble base-pair and comparison with a GeU
wobble base-pair

primary amino acid sequence of the resultant protein therefore producing multiple
isoforms from a single gene. For example, editing by ADARs produced func-
tionally important isoforms of numerous proteins involved in synaptic neuro-
transmission, including ligand and voltage-gated ion channels and G-protein
coupled receptors. The pre-mRNA encoding the B-subunit of the o-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) subtype of glutamate
receptor (GluR-B) is probably the most extensively studied mRNA editing sub-
strate (Seeburg et al. 1998). It is edited at multiple sites and one of these locations
is the R/G site, where a genomically encoded AGA is modified to IGA, resulting in
an arginine-to-glycine change (the ribosome interprets I as G due to its similar
base-pairing properties—Fig. 1b). The R/G site of the GluR-B pre-mRNA is often
used as a model system for A — I editing studies as it forms a small and well
conserved 70 nucleotide stem-loop containing three mismatches (Aruscavage and
Bass 2000), referred to as the R/G stem-loop (Fig. 3).
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More recently, specific editing of many pri-miRNAs, pre-miRNA, and miRNAs
have been discovered suggesting a cross talk between the RNA editing and RNA
interference machineries (Nishikura 2006; Ohman 2007). MicroRNA editing can
regulate miRNA expression by affecting pri-microRNA and pre-miRNA pro-
cessing (Kawahara et al. 2008, 2007a; Heale et al. 2009). MiRNA editing can also
affect gene targeting when the seed sequence of the miRNA is edited. This later
editing event allows an extension of the number of genes targeted by the miRNAs
(Kawahara et al. 2007b). Examples of editing site in miRNA are shown in Fig. 3.
For comprehensive information about the modulation of micro-RNA function by
ADAR please refer to the chapter by Nishikura and coworkers.

3.2 What Makes a Good Editing Site?

What characterizes a specific A — I RNA editing site is a major and long-standing
question in the field. It is clear that the targeted adenosine has to be embedded in
an RNA stem, and that both the sequence around the adenine and the secondary
structure elements present in the RNA stem will have a major impact on the
efficiency and the selectivity of editing. The terms preferences and selectivity are
used to describe the properties that enable ADAR proteins to modify a specific
adenosine among others (Polson and Bass 1994).

3.2.1 Preferences

Although ADAR dsRBDs are thought to bind unspecifically to any dsRNA,
ADARs have small sequence preferences for deaminating particular adenosines
among others. Detailed inspection of the editing ability of ADARI and ADAR2 on
the GluR-B R/G and Q/R sites revealed that these enzymes have overlapping but
distinct preferences (Lai et al. 1997; Melcher et al. 1996b; Gerber et al. 1997;
Maas et al. 1996). Xenopus and human ADARI1 have a similar preference for
A=U>C>G at the 5 of the edited adenosine (Polson and Bass 1994,
Lehmann and Bass 2000). Human ADAR?2 has also a similar but distinct prefer-
ence for the 5’ neighbor of the edited adenosine (U ~ A > C = G) (Lehmann and
Bass 2000). In addition, human ADAR2 has also a 3’ neighbor preference
(G =U > C = A) (Lehmann and Bass 2000). These initial preference rules were
further confirmed and optimized in subsequently discovered targets (Kawahara
et al. 2008; Riedmann et al. 2008; Li et al. 2009; Wulff et al. 2011). Chimeric
ADARs containing the dsRBDs of ADAR?2 and the catalytic domain of ADARI1
and vice versa suggested that the nearest-neighbour preferences come from the
deaminase domain (Wong et al. 2001) but recent structures suggest that dsRBDs
could also play a role (Stefl et al. 2010). The nucleotide base-pairing with the
target adenosine can also drastically influence editing with a preference for a
cytidine (forming a AC mismatch which is then converted into a matching I-C
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pair, like in the GluR-B R/G site, Fig. 3) (Levanon et al. 2004; Athanasiadis et al.
2004; Riedmann et al. 2008; Blow et al. 2004; Wong et al. 2001) over a uridine
(like in the GluR-B Q/R site, Fig. 3). Purines are not favoured and a guanosine in
some case can severely impair editing (Wong et al. 2001; Kallman et al. 2003;
Ohlson et al. 2007). This discrimination between various pairing partners is also
determined by the catalytic domain rather than the dsSRBDs (Wong et al. 2001).

3.2.2 Selectivity

Obviously, the slight preferences for the identity of neighbouring nucleotides
cannot explain the acute specificity observed in some ADAR substrates, like in
the GluR-B R/G or Q/R sites, where adenines in good sequence context (as
defined by 5 and 3’ neighbour and pairing partner preferences) remain not
edited. The property of having adenines in good sequence context that remain
not edited defines the concept of selectivity. Ultimately, this can result in having
a few and even a single edited adenine in an entire dsSRNA structure, which one
describes as specificity. One can easily note that sites of highly specific editing
events are never long and perfectly base-paired dsRNA (Fig. 3). The presence of
secondary structure elements like terminal loops, internal loops, bulges, and
mismatches is very frequent in such substrates. These secondary structured
elements are highly conserved during evolution (Aruscavage and Bass 2000;
Dawson et al. 2004; Reenan 2005) indicating that the RNA structure is important
for the specificity of editing (Aruscavage and Bass 2000; Dawson et al. 2004;
Reenan 2005; Ohman et al. 2000; Lehmann and Bass 1999). For example, the
presence of internal loops has been shown to increase the selectivity of editing
by uncoupling and decreasing the effective length of individual helices which
then reduces to a minimum the many ways of binding of ADAR to these sub-
strates (Ohman et al. 2000). However, RNA sequences around highly specific
editing sites are also particularly conserved (Aruscavage and Bass 2000;
Niswender et al. 1998), and this cannot be explained if only secondary structured
elements would define the selectivity of editing. Thus, both the structure and
sequence of the RNA editing site determine the selectivity of editing by ADAR.
In contrast to their preferences, ADARs selectivity comes most probably from
the binding selectivity of their dsRBDs.

3.3 Structures of Editing Substrates

Structural information about A — I RNA editing substrates has been limited so far
to the GluR-B R/G site. The GluR-B R/G site is embedded within a 71 nt RNA
stem-loop containing three base-pair mismatches and capped with a GCUAA
pentaloop. The solution structure of the long human R/G stem-loop has been
determined in two fragments by solution NMR.
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In the first structure, the apical part of the stem-loop containing the
GCU(A/C)A pentaloop has revealed a rigid pentaloop fold, novel for this time
(Stefl and Allain 2005). The fold is stabilized by a complex interplay of
hydrogen-bonds and stacking interactions (Fig. 3b). The structure of the GCUAA
pentaloop explains well the phylogenetic conservation of GCUMA (where M is
A/C) (Aruscavage and Bass 2000). The UNCG tetraloops (Cheong et al. 1990;
Allain and Varani 1995; Ennifar et al. 2000) and the GCUAA pentaloop are
structurally similar. This is particularly interesting considering that the pre-
mRNA encoding the R/G site of subunit C of the glutamate receptor that is also
specifically edited by ADAR2 has a UCCR tetraloop (Aruscavage and Bass
2000). When the size of the GCUAA pentaloop is changed or the loop is deleted,
the level of editing is reduced (Stefl et al. 2006) indicating that this structural
element plays an important role in the recognition processes of ADAR2. The
role of the loop was subsequently confirmed by using a high throughput method
(Pokharel and Beal 2006).

In the second structure, the RNA helix surrounding the editing site that contains
two A—C mismatches has revealed an unexpected regular A-form helix (Fig. 3c)
(Stefl et al. 2010). Indeed, adenine C2 chemical shifts (a sensitive probe to monitor
the protonation of adenine N1) have shown that these two adenines involved in
A-C mismatches were protonated at pH below 7.0 and were thus forming a
so-called A"eC wobble base-pair similar in its hydrogen bonding pattern to a GeU
wobble base-pair (Fig. 3d). Thus A*eC wobble base-pairs generate only little
deformation of the helical properties of the stem.

Overall, these structures together with the chemical-shift analysis of the 71 nt
R/G site (Stefl et al. 2006, 2010) revealed a rigid RNA stem-loop throughout the
sequence. Indeed, the terminal loop is structured (Stefl and Allain 2005) and the
three mismatches in the stem (two AC and one GG; Fig. 3) are forming non
Watson—Crick pairs leading to rigid and rather regular RNA helix (Stefl et al.
2006, 2010). This is particularly interesting in the context of the selectivity of
editing, since it is largely believed that mismatches contribute to the ADAR
selectivity. Even if a A*eC wobble base-pair might be more deformable than a
regular A-U pair, it seems unlikely that the sole shape recognition of such mis-
matches could allow the editing of the R/G site to be selective.

4 Adenosine Deaminases Acting on RNA Z-DNA
Binding Domains

In the late 1970s, the first atomic resolution structure of DNA, solved by X-ray
crystallography was surprisingly different from the expected right-handed B-form
helix (Wang et al. 1979). This structure indeed showed a left-handed double
helix in which the bases alternate in anti- and syn-conformations along one
strand. As a consequence, there was a zigzag arrangement of the backbone of the
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molecule. This property gave its name to the Z-DNA conformation observed in this
crystal (Wang et al. 1979). For 15 years, many people felt that Z-DNA was a non-
functional conformation of DNA, and as a consequence its study rapidly declined
(Rich and Zhang 2003). However, the discovery in 1995 of a protein binding spe-
cifically and tightly to Z-DNA (Herbert et al. 1995), and two years later the isolation
of a small domain responsible for this activity (Herbert et al. 1997), brought back
Z-DNA into the limelight. The first Z-DNA binding property was discovered in the
vertebrate ADARI protein. And so far, even if other proteins have been shown to
bind Z-DNA, ADARI1 stays the best-characterized member of the Z-DNA binding
protein family. ADAR1 has two related Z-DNA binding domains named Za« and Zf
(Fig. 2), the latter one having no binding capacity for Z-DNA. In this section we
review the structural knowledge on ADAR1 Z-DNA binding domains and especially
on the binding of Zo to Z-DNA.

4.1 Z-DNA Binding Domain: Structure
and Substrate Recognition

The first structural information about Z-DNA binding domains and the molecular
basis of the recognition of Z-DNA was revealed together by the crystal structure of
the human Zo domain of ADAR1 complexed to DNA (Schwartz et al. 1999b). The
Zo domain has a compact o/ff fold containing a three-helix bundle (a1 to «3)
flanked on one side by a twisted antiparallel fS-sheet (1 to f3) with a afaoff
topology (Fig. 4). This arrangement of three o-helices and f-strands is known as
the helix-turn-helix f-sheet fold (or o+fHTH fold). This fold differs from the
related helix-turn-helix (HTH) fold in the fact that it has an additional C-terminal
f-sheet packed against the core formed by the a-helices. The interaction of HTH
proteins with right-handed B-DNA has been well characterized (Harrison and
Aggarwal 1990). The mode of interaction of Za with Z-DNA has noticeable
differences arising from the differences between Z- and B-DNA (Schwartz et al.
1999b). The bound DNA duplex shows a left-handed helix structure with the
typical zigzag backbone conformation of the Z-DNA (Fig. 4a). The Za domain
makes contact to only one strand of the DNA molecule in a single continuous
recognition surface formed by helix o3 and the C-terminal f-hairpin (Fig. 4a, c).
Interestingly, this surface is complementary to the DNA backbone in terms of
shape and electrostatic properties. Indeed, all the polar interactions involve direct
or water-mediated contacts to the sugar-phosphate backbone of the DNA. This
implies that the interaction between Zx and Z-DNA is conformation or shape
specific rather than sequence specific. This was further confirmed by recent
structures of Zo bound to other DNA molecules of various sequences (Ha et al.
2009). These structures showed almost identical structures regardless of the
sequence, confirming that the mode of binding of Z« to Z-DNA is a well conserved
shape-specific mode of binding.
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Fig. 4 Structures of ADAR Z-DNA binding domains. a Structure of the Za domain of ADARI1
in complex with Z-DNA (CG); showing contacts with the phosphate backbone via helix a1 and
beta hairpin 2-f3. b Structure of the Zf domain of ADARI in its free state with a non-functional
Z-DNA binding surface and a potential protein/protein interaction surface. The additional helix
o4 is shown in red. ¢ Sequence alignment of hADAR1 Zo and Zf domains. The alignment is
coloured by amino acid conservation and properties. Common secondary structure elements are
shown on top of the alignment. The position of the additional helix «4 is shown below. Residues
of Za involved in direct- or water-mediated contacts with Z-DNA are reported with black arrows.
Some of these residues are not conserved in Zf. Residue numbers correspond to the one of Zx

4.2 A Role for ADARI Za Domain?

Although the biological role of Z-DNA binding by Zo has not been clearly defined
yet, one possible function might be to direct ADARI at actively transcribing
genes. Indeed, Z-DNA is stabilized by negative supercoiling (Peck et al. 1982)
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which is formed transiently upstream of an active RNA polymerase (Liu and Wang
1987). Localizing ADARI to the site of transcription would then allow it to
efficiently act upon the RNA prior to splicing.

A point particularly interesting in the context of RNA editing is that Zo has also
the property to bind to Z-RNA (Brown et al. 2000). These types of domains are thus
also referred to as Z-DNA/Z-RNA binding domains. The structure of Za bound to
Z-RNA has revealed a well conserved mode of interaction between Zo and the
nucleic acid backbone of Z-DNA and Z-RNA (Placido et al. 2007). This property of
Zo might thus help to target ADARI to specific sites that are prone to form Z-RNA.
For example, the formation of Z-RNA is favoured by alternative purine-pyrimidine
sequences, and especially guanosine and cytosine repeats (Herbert and Rich 1999).
Interestingly, it was shown that A — I editing by ADARI-i is substantially
increased in a dsRNA substrate containing such Z-forming purine-pyrimidine
repeats (Koeris et al. 2005). Moreover, such influence of Z-forming sequences on
the level of A — I editing was not observed in the case of ADAR2 which does not
contain Z-DNA/Z-RNA binding domain. This suggests a direct role of the Z-DNA/
Z-RNA binding domain of ADARI-i in the enhanced editing activity towards
dsRNA with Z-forming sequences. Moreover, editing reactions conducted with
ADARI1-i under short incubation time showed a clear positive correlation between
the proximity of the edited adenosine to the Z-forming sequence and the number of
editing events at those sites (Koeris et al. 2005). So, in contrast to Z-DNA binding,
Z-RNA binding by the Zo domain of ADAR1-i has a clear biological role in the
context of RNA editing, which is to target ADAR1-i to Z-forming sequences within
dsRNA substrates. Such Z-forming RNA structure can be directly encoded in the
RNA substrate, but Z-RNA can also be formed in the trail of transcription of RNA
viruses, and would allow ADARI to more efficiently modify these RNA viruses.
Indeed, ADARI-i has been associated with RNA editing of a wide array of viral
genomes (Cattaneo 1994; Horikami and Moyer 1995; Polson et al. 1996; Taylor
et al. 2005), and in certain cases depending on virus-host combinations, displays an
antiviral action (Samuel 2011).

The structures of Za bound to Z-DNA and Z-RNA gave crucial understanding
of the molecular basis of the zigzag backbone recognition by a specific set of side
chains of Za. However, the mechanism by which Za converts a right-handed
backbone structure (B-form DNA helix or A-form RNA helix) into a left-handed
one (B to Z transition or A to Z transition, respectively) has been investigated only
recently. The different possible mechanisms as well as the recent proposed model
will be discussed in the following section.

4.3 How Does a Z-DNA Binding Domain Bind to Z-DNA?

So far only the B to Z transition of DNA induced by the binding of ADARI1 Za
domain has been experimentally investigated. Two different mechanisms for such
a B to Z transition can be imagined (Kim et al. 2000): (1) a passive mechanism, in
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which Za would bind to the small fraction of Z-DNA present in equilibrium with
B-DNA, and because of its high affinity for Z-DNA will then pull the equilibrium
towards the formation of Za/Z-DNA complex; (2) an active mechanism, in which
Zo would bind to B-DNA and will then actively convert it into Z-DNA.

The structure of the free Z« domain of ADAR1 has been determined in solution
by NMR (Schade et al. 1999). The comparison of this structure with that of Za«
bound to Z-DNA (Schwartz et al. 1999b) has revealed that most Z-DNA con-
tacting residues are pre-positioned in the free Zo domain to fit Z-DNA. Of the nine
Zo side chains contacting Z-DNA in the crystal structure, seven are well-ordered
and already pre-positioned in free Z«, which is thus pre-shaped to fit Z-DNA.
Moreover, structural comparison of Za with homologous proteins that bind
B-DNA suggested that binding of Zo to B-DNA is disfavoured by steric hindrance
(Schade et al. 1999). Altogether, these strongly suggest that binding of Za would
follow a passive mechanism.

However, recent NMR studies monitoring hydrogen exchange rates of imino
protons have made possible the indirect observation of Z« bound to B-DNA in the
pathway of binding in different DNA sequence contexts (Kang et al. 2009; Seo
et al. 2010). These studies would strongly tend to validate an active mechanism,
but the authors could nonetheless not clearly exclude a passive one to occur
(Kang et al. 2009). The elucidation of the binding mechanism of Za to Z-DNA
would thus probably deserve further study. It would also be interesting to analyze
similarly the binding mechanism to Z-RNA.

4.4 ADARI Zp Domain: a Domain for Protein—Protein
Interaction?

Zf, the second Z-DNA binding domain of ADARI, is present in both the inter-
feron-induced ADARI1-i and the constitutively expressed ADARI-c (Fig. 2).
In contrast to Za domain, the Zff domain of ADAR1 does not interact with Z-DNA
(Schwartz et al. 1999a). Nevertheless, the Zf domain is highly conserved among
ADARI which thus suggests that the two domains Zo and Zf probably perform
different functions. The Zf structure has been solved by crystallography and
consists of four o-helices and a three-stranded ff-sheet with a afoafiffor topology
(Fig. 4b, c¢) (Athanasiadis et al. 2005). This structure has revealed that Zf is
closely related in structure to Zo and belongs to the same o+fHTH family.
However, Zf has an additional helix, helix a4 (Fig. 4b) and is also lacking several
crucial residues important for Z-DNA binding (Fig. 4c). This latter point explains
why Zf does not bind to Z-DNA. Interestingly, there is no steric clash that would
prevent Zf to bind to Z-DNA, and the partial restoration of a Zo sequence in Zf3
results in weak Z-DNA binding (Kim et al. 2004). The mapping of Zf; amino acid
conservation has revealed a distinct conserved surface involved in metal binding
and dimerization (Athanasiadis et al. 2005). However, since no biochemical data
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support either metal binding or dimerization of Zf, these properties observed in
the crystal might have been influenced by packing forces. Nonetheless, the
dimerization of Zf is an appealing model, considering that ADAR proteins
have been shown to be active as dimers (Cho et al. 2003; Gallo et al. 2003).
For example, the N-terminal part of dADAR has been shown to be involved in
dimerization (Gallo et al. 2003), but the site of dimerization for vertebrate ADARs
remains to be established.

5 Adenosine Deaminases Acting on RNA
dsRNA Binding Domains

ADAR dsRNA binding domains are essential components for ADAR activity, since
they are directly involved in dsRNA substrate recognition and binding. However,
the molecular basis explaining how domains largely thought to bind dsRNA non-
specifically are actually targeting very specific adenine positions in certain substrate
(like the GluR-B R/G site—Fig. 3) have been a puzzling paradox for many years.
Recent structures of ADAR2 dsRBDs bound to a natural substrate have given some
critical insights into the sequence-specific recognition of ADAR substrates.

5.1 Structural Characteristics of a dsRNA Binding Domain

The dsRBD is a ~65-75 amino acids domain found in eukaryotic, prokaryotic and
even viral proteins which have been shown to interact specifically with dsRNA.
dsRBDs were first identified in Staufen, a protein responsible for mRNA locali-
zation in Drosophila and PKR, a dsRNA-dependent protein kinase (St Johnston
et al. 1992; McCormack et al. 1992; Green and Mathews 1992). Since the early
1990s, the list of dsRBD containing proteins has been growing and regroups
proteins with a large variety of function as development, RNA interference, RNA
transport, RNA processing and of course RNA editing (Fierro-Monti and Mathews
2000; Saunders and Barber 2003; Chang and Ramos 2005; Stefl et al. 2005). The
structures of various dsRBDs have been determined uncovering a mixed o/f fold
with a conserved ofiffffa topology in which the two o-helices are packed against
the three-stranded anti-parallel -sheet (Bycroft et al. 1995; Kharrat et al. 1995).
In addition, structures of dSRBDs have been determined in complex with dsRNA,
most of which with non-natural RNA duplexes (Ryter and Schultz 1998; Ramos
et al. 2000; Gan et al. 2006; Wu et al. 2004). These structures have suggested that
dsRBDs recognize A-form helix of dsSRNA in a sequence-independent manner,
since the majority of dsSRBD-RNA interaction involve direct contacts with the
2/-hydroxyl groups of the ribose sugar rings and direct- or water-mediated contacts
with non-bridging oxygen of the phosphodiester backbone and a subclass of
dsRBDs prefer stem-loop over A-form helices (Ramos et al. 2000; Wu et al. 2004).
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More recently, the structures of the two dsRBDs of ADAR2 in complex with a
natural dsSRNA substrate have been determined (Stefl et al. 2010), revealing a
sequence-specific readout of the dSRNA minor groove. These structures will be
discussed in the following section.

5.2 Sequence Specific Recognition with dsRBD

Recently, the structures of human ADAR2 dsRBD1 and dsRBD2 have been
determined in complex with their respective RNA target on the GluR-B R/G site
RNA helix (Stefl et al. 2010). These structures have confirmed the conserved mode
of recognition of the A-form RNA helix (Ryter and Schultz 1998; Ramos et al.
2000; Gan et al. 2006; Wu et al. 2004) in which helix «1 and f1-f2 loop interact
with the minor groove of the RNA helix at one turn of interval and in which
conserved positively charged residues in the N-terminal end of helix «2 interact
across the major groove with non-bridging oxygen of the phosphodiester back-
bone. Strikingly, a detailed inspection of the interaction regions revealed unex-
pected sequence-specific contacts of both dsRBD to the RNA minor grooves.

The RNA major groove is deep and narrow, and as a consequence bases are
inaccessible to protein side chains. In contrast, the RNA minor groove is wide and
shallow (Saenger 1984) but stereochemical considerations have suggested that
discrimination of some base-pairs would be difficult in the minor groove (Seeman
et al. 1976; Steitz 1990). Discrimination in the minor groove can mostly arise from
an appreciation of the group lying in position 2 of purine rings, i.e. the amino NH,
group of a guanine which is a polar hydrogen bond donor, and the aromatic H2
proton of an adenine which is non polar and small and can thus accommodate
hydrophobic side chains in its close vicinity, whereas the amino group of a guanine
would lead to steric clashes (Fig. 5c, d).

Two sequence-specific contacts at two consecutive RNA minor grooves enable
ADAR?2 dsRBDI1 to bind the GluR-B RNA upper stem-loop (USL) at a single
register (Stefl et al. 2010). These specific contacts are on one hand a hydrogen
bond to the amino group of G22 in the GG mismatch via the main chain carbonyl
of Vall04 in the f1-f2 loop and on the other hand a hydrophobic contact to the
adenine H2 of A32 via the side chain of Met84 in helix «1 (Fig. 5a). Similarly,
ADAR?2 dsRBD2 recognizes the GluR-B RNA lower stem-loop via two sequence
specific contacts at two consecutive RNA minor grooves: a hydrogen bond to the
amino group of G9, located 3’ to the editing site, via the main chain carbonyl of
Ser258 in the f1-f2 loop and a hydrophobic contact to the adenine H2 of A18 via
the side chain of Met238 in helix o1 (Fig. 5b) (Stefl et al. 2010).

The importance of these contacts for the binding affinity of the dsSRBDs with
their respective RNA partner was further quantified in a solution binding assay and
in an in vitro editing assay (Stefl et al. 2010). In mutating any of the bases
that are recognized in a sequence-specific manner by the dsRBDs, the binding
affinity is reduced compared to the wild-type. Furthermore, when replacing the GG
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Fig. 5 RNA recognition by ADAR2 dsRBDs through sequence specific readout of the minor
groove. a Structure of ADAR2 dsRBDI in complex with the GluR-B R/G upper stem-loop
(PDB code 2L.3C). Overall structure (fop) and close-up view of the minor groove sequence-
specific recognitions mediated by helix 1 and the S1-f2 loop (bortom). b Structure of
ADAR2 dsRBD2 in complex with the GluR-B R/G lower stem-loop (PDB code 2L2 K).
Overall structure (fop) and close-up view of the minor groove sequence-specific recognitions
mediated by helix a1 and the $1-f2 loop (bottom). ¢ Chemical groups of an A-U pair lying
in the major and minor grooves. d Chemical groups of a G—C pair lying in the major and
minor grooves. Discrimination in the minor groove relies on the appreciation of the group in
position 2 of purine rings
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mismatch or the two AC mismatches with Watson—Crick pairs that keep intact the
specific contacts to the RNA, the binding affinity is less affected than when
mutating the specifically recognized bases. In addition, the editing activity of
protein mutants affected in the residues involved in sequence-specific contacts
(Met in helix o1 and f1-f2 loop) is reduced to less than 30% of the wild-type
protein editing activity. Altogether, this strongly supports the idea that the two
dsRBDs of ADAR?2 recognize primarily the sequence of the RNA helix rather than
its shape.

These structures give the means to reconsider the common beliefs on
dsRBDs, and to propose that binding of certain dsRBDs might occur sequence
specifically.

5.3 How dsRBDs are Positioned on Substrate?

Structural studies on full-length ADAR proteins in complex with their RNA
substrates are essential for understanding the overall editing mechanism process.
One interesting point in the field is the requirement of dimerization of ADAR to be
active. In vitro studies have shown that editing activity of ADAR1 and ADAR?2
(Cho et al. 2003) and of Drosophila dADAR (Gallo et al. 2003) needs dimer-
ization. Dimerization of ADAR1 and ADAR2 have been confirmed in vivo by
fluorescence and bioluminescence resonance energy transfer studies (Chilibeck
et al. 2006; Poulsen et al. 2006). A source of discussion in the field is to know
whether this dimerization is dependent on RNA binding (Cho et al. 2003; Gallo
et al. 2003; Poulsen et al. 2006; Valente and Nishikura 2007). There are no
structural data with a full-length ADAR protein bound to a RNA substrate that
would reveal the molecular basis for this dimerization. Nevertheless, the structure
of the N-terminal domain of ADAR?2 consisting of both dsRBDs have been solved
by solution NMR in complex with the GluR-B R/G site RNA (Stefl et al. 2010). In
the structure, the two dsRBDs bind one face of the RNA covering approximately
120° of the space around the RNA helix (Fig. 6a, b). This structure is then per-
fectly in accordance with the dimerization model of ADARs, since another ADAR
molecule could bind to the other face of the RNA helix without steric hindrance.
Moreover it is clear that in interacting with the guanosine 3’ to the edited aden-
osine (Fig. 6d), ADAR2 dsRBD2 brings the deaminase domain in close proximity
to the editing site. When this precise positioning is impaired, specific editing of the
GluR-B R/G site is nearly abolished which underlines the functional importance of
sequence-specific recognition of RNA by dsRBDs for A — I editing (Stefl et al.
2010). Even with these new insights, structural aspects of substrate recognition by
ADARSs remain a source of questions in the editing field. For example, how the
targeted adenosine would be flipped out to reach the catalytic domain, and how
after dimerization of ADARs the two catalytic domains would be positioned rel-
ative to each other and to the dsRBDs, is of great interest and deserves further
structural studies.
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Fig. 6 Spatial organization of the two dsRBDs of ADAR?2 on the GluR-B R/G site. a Side view
of the complex (PDB code 213 J). b Top view of the complex showing the portion of the space
covered by the two dsRBDs around the RNA helix. ¢ Schematic representation of the sequence
specific contacts defining the binding register of ADAR2 dsRBD1. d Schematic representation of
the sequence specific contacts defining the binding register of ADAR2 dsRBD2
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5.4 Are the Binding Sites of ADAR dsRBDs Predictable?

An attractive idea would be to transpose the structural knowledge of ADAR2
bound to the GluR-B R/G site to predict the mode of binding of ADAR?2 on other
substrates. Even more challenging would be the prediction of other ADAR
dsRBDs on their respective substrates. The structures of ADAR2 dsRBDs bound to
the GluR-B R/G site have shown that the binding is achieved by a direct readout of
the RNA sequence in the minor groove of the dSRNA substrate. The two dsRBDs
use helix «1 and the f1-f2 loop as molecular rulers to find their binding register
in the RNA minor groove (Fig. 5a, b). While dsRBD1 preferentially recognize
G-Xo-A (Fig. 6¢), dsRBD2 binds the same sequence but with a different register
length: G-Xg-A (Fig. 6d). The length and the relative position of helix o1 relative
to the dsRBD fold appear to be the key structural elements that determine the
register length of these two dsRBDs (Stefl et al. 2010). Such binding sequence and
register for ADAR2 dsRBD2 are present on GluR-B Q/R site (Fig. 3a), but are not
always present on ADAR?2 substrates (Fig. 3a), and one can thus not exclude that
its dsRBDs would adopt a different mode of binding involving different side chains
in helix o1 when bound to different substrates. In addition, sequence alignment of
diverse ADAR dsRBDs could serve to anticipate similarities and discrepancies
between dsRBDs regarding the preferred sequence and register of binding
(Fig. 2b). For instance, ADAR1 dsRBDs appear to have a longer helix «1 and lack
the ADAR?2 equivalent of the methionine involved in the sequence-specific con-
tacts (Figs. 2b and 5). These could explain why ADARI and ADAR2 have dif-
ferent substrate specificities (Bass 2002; Lehmann and Bass 2000). Furthermore,
dADAR dsRBD?2 is very similar to ADAR2 dsRBD2, but whereas their helix o1
are extremely alike, the f1-2 loop region is less conserved (Fig. 2b) and a
prediction on the sequence and register of binding for this dSRBD remains difficult.
Generally, the binding specificities of dsSRBDs of other members of the ADAR
family are still difficult to predict and would need more structural data involving
various dsRBDs.

6 dsRBDs and Z-DNA Binding Domains Act
on the Subcellular Localization of ADARs

Whereas ADARI1-i is mostly detected in the cytoplasm (Patterson and Samuel
1995; Poulsen et al. 2001; Desterro et al. 2003), ADAR1-c localizes mainly in the
nucleus (Desterro et al. 2003; Sansam et al. 2003). ADARI-c is mostly located in
nucleoli but constantly shuttles between nucleoli and the nucleoplasm, where most
ADAR substrates are found (Sansam et al. 2003). A nuclear localization signal
(NLS) has been identified in the third dsRBD of human ADARI1 (Eckmann et al.
2001; Strehblow et al. 2002; Poulsen et al. 2001). ADAR1-i harbors also a nuclear
export signal (NES) within its most N-terminal Z-DNA binding domain (Zx)
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(Poulsen et al. 2001), and has the property to shuttle between the nucleus and the
cytoplasm (Eckmann et al. 2001; Poulsen et al. 2001). As most RNA viruses are
localizing in the cytoplasm, the unique cytoplasmic localization of ADARI1-i
among ADARs, gives additional support for an antiviral function of this protein
(George et al. 2011; Samuel 2011). Although lacking the Zo« domain, ADARI1-c is
also shuttling between the nucleus and the cytoplasm. Transportin-1 is a nuclear
import factor for ADARI, and dsRNA binding of the third dSRBD modulates its
interaction with transportin-1 and exportin-5 and thus regulate the nucleocyto-
plasmic properties of ADAR1 (Fritz et al. 2009).

ADAR?2 is localized exclusively in the nucleus, where similar to ADARI-c
it resides mostly in nucleoli, but shuttles constantly to reach the nucleoplasm
where ADAR substrates are located (Desterro et al. 2003; Sansam et al. 2003).
Although the dsRBDs are not involved in the nuclear localization of ADAR2,
they play a crucial role in targeting ADAR2 to the nucleolus, likely through
their ability to bind rRNA (Sansam et al. 2003; Xu et al. 2006). However, the
biological signification of the nucleolar localization of ADAR2 and ADARI-c
is largely unknown.

7 Concluding Remarks

During the last 10 years, the ADAR family of protein has contributed to a great
extent to our general understanding of the molecular basis of nucleic acid
recognition for both Z-DNA binding domains and dsRNA binding domains.
However, our current understanding of the molecular basis of substrate recognition
by ADARSs is unfortunately still incomplete. More structures of ADARSs substrates
alone and in complex with ADARs dsRBDs, would undoubtedly be of great value
for the understanding of substrates recognition. In addition, a structure of a full-
length ADAR protein revealing how the catalytically active dimer would assemble
on an RNA substrate would be fantastic and essential for understanding the overall
editing mechanism process. The relatively small amount of structural information
obtained to date is a consequence of the demanding biochemical properties of
ADAR proteins and also probably of the small number of groups in structural
biology working on the editing field. However, piece by piece, we start having a
better view of substrate recognition by ADARs. Hopefully, in the near future, more
structural information would allow the prediction of ADARs mode of binding on
RNA substrates with increased confidence.
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Abstract The central dogma of molecular biology defines the major route for the
transfer of genetic information from genomic DNA to messenger RNA to three-
dimensional proteins that affect structure and function. Like alternative splicing,
the post-transcriptional conversion of adenosine to inosine (A-to-I) by RNA
editing can dramatically expand the diversity of the transcriptome to generate
multiple, functionally distinct protein isoforms from a single genomic locus. While
RNA editing has been identified in virtually all tissues, such post-transcriptional
modifications have been best characterized in RNAs encoding both ligand- and
voltage-gated ion channels and neurotransmitter receptors. These RNA processing
events have been shown to play an important role in the function of the encoded
protein products and, in several cases, have been shown to be critical for the
normal development and function of the nervous system.
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1 Introduction

The conversion of adenosine to inosine (A-to-I) by RNA editing is increasingly
identified as a post-transcriptional modification in which genomically-encoded
sequences are altered through the site-specific deamination of specific adenosine
residue(s) in precursor and mature mRNAs, tRNAs and primary miRNA tran-
scripts (Blow et al. 2006; Gerber et al. 1998; Gott and Emeson 2000). An inosine
within the open reading frame (ORF) of an mRNA is read as guanosine during
translation, which can lead to specific change(s) in the amino acid coding
potential of the mRNA to alter the functional properties of the encoded
protein product. Such alterations in the primary nucleotide sequence of mRNA
transcripts can affect not only coding potential, but also can alter the structure,
stability, translation efficiency and splicing patterns of the modified transcripts,
thereby affecting numerous aspects of RNA function in the cell (Gott and
Emeson 2000). For specific tRNAs, such editing events are often observed in the
wobble position of the anticodon loop (position 34), playing a crucial role in
protein synthesis by allowing alternative pairing with U, C, or A in the third
position of codons (Crick 1966). Editing also has been shown to play an
important role in miRNA expression and function, as A-to-I conversion can
modulate the processing of miRNA precursors by Drosha and Dicer, alter the
target selectivity of mature miRNAs and decrease miRNA stability (Kawahara
et al. 2007; Yang et al. 2006).

2 Identification of A-to-I Editing Targets

A-to-1 editing is generally identified as an adenosine to guanosine (A-to-G)
discrepancy during comparisons of genomic and cDNA sequences that result
from the base-pairing of cytosine to inosine (like guanosine) during reverse
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transcriptase-mediated first-strand cDNA synthesis. At least eight mRNA
transcripts with A-to-I modifications in the ORF were initially noted in mammals,
based upon the serendipitous identification of such A-to-G disparities (Table 1).
Most notably, subunits of the a-amino-3-hydroxy-5-methyl-isoxazole-4-propionate
(AMPA) subtype of ionotropic glutamate receptor (GluR-2, GluR-3 and GluR-4),
subunits of the kainate subtype of glutamate-gated ion channel (GluR-5 and GluR-6)
and transcripts encoding the 2C-subtype of serotonin receptor (SHT,c) were shown
to undergo A-to-I modifications that change the amino acid coding potential of the
mature mRNAs, producing protein products with altered functional properties
(Emeson and Singh 2001; Rueter and Emeson 1998). Recently, numerous labora-
tories have developed more directed approaches to identify mRNA targets of A-to-I
editing, employing both biochemical and computer-based (in silico) strategies
(Athanasiadis et al. 2004; Blow et al. 2004; Kikuno et al. 2002; Kim et al. 2004;
Levanon et al. 2004; Ohlson et al. 2007). The earliest of these approaches took
advantage of proposed sequence conservation surrounding editing sites in two
evolutionarily distant species of fruit fly, Drosophila melanogaster and Drosophila
pseudoobscura (Hoopengardner et al. 2003). By comparing sequences for 914
candidate genes that included ion channels, G-protein coupled receptors, proteins
involved in fast synaptic neurotransmission and transcription factors, Hoopengard-
ner and colleagues identified 41 genes containing regions within coding sequences
that displayed unusually high sequence conservation compared with surrounding
sequences. Further characterization of the mRNAs encoded by these genes allowed
the identification of 16 additional edited RNA species in Drosophila, encoding
primarily ligand- and voltage-gated ion channels and components of the synaptic
release machinery (Hoopengardner et al. 2003). The identification of numerous
editing targets in the Drosophila nervous system is consistent with the observation
that the prominent phenotype observed in editing-deficient flies involves nervous
system dysfunction and neurodegeneration (Hoopengardner et al. 2003;
Palladino et al. 2000). Of the newly identified editing events in flies however, only
transcripts from the kcnal gene, encoding a voltage-gated potassium channel
(Kvl.1), have been validated as a target in the mammalian transcriptome (Bhalla
et al. 2004; Hoopengardner et al. 2003).

More recently, additional in silico approaches have attempted to identify and
validate A-to-G discrepancies between genomic and cDNA sequences on a
genome/transcriptome-wide scale, predicting >12,000 editing sites in the human
transcriptome of which >94% occur primarily in non-coding regions of RNA
transcripts containing short interspersed elements (SINEs) of the Alu and L1
subclass (Athanasiadis et al. 2004; Blow et al. 2004; Kikuno et al. 2002; Kim
et al. 2004; Levanon et al. 2004). Although the biologic significance of editing in
Alu sequences has not been fully examined, it has been proposed that the editing
within this primate-specific class of SINE elements may modulate alternative
splicing, chromatin structure and the retention of highly edited RNAs in the
nucleus (Chen et al. 2008; Moller-Krull et al. 2008). Despite the success of in
silico strategies in the identification and validation of novel editing sites,
few codon-altering (recoding) A-to-I modifications were identified in mRNAs.
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Among these additional editing targets are transcripts encoding filamin
A (FLNA), bladder cancer associated protein (BLCAP), cytoplasmic FMRI1
interacting protein 2 (CYFIP2) and insulin-like growth factor binding protein 7
(IGFBP7) (Table 1). Despite their expression in discrete regions of the brain, the
role(s) for these proteins in central nervous system function or the consequences
of editing have not been determined.

3 Mammalian ADAR Enzymes

A-to-I editing of precursor and mature mRNAs and primary miRNA transcripts is
mediated by a family of double-stranded RNA-specific adenosine deaminases
(ADARs) that catalyze the hydrolytic deamination of the C-6 position within the
purine ring (Polson et al. 1991) and have been the topic of numerous reviews
(Bass 2002; Hogg et al. 2011; Nishikura 2010). In mammals, three ADAR proteins
(ADARI1, ADAR?2 and ADAR3) have been purified and their corresponding genes
have been identified (Chen et al. 2000; Hough and Bass 1994; Kim et al. 1994;
Liu et al. 1997; O’Connell et al. 1995). ADAR1 and ADAR?2 have been shown to
be expressed in almost all cell types examined (Melcher et al. 1996b; Wagner et al.
1990) and are able to convert A-to-I in extended regions of duplex RNA within
pre-mRNAs, mRNAs, primary miRNA transcripts and viral RNAs (Berg et al. 2001;
Luciano et al. 2004; Schaub and Keller 2002; Yang et al. 2006). The expression of
ADAR3 has been detected only in post-mitotic neurons in brain regions such as the
amygdala and thalamus (Chen et al. 2000), yet ADAR3 has not demonstrated

any catalytic activity using synthetic dsRNA or known ADAR substrates
(Chen et al. 2000; Maas et al. 2003). ADAR1 and ADAR2 have overlapping
yet distinct patterns of editing with some sites edited by only one enzyme
and other sites edited equally well by both (Bass 2002; Hogg et al. 2011;
Nishikura 2010).

The ADARI1 gene specifies two major protein isoforms, an interferon (IFN)
inducible 150 kDa protein (p150) and a ubiquitous, constitutively expressed
N-terminally truncated 110 kDa protein (pl110), encoded by transcripts with
alternative exon 1 structures that initiate from different promoters (George and
Samuel 1999). The predicted protein sequence of ADARI indicates that it
contains three copies of a dsSRNA-binding motif (dSRBM), a motif shared among
numerous dsRNA-binding proteins (Burd and Dreyfuss 1994; Fierro-Monti and
Mathews 2000), a nuclear localization signal in the third dsSRBM (Eckmann et al.
2001), and a region homologous to the catalytic domain of other known aden-
osine and cytidine deaminases. The amino-terminus of the p150 isoform also
contains two Z-DNA binding domains, the first of which (Z«) overlaps with a
leucine-rich nuclear export signal (Poulsen et al. 2001). The Z-DNA binding
domains also have been proposed to tether ADARI1 to sites of transcription
(Herbert and Rich 1996) or to mediate interactions between ADARs and other
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proteins (Poulsen et al. 2001). The locations of the nuclear localization and
nuclear export sequences in ADARI are consistent with observations that the
p150 isoform shuttles between the cytoplasm and the nucleus, whereas the p110
protein is localized predominantly to the nucleus (Eckmann et al. 2001; Fritz
et al. 2009; Patterson and Samuel 1995; Strehblow et al. 2002). Alternative
splicing within exon 7 of ADARI1 generates two distinct mRNA isoforms that
differ by 26 amino acids that encode the linker region between the third double-
stranded RNA binding motif and the catalytic domain to affect site-selective
editing efficiency (Liu et al. 1997, 1999). Total ablation of ADAR1 expression in
mice results in embryonic lethality at day 11.5, manifested by liver disintegration
(Hartner et al. 2004) and widespread apoptosis (Wang et al. 2004), suggesting
that ADAR1 may promote survival of numerous tissues by editing dsRNAs
required for protection against programed cell death. Similar embryonic lethality
also results from selective loss of the p150 isoform, indicating a critical role for
this ADARI isoform in embryonic development (Ward et al. 2011). Humans
who are heterozygous for an ADARI loss-of-function allele demonstrate
dyschromatosis symmetrica hereditaria, a recessive genetic disorder character-
ized by pea-sized hyperpigmented and hypopigmented macules on the hands and
feet (Gao et al. 2005; Miyamura et al. 2003; Suzuki et al. 2005), whereas no
such phenotype is observed in mice that are heterozygous for an ADARI1-null
allele (Hartner et al. 2004; Wang et al. 2004).

ADAR?2 is an 80 kDa protein with structural features similar to those observed
for ADARI1 (Melcher et al. 1996b). ADAR?2 contains a nuclear localization signal
and two dsRNA-binding motifs, sharing approximately 25% amino acid sequence
similarity with the dsRBMs of ADARI. ADAR2 also contains an adenosine
deaminase domain sharing 70% amino acid similarity with ADARI, as well as
three zinc-chelating residues conserved in the deaminase domain of both enzymes.
As with ADAR1, multiple cDNA isoforms of ADAR?2 have been identified in rats,
mice and humans including alternative splicing events in mRNA regions encoding
the deaminase domain and near the amino-terminus (Gerber et al. 1997; Lai et al. 1997,
Rueter et al. 1999). Of particular interest is an alternative splicing event that
introduces an additional 47 nucleotides near the 5’-end of the ADAR2 coding
region, resulting in a frameshift that is predicted to produce a 9 kDa protein (82 aa)
lacking the dsSRBMs and catalytic deaminase domain required for protein function
(Rueter et al. 1999). This alternative splicing event is dependent upon the ability of
ADAR?2 to edit its own pre-mRNA, converting an intronic adenosine—adenosine
(AA) to an adenosine—inosine (Al) dinucleotide that effectively mimics the highly
conserved AG sequence normally found at 3’-splice junctions. These observations
indicate that RNA editing may serve as a novel mechanism for the regulation of
alternative splicing and provides an autoregulatory strategy by which ADAR?2 can
modulate its own level of expression (Feng et al. 2006; Rueter et al. 1999).
Ablation of ADAR2 expression in mutant mice results in death between post-natal
day 0 (PO) and P20, as mutant animals become progressively seizure-prone after
P12 (Higuchi et al. 2000).
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4 ADAR Substrates in the Central Nervous System
4.1 Glutamate-Gated Ion Channels

4.1.1 AMPA Receptors

Tonotropic glutamate receptors (iGluRs) are involved in fast synaptic neurotrans-
mission and in the establishment and maintenance of synaptic plasticity critical to
learning and memory. Three subtypes of iGluRs, named according to selective
agonists for each receptor subtype, include N-methyl-D-aspartate (NMDA)
receptors, o-amino-3-hydroxy-5-methyl-isoxazole-4-propionate (AMPA) recep-
tors and kainate receptors (Ozawa et al. 1998). Ionotropic glutamate receptors are
tetrameric and their subunits share a similar core structure: three transmembrane
segments (M1, M3 and M4), a pore loop (M2), a large extracellular N-terminal
domain, and a highly-regulated, variably-sized C-terminal domain (Fig. 1).
The N-terminus and a long hydrophilic region between the M3 and M4 trans-
membrane segments form a two-domain structure that is responsible for ligand-
binding (Wollmuth and Sobolevsky 2004).

The first example of A-to-I editing in mammalian mRNAs was identified in
transcripts encoding the GIuR-2 subunit of the AMPA receptor in which a
genomically-encoded glutamine codon (CAG) was altered to an arginine codon
(CIG) (Melcher et al. 1995; Rueter et al. 1995; Sommer et al. 1991; Yang et al.
1995). The substitution of a positively-charged arginine residue for a neutrally-
charged glutamine residue at the apex of the membrane reentrant pore loop (M2)
changes the conductance properties of channels containing an edited GluR-2(R)
subunit (Verdoorn et al. 1991). Heteromeric AMPA channels that contain the edited
GluR-2(R) subunit are relatively impermeant to Ca®" ions and show a linear
current—voltage (I-V) relationship, whereas channels that lack or contain a non-
edited GluR-2(Q) subunit show a double-rectifying I-V relationship and an
increased Ca”* conductance (Dingledine et al. 1992; Hollmann et al. 1991; Sommer
et al. 1991; Verdoorn et al. 1991). Quantitative PCR analyses of adult rat, mouse
and human brain RNA have demonstrated that virtually all GluR-2 transcripts
encode this critical arginine residue within M2 while GluR-1, -3 and -4 transcripts
encode only a glutamine at the analogous position (Higuchi et al. 2000; Sommer
et al. 1991).

RNA editing is also responsible for an A-to-I modification in exon 13 of RNAs
encoding the GluR-2, -3 and -4 AMPA receptor subunits to alter a genomically-
encoded arginine (AGA) to a glycine (IGA) codon at position 764 (R/G site) to
modulate the rate of recovery from receptor desensitization (Fig. 1). Because of faster
recovery and a tendency for slower desensitization rates, heteromeric AMPA chan-
nels containing edited (glycine-containing) subunits show larger steady-state currents
than the non-edited forms (Lomeli et al. 1994). Immediately following this edited
codon, an alternative splicing event incorporates one of two mutually-exclusive exons
referred to as “flip’ and ‘flop’ that encode a portion of the ligand-binding domain
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Fig. 1 Summary of the RNA editing events in mouse transcripts encoding ionotropic glutamate
receptor subunits. A schematic representation of the proposed topology for GluR subunits is
presented, based upon the topology determined for GluR-1 (Hollmann et al. 1991), indicating the
relative positions of editing sites. The genomic, mRNA and amino acid sequences surrounding
the edited regions are shown and modified nucleosides are presented in inverse lettering

(Fig. 1) (Sommer et al. 1990). Combinations of editing and splicing generate a variety
of channels with unique kinetic properties (Koike et al. 2000; Krampfl et al. 2002;
Lomeli et al. 1994). Editing at the Q/R and R/G sites together, play a role in receptor
trafficking, as editing of the Q/R site attenuates formation of GluR-2 homo-tetramers
and leads to retention of the GluR-2(R) subunit in the endoplasmic reticulum (ER)
(Greger et al. 2002, 2003, 2007). Indeed, non-edited GluR-2(Q) is released to form
homomeric channels on the cell surface while edited subunits remain unassembled in
the ER (Greger et al. 2003). Interestingly, several studies have shown that editing at
the R/G site (Greger et al. 2006) and flip/flop alternative splicing (Coleman et al.
2006) also play roles in AMPA receptor trafficking.

To determine the biologic significance of Q/R site editing, mutant mice were
engineered to solely express the non-edited form of the GluR-2 transcript by
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Cre-mediated deletion of the editing complementary sequence (ECS), an intronic
region required for formation of the RNA duplex that is essential for A-to-I
conversion. A dominant-lethal phenotype was revealed as heterozygous mutant
animals appeared healthy until postnatal day 14 (P14), when they begin to develop
seizures that lead to death by P20. This phenotype resulted from dramatically
increased AMPA receptor permeability to Ca”*, concomitant with neuronal
degeneration (Brusa et al. 1995). In subsequent studies, mice homozygous for a
null allele of ADAR2 were shown to die of seizures before P20, a phenotype
nearly identical to that seen in mice deficient in GluR-2 editing (Q/R site). This
early postnatal lethality was rescued by a targeted mutation in which the wild-type
GluR-2 allele was modified to express transcripts with a genomically-encoded
arginine [GIuR-2(R)], thereby circumventing the requirement for editing (Higuchi
et al. 2000). Together, these studies highlight the physiologic importance of GIluR-
2 editing (Q/R site) in normal brain function. However, it also should be noted that
Ca**-permeable AMPA receptors have been identified following mechanical or
ischemic brain injury (Rump et al. 1996; Spaethling et al. 2008) or in specific brain
regions such as cerebellar Bergmann glia (Burnashev et al. 1992; Iino et al. 2001),
yet this Ca?* permeability is thought to result largely from an absence of GluR-2
subunit incorporation into functional AMPA channels rather than the absence of
GluR-2 editing.

The editing of GluR-2 mRNA has been implicated recently in the etiology of
sporadic amyotrophic lateral sclerosis (ALS), a progressive neurodegenerative
disorder involving primarily motor neurons of the cerebral cortex, brain stem and
spinal cord, eventually leading to death from respiratory failure (Naganska and
Matyja 2011). The editing of GluR-2 transcripts (Q/R site) in spinal motor neurons
of ALS patients appears to be inefficient compared to control patients or unaffected
neurons (Hideyama et al. 2010), suggesting that the inclusion of the GluR-2(Q)
subunit into heteromeric AMPA channels results in a Ca**-mediated excitotoxicity
that contributes to cell death (Kawahara et al. 2003, 2004, 2006; Kwak and
Kawahara 2005; Takuma et al. 1999). Support for this hypothesis was recently
demonstrated in a mutant mouse line where ADAR?2 expression was specifically
ablated in ~50% of motor neurons using a conditional ADAR2-null allele in
combination with Cre recombinase under the control of the vesicular acetylcholine
transporter promoter. Motor neurons lacking ADAR2, expressing only non-edited
GluR2(Q) subunits, were subject to a slow death, but could be rescued by
expression of the Glur-2(R) allele (Hideyama et al. 2010), thus providing the first
example of a human neurodegenerative disorder resulting from editing defects and
further emphasizing the importance of GIluR-2 editing in normal CNS function.

4.1.2 Kainate Receptors
Kainate (KA) receptors, like AMPA receptors, mediate fast excitatory neuro-

transmission and are widely expressed in a number of brain regions including the
neocortex, the caudate/putamen, the CA3 region of the hippocampus, the reticular



70 J. L. Hood and R. B. Emeson

thalamus and the cerebellar granular layer (Seeburg 1993). There are five KA
subunits encoded by distinct genes: GluR-5, GluR-6, GluR-7, KA-1 and KA-2.
GluR-5 and GluR-6 form homomeric channels with a high affinity for kainate, but
are not activated by AMPA (Bettler et al. 1990; Egebjerg et al. 1991). These two
subunits are distinct from the other KA receptor subunits as their RNAs are
modified by A-to-I editing (Sommer et al. 1991). Like GluR-2, RNAs for GluR-5
and GluR-6 have a Q/R editing site in a region encoding the hydrophobic pore
domain (M2) which can alter the calcium permeability of heteromeric KA
receptors containing a GluR-6 subunit (Egebjerg and Heinemann 1993). There are
two additional editing sites in the M1 region of GIuR-6 and editing leads to the
substitution of a valine (ITT) for a genomically-specified isoleucine (ATT) codon
(I/V site) and the substitution of a cysteine (TIC) for a tyrosine (TAC) codon (Y/C
site). These editing events provide the possibility of eight different edited variants
of GluR-6 subunits, all of which are expressed to a varying extent in the CNS,
although fully-edited GluR-6 transcripts represent the most abundantly expressed
isoform in the adult nervous system (Kohler et al. 1993; Ruano et al. 1995).

Electrophysiologic studies have revealed that channels with editing events in
the M1 region of GluR-6 exhibit increased calcium permeability when the M2 pore
encodes an arginine at the Q/R site, in direct contrast to the decreased calcium
permeability shown for R-containing GIuR-2 channels (Kohler et al. 1993).
When the M1 region of GluR-6 is not edited, encoding an isoleucine and tyrosine
at the I/V and Y/C sites, respectively, the presence of an arginine in M2 does little
to alter calcium permeability (Kohler et al. 1993). Recombinant homomeric
receptors composed of unedited kainate receptor subunits [GluR-5(Q) and GluR-
6(Q)] demonstrate additional functional differences from those containing edited
receptor isoforms [GluR-5(R) and GluR-6(R)], including a linear I-V relationship
rather than double-rectifying properties, a single low conductance state rather than
multiple conductance states and a highly significant increase in the permeability of
CI" ions (Chittajallu et al. 1999). The physiologic relevance of these functional
alterations has yet to be identified however, as studies of mutant mice capable of
expressing only the edited GluR-5(R) isoform had no obvious developmental
abnormalities or deficits in a number of behavioral paradigms (Sailer et al. 1999).
While mutant mice solely expressing the non-edited GluR-6(Q) subunit appeared
normal, they exhibited increased NMDA receptor-independent long-term poten-
tiation in hippocampal slices and increased susceptibility to kainate-induced
seizures, suggesting a role for GluR-6 (Q/R site) editing the modulation of
synaptic plasticity and seizure vulnerability (Vissel et al. 2001).

4.2 The Serotonin 2C Receptor (5HT>¢)

Serotonin (5-hydroxytryptamine; SHT) is a monoaminergic neurotransmitter
that modulates numerous sensory and motor processes as well as a wide
variety of behaviors including sleep, appetite, pain perception, locomotion,
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thermoregulation, hallucinations and sexual behavior (Werry et al. 2008).
The multiple actions of SHT are mediated by specific interaction with multiple
receptor subtypes. Pharmacologic, physiologic and molecular cloning studies have
provided evidence for 15 distinct SHT receptor subtypes which have been
subdivided into seven families (SHT;—5HT;) based on relative ligand-binding
affinities, genomic structure, amino acid sequence similarities and coupling to
specific signal transduction pathways (Barnes and Sharp 1999; Bockaert et al.
2006; Hoyer et al. 1994, 2002). The SHT, family of receptors includes three
receptor subtypes: SHT,5, SHT,g and 5HT,c, which belong to the G-protein-
coupled receptor (GPCR) superfamily. The G-protein—5SHT,¢ receptor interactions
occur in highly-conserved regions of the second- and third-intracellular loops to
potentiate subsequent signal transduction pathways via Gog11, Gayo/13 and Go; to
modulate effector molecules such as phospholipases C, D and A,, as well as the
extracellular signal-regulated kinases 1 and 2 (Berg et al. 1994, 1998; Werry et al.
2005, 2008). SHT,c mRNA expression has been shown to be widely distributed in
neocortical areas, hippocampus, nucleus accumbens, amygdala, choroid plexus,
dorsal striatum and substantia nigra (Pasqualetti et al. 1999; Pompeiano et al.
1994), suggestive of physiologic roles in reward behavior, locomotion, energy
balance and also when dysregulated, in the development of certain disease states
such as obesity, epilepsy, anxiety, sleep disorders and motor dysfunction (Giorgetti
and Tecott 2004). Many of these anatomic predictions for SHT,c function have
been supported by analyses of SHT,c-null mice that exhibit adult-onset obesity,
seizures and decreased cocaine-mediated locomotor activity and reward behavior
(Abdallah et al. 2009; Brennan et al. 1997; Giorgetti and Tecott 2004; Rocha et al.
2002; Tecott et al. 1995).

RNA transcripts encoding the SHT, receptor undergo up to five A-to-I editing
events that predict alterations in the identity of three amino acids within the
second intracellular loop of the receptor to generate as many as 24 receptor
isoforms from 32 edited mRNA species (Fig. 2) (Burns et al. 1997; Wang et al.
2000). Sequence analysis of cDNAs isolated from dissected rat, mouse and human
brains predicted the region-specific expression of seven major SHT,c isoforms
encoded by eleven distinct mRNAs (Abbas et al. 2010; Burns et al. 1997;
Morabito et al. 2010; Niswender et al. 1999), suggesting that differentially-edited
SHT,c receptors may serve distinct biologic functions in those regions in which
they are expressed. Sequencing studies have further revealed that edited mRNAs
encoding isoforms with valine, serine and valine (VSV) or valine, asparagine and
valine (VNV) at amino acids 157, 159 and 161 are the most highly expressed in a
majority of dissected brain regions isolated from human and rat/mouse brains,
respectively (Burns et al. 1997; Fitzgerald et al. 1999), whereas the major SHT,¢
transcripts in the choroid plexus encode the less-edited (INV) and non-edited (INI)
receptor isoforms (Burns et al. 1997; Morabito et al. 2010). Functional compar-
isons in heterologous expression systems, between the non-edited (INI) and the
fully-edited (VGV) 5SHT,c isoforms revealed a 40-fold decrease in serotonergic
potency to stimulate phosphoinositide hydrolysis for the VGV isoform due to
reduced Ggpi-protein coupling efficiency and decreased coupling to other
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Fig. 2 Summary of RNA recoding events in serotonin 2C receptor RNA and protein isoforms.
Schematic representation of the predicted topology and primary amino acid sequence for the
mouse SHT,c receptor is presented along with the positions of amino acid alterations within the
second intracellular loop resulting from RNA editing events (colored circles). Nucleotide and
predicted amino acid sequence alignments between 5HT,- genomic, mRNA and cDNA
sequences are shown; the positions of the five editing sites (A-E) are indicated and nucleotide
discrepancies and predicted alterations in amino acid sequence are shown with colors
corresponding to each codon in which they reside

signaling pathways (Burns et al. 1997; Niswender et al. 1999; Price et al. 2001).
In addition, cells expressing more highly edited SHT,¢ receptors (e.g. VSV and
VGV) demonstrate considerably reduced (or absent) constitutive activation in the
absence of ligand compared to cells expressing the non-edited isoform (Niswender
et al. 1999). This reduction in coupling efficiency and constitutive activity derives
from a difference in the ability of edited SHT,c isoforms to spontaneously
isomerize to the active R* conformation, a form of the receptor that interacts
efficiently with G-proteins in the absence of agonist (Burns et al. 1997; Niswender
et al. 1999). As a consequence, the observed potency of agonists with increased
affinity for the R* state is disproportionately reduced (Werry et al. 2008) and the
‘functional selectivity’ of receptor stimulus may be lost (Berg et al. 2001). More
recent studies have indicated that alterations in SHT,c editing are observed in
suicide victims with a history of major depression (Berg et al. 2001; Gurevich
et al. 2002b; Iwamoto and Kato 2003), and in response to anti-depressant and anti-
psychotic treatment (Englander et al. 2005; Gurevich et al. 2002b), suggesting that
editing of SHT,¢ transcripts may be involved in psychiatric disorders and also
may represent a homeostatic mechanism whereby SHT,c receptor signaling is
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stabilized in the face of changing synaptic serotonergic input (Englander et al.
2005; Gurevich et al. 2002a).

Chronic administration of IFN-o for the treatment of hepatitis C, hairy-cell
leukemia, AIDS-related Kaposi’s sarcoma, chronic myelogenous leukemia, and
melanoma have been shown to produce depressive symptoms that adversely affect
disease outcome because of their negative impact on a patient’s quality of life,
their interference with treatment adherence and the development of serious com-
plications, including suicide (Ademmer et al. 2001; Valentine et al. 1998; Zdilar
et al. 2000). The mechanism by which chronic IFN-« treatment induces depression
is yet to be established, although serotonin-mediated effects have been implicated
(Cai et al. 2005; Lotrich et al. 2009; Menkes and MacDonald 2000). In vitro
studies have demonstrated that IFN-« treatment of glioblastoma cell lines can alter
the editing pattern for SHT,c transcripts by increasing the expression of the
IFN-inducible isoform of ADARI1 (p150) (Yang et al. 2004), providing a
mechanism by which cytokines could induce depression by affecting the editing
of numerous ADAR targets in the nervous system to alter subsequent
neurotransmitter receptor function.

While the editing of SHT,c transcripts has been shown to modulate multiple
aspects of SHT,( receptor signaling and expression in heterologous systems (Berg
et al. 2001; Burns et al. 1997; Fitzgerald et al. 1999; Flomen et al. 2004; Marion
et al. 2004; Niswender et al. 1999; Price et al. 2001; Wang et al. 2000), until
recently, the physiologic importance for the existence of multiple SHT,c isoforms
had not been fully explored. Mutant mice solely expressing the fully-edited iso-
form of the SHT, receptor display several phenotypic characteristics of Prader—
Willi Syndrome (PWS), a maternally imprinted human disorder resulting from a
loss of paternal gene expression on chromosome 15q11-13 (Goldstone 2004;
Nicholls and Knepper 2001). Mutant mice display a failure to thrive, decreased
somatic growth and neonatal muscular hypotonia, followed by post-weaning
hyperphagia, in addition to a strain-specific neonatal lethality that is shared with
other mouse models of PWS (Chamberlain et al. 2004). These observations are
consistent with recent analyses indicating that SHT,c RNA editing is increased in
autopsy samples from PWS patients (Kishore and Stamm 2006) and a mouse
model (PWS-IC!) that also demonstrates alterations in SHT,c-related behaviors
(Doe et al. 2009). Previous studies have shown that a maternally-imprinted small
nucleolar RNA within the Prader-Willi critical region (snordl15) can alter both the
splicing and editing of SHT,c transcripts (Kishore and Stamm 2006), providing a
provoking and straightforward mechanism by which 5SHT,c RNA processing
patterns may be linked with the 15q11-13 locus.

4.3 The a3 Subunit of the GABA 4, Receptor (Gabra3)

y-Aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the
vertebrate central nervous system. The GABA, subtype of GABA receptor is a
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ligand-gated chloride channel composed of an assembly of five individual
subunits, of which there are 19 classes (x1-6, $1-3, y1-3, 6, &, p1-3_ 0, and n)
(Olsen and Sieghart 2008, 2009). Different combinations of these subunits
generate pharmacologic and functionally distinct isoforms of the GABA 4 receptor,
which typically contain two a subunits (D’Hulst et al. 2009). The GABA 5 receptor
is a target for many classes of drugs including barbiturates, benzodiazepenes,
ethanol, anti-convulsants and anesthetics (D’Hulst et al. 2009; Fisher 2009;
Henschel et al. 2008; Jenkins et al. 2001; Korpi et al. 2007; Low et al. 2000;
MacDonald et al. 1989; Meera et al. 2010; Mehta and Ticku 1999; Mohler and
Okada 1977; Rudolph et al. 1999; Speth et al. 1980) .

The o3 subunit of GABA, chloride channels is encoded by the Gabra3 gene,
which is located on the X-chromosome in both humans and mice (Bell et al. 1989;
Derry and Barnard 1991). The mouse Gabra3 transcript was first identified as a
potential substrate of A-to-I editing using microarray analyses of whole mouse
brain RNA that co-immunoprecipitated with ADAR2. This enriched RNA popu-
lation was further analysed using a bioinformatics paradigm designed to identify
extended regions of dsRNA (e.g. stem-loop structures) within the enriched tran-
scripts (Ohlson et al. 2005, 2007). Using this method, an RNA editing event was
found in a region encoding sequences immediately adjacent to the extracellular
transmembrane 2/3 linker of the 3 subunit (Fig. 3), a region known to be important
for channel gating (Ernst et al. 2005). Subsequent sequence analyses verified the
presence of an editing site which causes the recoding of a genomically-encoded
isoleucine (ATA) to methionine (ATI) codon in cDNA clones isolated from adult
mouse brain (Enstero et al. 2010; Rula et al. 2008; Wahlstedt et al. 2009).

To examine functional changes caused by editing, two groups have utilized
heterologous expression systems, in which an edited (M) or a non-edited (I)
version of the o3 subunit [¢3(I) or «3(M)] was expressed along with two additional
GABA, subunits to form a functional GABA, channel for electrophysiological
analyses in human embryonic kidney (HEK) cells. These experiments revealed
that GABA, heteromers containing a non-edited «3(I) subunit have faster acti-
vation and deactivation kinetics and slower desensitization than those containing
the edited 23(M) isoform. In addition, channels with «3(I) subunits are more
outwardly rectifying, assisting in the inhibition of action potentials (Nimmich et al.
2009; Rula et al. 2008). The ECsy of GABA for the non-edited channel is
approximately 50% of that observed for channels containing the edited o3 subunit,
although the effect of various allosteric modulators is not altered (Nimmich et al.
2009). While all six GABA, o subunits contain a homologous, conserved iso-
leucine in their third transmembrane domain, only the o3 subunit is edited
(Nimmich et al. 2009; Rula et al. 2008). However, mutational analysis revealed
that substitution of a methionine for an isoleucine in the analogous position in the
ol subunit resulted in similar functional alterations (Nimmich et al. 2009).
In addition to the electrophysiologic changes resulting from the editing of the
Gabra3 RNA, more recent studies have revealed that GABA 4 receptor trafficking
and localization are also affected by A-to-I conversion at the I/M site (Daniel et al.
2011). GABA, receptors with an «3(M) subunit were expressed to a lesser extent
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NH,

I/M site COOH

extracellular

intracellular

Human ™M D W F | A V C Y
genomic ATG GAC TGG TTC ATH GCC GTC TGT TAT
mRNA ATG GAC TGG TTC ATM GCC GTC TGT TAT

M DWJFMAV CY

Mouse M D W F | A V C Y
genomic  ATG GAC TGG TTC ATIH GCC GTC TGT TAT
mRNA  ATG GAC TGG TTC ATHM GCC GTC TGT TAT

M DWFMAV CY

Rat _ M DWF I AV CY
genomic  ATG GAC TGG TTC ATH GTC GTC TGT TAT
mRNA  ATG GAC TGG TTC ATM GTC GTC TGT TAT

M DWFMAV CY

Fig. 3 Conservation of RNA editing in mammalian Gabra3 transcripts. The predicted topology
for the o3-subunit of the GABA, receptor is shown with the position of the editing-dependent
amino acid alteration (I/M site) immediately adjacent to the extracellular transmembrane two-
third linker. Nucleotide and predicted amino acid sequence alignments between Gabra3 genomic
and mRNA from several mammalian species are shown with the positions of the I/M editing site
presented with inverse lettering

on the cell surface than heteromeric channels containing a non-edited «3(I) iso-
form, and «3(M) protein levels were significantly decreased. The substitution of a
methionine for an isoleucine in the analogous position of the «1 subunit also
modulated receptor cell-surface expression, indicating the importance of this
amino acid residue for receptor trafficking (Daniel et al. 2011).

In the mature brain, activation of GABA 4 receptors produces a hyperpolarizing
influx of chloride ions. While the o1 subunit is the predominant a-subtype in the
adult brain, the 02, 3 and o5 subtypes are much more highly expressed in the
developing CNS (Laurie et al. 1992). In the developing nervous system however,
the chloride gradient in cells is reversed from that of mature neurons, causing
chloride ions to flow out from GABA  channels in response to GABA stimulation.
This chloride efflux creates an excitatory response to GABA that can stimulate
action potentials as well as relieve the voltage-dependent block of NMDA
receptors (Leinekugel et al. 1999). These depolarizing currents occur during a
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period of robust synaptic development and are crucial for a number of
developmental processes including proliferation and synaptogenesis (Ben-Ari
2007; Cancedda et al. 2007; Ge et al. 2006). Concomitant with the age-dependent
switch from excitation to inhibition for heteromeric GABA, receptors is the
changing expression of 3 subunit which begins to decline at P7 from the elevated
levels observed during embryogenesis (Bosman et al. 2002; Daniel et al. 2011;
Hutcheon et al. 2004; Laurie et al. 1992; Rula et al. 2008; Wahlstedt et al. 2009).
The editing of Gabra3 transcripts has a reversed developmental pattern however,
as editing is low during embryonic development and increases dramatically in
adulthood (Ohlson et al. 2007; Rula et al. 2008; Wahlstedt et al. 2009). This
developmental pattern of o3 subunit expression provides for the generation of high
levels of embryonic GABA 4 receptors containing the non-edited a3(I) subunit that
are ideally suited to respond to prolonged elevations of GABA, thereby producing
robust, long-lived depolarization that may trigger the production of sodium and
calcium-mediated action potentials (Rula et al. 2008). Editing of Gabra3
transcripts remains nearly constant after birth in humans (Nicholas et al. 2010),
suggesting that the most important role for the non-edited «3(I) isoform is played
out during embryogenesis and early development, while the «3(M) subunit,
encoded by edited Gabra3 transcripts, is essential throughout the remainder of life
for normal inhibitory function.

4.4 Voltage-gated Potassium Channel (Kvl.1)

Voltage-gated K* (Kv) channels are key regulators of neuronal membrane
excitability, functioning to control resting membrane potentials (Pongs 1999),
spontaneous firing rates (Enyedi and Czirjak 2010), the back propagation of action
potentials into dendrites (Hoffman et al. 1997) and neurotransmitter release
(Ishikawa et al. 2003). Kv channel protein subunits are encoded by at least fourty
different genes in humans, and are grouped into 12 subfamilies (Gutman et al.
2005; Jan and Jan 1997). Neurons typically express multiple types of Kv channels
with distinct time- and voltage-dependent properties and sub-cellular distributions
that differentially contribute to the regulation of firing properties and signal inte-
gration. Kv channels are formed by the tetrameric assembly of integral membrane
protein subunits (MacKinnon 1991) that each contain six transmembrane segments
(S1-6) and intracellular amino- and carboxyl-termini (Fig. 4) (Baldwin et al. 1992;
Gutman et al. 2005; MacKinnon 1991). Each functional channel consists of four
a-subunits arranged around a central axis that generates an ion conduction pathway
formed by the S6 segments, a K* ion selectivity filter formed by the connecting
loops between the S5 and S6 segments and a transmembrane voltage sensor
(S4 segment) responsible for voltage-dependent gating which contains basic amino
acid residues at every third position (Doyle et al. 1998; Long et al. 2005).

The first cloned potassium channel gene was encoded by the Shaker locus in
Drosophila (Kamb et al. 1987; Papazian et al. 1987; Tempel et al. 1987).
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Kv1.1 a-subunit

' /M site

NH, COOH

Kvp subunit

Fig. 4 Schematic diagram of the structures of mammalian Kvo- and f-subunits comprising
voltage-gated K* channels of the Shaker-related subfamily. Shown is the proposed topology for
o-subunits expressing non-inactivating K-channels and a possible topology for Kvf1 which
contains four o-helices and an amino terminal inactivating ball domain with lipophilic (shaded)
and charged regions. This domain swings upon depolarization into the pore and causes rapid
inactivation of the channel. The position of the transmembrane voltage sensor (S4), the K* ion
selectivity filter (S5-S6 linker) and the I/M editing site in the a-subunit are indicated (Adapted
from Heinemann et al. 1994)

Subsequently, a Kv channel gene (Kcnal) exhibiting amino acid sequence similar
to Shaker was cloned in mice and humans (Curran et al. 1992; Tempel et al. 1988)
and shown to encode the Kvl.1 a-subunit, a member of the Kv1 subfamily of
voltage-gated potassium channels (Curran et al. 1992; Klocke et al. 1993).
The Kvl1 subfamily, also known as the Shaker-related family, consists of eight
different genes (Kv1.1-1.8) (Gutman et al. 2005). Kv1.1 channels are delayed
rectifiers that open upon cell depolarization and mediate an outward potassium
current, thereby repolarizing the cell and attenuating the action potential
(Baranauskas 2007). The Kvl.1-subtype of Kvl channels is expressed in brain,
skeletal muscle, heart, retina and pancreatic islets (Gutman et al. 2005). The Kvl1.1
subunit forms both homomeric and heteromeric channels with other members of
the Kvl1 family, generating extensive functional diversity, as subunit composition
greatly affects the kinetic and pharmacologic properties (Al-Sabi et al. 2010;
Coleman et al. 1999; Deal et al. 1994; Rasband et al. 2001; Schmidt et al. 1999;
Shamotienko et al. 1997; Sokolov et al. 2007). In mammals, the tetramer of
a-subunits is joined by four associated f-subunits, giving a 40—4f stoichiometry
(Parcej et al. 1992; Rhodes et al. 1997). An inactivating particle belonging to the
f-subunits binds to the inner vestibule of the channel pore region shortly after
channel activation to block current flow (Fig. 4), a process known as fast
inactivation (Rettig et al. 1994).

In addition to forming a variety of channels types with other Kv1.x subunits,
transcripts encoding the Kv1.1 subunit are diversified further by RNA editing.
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An isoleucine (ATT) to valine (ITT) codon change occurs as the result of an A-to-I
editing event to recode a conserved isoleucine (Ile**’) within the Kv family of
voltage-gated potassium channels in a region encoding the sixth transmembrane
domain (S6), which lines the inner vestibule of the ion-conducting pore (Fig. 4)
(Bhalla et al. 2004; Hoopengardner et al. 2003). The extent of editing varies within
different regions of the brain, with highest levels in medulla, spinal cord and
thalamus (Hoopengardner et al. 2003). Kv1.1 channels containing edited Kv1.1(V)
subunits display a 20-fold decrease in the inactivation rate at negative membrane
potentials that may result from a reduced affinity for the binding of the inactivating
particle of the f-subunits (Bhalla et al. 2004). In addition to reduced inactivation
by the gating particle, editing of Kv1.1 RNAs also reduced the blockage of Kvl1.1
channels by endogenous, highly-unsaturated signaling lipids such as arachidonic
acid, docosahexaenoic acid and anandamide by reducing the affinity of the pore
residues for these blocking agents (Decher et al. 2010). Highly-unsaturated fatty
acids have been shown previously to convert non-inactivating Kv channels to
rapidly-inactivating channels (Honore et al. 1994; Oliver et al. 2004) through
occlusion of the permeation pathway, similar to drugs that produce ‘open-channel
block’. Open-channel block by drugs and lipids was strongly reduced in Kvl.1
channels whose amino acid sequence was altered by RNA editing in the pore
cavity and in Kvl.x heteromeric channels containing edited Kvl.1 subunits
(Decher et al. 2010). In the Drosophila Shaker (Kv1), Shab (Kv2) and squid sqKv2
channels, the position analogous to I*®® in Kv1.1, are also edited to produce an
isoleucine-to-valine substitution that reduces the sensitivity of these channels to
highly-unsaturated fatty acids (Bhalla et al. 2004; Decher et al. 2010; Patton et al.
1997; Ryan et al. 2008).

Previous studies have indicated that mutant animals with alterations in the fast
inactivation rate of Kv1.1 show behavioral and neurologic deficits associated with
hippocampal learning impairment (Giese et al. 1998) and episodic ataxia type-1
(Herson et al. 2003). In a rat model of chronic epilepsy, a fourfold increase in
Kvl1.1 editing levels was observed in the entorhinal cortex of chronic epileptic
animals and a reduced potency for the seizure-inducing Kv open-channel blocker,
4-aminopyridine (4-AP), suggesting that increased editing of Kvl.1 transcripts
contributes to the reduced ictogenic potential of 4-AP (Streit et al. 2011). These
observations indicate that the combined effects of open-channel block of Kvl
channels by highly-unsaturated lipids together with differential RNA editing can
alter the pharmacology of Kv1.x channels and may contribute to the fine-tuning of
neuronal signaling in different brain regions.

5 Conclusions

Initially identified as an RNA modification in the anticodon loop of tRNAs from
animal, plant and eubacterial origin (Bjork 1995), the deamination of A-to-I has
become increasingly recognized as a critical RNA processing event to generate
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diversity in both the transcriptome and proteome (Blow et al. 2006; Gerber et al.
1998; Gott and Emeson 2000). Early studies found mRNA targets of editing based
upon the chance identification of adenosine-to-guanosine (A-to-G) discrepancies
between genomic and cDNA sequences that result from the similar base-pairing
properties of inosine and guanosine during cDNA synthesis. These mRNA recoding
events involved transcripts encoding proteins important for synaptic signaling
including ionotropic glutamate receptor subunits (GluR-2, -3, -4, -5 and -6; Fig. 1)
and the 2C-subtype of serotonin receptor (Fig. 2). This bias for editing events in the
nervous system was thought to reflect either a complexity of neuronal function that
requires extensive proteome diversity or simply the small number of neuroscience-
focused laboratories that were initially examining this novel RNA processing event.
Using primary transcripts encoding the GluR-2 subunit of the AMPA receptor or
synthetic duplex RNAs, numerous groups made significant early advances
concerning the molecular mechanisms underlying A-to-I conversion including both
the cis-active regulatory sequences/structures and the enzymes (ADARs) respon-
sible for editing using heterologous expression and in vitro editing systems
(Higuchi et al. 1993; Kim and Nishikura 1993; Lomeli et al. 1994; Maas et al. 1996;
Melcher et al. 1995, 1996b; O’Connell et al. 1995; Polson and Bass 1994; Rueter
et al. 1995; Yang et al. 1995). While the identification of this limited repertoire of
substrates proved to be invaluable, the serendipitous nature of such substrate
identification raised numerous questions regarding the number of RNAs modified
by A-to-I conversion and those tissues in which they were expressed.

While ADAR1 and ADAR?2 have shown to be expressed in almost all cell types
examined (Melcher et al. 1996b; Wagner et al. 1990), the observation that ADAR
expression levels are greatest in the brain (Melcher et al. 1996a, b), accompanied
by the development of a candidate-based approach to identify mRNA targets of
A-to-I editing in Drosophila (Hoopengardner et al. 2003), further supported the
idea that editing was enriched in the nervous system. The majority of ADAR
targets identified using this strategy were voltage- or ligand-gated ion channels
or components of the synaptic vesicular release machinery and independently-
identified substrates for editing in Drosophila also encoded nervous system
signaling components including the paralysis (para) voltage-gated Na™ channel
(Hanrahan et al. 2000), the cacophony (cac) voltage-gated Ca®* channel (Peixoto
et al. 1997; Smith et al. 1998) and the glutamate-gated ClI~ channel (DrosGluCl-o)
(Semenov and Pak 1999). In addition, flies lacking Drosophila ADAR (dADAR)
expression exhibited extreme behavioral deficits including temperature-sensitive
paralysis, locomotor uncoordination, tremors which increased in severity with age
and neurodegeneration (Palladino et al. 2000). Despite this apparent preponder-
ance of editing events in the nervous system, few studies have focused upon
editing in peripheral tissues. More recent studies using a transcriptome-wide
analysis of neuronal and non-neuronal tissues (cerebellum, frontal lobe, corpus
callosum, diencephalon, small intestine, kidney and adrenal gland) identified and
validated numerous, novel editing events in multiple transcripts, yet the extent of
editing for these RNAs was generally less for tissues outside the central nervous
system (Li et al. 2009). The recent development of massively-parallel,
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high-throughput sequencing strategies (Bentley et al. 2008; Mortazavi et al. 2008)
should provide an effective strategy for the identification of A-to-G discrepancies
between genomic and cDNA sequences from multiple tissues in a single organism.
This experimental paradigm not only provides for a quantitative analysis of novel
editing sites, but also reduces the possibility that any observed A-to-G disparity
results from a single nucleotide polymorphism.

From alterations in coding potential to changes in structure, stability, translation
efficiency and splicing, RNA editing can affect almost all aspects of cellular RNA
function. In most cases, RNA editing of protein-coding genes has been shown to
generate multiple protein isoforms and to diversify protein function. While the first
10 years of inquiry into the mechanisms of A-to-I conversion provided dramatic
advances in our understanding of the enzymatic activities and biochemical mech-
anisms underlying this RNA processing event, the second decade of study has
largely focused upon further identification of ADAR substrates and a determination
of how such editing-mediated changes in coding potential can affect protein
function. The ultimate biologic relevance of RNA editing resides with the specific
substrates that are modified by this process. As we enter a third decade of inves-
tigation, many investigators will strive to further identify RNA targets of A-to-I
conversion using state-of-the-art sequencing technologies. Other laboratories will
examine the functional consequences of identified recoding sites in novel ADAR
targets and determine whether dysregulation of editing for specific transcripts is
associated with an alteration in phenotype or associations with human disorders.
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Modulation of MicroRNA Expression
and Function by ADARs

Bjorn-Erik Wulff and Kazuko Nishikura

Abstract MicroRNAs (miRNAs) are small non-coding RNAs that regulate gene
expression by preventing the translation of specific messenger RNAs. Adenosine
deaminases acting on RNAs (ADARs) catalyze adenosine-to-inosine (A-to-I)
RNA editing, the conversion of adenosines into inosines, in double-stranded
RNAs. Because inosine preferentially base pairs with cytidine, this conversion is
equivalent to an adenosine to guanosine change. Over the past seven years, an
increasing number of edited adenosines have been identified in miRNAs. Editing
of miRNAs affects their biogenesis, causes their degradation or alters the set of
messenger RNAs that they regulate. Recently, ADARs have been shown to also
affect the miRNA phenomenon by sequestering miRNAs or by editing the
messenger RNAs they regulate. This article reviews the recent attempts to identify
miRNA editing sites and elucidate the effects of ADARs on miRNA expression
and function.

Abbreviations

A Adenosine

I Inosine

G Guanosine

U Uridine

C Cytidine

UTR Untranslated region

dsRNA Double-stranded RNA

ADAR Adenosine deaminase acting on RNA
miRNA MicroRNA

pri-miRNA  Primary miRNA

B.-E. Wulff (X)) - K. Nishikura
The Wistar Institute, 3601 Spruce Street, Philadelphia, PA 19104, USA
e-mail: wulff@sas.upenn.edu

Current Topics in Microbiology and Immunology (2012) 353: 91-109 91
DOI: 10.1007/82_2011_151

© Springer-Verlag Berlin Heidelberg 2011

Published Online: 15 July 2011



92 B.-E. Wulff and K. Nishikura

pre-miRNA  Precursor miRNA
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1 Introduction

Adenosine-to-inosine (A-to-I) RNA editing is a posttranscriptional process cata-
lyzed by enzymes of the adenosine deaminase acting on RNA (ADAR) family
(Bass 2002; Nishikura 2010). ADARs are conserved from man to sea anemones
(Jin et al. 2009) and have been extensively studied in mammals, Xenopus,
Drosophila, and C. elegans. Mammals have three ADAR genes, ADAR1, ADAR2,
and ADAR3, though any enzymatic activity of ADAR3 remains to be demon-
strated. Transcription from separate promoters generates two different ADARI
isoforms: the nuclear, constitutively expressed ADARI1p110 and the cytoplasmic,
interferon-inducible ADAR1p150. ADARSs catalyze the conversion of specific
adenosines in double-stranded RNA (dsRNA) structures to inosines, which base
pair with cytidine and are therefore usually equivalent to guanosines (Bass 2002;
Nishikura 2010).

Encoded in the genomes of animals, plants, and some of their DNA viruses,
microRNAs (miRNAs) provide a mechanism for post-transcriptional gene
silencing (Kim et al. 2009; Krol et al. 2010; Siomi and Siomi 2010). Following
transcription, they are processed into mature miRNAs of ~21 nucleotides (nt) in
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length. These are loaded onto the RNA-induced silencing complex (RISC) which
sequesters or degrades transcripts complementary to its loaded miRNA. This gives
miRNAs tremendous influence on the state of the cell.

Because both A-to-I editing and miRNA processing make use of dsSRNAs, they
have many substrates in common. This allows RNA editing to influence the
miRNA phenomenon. For example, editing of primary miRNAs (pri-miRNAs) can
affect their processing into mature miRNAs or lead to expression of edited
miRNAs, which silence a different set of target genes. ADARs also have effects on
miRNAs independent of their catalytic activity.

2 MiRNA Biogenesis and Function

Biogenesis of miRNAs is regulated through sequential steps in the nucleus and
cytoplasm (Kim et al. 2009; Krol et al. 2010; Siomi and Siomi 2010). Pri-miRNAs
are generally transcribed from the genome by RNA polymerase II as 5'-capped and
polyadenylated transcripts of several kilobases in length. This makes them similar
to precursor messenger RNAs (pre-mRNAs). In fact, some pri-miRNAs are
harbored within pre-mRNAs. What sets pri-miRNAs apart from other RNA
polymerase II transcripts is one or more palindromic sequences which fold up to
form hairpins of ~70 nt in length.

These hairpins are recognized by the nuclear Drosha-DGCR8 complex. DGCRS8
helps enzymatic Drosha bind its pri-miRNA substrates, and Drosha’s RNase III
domains cleave both hairpin strands about two turns of the helix away from the
hairpin loop. This excises the ~ 65 nt precursor miRNA (pre-miRNA). Like most
RNase III enzymes, Drosha leaves a 3’ ~2 nt overhang and a 5’ phosphate at its
cleavage site. These function as identifiers of the pre-miRNA.

Following Drosha cleavage, the pre-miRNA is exported to the cytoplasm.
Nuclear transport receptor Exportin-5 (Exp-5) binds dsRNA with 3’ overhangs and
5’ phosphates like those left by Drosha. By also binding to the GTP-bound trimeric
GTPase Ran, Exportin-5 exports the pre-miRNA through the nuclear pore complex
to the cytoplasm.

In the cytoplasm, the pre-miRNA is recognized by the Dicer-TRBP complex.
TRBP helps Dicer bind the dsRNA region of the pre-miRNA. Dicer’s PAZ domain
binds the pre-miRNA 3’ overhang and 5’ phosphate, and its RNase III domains
cleave off the hairpin loop. The distance between these domains measures the ~21
base pairs to be incorporated into the mature miRNA duplex. Like Drosha, Dicer
leaves a 3’ overhang and 5’ phosphate at its cleavage site.

The two strands of the mature miRNA duplex are referred to as the 5p and 3p
strands, depending on whether they originate from the 5’ or 3’ end of the pri-
miRNA. One gets loaded onto RISC while the other is degraded. The choice of the
strand loaded onto RISC, referred to as the guide strand, depends on the relative
stabilities of the duplex ends. The strand with the less stable 5’ end usually
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Fig. 1 Possible consequences of miRNA editing. a In the absence of editing, pri-miRNAs are
processed by the Drosha-DGCR8 complex into pre-miRNAs, exported to the cytoplasm by
Exportin-5 and processed by the Dicer-TRBP complex into mature miRNA duplexes. One strand
of this duplex is then loaded onto the RISC complex. Editing can (b) prevent Drosha cleavage
(Yang et al. 2006), ¢ prevent Dicer cleavage (Kawahara et al. 2007a) or (d) prevent RISC loading
(lizasa et al. 2010). e If none of these steps are prevented by editing, a mature miRNA with an
altered sequence can be expressed. This can cause redirection of target silencing (Kawahara et al.
2007b)

becomes the guide strand. For most miRNAs, one strand is predominantly chosen
as the guide strand. This entire maturation process is illustrated in Fig. la.

Following miRNA loading, RISC proceeds to degrade or sequester mRNAs
complementary to its guide strand. These transcripts are referred to as targets of
the miRNA. Most of them contain several guide strand-complementary farget sites
in their 3’ untranslated regions (UTRs), although some also contain target sites in
the 5"UTRs or coding regions. Perfect complementarity leads to degradation, while
less perfect complementarity leads to sequestration. Prediction of target sites is
difficult but can be done with enough accuracy to form the basis for validation
experiments (Grimson et al. 2007). Guide strand nucleotides 2—8 have particular
importance for the choice of target sites and are therefore referred to as the seed
sequence (Grimson et al. 2007).
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3 Editing of MiRNAs
3.1 Identification of Pri-MiRNA Editing Sites

Inosine base pairs with cytidine during reverse transcription, so it shows up as
guanosine during sequencing of complementary DNA (cDNA). An A-to-I editing
site can therefore be inferred by the presence of guanosine at a given position in
some cDNA sequences but only adenosine in the corresponding genomic position
(Bass 2002; Nishikura 2010).

3.1.1 Systematic Surveys for MiRNA Editing Sites

A-to-I editing of a pri-miRNA was first reported in 2004 (Luciano et al. 2004).
PCR amplification and sequencing of the region surrounding the pri-miR-22
hairpin revealed editing at several positions in mouse brain and human brain, lung,
and testis (Fig. 2a). However, editing frequency was very low; less than 10%.
While the biological consequence of this editing is still unclear, its discovery
demonstrated the existence of miRNA editing and sparked further studies.

In 2006, Blow et al. attempted to isolate, PCR amplify, and sequence all 231
human pri-miRNAs registered in miRBase and their corresponding genomic DNA
from ten different tissues: adult human brain, heart, liver, lung, ovary, placenta,
skeletal muscle, small intestine, spleen, and testis (Blow et al. 2006). They
succeeded for 99 pri-miRNAs.

Six of these showed A-to-I editing for at least one tissue: pri-miR-99a, pri-miR-
151 (Fig. 2b), pri-miR-379 (Fig. 2c), pri-miR-223, pri-miR-376al (Fig. 2d) and
pri-miR-197. One further editing site was located in a novel pri-miRNA-like
hairpin that has since been annotated as pri-miR-545 in miRBase. Finally, the
survey identified five uridine-to-cytidine (U-to-C) conversions (in pri-miR-133al,
pri-miR-371, pri-miR-144, pri-miR-451, pri-miR-215, and pri-miR-194-1). The
origin of these U-to-C conversions is uncertain since there is no known enzyme
capable of catalyzing the U-to-C conversion. Since the method used was unable to
distinguish between reverse complements, they might represent transcription and
editing of the opposite strand. These results indicate editing in about 6% of
miRNAs. However, this might be an underestimation. The survey did not detect
editing in pri-miR-22 and might therefore also have missed other pri-miRNAs
edited at low levels.

In 2008, these results were extended by a second systematic survey (Kawahara
et al. 2008). Known editing sites indicated that adenosines are particularly prone to
editing when located in UAG motifs. For this reason, Kawahara et al. decided to
focus on the 257 pri-miRNAs in miRBase at the time with such UAG motifs, with
at most a mismatch at either the U or G, in their hairpin stems. They isolated total
RNA from human brain and successfully amplified and sequenced 209 of these
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Fig. 2 Some known edited pri-miRNAs. The figure shows the secondary structures of some
known edited pri-miRNAs and lists the consequences of their editing. Editing sites are
highlighted in red and their positions are given. Positions in pri-miR-22, pri-miR-151, pri-miR-
376al, pri-miR-142, and pri-miR-BART6 are labeled based on schemes established by Luciano
et al. 2004; Kawahara et al. 2007a, b; Yang et al. 2006; lizasa et al. 2010, respectively. For the
remaining pri-miRNAs, the first nucleotide of the pri-miRNA as given by miRBase is defined as
position 1. Sequences commonly loaded onto RISC are highlighted in green. Drosha and Dicer
cleavage sites are indicated by red lines. a Although human and mouse pri-miR-22 have identical
sequences, they are edited at different nucleotides. Mouse pri-miR-22 is edited at positions —41,
+1, and +2 (Luciano et al. 2004). b Editing of pri-miR-151 prevents Dicer cleavage (Kawahara
et al. 2007a). ¢ Editing of pri-miR-379 partially prevents pre-miR-379 Dicer cleavage (Kawahara
et al. 2008). d Editing of pri-miR-376al redirects silencing (Kawahara et al. 2007b). e Editing of
pri-miR-142 prevents Drosha cleavage and causes degradation by Tudor-SN (Yang et al. 2006).
f Editing of pri-miR-133a2 partially prevents Drosha cleavage (Kawahara et al. 2008). g Editing
of pri-miR-33 partially prevents Drosha cleavage (Kawahara et al. 2008). h Editing of pri-miR-
203 editing increases the efficiency of Drosha cleavage (Kawahara et al. 2008). i Editing of pri-
miR-let7 partially prevents pre-miR-let7 Dicer cleavage (Kawahara et al. 2008). j Two different
sequence variants of EBV-encoded pri-miR-BART6 have been identified. One lacks the three
boxed U residues. For the pri-miRNA without the UUU deletion, editing prevents RISC loading.
For the pri-miRNA with the UUU deletion, editing prevents Drosha cleavage (lizasa et al. 2010)
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pri-miRNAs. This identified 43 edited UAG adenosines and 43 edited non-UAG
adenosines in 47 pri-miRNAs.

From these results, a new estimate of the frequency of pri-miRNA editing was
proposed. Forty-seven of the 209 sequenced pri-miRNAs containing UAG motifs
were edited. This rate suggests another 11 edited pri-miRNAs among the 48 pri-
miRNAs not successfully sequenced. Twenty of the 209 sequenced pri-miRNAs
contained non-UAG editing sites. This rate suggests another 20 edited pri-miRNAs
among the 217 pri-miRNAs excluded from this study because they did not contain
UAG motifs. The conclusion is that ~79 or ~ 16% of the 474 pri-miRNAs known
at the time were edited. Although the number of known pri-miRNAs is growing,
that ~16% of pri-miRNAs are edited likely remains a valid estimate.

This represents the most extensive search for editing sites in pri-miRNAs to
date; yet it covers only a fraction of the 1,048 human pri-miRNAs currently in
miRBase. As explained in Sect. 3.2.6, the pri-miRNAs still unexamined could
likely reveal interesting and yet undiscovered consequences of miRNA editing.

3.1.2 High-Throughput Sequencing of Mature MiRNAs

Since 2006, large-scale sequencing of small RNAs (<35 nt) has been carried out
for a variety of organisms, cell lines, and tissues, and many of the sequences
generated correspond to mature miRNAs (Ruby et al. 2006; Landgraf et al. 2007,
Babiarz et al. 2008; Kuchenbauer et al. 2008; Morin et al. 2008; Suzuki et al. 2009;
Chiang et al. 2010; Linsen et al. 2010; Schulte et al. 2010; Berezikov et al. 2011;
Wulff et al. 2011). Mapping and comparing these sequences to their genomic
origins could allow identification of sequence alterations representing A-to-I
editing. However, this approach to editing site identification has its difficulties.

Mature miRNAs are only 19-22 nt long and may have 3’ non-templated
nucleotide additions. Furthermore, certain miRNAs are derived from miRNA
families whose members have high sequence similarities. These traits make them
susceptible to cross-mapping, in which sequences originating from one locus are
inadvertently mapped to another (de Hoon et al. 2010). For example, a 3’ non-
templated adenosine addition can create a mature miRNA sequence that does not
map perfectly to its origin. If there exists a second member of the same miRNA
family whose mature miRNA contains this additional 3’ adenosine, cross-mapping
is likely to occur. If the second miRNA also differs from the first by an A-to-G
difference, cross-mapping could lead to the false identification of editing in the
second miRNA.

To avoid this, some studies have applied stringent filters when mapping miRNA
sequences (Chiang et al. 2010; Linsen et al. 2010; Berezikov et al. 2011). With
these filters, the number of identified putative editing sites dwindles to only a
handful. However, there are indications that this improves the reliability of the
reported editing sites: previously known editing sites (Chiang et al. 2010; Linsen
et al. 2010) and editing sites in UAG motifs (see Sect. 3.1.1) are overrepresented
(Chiang et al. 2010). These miRNAs are good candidates for further investigation
of redirection of miRNA silencing by editing (see Sect. 3.2.5).



98 B.-E. Wulff and K. Nishikura

An algorithm for preventing cross-mapping that does not discard many of its
sequences by filtering has also been developed (de Hoon et al. 2010). First, one
maps the sequences by the naive method described above. From the number of
sequences mapping to each genomic origin, one estimates its expression level.
By the types of mismatches in the alignments to each genomic origin, one esti-
mates its error profile. Then, one discards the original mapping results and repeats
the mapping procedure. However, this time, sequences are not divided equally
between potential genomic origins but are preferentially assigned to the sites with
the higher expression levels and the error profiles better corresponding to the
sequence in question. This procedure is repeated until convergence, and only then
are the sequence reads assigned to their final genomic origins. Application of this
algorithm to the FANTOM4 small RNA sequence library (Suzuki et al. 2009),
which contains 236 mature miRNAs, revealed that editing can be confirmed with
only one of these mature miRNA, miR-376c, at least in a human macrophage cell
line examined in this study (de Hoon et al. 2010).

3.2 Consequences of Pri-MiRNA Editing

MiRNA biogenesis and function are easily affected by single nucleotide exchanges
(Gottwein et al. 2006; Sun et al. 2009), so editing can have critical effects on the
life of a miRNA. It appears that most instances of miRNA editing prevent some
step in the miRNA’s maturation (Kawahara et al. 2008). However, some instances
of editing have no known effect on, or even facilitate, maturation (Kawahara et al.
2008). This can lead to expression of edited mature miRNAs (Kawahara et al.
2007b).

The reason for the generally antagonistic effect of editing on miRNA matura-
tion is not clear. One possibility is that most pri-miRNA sequences have evolved
to be efficiently processed into mature miRNAs, and any alteration of the miRNA
sequence might interfere with this ability. Another possibility is that ADARs have
evolved to antagonize miRNA biogenesis. Alternatively, both these statements
could be true. Furthermore, how often miRNA editing serves a significant
biological function and how often it is an off-target effect of ADARs remains
poorly understood.

3.2.1 Effect on Drosha Cleavage

Drosha cleavage is the only miRNA maturation step unable to rely on a 3’ over-
hang and 5’ phosphate for miRNA recognition. Instead, the Drosha-DGCRS
complex must recognize the pri-miRNA hairpin’s sequence and structure (Kim
et al. 2009; Krol et al. 2010; Siomi and Siomi 2010). Both of these traits can be
altered by A-to-I editing.
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It is therefore not surprising that miRNA editing can prevent Drosha cleavage
(Fig. 1b), as was first demonstrated for pri-miR-142 (Yang et al. 2006). Trans-
fection of HEK293 with a plasmid expressing pri-miR-142 with or without A-to-G
changes at editing sites +4, +5, +40 and +50 (Fig. 2e) showed that the A-to-G
changes caused accumulation of pri-miR-142 and depletion of pre- and mature
miR-142. Both ADAR1p110 and/or ADAR?2 seem to be responsible for this editing
depending on the individual editing site. In vitro processing of pri-miR-142—either
wild-type, containing the four A-to-G changes or edited in vitro by ADAR1p110
and ADAR2—by recombinant Drosha-DGCRS8 and Dicer-TRBP indicated that
both A-to-G and A-to-I changes prevented Drosha cleavage. The same in vitro
assay using pri-miRNA-142 with A-to-G changes only at the +4 and +5 sites or
only at the +40 site revealed that editing at the +4 and +5 sites were enough to cause
this effect while editing at the +40 site was not. Finally, endogenous miR-142-5p
expression was found to be higher in the spleen of ADAR1 null mice (2.5-fold) and
ADAR?2 null mice (3.3-fold) as well as in the thymus of ADAR2 null mice
(3.0-fold) compared to wild-type mice. All these data support the conclusion that
pri-miR-142 editing prevents its Drosha cleavage (Yang et al. 2006).

Similar results have since been found for other pri-miRNAs. In vitro processing
of six randomly selected human edited pri-miRNAs suggested that Drosha
cleavage is affected by editing of five of the six (Kawahara et al. 2008). Editing of
pri-miR-133a2 (Fig. 2f), pri-miR-33 (Fig. 2h), and pri-miR-379 (Fig. 2c) partially
prevented Drosha cleavage. In contrast, editing increased Drosha cleavage very
slightly for pri-miR-197 and substantially for pri-miR-203 (Fig. 2g). For
pri-miR-let7 g (Fig. 2i), Drosha cleavage was unaffected.

Pri-miR-BART® is an edited miRNA encoded by the Epstein-Barr Virus (EBV)
genome (lizasa et al. 2010). Its sequence can vary between EBV-infected cell lines.
Pri-miR-BART6 from Daudi Burkitt lymphoma or nasopharyngeal carcinoma
C666-1 cells have a UUU deletion in its hairpin loop that is not found in
pri-miR-BART6 from lymphoblastoid GM607 cells (Fig. 2j). An A-to-G change at
the editing site of this pri-miR-BART®6, but not of the one from GM607 cells, abso-
lutely prevents in vitro processing by the Drosha-DGCR8 complex (lizasa et al. 2010).

Interestingly, electrophoretic mobility shift assays (EMSA assays) indicate
that binding of DGCRS8 to the pre-miR-BART6 with the UUU deletion is unaf-
fected by the A-to-G change (lizasa et al. 2010). This suggests that it is Drosha
cleavage, and not binding, that editing affects. The proximity of the editing site to
the Drosha cleavage site might therefore be important for effects of editing on
Drosha cleavage. This idea is supported by the positions of editing sites in
pri-miR-142, pri-miR-133a2, pri-miR-379, pri-miR-203 and pri-miR-BART®6, but
not pri-miR-33 (Fig. 2).

3.2.2 Degradation of Inosine-Containing Pri-MiRNAs

An RNase activity specific for inosine-containing dsRNA was first observed in
2001 (Scadden and Smith 2001). In vitro editing of three dsSRNAs by ADAR?2 led



100 B.-E. Wulff and K. Nishikura

to editing at about 40% adenosines. Subsequent incubation with Xenopus oocyte
and HeLa nuclear, but not cytoplasmic, extracts resulted in their degradation. The
activity did not degrade single-stranded RNAs or dsRNAs not edited. Interestingly,
it also did not degrade dsRNAs where inosines were exchanged for guanosines,
which indicated that it could distinguish inosine-containing from guanosine-
containing RNA.

The number of degradation products formed from the three edited dsRNAs
varied. One, the sequence of exons 2 and 3 of the rat o-tropomyosin gene without
an in-between intron, was cleaved at only a single site to give two degradation
products. The cleavage site was in the sequence of four consecutive wobble pairs
[eU IeU Uel JeU. Mutating the third base pair to IeU prevented cleavage, indi-
cating that inosine is required on both strands. The second RNA, from polyoma
virus, gave four degradation products. The final RNA, chloramphenicol acetyl
transferase, gave a large number of discrete degradation products. Based on the
sequences of these RNAs, the number of degradation products seems to increase
with the number of IeU/IeU stretches. The activity depends on alternating IeU and
IeU wobble pairs (Scadden and Smith 2001) and increases with the number of
consecutive such pairs (Scadden 2005).

Tudor staphylococcal nuclease (Tudor-SN), a member of RISC, became iden-
tified as the enzyme responsible for this inosine-specific RNase activity (Scadden
2005). Four proteins from Xenopus laevis oocyte extracts were found to bind an
affinity matrix containing dsRNA with IeU wobble pairs but not to either of two
affinity matrices containing dsSRNA with GeU wobble pairs. Of these, the identity
of only one could be determined: Tudor-SN. The other three proteins still remain
unidentified. Recombinant Tudor-SN was shown to specifically cleave inosine-
containing RNA, indicating that Tudor-SN is indeed the responsible agent (Yang
et al. 2000).

Exactly how Tudor-SN can distinguish IeU from GeU wobble pairs remains
unclear. Inosine only differs from guanosine by its lack of an exocyclic amine group
pointing into the dsSRNA minor groove. GeU wobble pairs are also slightly more
stable than IeU wobble pairs as determined by melting temperature and suscepti-
bility to single-stranded RNases (Bass and Weintraub 1988). Possibly, Tudor-SN
can sense the presence or absence of the guanine amine group by probing the minor
grove or by binding the base during breathing of the RNA wobble structure.

A biological function was suggested for Tudor-SN early on: disposal of viral
dsRNA (Scadden and Smith 2001). The interferon-inducible ADARI1p150 is
upregulated by various viral infections, and it localizes to the cytoplasm where it
edits viral dsRNAs to high degrees (Bass 2002; Nishikura 2010). These edited
viral dsRNAs could be suitable substrates for Tudor-SN. However, the only proven
biological target of Tudor-SN to date is the edited pri-miR-142 (Yang et al. 2006).

As described in Sect. 3.3, editing of pri-miR-142 by ADARI1p110 or ADAR2
prevents its Drosha cleavage. It is therefore not surprising that co-transfection
of HEK?293 cells with a plasmid expressing pri-miR-142 and a plasmid express
ing either ADARIpl110 or ADAR2 reduces mature miR-142-5p and -3p
levels compared to cells transfected with the pri-miR-142 plasmid alone
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(Yang et al. 2006). The more surprising result is that this does not cause accu-
mulation of edited pri-miR-142 RNAs (Yang et al. 2006). Pri-miR-142 accumu-
lation does take place when a plasmid expressing pri-miR-142 with A-to-G
changes at editing sites is used. These results suggest that edited pri-miR-142 is
degraded by an RNase specific for inosine-containing RNA, which immediately
calls to mind Tudor-SN (Yang et al. 2006). Indeed, in vitro editing of pri-miR-142
made it increasingly susceptible to in vitro degradation by purified recombinant
Tudor-SN. Furthermore, treating HEK293 cells over-expressing pri-miR-142
and either ADARI1p110 or ADAR2 with the specific competitive inhibitor of
Tudor-SN 2’-deoxythimidine 3’,5’-bisphosphate (pdTp) led to accumulation of
edited pri-miR-142 (Yang et al. 2006).

Edited pri-, and possibly pre-, miRNAs therefore seem to be important targets
of Tudor-SN. Their degradation by Tudor-SN further adds to the antagonistic
effect of ADAR editing on the miRNA pathway.

3.2.3 Effect on Dicer Cleavage

Pri-miR-151 (Fig. 2b) can be edited at two sites by ADAR1p110 and p150. This
editing has been shown to completely block pre-miR-151 Dicer cleavage (Fig. 1c)
(Kawahara et al. 2007a). Sequencing of more than 50 clones of mature
miR-151-3p RNAs derived from human amygdala, mouse cerebral cortex, and
mouse lung showed that none were edited. In contrast, all pre-miR-151 molecules
detected in human amygdala and mouse cerebral cortex were completely edited at
the +3 site (Fig. 2b). This discrepancy suggested that edited pre-miR-151 was
prevented from being processed into mature miR-151 either due to inhibition of
export to the cytoplasm or Dicer processing. In vitro processing of pre-miR-151 by
the Dicer-TRBP complex was prevented by an A-to-G change at the —1 site, +3
site, or both. This indicates that Dicer cleavage is the step prevented by editing.
Nearly identical Ky values for binding of Dicer-TRBP complex to unedited and
singly or doubly edited pre-miR-151 RNAs, as estimated by EMSA assays,
indicate that Dicer cleavage, not binding, is inhibited by editing. This might not be
surprising since at least part of Dicer’s affinity for its substrate relies on the ~2 nt
3’ overhang and 5’ phosphate. Apart from partial prevention of pre-let-7 g Dicer
cleavage by ADAR?2 editing (Kawahara et al. 2008), pre-miR-151 remains the
only example of editing that inhibits Dicer cleavage.

3.2.4 Effect on RISC Loading

Following Dicer cleavage, one of the miRNA duplex strands is loaded onto RISC
as the guide strand while the other is degraded. Which strand follows which fate
depends on the relative stabilities of their 5’ ends. The strand with the less stable 5’
end is predominantly loaded onto RISC. Also, this step can be prevented by
editing. The only currently known example of such prevention (Fig. 1d) is the
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editing of pri-miR-BART6 (Fig. 2j), a miRNA encoded by the EBV genome
(Tlizasa et al. 2010). When not edited, this pri-miRNA matures into miR-BART6-
5p, which silences transcripts encoding Dicer.

As explained in Sect. 3.3, the sequence of the pri-miR-BART6 can vary. For the
“wild type” sequence found in lymphoblastoid GM607 cells, without the UUU
deletion (Fig. 2j), editing does not affect maturation to miR-BART6-5p. Yet an
A-to-G change at pri-miR-BART6's editing site reduces its ability to downregulate
Dicer protein levels, as shown by transfecting HEK293 cells with plasmids
expressing pri-miR-BART6. The transfection with the A-to-G change caused 25%
suppression, while transfection without the change caused 60% suppression, of
Dicer protein levels. miR-BART6-5p levels were the same in either case (lizasa
et al. 2010).

Incubation of edited or unedited pre-miR-BART6 with Dicer-TRBP complex
and RISC presumably leads to Dicer cleavage and RISC loading. Addition of miR-
BARTG6-5p targets allows the extent of RISC loading to be assessed by target
cleavage. Interestingly, ~ 3-fold more targets are cleaved when unedited pre-miR-
BART6 is used compared to when edited pre-miR-BART6. This indicates that
editing prevents miR-BART6-5p RISC loading. Target of unedited or edited miR-
BART6-3p are not significantly cleaved whether edited or unedited pre-miR-
BARTS6 is used. This indicates that editing does not make miR-BART6-3p get
loaded onto RISC instead of miR-BART6-5p, but rather prevents RISC loading
altogether.

Editing of pri-miR-BART6, with or without the UUU deletion (Sect. 3.3),
therefore, prevents miR-BART6 from silencing transcripts of Dicer. The conse-
quent upregulation of Dicer levels in turn causes global upregulation of miRNA
levels, which could severely affect the state of the cell. The effect on expression of
genes associated with EBV lytic infection or state of latency has been investigated
by antagomir inhibition of miR-BART6-5p in C666-1 cells (lizasa et al. 2010).
EBNAI, detected in type I, II, and III latency, was unaffected. EBNA2, an
oncogene essential in B lymphocyte transformation, plays a central role in type III
latency by upregulating promoters of latent EBV genes. Deficiency in EBNA?2 is
associated with type I and II latency. The antagomir treatment upregulated EBNA2
by ~5-fold. LMP1 is associated with type III latency and is weakly expressed in
type I and II latency. The antagomir also upregulated LMP1 by ~ 2-fold.
Furthermore, Zta and Rta, essential for initiation of the lytic EBV infection cycle,
were both upregulated by 2-3-fold. Finally, the effect of the antagomir treatment
on transcription from EBV promoters was also investigated. Transcription from Cp
and Wp, characteristic of type III latency, was upregulated by 5.4-fold and 11-fold,
respectively. Transcription from Qp, used in type I or II latency, was completely
abolished. The consequences of downregulating Dicer expression using a
short-hairpin RNA expressing vector on protein levels and promoter activities
were the opposite of those observed upon miR-BART6-5p antagomir inhibition.
The overall trend of these observations indicates that upregulation of Dicer by pri-
miR-BART6 editing induces a shift away from type I and II latency towards the
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more immunoresponse-prone type III latency and promotes entry into the lytic
EBYV infection cycle.

3.2.5 Effect on Mature MiRNA Function

Following loading onto RISC, the miRNA guides RISC to sequester or degrade its
complementary mRNAs (Kim et al. 2009; Krol et al. 2010; Siomi and Siomi
2010). Edited miRNAs can also be loaded onto RISC if editing did not prevent
their maturation. Since editing alters the base pairing properties of the miRNA, it
can also redirect its silencing. This is especially the case when editing takes place
within the seed sequence, or nucleotides 2-8, of the miRNA, which is particularly
important for target selection. The only proven case of redirection of silencing is
editing of pri-miRNAs of the human and mouse miR-376 cluster (Kawahara et al.
2007b). Although sequencing of mature miRNAs (see Sect. 3.1.2) indicates
expression of other mature miRNAs with edited sequences, the possible redirec-
tion of their silencing has not yet been examined.

Members of the miR-376 cluster are transcribed as one transcript from which
each is excised as a separate pre-miRNA. They share high sequence similarity and
most contain at least two editing sites: those corresponding to editing sites +4,
located within the 5’ seed sequence, and +44, located within the 3’ seed sequence,
of human cluster member miR-376al (Figs. le and 2d). Experiments using
ADARI knockout mouse embryos or ADAR?2 knockout cortex showed that the +4
site in pri-miR-376a is edited primarily by ADAR2 while the +44 site in
pri-miR376b and pri-miR376c¢ is edited primarily by ADARI1. Prediction of targets
for unedited and edited human miR-376al-5p or mouse miR-376a-5p (they have
the same sequence) indicated different target sets with only minor overlap (Fig. 3).

The reliability of this prediction was examined by the random selection and
experimental verification of three targets predicted for only edited miR-376a-5p
(PRPS1, ZNF513 and SNX19) and three targets predicted for only unedited miR-
376a-5p (TTK, SFRS11, and SLC16A1). HeLa cells were co-transfected with
miR-376a-5p RNAs and luciferase reporter constructs containing in their 3’'UTRs
the predicted target sites of one of the six above targets. Co-transfection
using miR-376a-5p with an adenosine at the +4 sites repressed luciferase activity
only for the constructs containing the targets of the unedited miR-376a-5p.
Co-transfection using miR-376a-5p with a guanosine or inosine at the +4 sites
repressed luciferase activity only for the constructs containing the targets of the
edited miR-376a-5p.

One of the targets specific to the miR-376a edited at the +4 site by ADAR2 was
phosphoribosyl pyrophosphate synthetase 1 (PRPS1), an essential housekeeping
enzyme involved in purine metabolism and the uric acid synthesis pathway.
The importance of tight control of PRPS1 expression is demonstrated by an
X-chromosome-linked human disorder characterized by gout and neurodevelop-
mental impairment with hyperuricemia due to a 2-4-fold increase in PRPSI
levels. ADAR2 knockout mice had PRPSI levels and uric acid levels both
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Fig. 3 Relationship between Unedited miR-37631-5p

targets of edited and unedited GGUAGAUUCUCCUUCUAUGAGU
pri-miR-376a-5p. The Venn

diagram illustrates the Edited miR-376a1-5p

relationship between the 78 GGUIGAUUCUCCUUCUAUGAG

mRNA targets predicted for
unedited human pri-miR-
376al-5p and the 82 mRNA
targets predicted for human
pri-miR-376al-5p edited at
the +4 site. Experimentally
confirmed targets are plotted
(Kawahara et al. 2007b)

upregulated ~ 2-fold in the cortex. By contrast, the levels of TTK, a target of
unedited miR-376a-5p, in the cortex were not affected. Nor were PRPS1 levels
or uric acid levels in the liver. The latter is consistent with the observation that half
of pri-miR-376a +4 site adenosines were edited in wild-type mouse cortex, while
pri-miR-376a +4 editing was barely detected in wild-type mouse liver. This shows
that ADAR?2 influences uric acid levels in a tissue-specific manner by redirection
of miRNA silencing (Kawahara et al. 2007b).

3.2.6 Other Potential Consequences

Because most known consequences of pri-miRNA editing are only exemplified by
one or a few known editing sites, it is likely that there exist consequences still
exemplified by none. Further studies of pri-miRNA editing could identify these.
For example, it is possible that pri-miRNA editing could alter Drosha or Dicer
cleavage sites, prevent export to the cytoplasm or change what strand gets loaded
onto RISC.

How the Drosha-DGCRS8 complex chooses its cleavage site is still not entirely
clear. Sequence and structure changes created by A-to-I editing could possibly
shift the Drosha cleavage site. If a mature miRNA is produced, it could have a
shifted seed sequence and consequently an altered set of target mRNAs.

Dicer functions as a ruler and cleaves the pre-miRNA about 21 base pairs away
from the Drosha cut. Editing could alter the stability of the miRNA and therefore
the number of base pairs that fit in the length measured by Dicer. This could shift
the Dicer cleavage site. If the 3’ strand is loaded onto RISC, it would have a shifted
seed sequence. A-to-G changes are associated with shifted 5’ ends in mature
miRNA sequences (see Sect. 3.1.2). This indicates that editing might indeed shift
Drosha and Dicer cleavage sites.

Nuclear export of pre-miRNAs is carried out by Exportin-5. The structure of
Exportin-5 indicates that the major requirement for RNA export is some degree of
double-strandedness ending in a 3’ overhang (Okada et al. 2009). The sequence
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and exact dsRNA structure are less important. It might therefore be difficult for
editing to prevent miRNA export by Exportin-5.

Upon RISC loading, the miRNA duplex strand with the less stable 5’ end is
more likely to be chosen as the guide strand. Editing near either of the duplex ends
could change their relative stability. Thus, editing might affect which strand is
loaded onto RISC. This could be significant because the two strands could target
completely different sets of mRNAs.

3.3 Possibility of Editing of Pre-MiRNAs

The fraction of pri-miR-151 transcripts edited is ~41% in human amygdala
and ~29% in mouse cerebral cortex (Kawahara et al. 2007a). Surprisingly, both
these numbers increase to 100% for pre-miR-151 (Kawahara et al. 2007a). One
explanation for this discrepancy presents itself. Editing prevents Dicer processing
of pre-miR-151, which could lead to accumulation of edited pre-miR-151.
However, pre-miR-151 can be edited in vitro by both ADARIpl110 and
ADARI1p150 (Kawahara et al. 2007a). Taken together, these observations suggest
that pre-miR-151 might be edited by ADARI1pl110 in the nucleus and/or by
ADARI1p150 in the cytoplasm.

4 Editing of MicroRNA Target Sites

Since single nucleotide changes in miRNA seed sequences can redirect silencing
(see Sect. 3.2.5), it is conceivable that editing of target sequences could do the
same. This seems especially plausible since both editing and target sites localize
mostly to UTRs. However, it is difficult to investigate this possibility because the
number of potential target sites is at least two orders of magnitude larger than the
number of miRNAs (Grimson et al. 2007).

The earliest attempt at investigating this notion was therefore bioinformatics-
based (Liang and Landweber 2007). Aligning ~ 28,000 putative editing sites and
predicted miRNA target sites identified ~300 editing sites that could disrupt,
and ~200 editing sites that could perfect, seed sequence matches in 3'UTRs.
However, requiring miRNA expression and target site editing to take place in the
same tissue left only two seed sequence matches disrupted by editing. There are
several possible explanations for this low number. First, target site prediction relies
on cross-species conservation while most known editing sites reside within
primate-specific Alu sequences. Overlapping target and editing sites are therefore
less likely to have been discovered. Second, target sites might be under evolu-
tionary pressure to not be affected by editing. Third, dsSRNA regions are required
for editing but often sterically hinder miRNA targeting (Grimson et al. 2007).
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However, one case of a seed sequence match perfected by editing has been verified
(Borchert et al. 2009).

Examination of ~ 12,000 putative editing sites revealed that ~ 3,000 that could
create a perfect seed sequence complement. Two hundred and fifty-eight putative
editing sites in the sequence context 5'-CCUGUAA-3’ created a perfect match to
the miR-513 seed sequence. Two hundred and fifty-two putative editing sites in the
sequence context 5'-AAUCCCA-3' created a perfect match to a seed sequence
common to miR-769-3p and miR-450b-3p. Interestingly, ~ 190 sites contained the
12 nt motif 5'-CCUGUAAUCCCA-3', which becomes complementary to both
seed sequences when edited.

Co-transfection of HEK293 cells with vectors expressing miR-513 or miR-796
hairpins as well as a luciferase transcript harboring the 12 nt motif led to a ~50%
reduction in luciferase activity when an A-to-G change was introduced in the 12 nt
motif. One gene harboring this motif in its 3'UTR is DFFA (DNA fragmentation
factor alpha—or ICAD). Cloning of DFFA from NB7 and HEK?293 cells revealed
that these motifs are edited in NB7, but not in HEK293, cells. Co-transfection of
HEK?293 cells with vectors expressing miR-513 or miR-796 hairpins as well as a
luciferase transcript with the 3'UTR of DFFA as cloned from NB7 or HEK293
cells led to repression of luciferase activity only when the 3'UTR originated from
NB7 cells. Finally, overexpression of miR-796 in NB7, but not HEK293, cells
caused ~ 60% reduction in endogenous DFFA levels (Borchert et al. 2009).

These results indicate that editing can cause mRNAs to come under the
regulation of miRNA in a tissue-specific manner. How common this phenomenon
is and whether editing can also prevent miRNA targeting, remains to be seen.

5 Editing-Independent Effects of ADARs

While ADARs have been mostly studied for their ability to edit RNAs, they also
have functions independent of their catalytic activity. For example, they affect the
small interfering RNA (siRNA) pathway by sequestering siRNAs (Yang et al.
2005). Recently, it was demonstrated that ADARs can similarly sequester miRNAs
(Heale et al. 2009).

In vitro processing of human pri-miR-376a2 to pre-miR-376a2 by HeLa nuclear
extract is prevented by addition of purified ADAR?2, but not by A-to-G changes at
the pri-miR-376a2 +4 or +44 editing sites. Furthermore, co-transfection of
HEK?293T cells with constructs expressing pri-miR-376a2, a luciferase transcript
with miR-376a2 target sites and a catalytically inactive ADAR2 mutant
caused ~ 2-fold more luciferase activity than co-transfection with the pri-miRNA
and luciferase constructs alone. The same result also held for pri-miR-376al,
but not for pri-miR-let7al or when the ADAR2 mutant was exchanged for
ADARIp110 (Heale et al. 2009).

These data indicate that ADAR2, but not ADARIp110, is able to sequester
pri-miR-376al and -376a2, but not -let7al. ADAR2’s superior ability to sequester
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miRNAs might explain its ability to downregulate ADARI editing of pri-miR-
376b and -376¢ at the +44 position (Kawahara et al. 2007b). How many pri-
miRNAs are similarly sequestered and whether there exist pri-miRNAs also
sequestered by ADAR1p110 remains to be seen. Because ADARs might bind to a
larger subset of miRNAs than they edit, many miRNAs might be affected by
ADARsS solely in an editing-independent manner.

6 Conclusions

MiRNAs have immense importance on the state of the cell. For example, abnormal
miRNA expression is associated with cancer (Ryan et al. 2010). ADARs in turn,
exert great influence on the miRNA phenomenon by editing or sequestering the
miRNAs. In these ways, A-to-1 editing of miRNAs also exerts influence on human
health. For example, editing of EBV miRNAs seems to be connected to the virus
moving to immunoresponse-prone types of latency or to lytic infection (lizasa
et al. 2010).

Great progress has been made in elucidating the effects of ADARs on miRNA
in recent years. We now know of an extensive number of miRNA editing sites,
various effects of their editing, editing of one miRNA target sequence, and editing-
independent effects of ADARs.

Yet there are reasons to believe that there are many more facets to the interplay
between ADAR and miRNAs that remain to be elucidated. For example, the study
which identified Tudor-SN as a protein specifically binding to inosine-containing
dsRNAs also showed the existence of other such proteins, but their identities have
not yet been determined. Furthermore, there are various effects of miRNA editing
that one might expect could happen, but which have never yet been observed.
Finally, some of the effects of miRNA editing that we do know of, like inhibition
of RISC loading or redirection of silencing targets, are only exemplified by one
known miRNA editing site each. This indicates that we have still only learned of a
random sample of a larger number of possible kinds of effects. The interplay
between A-to-I editing and miRNAs is therefore likely to remain a growing field in
the foreseeable future.
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Nuclear Editing of mRNA 3'-UTRs

Ling-Ling Chen and Gordon G. Carmichael

Abstract Hundreds of human genes express mRNAs that contain inverted repeat
sequences within their 3’-UTRs. When expressed, these sequences can be pro-
miscuously edited by ADAR enzymes, leading to the retention of mRNAs in
nuclear paraspeckles. Here we discuss how this retention system can be used to
regulate gene expression.
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1 Double Stranded RNA in the Nucleus

Double stranded RNA (dsRNA) can be formed in two distinct ways: via sense—
antisense transcription followed by intermolecular RNA strand annealing or via
the intramolecular hybridization of inverted repeat sequences within transcripts.
While sense—antisense annealing in trans has not been clearly documented for
endogenous mammalian RNAs in either the nucleus or the cytoplasm, it is com-
monly found cytoplasmically as a byproduct or intermediate in the replication of
RNA virus genomes. The intramolecular annealing of inverted repeats is far more
common in mammalian cells, and most of this type of dsRNA is found in the
nucleus.

The cellular response to dsRNA structures depends not only on the subcellular
location of the duplexes, but also on their length. In the cytoplasm, dsRNA is rare
and its presence in that compartment is generally associated with viral infection.
Cytoplasmic dsRNA often triggers the interferon signaling pathway and leads to
nonspecific inhibition of gene expression (Wang and Carmichael 2004). The
response to dsRNA is quite different in the nucleus. Nuclear dsRNAs often serve
as substrates for A-to-I editing by members of the ADAR enzyme family, which
are ubiquitously expressed in higher eukaryotes (Bass 2002). Depending on the
length and quality of the RNA duplex, editing can be either site-selective or
promiscuous. Editing directed by short dsRNA structures can be site-specific,
leading to coding changes in mRNAs. This type of editing is directed to specific
adenosines imbedded in favorable secondary structures, often involving an
unpaired adenosine (Kallman et al. 2003; Wong et al. 2001). In contrast, long
dsRNA regions (at least 25-30 bp in length) (Bass and Weintraub 1988; Nishikura
1992) are edited promiscuously, with up to half of their adenosines being changed
to inosines (Bass 2002). In long perfect duplexes up to 50% of the A’s on each
strand are edited in a rather promiscuous fashion, except for a 5'-neighbor pref-
erence for A or U (Polson and Bass 1994). The resulting RNAs contain I-U base
pairs which render the RNA duplexes unstable (Bass and Weintraub 1988).

Promiscuous editing in the nucleus has been shown to lead to the association of
inosine-containing RNAs with a protein complex containing the factor p54™,
which interacts strongly with inosine-containing RNAs (Zhang and Carmichael
2001). This in turn leads to nuclear retention, thus perhaps providing a quality
control system to prevent the inappropriate export of some mRNAs with altered
codons. p54™® is an abundant and highly conserved multifunctional nuclear pro-
tein that binds both DNA and RNA and has been reported to be involved in a
number of processes, including transcription initiation (Yang et al. 1993), pre-
mRNA splicing (Dong et al. 1993; Kameoka et al. 2004), transcription elongation
(Kaneko et al. 2007) as well as nuclear retention of edited RNAs (Zhang and
Carmichael 2001). p54™ not only forms homodimers, but can also heterodimerize
with the related proteins PTB-associated splicing factor (PSF) and paraspeckle
protein loo (PSP1o) (Akhmedov and Lopez 2000; Fox et al. 2005; Myojin et al.
2004; Zhang et al. 1993). Evidence that these proteins together may participate in
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Fig. 1 A common fate of nuclear mRNAs with inverted repeats in their 3’-UTRs. Transcription
and pre-mRNA splicing sometimes generate mRNAs with inverted repeats, generally IRAlus.
The dsRNA structures are substrates for promiscuous ADAR editing and edited RNAs are bound
by p54™ and sequestered in nuclear paraspeckles. Paraspeckles are organized by a long
noncoding RNA, NEAT1 and contain p54"rb, PSF, PSP1a and other proteins (See text for details)

the nuclear retention of edited RNAs comes from the observation that these pro-
teins and RNAs colocalize to specific subnuclear structures called paraspeckles
(see Fig. 1)(Chen and Carmichael 2009; Chen et al. 2008; Fox et al. 2002;
Prasanth et al. 2005), which are cell-cycle-regulated subnuclear domains
(Fox et al. 2005). Several groups have recently independently shown that para-
speckle assembly and integrity depends on the expression of an abundant non-
coding RNA called NEAT1 (or Mené/f in the mouse) (Bond and Fox 2009; Chen
and Carmichael 2009; Clemson et al. 2009; Mao et al. 2011; Sasaki et al. 2009;
Sunwoo et al. 2009). Importantly, the nuclear retention of mRNAs containing
edited inverted repeats in their 3’-UTRs also appears to require not only the
expression of p54™® and other paraspeckle proteins, but also paraspeckles them-
selves and NEAT1 RNA (Chen and Carmichael 2009).

2 Editing in mRNA 3'-UTRs

As mentioned above, dsRNA structures in the nucleus are readily edited. But how
often are such molecules produced and how often are they edited? By far the most
common inverted repeat structures in nuclear transcripts in human cells are
comprised of a single class of highly abundant short interspersed nuclear repetitive
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DNA elements (SINEs), the Alu elements. About 45% of the human genome is
composed of repetitive and transposable elements, which include SINEs, LINEs
and retrotransposons (Lander et al. 2001). The vast majority of human SINEs are
Alu elements. There are up to 1.4 x 10° copies of these 300 bp elements in the
genome, corresponding to more than 1 Alu about for every 3,000 bp of genomic
DNA (DeCerbo and Carmichael 2005). Alu elements are very similar to one
another in sequence and are not randomly distributed throughout the genome, but
tend to be concentrated in gene rich regions, generally within noncoding segments
of transcripts, such as in introns and untranslated regions (Versteeg et al. 2003).
Due to their abundance, the average human pre-mRNA contains more than 16 Alu
elements (DeCerbo and Carmichael 2005). Also, since they are randomly oriented
with respect to gene transcription units, a large fraction of human genes express
transcripts that generate inverted Alu repeat structures (IRA/us) which can serve as
efficient substrates for ADAR editing. Indeed, in searches of cDNA and EST
databases for clusters of A-to-G changes as indicators of editing, it was found that
the more than 90% of A-to-I editing in humans is within Alu elements
(Athanasiadis et al. 2004; Blow et al. 2004; Kim et al. 2004; Levanon et al. 2004).
There are now many thousands of instances of Alu editing in the human
transcriptome (Athanasiadis et al. 2004; Barak et al. 2009; Blow et al. 2004;
Greenberger et al. 2010; Kim et al. 2004; Levanon et al. 2004; Osenberg et al.
2010; Sakurai et al. 2010). Since Alu elements within coding regions would disrupt
open reading frames, most IRAlus are found within introns. Thus, although RNA
hairpin structures are likely formed and edited during transcription and pre-mRNA
processing, most are rapidly degraded and do not contribute significantly to gene
expression. Of more interest are those that remain in mRNAs following splicing.
Our bioinformatic analysis identified 333 human genes with IRA/us within their
3/-UTRs, and a number of these Alus have already been shown to be susceptible to
promiscuous editing (Chen et al. 2008). If these edited mRNAs are retained in
paraspeckles, how are they be expressed and regulated?

3 Regulation of Gene Expression of Genes Containing IRAlus

Figure 2 offers several ways in which genes encoding IRAlus in their 3’-UTRs
might regulate their expression. Here we show three typical genes with IRAlus,
METTL7A, NICN1 and LIN28. Each of these genes expresses multiple transcripts
that differ in their 3’-UTR structures. Each appears to express at least one isoform
in which the IRAlus structure is not present. First, some isoforms appear to have
3’-UTR sequences removed, either by pre-mRNA splicing or by some other
mechanism. We see this phenomenon for many of the genes containing IRAlus in
their 3’-UTRs (Chen et al. 2008; and data not shown). This is consistent with a
recent claim that Alu elements are often cleaved at both ends of the inverted repeat
region, followed by rejoining of the two parts of the transcript on both sides
(Osenberg et al. 2009). While it is not yet clear whether such cleavage is general,
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Fig. 2 Several illustrative genes containing IRAlus. Exons are depicted by solid lines, with
coding exons thicker. Positions of Alu elements are shown and their different orientations are in
different colors. Note that each of these genes contains intronic Alus as well as IRAlus in the
3'-UTRs (marked by shaded boxes). Also note that NICNI has alternative polyadenylation
signals and each gene may express RNAs that cannot form inverted repeats

or whether many cDNA sequences annotated this way result from reverse trans-
criptase artifacts during cloning (Chen et al. 2008), such cleavage and rejoining
could generate mRNAs that escape the retention pathway.

Second, alternative polyadenylation could alter gene expression or regulation.
NICN1 has two alternative polyadenylation signals. Choice of the upstream signal
results in an mRNA completely lacking IRAlus (Fig. 3). In fact, the majority of
genes with IRAlus in their 3’-UTRs possess alternative polyadenylation signals of
this sort (Chen et al. 2008). About half of all mammalian genes use alternative
cleavage and polyadenylation to generate multiple mRNA isoforms differing in their
3/-UTRs (Beaudoing and Gautheret 2001; Edwalds-Gilbert et al. 1997; Lee et al.
2007; Zhang et al. 2005). Alternative poly(A) site choice may be tissue-specific for
some genes (Zhang et al. 2005). For example, many alternative 3'-UTR mRNA
isoforms were observed during T cell activation (Sandberg et al. 2008). This resulted
not only in 3’-UTRs of different lengths, but containing distinct sequence elements
such as microRNA binding sites. Thus, regulated poly(A) site choice could influence
the retention or export of many mRNAs, and this could involve editing in the 3’-UTR
regions of mRNAs. A related mechanism of regulation involves the expression of
alternative 3’-UTRs by a combination of alternative splicing and alternative poly(A)
signal usage. For example, caspase 8 and caspase 10 lie adjacent to one another on
chromosome 2 and each gene can express mRNAs with either an upstream 3’-UTR
that contains IRAlus or a downstream 3’-UTR that does not.

IRAlus are not always edited at the same nucleotides, and editing, while pro-
miscuous, is quite variable in extent from transcript to transcript. Further, nuclear
retention of transcripts containing IRAlus is not absolute, and the significance of this
observation is not yet clear (Chen et al. 2008). In situ hybridization studies showed
that the majority of IRAlus-RNA localized within the nucleus, but in a minority of
cells completely cytoplasmic localization was seen. One explanation for this might
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Fig. 3 A model for gene regulation via alternative poly(A) site usage. Many genes with IRAlus
in their 3’-UTRs also have multiple polyadenylation signals. Choice of the upstream signal leads
to efficient mRNA export to the cytoplasm, but choice of the downstream signal leads to editing
and nuclear retention

be that the degree of A-to-I RNA editing of IRAlus-RNA determines its nuclear/
cytoplasmic distribution. If editing were the primary cause of retention, then tran-
scripts that lack inosines or contain only low level of inosines would be exported to
the cytoplasm, whereas more highly edited RNA isoforms would be selectively
retained in the nucleus. Thus, editing might serve to modulate gene expression of
IRAlus containing RNAs by titrating the amount of mRNA that is allowed to reach
the cytoplasm. We do not yet know whether different cells or tissues differ in their
relative editing efficiencies of IRA/us, but it is well known that ADAR1 and ADAR2
are expressed in a tissue-specific and developmentally controlled manner in mam-
mals. For instance, ADAR1 and ADAR2 can both promiscuously edit dsSRNAs
(Riedmann et al. 2008), and the expression and activity levels of both enzymes are
higher in the brain (Bass 2002; Blow et al. 2004). Thus, genes with IRA/us in their
3’-UTRs may exhibit enhanced nuclear retention in the brain, where editing levels
are highest. In addition, editing activity might differ between cancer cells and normal
cells (Cenci et al. 2008; Paz et al. 2007), thus perhaps altering the nucleocytoplasmic
export of some mRNAs. Further, ADAR activity is increased after inflammation,
interferon treatment and immune stimulation (George and Samuel 1999; George
et al. 2005; Liu et al. 1997; Rabinovici et al. 2001; Yang et al. 2003). Finally, we
expect that in some cells, or under some conditions, the retention pathway may be
overridden to allow export of mRNAs with IRAlus, whether or not they have been
edited (Fig. 4a). This would be consistent with the observation that some mRNAs
with structured or edited 3’-UTRs can be found in the cytoplasm, associated with
polysomes (Chen and Carmichael 2009; Chen et al. 2008; Hundley et al. 2008;
Hundley and Bass 2010).

Are long hairpins nuclear retention elements, even in the absence of editing?
At this moment we cannot exclude the possibility that long hairpin structures that
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Fig. 4 Gene regulation by inverted repeats in 3’-UTRs. a In some cells or under some conditions
(see text for details) mRNAs with hairpins may be exported efficiently to the cytoplasm,
regardless of their editing status. b In cases where mRNAs with 3/-UTR hairpins are retained in
paraspeckles, these mRNAs might be allowed to leave the nucleus upon appropriate molecular
signal(s). Cleavage and possible re-polyadenylation has been demonstrated but the other
mechanisms are speculative

formed by IRAlus in mRNA 3’-UTRs might lead to paraspeckle localization and
nuclear retention themselves, regardless of A-to-I editing. No studies have been
reported yet on the fate of such mRNAs in cells that do not express ADARI and/or
ADAR2.

4 Why are Some Edited mRNAs Retained in Paraspeckles,
and How can They be Released?

Why would the cell retain some mRNAs in the nucleus while allowing the
nucleocytoplasmic export of others? Can nuclear-sequestered mRNAs be released
for export and, if they can, what mechanisms or signals are involved? What is the
purpose of this retention system? While we do not yet know the answers to these
questions, there are a number of possible clues and models. One model (Fig. 4b) is
that for at least some mRNAs containing IRAlus in their 3’-UTRs, editing and
retention in paraspeckles allows the cell to store these mRNAs in the nucleus for
rapid nucleocytoplasmic export upon the appropriate cellular signal. Thus, para-
speckles might serve as a nuclear repository for mRNAs that are not needed
immediately, but which are available for very rapid mobilization. A good example
of this type of regulation is the mouse CTN-RNA, which has been shown retained
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in the nucleus via its extended 3’-UTR which contains numerous A-to-I editing
sites generated by inverted repeats of a murine SINE (Prasanth et al. 2005). Upon
cell stress, a cleavage event occurs upstream of the 3’-UTR nuclear retention signal
(the inverted repeats of a murine SINE). The truncated message is then transported
efficiently to the cytoplasm for translation (Prasanth et al. 2005). The signaling
pathway leading to cleavage and the mechanism of cleavage are not yet known,
but may represent components of a new way in which cells respond to stress or
other signals. It is also not known whether cleavage results in the addition of a new
poly(A) tail to the mRNAs, though this might be expected owing to the presence of
upstream polyadenylation signals in many mRNAs with IRAlus in their 3’-UTRs.
Finally, it has been reported that some virus infections may induce the expression
of NEAT1 RNA in the mouse brain (Saha et al. 2006). Whether this helps or hurts
viral life cycles is unresolved but is consistent with a role of the editing-associated
nuclear retention system is cellular response to stress.

There are many other ways in which we can envision gene regulation by nuclear
retention of mRNAs with edited 3'-UTRs. In addition to cleavage of the tethering
sequences, it is possible that retained mRNAs can be released in some other way,
such as by modification or degradation of one or more paraspeckle proteins, by the
expression of some factor that overrides the retention mechanism, or by altering the
expression or stability of NEAT1 RNA. It is not known how mRNA retention is
affected throughout the cell cycle and we are only beginning to learn how this gene
regulation system is regulated in different tissues and cells, and throughout devel-
opment. Strikingly, in human embryonic stem cells ADAR editing is robust but
paraspeckles are absent and NEAT1 is barely detectable (Chen and Carmichael
2009). In these cells, mnRNAs with IRAlus are efficiently exported to the cytoplasm.
When induced to differentiate into trophoblasts, NEAT1 expression increased, along
with the appearance of nuclear paraspeckles (Chen and Carmichael 2009). NEAT1
is similarly down-regulated in induced pluripotent stem cells (unpublished results),
suggesting that pluripotency is somehow correlated with or connected to the lack of
this editing and retention system.
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Control of ADAR1 Editing of Hepatitis
Delta Virus RNAs

John L. Casey

Abstract Hepatitis delta virus (HDV) uses ADARI editing of the viral antige-
nome RNA to switch from viral RNA replication to packaging. At early times in
the replication cycle, the virus produces the protein HDAg-S, which is required for
RNA synthesis; at later times, as result of editing at the amber/W site, the virus
produces HDAg-L, which is required for packaging, but inhibits further RNA
synthesis as levels increase. Control of editing during the replication cycle is
essential for the virus and is multifaceted. Both the rate at which amber/W site
editing occurs and the ultimate amount of editing are restricted; moreover, despite
the nearly double stranded character of the viral RNA, efficient editing is restricted
to the amber/W site. The mechanisms used by the virus for controlling editing
operate at several levels, and range from molecular interactions to procedural.
They include the placement of editing in the HDV replication cycle, RNA
structural dynamics, and interactions of both ADARI and HDAg with specific
structural features of the RNA. That HDV genotypes 1 and 3 use different RNA
structural features for editing and control the process in ways related to these
features underscores the critical roles of editing and its control in HDV replication.
This review will cover the mechanisms of editing at the amber/W site and the
means by which the virus controls it in these two genotypes.
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1 Introduction
1.1 Hepatitis Delta Virus

Hepeatitis delta virus (HDV) is an important human pathogen that causes poten-
tially severe acute and chronic hepatitis. It requires simultaneous infection with
hepatitis B virus (HBV). The helper function provided by HBV is the envelope
protein, HBsAg, which is required for the assembly and release of HDV particles,
as well as the ability of these particles to attach to and infect hepatocytes, the
primary targets of infection. Compared with those infected with HBV alone,
individuals infected with both HDV and HBV experience more severe liver dis-
ease, including cirrhosis, hepatocellular carcinoma and liver failure. Although
HDYV depends on HBV, current licensed anti-HBV pharmaceuticals are ineffective
for treatment of this virus because HBsAg expression remains high enough to
support continued propagation. Approximately 15 million individuals worldwide
are chronically infected with HDV.

Eight clades (genotypes) of HDV have been identified (Deny 2006). Most
molecular studies have been conducted using clones of genotype 1, which is the
most geographically widespread and the predominant genotype in Europe and
North America. Genotype 3 has also been of interest because it is the most dis-
tantly related genetically to other genotypes (~40% divergence at the nucleic acid
level) and because it is associated with the most severe HDV disease in northern
South America (Casey et al. 1993).
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Fig. 1 The structure of the HDV genome. Upper: The dark line indicates the circular HDV
genome, which forms an unbranched rod-like structure. Dashed vertical lines indicate base
pairing between opposite sides of the circular RNA. The rectangle indicates the HDAg coding
region; HDAg-S is encoded by the open portion of the rectangle; additional sequences added as a
result of editing at the amber/W site and which form the C-terminus of HDAg-L are indicated by
the striped portion. Lower: The predicted base pairing of a section of the antigenomic RNA that
includes the amber/W site

1.2 Genome Structure of HDV

Hepatitis delta virus is unique in that it uses a helper virus to provide its envelope
protein, but the molecular virology of HDV is arguably even more unusual. The
approximately 1,700 nucleotide RNA genome is the smallest known to infect man.
Yet, despite this small size, less than half the genome is devoted to encoding the
sole viral protein, hepatitis delta antigen. To make up for the dearth of protein-
coding information, the HDV replication cycle depends heavily on host factors and
structural features of its RNA, including the unbranched rod-like structure of the
entire genome, the double pseudo knotted ribozymes, and structures required for
RNA editing. The genome and its replication intermediate, the antigenome, are
circular RNAs that collapse into a characteristic unbranched rod-like structure in
which about 70% of the nucleotides form base pairs (Fig. 1). This structure is
essentially an elongated string of helices comprised of segments with 12 or fewer
consecutive Watson—Crick base pairs interspersed with small internal bulges and
loops, but no internal hairpins. In a two-dimensional representation of this struc-
ture (Fig. 1), the open reading frame for HDAg is on one side; sequences opposite
the HDAg coding region in the circular RNA serve principally to form the
unbranched rod structure. The unbranched structure plays several vital roles in the
replication cycle. It is required for viral RNA replication (Casey 2002; Sato et al.
2004), binding to HDAg (Defenbaugh et al. 2009), the formation of viral particles
(Chang et al. 1995; Lazinski and Taylor 1994) and for RNA editing and its
regulation.
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1.3 Hepatitis Delta Antigen

Hepatitis delta antigen (HDAg) is the sole protein encoded by HDV. This protein
forms multimeric complexes and specifically binds HDV RNA in the unbranched
rod-like structure. The two forms of HDAg produced during replication, HDAg-S
and HDAg-L, differ structurally by the presence of an additional 19 or 20 amino
acids at the C-terminus of HDAg-L. Functionally, they differ in two major
respects. First, HDAg-S is required for RNA replication; HDAg-L not only does
not support replication, but inhibits this process. Because of the multimeric nature
of the protein, replication is highly sensitive to the relative levels of the two forms
of HDAg: at an HDAg-L:HDAg-S ratio of 1:10 replication is reduced by as much
as eight-fold (Chao et al. 1990; Xia and Lai 1992). The second functional dif-
ference between the two proteins is that HDAg-L is the limiting factor for the
production of virus particles (Jayan and Casey 2005), which are formed via
interactions between HBsAg and the C-terminal sequences unique to HDAg-L
(Chang et al. 1991; Jenna and Sureau 1998).

1.4 The HDV Replication Cycle

The current model of HDV replication involves a double rolling circle (Fig. 2).
The circular genome serves as a template for the synthesis of two RNAs: the
mRNA for HDAg, and multimeric (concatameric) RNAs of the opposite sense.
The latter are cleaved by internal ribozymes and ligated to form circular antige-
nomes, which subsequently serve as templates for the production of circular
genomes in the same manner. One of the more remarkable aspects of this repli-
cation scheme is that it is accomplished by redirection of Pol II for HDV RNA
synthesis (Chang et al. 2008). The specific mechanisms involved are not fully
understood, but appear to involve HDAg-S binding Pol II (Yamaguchi et al. 2001,
2007). Related to the use of the host RNA polymerase, HDV replication occurs in
the nucleus.

1.5 RNA Editing in HDV Replication

The HDV replication scheme, including the placement of editing, is shown in
Fig. 2. Initially, the mRNA produced encodes HDAg-S. As replication proceeds,
the antigenome RNA is edited such that the adenosine within the amber stop codon
that terminates the HDAg-S ORF is deaminated to inosine. The codon is thus
changed to tryptophan and the ORF is extended by an additional 19 or 20 amino
acids to yield HDAg-L. In accord with the naming convention used for other
editing sites that affect protein-coding regions, this editing site is referred to as the
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Fig. 2 The role of RNA editing in the HDV replication cycle. © Genome RNA (gray rounded
rectangle) serves as the template for synthesis of mRNA that is translated to produce HDAg-S,
which is required for further RNA synthesis. @ Via rolling circle replication, the genome serves
as the template for synthesis of the antigenome (black rounded rectangle) which also serves as
the template for synthesis of additional genome RNA. ® As replication proceeds, a fraction of
antigenome RNAs is edited at the amber/W site by ADARI (wavy dashed arrow). @ Edited
antigenomes serve as the template for synthesis of “edited” genomes (gray rounded rectangle
with ACC). ® “Edited” genomes serve as templates for synthesis of mRNAs encoding HDAg-L,
which is the limiting factor in virus packaging but also inhibits replication. ® Simultaneously,
“edited” antigenomes and additional “edited” genomes are synthesized via rolling circle
replication. Thus, editing levels accumulate as replication proceeds. Note that the numbered
scheme is intended to indicate an expanding repertoire of activities that persist as long as
replication occurs rather than a stepwise progression in which earlier processes are terminated

amber/W site. As noted above, HDAg-S is required for viral RNA replication,
whereas HDAg-L inhibits replication but is essential for virion morphogenesis.
Thus, HDV uses RNA editing as a mechanism to switch from genome replication
to packaging.

In cultured cells transfected with HDV cDNAs to initiate replication, editing, as
well as HDAg-L production, increases from barely detectable levels 3 days post-
transfection to around 25% by about 2 weeks (Casey et al. 1992; Chao et al. 1990;
Sato et al. 2004; Wong and Lazinski 2002). In this manner, HDAg-L, which is the
limiting component for production of HDV particles, accumulates and peaks after
HDV RNA levels peak. The changes in editing levels are not due to changes in
ADAR expression: no changes in ADARI levels were observed in cells transfected
with an HDV replication expression construct or in HDV-infected liver (Jayan and
Casey 2002b; Wong and Lazinski 2002). Rather, editing levels increase during
virus replication due to the placement of editing in the virus RNA replication
cycle. Unlike other editing substrates in which protein coding is affected, amber/W
site editing does not occur on the HDV mRNA itself; instead, the substrate for
editing is the antigenome, which is a replication intermediate (Fig. 2). Edited
antigenomes serve as templates for the synthesis of genome RNAs with C at the
corresponding position; these genome RNAs then serve as templates for the
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production of mRNAs encoding HDAg-L as well as additional “edited” antige-
nomes (Fig. 2). This scheme has several important consequences. First, the per-
centage of edited RNAs increases as long as replication occurs because edited
RNAs are sustained via replication; moreover, additional editing events continue
to convert unedited antigenomes to edited versions. Second, because HDAg-L
inhibits viral RNA replication, but is the limiting factor for virion formation, virus
replication and packaging are sensitive to the rate at which editing occurs. Finally,
because edited genomes are packaged into virions but are not expected to be
infectious, virus propagation could be negatively affected by excessive editing. It
is therefore not surprising that HDV uses several specific mechanisms to ensure
editing levels that are maximally productive.

2 Mechanism of HDV Amber/W Site Editing
2.1 Role of ADARs in Amber/W Site Editing

The relative roles of ADAR1 and ADAR2 in HDV RNA editing have been examined
by several approaches, including siRNA knockdowns and analysis of expression
levels in relevant cells, and comparison of the effects of site-directed mutagenesis of
the RNA structure on editing by these enzymes. Both ADARI and ADAR?2 are
capable of efficiently editing the amber/W site. Early analyses found that Xenopus
and Drosophila ADARs, which are similar to human ADARI1 and ADAR?2,
respectively, efficiently edited the amber/W site in the HDV antigenome RNA
in vitro (Casey and Gerin 1995; Polson et al. 1996). Furthermore, when overex-
pressed, both human ADAR1 and human ADAR?2 were found to efficiently edit the
amber/W site in transfected cells (Jayan and Casey 2002a; Sato et al. 2001).
However, the relative abilities of these two enzymes to edit the site have not been
directly addressed; only hADARI has been examined for its ability to edit the RNA
in vitro (Linnstaedt et al. 2006; Wong et al. 2003). In vitro, editing occurred effi-
ciently under conditions that included only HDV RNA and purified enzyme, indi-
cating that no additional factors are required (Polson et al. 1996; Wong et al. 2003).

Based on relative expression levels and on the effects of siRNA knockdown in
cultured liver-derived cells, it is most likely that ADARI is responsible for editing
at the amber/W site during the course of HDV infection. ADARI expression is
10- to 20-fold higher than ADAR?2 in HDV-infected liver and in the liver derived
cell line Huh-7 (Jayan and Casey 2002b; Wong and Lazinski 2002). Knockdown
of ADARI expression reduced levels of editing in both reporter constructs and
replicating genomes (Jayan and Casey 2002b; Wong and Lazinski 2002). Con-
sistent with these results, in analyses of a series amber/W site mutations the
patterns of editing activities by endogenous ADAR activity in Huh-7 cells better
matched that obtained by co-transfected ADARI1 expression constructs (Casey and
Gerin 1995; Polson et al. 1996; Sato et al. 2001). The ADARI1a splice form
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of ADARI is most abundant in infected liver and in Huh-7 cells and knockdown of
this form in cultured cells reduced both editing and virus production (Jayan and
Casey 2002b).

Given that interferon may be successful therapeutically for HDV-infected
patients (Farci et al. 2004), and that HDV infection is capable of inducing pro-
duction of cytokines (Jilbert et al. 1986), the relative activities of the constitutive
and interferon-inducible forms of ADARI in amber/W site editing are of particular
interest. Wong and Lazinski (2003) observed that the constitutive nuclear form of
ADARI was more capable of editing the amber/W site than was the interferon-
inducible form in the context of replication in cells transfected with ADAR
expression constructs. Moreover, amber/W site editing was reduced by siRNA
knockdown of both forms of ADARI1, whereas knockdown of the interferon-
inducible form alone had no effect (Wong and Lazinski 2002). These observations
are consistent with the higher expression level of the constitutive form of ADAR1
in the nucleus, where HDV RNA replication occurs. Wong and Lazinski (2002)
did observe that the longer, inducible form of ADAR1 was responsible for the bulk
of editing of an amber/W editing reporter RNA; however, this observation was
probably a consequence of the use of a reporter mRNA with a long residence time
in the cytoplasm. Thus, amber/W site editing in cultured cells is primarily due to
the constitutive form ADAR1a, which is the most abundant form in the liver.

2.2 RNA Structure Requirements for Editing

The specific RNA structural features of ADAR substrates and their interactions
with ADAR double-stranded RNA binding motifs and deaminase domains are
described in detail elsewhere in this volume. A common feature is base pairing that
flanks the editing site and extends at least about ~ 25 bp in one direction. In most
cases, base pairing extends 3’ of sites and includes a limited number of mis-
matches, bulges and small internal loops that might help to properly position the
deaminase domain (Ohman et al. 2000). As described below, the secondary
structures required for amber/W site editing have been experimentally evaluated
for two of the eight HDV genotypes—genotype 1, which is the most common, and
genotype 3, which is the most distantly related genetically. In both instances, the
amber/W site is present in a base-paired context, but the structures differ con-
siderably. Compared with other editing sites, the overall size of the base-paired
structure required for HDV genotype 1 and genotype 3 amber/W site editing may
be larger.

2.2.1 The HDV Genotype 1 Amber/W Site

Site-directed mutagenesis has indicated that, for HDV genotype 1, amber/W site
editing involves the unbranched rod structure (Casey et al. 1992; Sato et al. 2001),
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which is also required for HDV RNA replication (Casey 2002; Sato et al. 2004).
This site occurs as an A—C mismatch pair in the midst of eight canonical Watson—
Crick base pairs (Fig. 1). Both the A—C mismatch and the base pairs immediately
surrounding the site have been shown to be critical for editing in cells and in vitro
(Casey et al. 1992; Casey and Gerin 1995; Polson et al. 1996). A—C mismatches,
which are found in some (but not all) other editing sites, have been found to
maximize editing efficiency (Casey et al. 1992; Herb et al. 1996; Lomeli et al.
1994; Polson et al. 1996; Wong et al. 2001).

The role of base-paired regions outside the 8 bp immediately surrounding the
genotype 1 amber/W site is not settled. Inspection of the RNA secondary structure
downstream of the site indicates that it contains base-paired segments but is more
frequently disrupted by bulges, mismatches and small internal loops than the
region 3’ of other editing substrates (Fig. 1). The effects on amber/W site editing
of site-directed mutations that either increase or decrease base pairing in this
region raise the question of whether the quality of base pairing in this region is
sufficient to play an important role in ADAR1 binding and activity (Jayan and
Casey 2005; Sato et al. 2004). Mutations that improved base-pairing, particularly
in the region 15-25 nt 3’ of the editing site, increased editing significantly (Jayan
and Casey 2005; Sato et al. 2004). Moreover, mutations that further disrupted base
pairing had little detectable effect on editing (Jayan and Casey 2005). These results
suggest that base pairing in the region up to 25 nt 3’ of the amber/W site might not
be sufficient to recruit ADARTI to the editing site via interactions with the DRBMs.

This conclusion appears to be inconsistent with the results of Sato et al. (2001),
who analyzed amber/W site editing using reporter constructs transfected with
ADAR expression constructs. These authors observed editing using a minimal
construct that contained just 24 nucleotides-principally the A—C mismatch and
only the surrounding eight base pairs, and concluded, based on this and other data,
that no additional secondary structure features were required. However, this
interpretation is limited by the fact that ADAR1 was expressed at very high levels
in the transfected cells. Several reports have indicated that such overexpression
can alter the behavior of the enzyme. For example, Herbert and Rich (2001) found
that overexpression of a form of ADARI lacking the double-stranded RNA
binding domains exhibited levels of activity similar to that of the wild-type pro-
tein. We have observed a similar result for the genotype 1 amber/W site—
overexpression of ADARI1 constructs lacking the DRBMs edited this site with
efficiency approximately half that of wild type ADAR1 (Chen and Casey,
unpublished). On the other hand, in vitro studies have shown that the DRBMs are
essential for full enzymatic activity on both dSRNA substrates as well as substrates
for site-specific editing (Liu et al. 1998; Liu and Samuel 1996). Overexpression of
the protein also dramatically reduces editing specificity (Jayan and Casey 2002a).
Overall, although the reasons for the discrepancy between the roles of the DRBMs
in editing in cells and in vitro remains to be resolved, it is clear that results
obtained in transfected cells expressing high levels of ADARs may need to be
interpreted cautiously. Thus, the conclusions from Sato et al. (2001) are likely
restricted by the high levels of ADARI expressed in the transfected cells and do



Control of ADAR1 Editing of Hepatitis Delta Virus RNAs 131

not necessarily preclude a role for sequences and structures outside the immediate
vicinity of the amber/W site for typical levels of endogenous ADARI1 expression.

More recent work indicates that the structure required for editing of the
genotype I amber/W site may indeed be substantially larger than suggested by Sato
et al. Inspection of the predicted secondary structure of the region 3’ of the amber/
W site indicates that the highest degree of base pairing is located from 64 to 100 nt
downstream (Fig. 1). Truncation to within 77 nt 3’ of the amber/W site diminished
editing to less than one-third the level of full-length RNA and further reduction to
42 nt 3’ of the site led to nearly complete loss of activity (Chen and Casey,
unpublished). This distal region includes 34 bp that are minimally disrupted by
one mismatch pair and four asymmetric single nucleotide bulges. The role of
sequences 5" of the amber/W site has not been examined in detail. Base paired
segments more than about 45 nt away from the 5’ side of the amber/W site are not
required, at least when the base paired region extending about 100 nt 3’ of the site
is present (Chen and Casey, unpublished).

Editing of the well-characterized GluR-B R/G site by ADAR?2 requires a 25 bp
hairpin 3’ of the site that contains two mismatch pairs (Jaikaran et al. 2002;
Ohman et al. 2000); the predicted structures of other substrates for both ADARI
and ADAR?2 contain similar length contiguous base paired segments that contain
few disruptions. The above results suggest that the HDV genotype 1 amber/W site
may require a similar total amount of base pairing; however, unlike other sub-
strates characterized thus far, the base pairing immediately flanking the amber/W
site is not contiguous with other base paired segments that are required. A can-
didate model for the interaction of this structure with ADARI is that the DRBMs
of ADARI bind within the base paired region between 64 and 100 nt 3’ of the
amber/W site and position the deaminase domain at the editing site via a long
range interaction that involves bending of the intervening partially dsRNA
(Fig. 3). This model remains to be confirmed. No cellular substrates for site-
specific adenosine deamination have yet been shown to use non-contiguous base
paired segments. Perhaps such sites can be identified by expansion of current
computational methods to include structures that include non-contiguous base
paired segments.

2.2.2 The HDV Genotype 3 Amber/W Site

The secondary structure used by HDV genotype 3 for amber/W site editing differs
from that used by genotype 1. Although genotype 3 also forms an unbranched rod
structure that is required for replication, inspection of this structure indicated that
the base pairing in the immediate vicinity of the amber/W site adenosine is much
more disrupted than in genotype 1 (Fig. 4). In fact, the genotype 3 amber/W
adenosine is not edited when the RNA is in the characteristic unbranched rod
conformation (Casey 2002; Linnstaedt et al. 2006). The inability of this structure
to be edited is due solely to the local disruption in base pairing around the amber/
W site, because RNAs harboring site-directed mutations that produce a structure
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SL2 structure are required for editing in vitro
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Fig. 4 Editing of the HDV genotype 3 amber/W site requires a branched structure. Schematics
show the unbranched rod (upper) and branched structures (lower). The ~ 25 base pair stem loops
SL1 and SL2 stabilize the branched structure. RNA secondary structures in the vicinity of the
amber adenosine are shown for both the unbranched rod and branched structures. The unbranched
rod structure is not a substrate for editing by ADARI1 due to the disrupted base pairing around the
adenosine, which is indicated by the five-point star

similar to that of the genotype 1 amber/W site (an A—C mismatch pair flanked by 9
base pairs) are efficiently edited (Casey 2002). In addition to the unbranched rod
structure, genotype 3 RNA is capable of forming an alternative branched structure
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in which the base pairing in the immediate vicinity of the editing site is increased
(Fig. 4). This structure is efficiently edited by ADARI both in vitro and in cells
(Casey 2002; Linnstaedt et al. 2006, 2009). In this branched structure, ca. 220 nt of
the unbranched rod structure are rearranged to form two ~ 25 bp stem-loops (SL1
and SL2) flanking a central base paired region that includes the amber/W site,
which is itself base paired (Fig. 4).

The elements of the branched structure play different roles in editing of the
genotype 3 amber/W site. Editing requires the central base paired region in the
immediate vicinity of the amber/W site and is sensitive to sequence variations in
this region in different HDV isolates (Linnstaedt et al. 2009). Perhaps, because the
28 nt mostly base-paired region 3’ of the genotype 3 amber/W site is disrupted by
a 7 nt internal loop, and loops of more than 4 nt have been shown to affect editing
of dsRNAs (Lehmann and Bass 1999), this region is not sufficient for editing in
vitro (Linnstaedt and Casey, unpublished). Thus, like the genotype 1 amber/W site,
the structural components of the genotype 3 site appear to extend over a larger
segment of the RNA than for the GIuR-B R/G site. Though SL1 stabilizes the
branched structure required for editing, it does not participate in the editing
reaction itself; removal of SL1 affects neither editing nor ADARI binding (Cheng
et al. 2003). SL2, like SL1, stabilizes the branched structure, but may also play a
direct role in editing. In vitro, SL2 is essential for ADAR1 binding and amber/W
site editing of a miniaturized RNA that contains a limited amount of the
unbranched rod structure beyond SL2 (Linnstaedt and Casey, unpublished). This
result suggests a model for ADAR1 binding similar to that suggested for genotype
1 (Fig. 3). In this case, the binding of at least some of the DRBMs to SL2 may
properly position the deaminase domain near the amber/W site. Conversely, in
cells expressing longer RNAs that include more of the unbranched rod structure
beyond SL2, removal of SL2 did not abolish editing (Cheng et al. 2003). Possibly,
both SL2 and parts of the unbranched rod beyond SL2 can independently con-
tribute to ADARI1 binding, perhaps via interactions with the DRBMs. Further
analysis will be required to resolve this question.

3 Control of Editing

The roles of HDAg-L in the HDV replication cycle, the multimeric nature of
HDAg and the susceptibility of replication intermediates with extensive
dsRNA character (including both the antigenome and the similarly structured
genome) to editing by ADARI1 necessitate that editing be controlled. This
control occurs at several levels: (1) minimizing editing at sites other than the
amber/W site; (2) maintaining the optimal rate of amber/W site editing to fit
the timing of the viral replication cycle; and (3) preventing over-accumulation
of editing.
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3.1 Restriction of Editing to the Amber/W Site

ADARI and ADAR2 can extensively edit long (>50 base-pairs) dsRNAs, in
which up to 50% of adenosines may be deaminated. Clearly, promiscuous editing
such as occurs on dsRNA would be deleterious to virus replication. Such highly
promiscuous editing does not occur in HDV RNA in vitro (Polson et al. 1996),
most likely because base-pairing in the HDV RNA unbranched rod structure is
interrupted by frequent bulges, internal loops and mismatches, which have been
shown to restrict editing on artificial dSRNA substrates (Lehmann and Bass 1999).
However, because HDAg functions as a multimer, even moderate levels of non
amber/W site editing could have deleterious effects by creating dominant negative
inhibitors of replication. In fact, mutant forms of HDAg that arose as a result of
spurious editing when ADARI or ADAR?2 were overexpressed inhibited replica-
tion (Jayan and Casey 2002a). Thus, it is not surprising that promiscuous editing
does not occur during typical HDV replication (Polson et al. 1998). In fact, the
amber/W site is edited 600-fold more efficiently than the other 337 adenosines in
the RNA (Polson et al. 1998).

There are three likely mechanisms by which HDV limits editing occurring at
non-amber/W sites: (1) base pairing in the unbranched rod structure is frequently
disrupted by internal bulges and loops that are likely to limit ADAR binding; (2)
A—C mismatch pairs flanked by segments of canonical base pairing have been
shown to be edited with the highest efficiency-the predicted secondary structure of
genotype 1 RNA contains just three adenosines in such structures, one of which is
the amber/W site; (3) the frequency of GA dinucleotides, which are strongly
disfavored for editing (Polson and Bass 1994), is 60% higher than predicted based
on a random distribution—indeed, G is the 5’ neighbor of 48% of adenosines and
both of the non amber/W adenosines predicted to be present as A—C mismatch
pairs have G as the 5’ neighbor.

It is important to note that, although the amount of editing that occurs at non-
amber/W sites is very low relative to the amber/W site, such editing may occur at
low levels during replication (Netter et al. 1995; Polson et al. 1998) and may
contribute to the evolution of genetic changes in the virus that can affect the
outcome of infection (Casey et al. 2006). Using a viroid-like model in which HDV
RNA replication was decoupled from HDAg synthesis, Chang et al. (2005)
observed A to G and U to C changes in the genome sequence that are consistent
with editing by ADAR1 on the genome and antigenome, respectively. These
changes accounted for 80% of all sequence changes that accumulated over the
course of 1 year in this system. Similar results were found in experimentally
infected woodchucks: more than two-thirds of sequence changes that accumulated
during the course of HDV infection were consistent with ADAR activity (Casey
et al. 2006; Netter et al. 1995). To be sure, none of the sequence modifications in
these studies were specifically shown to be due to ADAR activity; however, the
overwhelming bias in sequence changes towards transitions consistent with
adenosine deamination strongly suggests that it plays an important role in the
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Fig. 5 Effects of experimental variations in amber/W editing activity on HDV replication and
virion formation

majority. Significantly, in one of the woodchuck studies (Casey et al. 2006), some
of the potentially ADAR-initiated sequence changes were associated with the
development of chronic HDV infection, a serious health complication in humans.
Thus, in addition to playing a specific role in the HDV replication cycle by
modifying the amber/W site, ADAR activity may also provide a mechanism for
virus evolution that can affect the course of infection.

3.2 Control of Editing at the Amber/W Site

Considering the roles of HDAg-S and HDAg-L in virus replication, the amount of
amber/W site editing that occurs is likely to be critical. Indeed, experimental
manipulation of editing levels affected both RNA replication and virus production
in ways consistent with the roles of HDAg-S and HDAg-L in these processes
(Fig. 5). Thus, the rate of editing must be correlated with levels of viral RNA to
maximize virus production. Furthermore, because edited genomes are packaged
into virions, high levels of editing would compromise virus viability. Virus par-
ticles containing genomes encoding HDAg-L. would not only be incapable of
establishing replication on cell entry, but, in the event of co-infection with virions
encoding HDAg-S, would be likely to inhibit replication of otherwise competent
genomes. Thus, control of both the rate and ultimate level of editing is important
for HDV to maximize the yield of infectious virus.

Comparison of HDV editing with other editing substrates indicates that amber/W
site editing occurs much less efficiently. Cellular substrates for editing that are pre-
mRNAs are not only frequently edited at high levels (~ 100% in some cases), but
must be edited prior to processing in the nucleus. By contrast, amber/W site editing
HDV is barely detectable 4 days following the initiation of HDV replication in
transfected cells (Casey et al. 1992; Sato et al. 2004; Wong and Lazinski 2002), but
increases gradually as replication proceeds.
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Fig. 6 Models for control of editing rates of the HDV genotype 1 and genotype 3 amber/W sites.
Editing of the genotype 1 site (upper) involves the unbranched rod structure and is inhibited by
HDAg, which binds this structure following synthesis. In this model, HDAg and ADARI
compete for binding to the RNA. Editing of the HDV genotype 3 site (lower) requires a
metastable branched structure that is formed only following transcription and eventually
rearranges to the unbranched rod. Editing is limited by the fraction of RNA that folds into the
branched conformation during transcription

In principle, the efficiency at which different adenosines are edited can be
affected by a number of different mechanisms:

e ADAR expression levels
o Intrinsic activity of the editing substrate:

— ADAR binding affinity
— Accessibility of the targeted adenosine to the catalytic site after binding

e Substrate availability:

— Alternative processing
— Alternative folding
— Binding by other factors

There is no evidence that editing rates, or efficiency, increase during the course
of replication, nor do ADAR levels change (Sato et al. 2004; Wong and Lazinski
2002). The increased level of editing at later times during HDV replication is a
consequence of the placement of editing in the replication cycle (Fig. 2). As
discussed below, the intrinsic substrate activity of the amber/W site is sub-optimal
for efficient editing in both genotype 1 and genotype 3 and this inefficiency
contributes to the low editing levels observed. However, a corollary of reduced
intrinsic activity of the amber/W site is decreased specificity for that site relative to
other sites in the RNA. Thus, it is not surprising that both genotypes further
decrease editing rates by limiting the availability of the RNA for editing by
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ADARI. That the specific mechanisms used to limit both the intrinsic editing
activity and substrate availability differ for these genotypes underscores the critical
need for the virus to restrict editing rates.

3.2.1 Sub-Optimal RNA Structures for Editing at the Amber/W Site

The K12 transcript of human herpes virus 8 (HHV-8) yields both a mRNA and
miRNA that are edited at up to 76% under conditions of lytic virus replication
(Gandy et al. 2007). Editing in vitro by ADARI of the genotype 1 amber/W site
and the amber/W site in the genotype 3 RNA HDVpgry is about threefold lower
than that of the HHV-8 K12 editing site; editing of the genotype 3 HDVgc amber/
W site is even less efficient (Linnstaedt and Casey, unpublished). The features of
the HDV amber/W sites responsible for the sub-optimal activity are different for
genotype 1 and genotype 3. For genotype 1, the lack of sufficient base pairing
within ~25 nt 3’ of the site limits activity. Increasing base pairing in this region
increases both binding by ADARI1 (Chen and Casey, unpublished) and editing
(Jayan and Casey 2005). In the branched structure used by HDV genotype 3, the
amber/W site exists as an A—U base pair, which is edited less efficiently than the
much more common A—-C mismatch (Casey et al. 1992; Herb et al. 1996; Lomeli
et al. 1994; Polson et al. 1996; Wong et al. 2001). This difference contributes to the
sub-optimal activity of this site; changing to an A—C mismatch pair increases
editing. Furthermore, additional sequence and structural variations within the
region ~10 nt 3’ of the amber/W site contribute to differences in editing
between the structures formed by Peruvian and Ecuadorian genotype 3 sequences
(Linnstaedt et al. 2009).

3.2.2 Genotype 1—Control by Binding of HDAg to HDV RNA

While it is clear that the genotype 1 and genotype 3 amber/W sites are edited less
efficiently than the HHV-8 K12 transcript in vitro, the differences in editing levels
are not as dramatic as that seen in cells. Thus, the sub-optimal activity of the
amber/W site cannot fully account for the lower efficiency of HDV editing.
Although editing of HDV RNA 2-3 days following the initiation of replication is
nearly undetectable, up to 40% of non-replicating genotype 1 RNA produced in
transfected cells in the absence of HDAg are edited (Casey and Gerin 1995; Polson
et al. 1998). In the presence of HDAg expression, editing of non-replicating RNA
editing reporters is dramatically reduced (Polson et al. 1998; Sato et al. 2004). The
levels of HDAg-S required for this inhibition are similar to those seen in cells
replicating HDV RNA (Polson et al. 1998). Thus, HDAg prevents the rapid
accumulation of editing early in the HDV genotype I replication cycle. HDAg has
been shown to specifically bind the HDV RNA unbranched rod structure
(Defenbaugh et al. 2009). Thus, inhibition likely occurs by binding of HDAg to HDV
RNA and preventing access of ADAR1 (Polson et al. 1998; Sato et al. 2004) (Fig. 6).
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Inhibition is not due to interference with ADARI activity per se; as discussed
below, HDAg-S does not affect editing of genotype 3 RNA (Cheng et al. 2003).
Moreover, recent work has shown that HDAg inhibits editing of HDV RNA by
ADARLI in vitro; editing of the K12 RNA, which is not bound by HDAg, is not
affected. This mechanism of inhibition is advantageous with regard to the corre-
lation between low editing activity and specificity. By binding the RNA, HDAg is
likely to interfere with editing at non-amber/W sites at least as effectively, if not
more so, than it interferes with editing at the amber/W site. Consistent with this
idea, sequence analysis of cDNA clones indicated that non amber/W editing events
were highly correlated with amber/W changes on the same RNA (Polson et al.
1998). Both HDAg-S and HDAg-L inhibit editing equally well, indicating that this
mechanism for controlling editing is not directly responsive to editing levels.

3.2.3 Genotype 3—Control by RNA Folding Dynamics

HDV genotype 3 restricts editing rates by a completely different mechanism.
Editing of the genotype 3 amber/W site is not inhibited by HDAg-S, either in
transfected cells (Chen and Casey, unpublished) or in vitro (Cheng et al. 2003).
The mechanistic explanation for this lack of inhibition is not yet clear, but may
involve altered binding of HDAg to the branched structure required for editing.
Rather than HDAg-binding, editing of the genotype 3 amber/W site is limited by
the distribution of the RNA into several different folding conformations following
synthesis. The branched structure required for editing of the genotype 3 amber/W
site is less energetically stable than the unbranched rod structure and is therefore
formed only immediately following transcription of the RNA as a metastable
structure (Linnstaedt et al. 2006, 2009). In vitro, only a fraction of the RNA folds
into the branched structure and, with time, the RNA converts from the branched to
the unbranched structure (Linnstaedt et al. 2006). Because only the branched
structure can be edited by ADARI, the fraction of RNA that folds into this
structure determines the amount of editing that can occur (Fig. 6). In support of
this model, the predicted and observed in vitro folding tendencies of RNAs from
two different HDV genotype 3 isolates correlated with the editing activities of
these RNAs during replication (Linnstaedt et al. 2009).

3.3 Control of Final Editing Levels

As discussed above, genomes encoding HDAg-L accumulate during the course of
HDV replication. Although these genomes are efficiently packaged into virions,
they are not expected to be infectious because the encoded HDAg-L will not
support RNA replication. There is no known mechanism employed by the virus to
reverse the result of editing such that the genome could produce HDAg-S. Thus,
the non-infectious genomes packaged into virions are, in a sense, a cost of editing
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to the virus. However, under conditions of high multiplicity of infection, the
negative effects of packaging edited genomes may be far greater than the pro-
duction of a population of viruses in which 25% are defective. During the acute
stage of infection, viremia can approach 10'? particles per ml (Ponzetto et al.
1987); with a total of about 10 hepatocytes in the liver it is possible that cells will
be infected by more than one virus particle. Under these conditions, genomes
encoding HDAg-L could interfere with infection by HDAg-S-encoding genomes.
Thus, it is likely important for the virus to not only prevent premature excessive
editing by the mechanisms discussed above, but to also limit the total amount of
editing that occurs, after sufficient HDAg-L has accumulated for producing
virions.

Sato et al. (2004), demonstrated that HDAg-L controls its own synthesis by
inhibiting HDV RNA replication and editing. This control appears to be intimately
linked to the mechanisms by which editing occurs and by which editing rates are
controlled for both genotypes 1 and 3. Because the antigenomic RNA is the
substrate for editing, HDAg-L. mRNA production from edited genomes requires
two additional transcription reactions: synthesis of genome RNA, then synthesis of
the mRNA. As levels of HDAg-L increase, these replication events are inhibited.
But Sato et al. (2004) observed that editing levels were also controlled. To explain
this result, it was suggested that newly synthesized RNAs are available to be edited
by ADARI for a short time, but are rapidly bound by HDAg and become
unavailable for editing thereafter (Sato et al. 2004). Thus, once RNA synthesis is
stopped, amber/W editing also ceases.

Genotype 3 HDAg-L also inhibits replication of genotype 3 RNA (Casey and
Gerin 1998). Although the study conducted by Sato et al. was performed using a
genotype 1 clone, the model is also consistent with our understanding of how
genotype 3 amber/W site editing occurs: editing of the genotype 3 amber/W site
can only occur following folding of newly synthesized antigenome RNAs into the
metastable branched structure (Linnstaedt et al. 2006, 2009). Once synthesis stops,
editing will no longer occur because the RNA can no longer fold into the proper
structure.

4 Relationship of HDV RNA Editing to Antiviral Responses

Interferon alpha (IFN-«) induces expression of a form of ADARI that can effi-
ciently edit the amber/W site (Patterson and Samuel 1995; Wong et al. 2003) and
HDV replication is very sensitive to editing levels. It is therefore important to
consider the relationships between IFN-« treatment, editing levels and HDV RNA
replication, particularly in light of the clinical use of IFN-o for HDV therapy.
Although some results have been reported, this area is need of further study.
Hartwig et al. (2004) showed that IFN-o treatment of Huh-7 cells led to an
approximately two-fold increase in amber/W site editing and a marked decrease in
total levels of HDAg expression 7 days post-transfection. These results appear to
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contradict an earlier study that found no effect of IFN-o on HDV replication
(McNair et al. 1994). However, the lack of an effect in that work could be
attributed to the use of a stably transfected cell line, in which HDV RNA levels
could have been due to transcription from the integrated cDNA rather than viral
RNA replication. In subsequent work, Hartwig et al. (2006) concluded that the
increase in amber/W editing following IFN-o treatment is due to increased
ADARI-L expression. However, this conclusion needs further validation. The
experimental system used did not fully knock down ADAR expression levels for
the duration of HDV replication; thus, amber/W editing levels still rose nearly
two-fold in cells treated with IFN-« even in the face of treatment with antisense
oligonucleotides. Another unresolved question is how the extent of increased p150
expression observed by Hartwig et al. (2004) could account for the increase in
amber/W editing. Even after IFN-o treatment, levels of ADAR1 p150 were lower
than p110 (Hartwig et al. 2004), and Wong et al. (2003) previously showed that
p110 is more effective editing the amber/W site during HDV replication. Thus, the
extent to which the increase in amber/W site editing in IFN-a-treated cells is due to
increased p150 expression, or to some other effect(s) of IFN-u« treatment, remains
to be determined.

Regardless of the specific process by which amber/W editing levels increase
following IFN-o treatment, the results of Hartwig et al. (2004) suggest a potential
mechanism of action of IFN-« therapy in infected patients that should be explored
in greater detail. Do amber/W editing levels increase during therapy? Does
sequence variability increase, as might be expected based on the effects of ADARI
overexpression in transfected cells (Jayan and Casey 2002a)? How are HDV RNA
replication levels affected? It is not clear whether to expect increased editing to
produce decreases in HDV viremia, which is perhaps the simplest measure of
antiviral success, because the connection between editing levels, HDAg-L
expression and virus production might not be straightforward. In an analysis of
genomes containing mutations that increased editing levels, it was found that
virion production was not affected at early times, most likely because HDAg-L
levels, which are limiting for virus production, remained constant because
increased amber/W site editing counterbalanced decreased replication (Jayan and
Casey 2005).

Related to the effects of IFN-a treatment are the questions of whether virus
infection itself affects ADARI1 expression (and editing levels) by either inducing
IFN-o expression (Jilbert et al. 1986) or by inhibiting IFN-o signaling pathways
(Pugnale et al. 2009). Although levels of the interferon-inducible form of ADARI
were reported to be the same in normal and HDV-infected liver (Jayan and Casey
2002b), it is possible that the analysis of bulk tissue samples would not have been
sensitive to localized IFN-o expression near foci of infection. A recent report
indicated that HDV may inhibit IFN-a signaling pathways (Pugnale et al. 2009).
The mechanism by which this inhibition occurs has not been determined. Although
this result appears to contradict the observed IFN-« induction of ADAR1 p150 in
cells transfected with HDV (Hartwig et al. 2004), there are a number of differences
in the experimental approaches (timing and dose of IFN-o treatment, timing of
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HDV replication, accounting for untransfected cells); thus it remains unclear
whether there is a controversy. Undoubtedly, there is much to be done to under-
stand the interactions between HDV and IFN-« and the extent to which these
interactions involve editing of the HDV RNA by ADARI.

5 Perspective

Compared with cellular substrates for RNA editing, the HDV amber/W site dis-
plays both significant similarities and instructive differences. Although the base
pairing in the immediate vicinity of sites is similar, ongoing analysis of the HDV
amber/W site suggests that base paired segments further removed from the site
(at least in a linear configuration) may be important, perhaps by binding the
DRBMs of ADARI1. Whether such long-range interactions occur in cellular sub-
strates is currently unknown. Determination of the specific interactions between
ADARI elements and structural features in HDV RNA, including both the amber/
W site itself and segments further removed, remains a critical goal. Possibly,
understanding the interactions employed by HDV could expand current concepts
of what constitutes a structure in cellular RNAs likely to be targeted by ADARI.
The mechanisms by which editing is controlled in different cellular environments
and on different cellular RNAs has not been widely examined. However, it seems
likely that control of editing will be just as important for cellular targets as for
HDV. As control of editing of cellular substrates is analyzed in more depth, the
mechanisms employed by HDV to control editing (including competition between
ADARs and other proteins for the site, and RNA folding variability) will more
than likely be among the mechanisms found to be used for these targets. Finally,
the connections between ADARI, IFN-a, and HDV editing are in need of further
study, particularly in light of the therapeutic effects of IFN-o in HDV patients.
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Bioinformatic Approaches
for Identification of A-to-I Editing Sites

Eli Eisenberg

Abstract The first discoveries of mammalian A-to-I RNA editing have been
serendipitous. In conjunction with the fast advancement in sequencing technology,
systematic methods for prediction and detection of editing sites have been
developed, leading to the discovery of thousands of A-to-I editing sites. Here we
review the state-of-the-art of these methods and discuss future directions.
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Adenosine-to-inosine (A-to-I) RNA editing has the potential for a major diversi-
fication of the transcriptome beyond its genomic blueprint. This post-transcrip-
tional modification of RNA is catalyzed by enzymes of the ADARs (adenosine
deaminases that act on RNA) protein family, which bind double-stranded RNA
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structures and deaminate targeted adenosines (A) within these structures into
inosines (I). The inosines seem to be functionally equivalent to guanosines (Gs),
and thus A-to-I editing affects downstream RNA processes, such as translation and
splicing, resulting in different fates for the edited RNA molecules (Bass 2002;
Nishikura 2010).

Twenty years ago, the first mammalian example for A-to-I RNA editing was
reported—editing of an adenosine nucleotide within the coding sequence of the
glutamate receptor subunit GluRB, resulting in a modified protein with a dis-
tinctive biochemical activity (Sommer et al. 1991). Despite much effort, only a
handful of additional mammalian editing targets were found till 2003. On the other
hand, a number of tantalizing hints suggested that editing is of high importance
and wider scope: mice lacking ADARs die in utero or shortly after birth (Hartner
et al. 2004; Higuchi et al. 2000; Wang et al. 2000). In addition, a number of
neurological pathologies were linked to abnormal editing patterns, including
epilepsy, brain tumors, amyotrophic lateral sclerosis (ALS), schizophrenia,
depression and neuronal apoptosis following disruption of the blood flow to the
brain (Brusa et al. 1995; Gurevich et al. 2002; Kawahara et al. 2004; Maas et al.
2001; Niswender et al. 2001; Paz et al. 2007; Wang et al. 2004). Most recently it
was found that editing activity of ADARI is essential for hematopoiesis (Hartner
et al. 2009; XuFeng et al. 2009). These phenotypes were not all explained by the
few editing targets identified. Moreover, pioneering experimental work found that
inosine exists in mRNA in large amounts (Paul and Bass 1998), much larger than
could be accounted for by the small number of targets known at that time.
Accordingly, the search for more targets continued and a variety of experimental
methods to detect additional editing events and their levels were developed
(Chateigner-Boutin and Small 2007; Chen et al. 2008b; Gallo et al. 2002;
Lanfranco et al. 2009; Morse and Bass 1999; Ohlson et al. 2005; Ohlson and
Ohman 2007; Sakurai et al. 2010; Suspene et al. 2008; Wong et al. 2009;
Zilberman et al. 2009) with various levels of success.

1 Bioinformatic Screens

In principle, detection of editing sites should be straight-forward, analyzing cDNA
sequencing data. Resembling the endogenous enzymes, most sequencing reactions
also identify an edited adenosine “A” site within cDNA as a guanosine “G”.
Therefore, an A-to-G mismatch between a sequenced cDNA and its genomic
reference is an indication of an A-to-I editing event. Naively, then, one has to only
align the available cDNA data, including millions of publicly available ESTs and
full-length RNAs, to the genome, and search for such A-to-G mismatches (Fig. 1).
However, a simple application of this idea fails in reality due to the extremely low
signal-to-noise ratio. The total fraction of mismatches between the genome and the
expressed sequences amounts to 1-2% (Hillier et al. 1996). The main contributors
for these discrepancies are then random sequencing errors in the expressed
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Fig. 1 Editing traces in the
public expressed sequences
databases. Evidence for
editing in the 3’ UTR of the
solute carrier family 25,
member 45 (SLC25A45)
gene as found by alignment
of mRNAsS to the reference
genome observed in the
UCSC genome browser. The
mismatches are highlighted;
all of them are A-to-G
changes. The existence of the
Alu repeat is indicated in the
bottom of the screen-shot, in
the Repeat-Masker panel. A
number of inverted Alu
repeats are located 3—4 kbp
downstream the 3’ UTR
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sequences, which alone account for 1-2 mismatches per 100 bp sequenced.
Another important cause of variance between RNA and the genome includes
genomic polymorphisms and somatic mutations that result in genomic differences
between the different individuals, or the individual cells, contributing to the
expressed sequences and the reference genome. In addition, misalignment of the
RNA sequences to the genome is a major concern when dealing with repetitive
regions of the genome.

The first discoveries of A-to-I editing sites resided all within the coding parts of
mRNAs. These editing sites were shown to be functional—their editing results in a
modified protein, with biochemical properties different than those of the unedited
version. Studying these sites, it has been noticed that the genomic sequence sur-
rounding them is highly conserved among species (Hoopengardner et al. 2003).
This can be readily understood in terms of an additional evolutionary constraint: in
addition to the sequence conservation against changes in the amino-acid coding
information, the double-stranded RNA structure must be left intact in order to
preserve the editing event. This constraint leads to higher conservation at the DNA
level, and has proven to be a very useful signature of editing sites, to be employed
in bioinformatic searches (Clutterbuck et al. 2005; Hoopengardner et al. 2003;
Levanon et al. 2005a). The first study identified highly conserved regions and then
used extensive sequencing to look for editing sites, resulting in 16 novel sites in
Drosophila melanogaster and one in human (Hoopengardner et al. 2003). The
conservation may be further used to sift through the mismatches in available
cDNA data. Unlike editing sites, sequencing errors and genomic polymorphisms
are not often shared between species. Note, however, that specific types of
sequencing errors are not random but rather follow from a given pattern in the
neighboring sequence (Zaranek et al. 2010), these would seem as ‘conserved’
between species. Focusing on mismatches that reoccur in different species allows
one to find the few editing recoding sites among tens of millions of mismatches
between ESTs/RNAs and the genome. This strategy was applied by a number of
groups: looking for such conserved mismatches located in the exact same position
in human and mouse resulted in a few additional A-to-I editing substrates
(Levanon et al. 2005a; Ohlson et al. 2007; Sie and Maas 2009). The newly dis-
covered sites are now under investigation in order to determine their biological
function and regulation potential (Galeano et al. 2010; Hideyama et al. 2010;
Kwak et al. 2008; Nicholas et al. 2010; Nishimoto et al. 2008; Riedmann et al.
2008; Rula et al. 2008). One might have used an additional characterization of the
editing sites to further improve this analysis, namely the requirement for having a
dsRNA structure at the editing site. However, based on the examples of editing
sites known so far, it seems that the typical dsSRNA structures are rather weak and
hard to predict computationally (Bhalla et al. 2004). Interestingly, many of the
novel editing sites appear in the SNP database (dbSNP), due to an erroneous
interpretation of the variability among expressed sequences in these sites as a sign
for a single-nucleotide polymorphism (SNP) (Eisenberg et al. 2005a). A careful
analysis of dbSNP could result in more editing sites hidden as mis-annotated SNPs
(Gommans et al. 2008).
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2 Editing Within Repetitive Elements

In 1990s, experimental evidence for a significant amount of inosine in total RNA
has emerged. In the decade to follow, we have witnessed an impressive growth in
the number of known editing sites within the coding sequence (editing of which
might modify the encoded protein), especially as deep-sequencing methods have
been introduced in the past 2 years (see below). However, these are far from being
able to account for the total inosine levels observed: the currently known editing
sites within the coding region amount to about 400 sites. Thus, they represent
roughly 1:150,000 of all nucleotides in exons. The editing efficiency is spread
between 0 and 100%, with average efficiency less than 50%, so one expects not
more than 1:300,000 inosine to adenosine ratio in total mRNA. This rough esti-
mate is at odds with an observed ratio of 1:17,000nt in rat’s brain (Paul and Bass
1998) and results showing up to one inosine per 2,000 nt in poly-adenylated
mRNA from human brain (Blow et al. 2004). In addition, a number of clusters
of editing events were found in non-coding regions, providing first hints for
the significance of the non-coding RNA for the global A-to-I editing pattern
(Morse and Bass 1999).

In 2004, three groups have devised computational methods for identifying such
clusters, based on analysis of mismatches in otherwise almost perfect alignments
of RNA (Athanasiadis et al. 2004; Eisenberg et al. 2005b; Kim et al. 2004;
Levanon et al. 2004). The methods differ by the clustering criteria used and the
statistical analysis employed. Remarkably, the three independent procedures
resulted in highly similar results: A-to-G substitutions, which could arise from
A-to-1 editing events, account for more than 80% of the 12 possible types of
mismatches in the selected set of transcripts. As this disparity in mismatches
distribution is unlikely to occur for genomic polymorphisms and sequencing
errors, it provides a clear signature of editing in tens of thousands of sites within
the human transcriptome.

Editing events couple with splicing, thus they may occur in introns as well.
However, computational approaches based on expressed sequences are obviously
limited in their ability to detect editing within introns. Therefore, it is anticipated
that the actual number of editing sites in the human genome is even much higher
than the tens of thousands sites reported in the above works. Indeed, direct
sequencing of human brain total RNA has revealed that up to 1 in 1,000 bp of the
expressed regions are being edited, compared to only 1:2000 bp in poly-
adenylated mRNA (Blow et al. 2004).

Virtually all clusters of editing sites are harbored within Alu repetitive elements
(Levanon et al. 2004). Alu elements are short interspersed elements (SINEs),
roughly 300 bp long each. Humans have about a million copies of Alu, accounting
for ~10% of its genome (Lander et al. 2001). Since these repeats are so common,
especially in gene-rich regions, pairing of two oppositely-oriented Alus located in
the same pre-mRNA structure is likely. Such pairing produces a long and stable
dsRNA structure, an ideal target for the ADARs. Alu repeats are primate specific
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(Batzer and Deininger 2002), but other mammals have a similar number of
different SINEs. For example, the number of rodent-specific SINEs in the mouse
genome is larger than the number of Alu SINEs in humans, and they occupy a
similar portion of the genome (7.6% in mouse, 10.7% in human) (Waterston et al.
2002). However, genome-wide analysis of the properties of these SINE repeats
explains the order-of-magnitude difference in the global editing levels observed in
measurements of total inosine abundance as well as in bioinformatic screens
editing sites (Eisenberg et al. 2005b; Kim et al. 2004). It turns out that the shorter
length and higher diversity of the mouse SINE repeats are responsible for this
disparity in editing levels (Neeman et al. 2006). This global difference between
human and other mammals such as mouse is intriguing, as it is generally believed
that cellular mechanisms are generally conserved between human and mouse.
However, the significance of this difference is not clear yet, as the role of editing in
non-coding repeats is yet elusive.

3 Deep-Sequencing Approaches

Recent advancements in massively parallel sequencing technologies open a new
era in analysis of genome to transcriptome discrepancies. The first bioinformatic
works studied the publicly available transcription data in GenBank, a result of
group-effort of hundreds of labs around the world. In comparison, it is possible
today to produce a similar amount of data in a single 1000$ experiment. Thus, one
could start sequencing whole transcriptomes in order to determine the full scope of
RNA editing. However, observing a consistent discrepancy between the RNA
sequence and the reference genome is not sufficient to prove the site to be an
editing site. One must exclude the possibility of genomic diversity between the
reference genome and the genome of the RNA source tissue. It then follows that
identifying RNA editing sites requires sequencing of both genomic DNA and
cDNA from the same source, or two RNA samples of a wild-type and editing-
deficient mutant. Second, editing levels vary among tissues, and therefore one
would need to repeat the experiment for a wide variety of tissues in order to obtain
the full organism-wide repertoire of editing. Current technology still renders this
kind of experiment quite expensive. Accordingly, current usage of deep-
sequencing to look at transcriptome-wide editing is usually limited to a single
tissue, or to a limited part of the transcriptome (e.g. micro-RNAs, or a specific
gene(s) of interest) throughout a number of tissues or developmental stages. Such
studies are currently conducted by several groups, and are expected to significantly
increase the scope of known editing levels, and may even detect consistent
RNA-DNA mismatches other than A-to-G, reflecting RNA modifications beyond
the dominant (at least when one includes Alu repeats in the analysis) A-to-I editing.

In a first and pioneering work in this direction, Rosenberg et al. (2011) have
implemented a deep-sequencing approach followed by DNA-RNA mismatches
analysis to discover 32 novel targets of APOBEC1 C-to-U RNA editing, edited in
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epithelial cells from the small intestines of a mouse. As it was the case for A-to-I
editing, while the first known example of APOBECI editing (apoB mRNA)
resides in the coding region (Chen et al. 1987; Powell et al. 1987), transcriptome-
wide analysis have revealed editing in the non-coding regime. The functional role
of this extensive catalytic activity in non-coding parts of the transcripts is an open
challenge.

As mentioned above, studying a wide variety of tissues using a straight forward
deep-sequencing approach is still impractical. An alternative approach was dem-
onstrated recently by Li et al. (2009b). Combining a computational approach
together with a novel targeted sequencing technique, they aimed to get a tran-
scriptome-wide editing profile in a multi-tissues experiment. A bioinformatic
search used alignments of eight million human ESTs against the human reference
genome, in the spirit of the older bioinformatic approaches. After the repetitive
portion of the human genome and known genomic polymorphisms were removed,
there remained ~ 60,000 mismatches, which potentially could signal edited sites.
A targeted capture and sequencing approach was employed to specifically deep-
sequence the predicted sites. For each of the predicted sites, a padlock probe (also
known as molecular inversion probe) was designed for specific anchoring and
amplification (Li et al. 2009a). All sites were simultaneously captured, amplified
and sequenced using genomic DNA and cDNA from several different tissues
(mainly brain), all derived from a single donor in order to rule out polymorphisms
among populations. The pool of probes was hybridized to the DNA and cDNA in
separate amplification reactions. The amplicons were sequenced, and the resulting
sequences were scanned in order to identify A-to-G mismatches between the
genomic DNA and the RNA-derived cDNA. This method allows for parallel
sequencing of tens of thousands of suspected sites in a single reaction. It resulted
in detection of hundreds of novel A-to-I editing sites residing out of repetitive
elements. This technology can now be applied to study the hundreds of confirmed
editing sites (instead of the 60,000 candidates) in a large panel of tissues.
In particular, it provides a promising cost-effective approach to study in large scale
possible associations between the editing profile and various pathologies.

Similarly, Enstero et al. (2010) have first identified ~2,500 conserved regions
which form putative double-stranded RNA structures, and then used deep
sequencing of only 45 regions that were considered particularly promising based
on sequence conservation and the existence of A-to-G mismatches in the public
databases. This study has resulted in ten new editing sites, eight of which recode
codons. However, the editing efficiency of these sites was minute-0.6-2.4%.

In addition to the improvement in detection of RNA editing, the deep-
sequencing technology allows for much better quantification of the editing level.
Counting the number of edited and non-edited reads is easy enough. However, an
important (often neglected) concern is the possibility of an alignment bias. Current
deep-sequencing technology often results in short reads, with a non-negligible
amount of sequencing errors (1-2%). Due to the large amount of reads, fast-
alignment protocols must be used. These often allow only a small number of
mismatches within the read, e.g., retaining only reads with up to two mismatches.
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An edited read will appear as if it has a mismatch in the edited site. Therefore, only
a single additional mismatch is allowed if the read is to be aligned at all, while
unedited reads will be aligned even if exhibiting two mismatches. This creates a
bias against edited reads, resulting in an apparently lower level of editing. Situ-
ation is even worse considering the fact that many editing sites appear in clusters,
where editing of the different sites within the cluster is often positively correlated.
A satisfactory algorithmic solution for this problem has not been reported yet.
As such solution will become easier as technology is shifting toward producing
longer reads.

Finally, let us mention that the same methods described here for identification
of RNA editing are applicable for the study of DNA editing and somatic muta-
tions. Bioinformatic approaches for these phenomena are only beginning to
emerge (Zaranek et al. 2010), but are expected to increase as large deep-
sequencing data is accumulating.

4 Structural and Sequence Determinants of A-to-I Editing

A-to-I editing is characterized by a puzzling specificity and selectivity. In some
targets, such as the AMPA receptor gluR-B subunit in mice (Seeburg et al. 1998)
and the EIl site within the Alu-based alternative exon in the NARF gene
(Lev-Maor et al. 2007), 100% of the transcripts are being edited at a specific
adenosine. In contrast, most sites in the coding region show only a partial editing.
Looking at sites in Alu repeats, a seemingly random editing pattern is observed:
virtually all adenosines are targeted with varying editing efficiency, but only a few
are edited in any given clone of the transcript. However, it was recently shown that
editing in Alu repeats is also highly reproducible: the variability among healthy
individuals in editing level at a given site within a specific Alu repeat is much
lower than the site-to-site differences (Greenberger et al. 2010). The wide range of
efficiencies and the significant consistency between individuals call for a sequence
and structural motifs that determine the editing efficiency of each site relative to
others. The sequence and the resulting dsSRNA structure formed by Alu vary
significantly from site-to-site, but are shared by all samples. Sequence analysis of
editing sites revealed a number of weak motifs: C and T are over-represented at the
nucleotide 5’ to the editing site, while G is under-represented. At the nucleotide 3’
to the site, G is significantly over-represented (Kleinberger and Eisenberg 2010;
Lehmann and Bass 2000; Melcher et al. 1996; Polson and Bass 1994; Riedmann
et al. 2008). However, these alone cannot account for the observed tightly regu-
lated editing profiles. Therefore, the question still stands: what controls the editing
level at each given site?

Given the dependence of ADAR activity upon the formation of a double-
stranded RNA structure, it is plausible that structural motifs also play a role.
Indeed, also some evidence has been accumulated supporting this idea. The editing
level in a given Alu repeat can be shown to correlate with the existence of a nearby
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and reversely-oriented repeat, in support of the paired-Alu model. Analysis of
thousands of examples has shown that effective editing requires a distance of
roughly 2000 bp or less between the two Alus. Furthermore, the level of editing
increases with the number of reverse complement Alus present within this distance
(Athanasiadis et al. 2004; Blow et al. 2004; Kim et al. 2004; Levanon et al. 2004).
These characteristics of the editing pre-requisites are instrumental in devising
future searches for editing targets in human and other organisms. Interestingly,
edited adenosines within the dsSRNA structure are paired with a “U” or a “C” in
the reverse strand, meaning that editing either strengthens or weakens the dsRNA
structure, but virtually never has a neutral effect on the dsRNA-pairing energy
(Levanon et al. 2004). However, a detailed analysis comparing editing levels of
specific inosines within an Alu repeat is still not available. A first step in this
direction has been done recently (Kleinberger and Eisenberg 2010), but results are
still far from being able to explain in full the variability in editing levels. Ideally,
one would like to have a predictive model which, given the genomic sequence,
will provide the relative efficiencies of editing for all adenosines in the given
sequence.

5 Correlations Between Editing Sites

Many edited targets include a number of editing sites. Analysis of correlations
between editing of neighboring sites might reveal details regarding ADAR binding
and catalytic activity. A recent study (Enstero et al. 2009) has identified positive
correlations between different editing sites, as far as 25 bp apart. These positive
correlations might support a model in which ADAR is attracted to a specific
‘strong’ editing site, and then edits weaker sites in its vicinity. Indeed such weak
‘satellite’ editing sites have been observed in the vicinity of several editing sites.
A more complex pattern is observed when one looks at site—site correlations after
correcting for the whole-transcript editing affinity. Then, a rich pattern of positive
and negative correlations is seen, including pair and triple correlations for editing
sites as far as 150 bp apart (Paz-Yaacov et al. 2010). These intriguing results may
suggest that as editing of one site changes locally the double-stranded binding
energy, it might induce changes in the global structure, which in turn may enhance
or diminish editing efficiency in remote sites.

6 RNA Editing and Micro-RNAs

The role of Alu editing is yet to be explored. Recent observations suggest that
editing is involved in molecular mechanisms based on dsRNA structure, such as
RNAI (Tonkin and Bass 2003) and miRNA (de Hoon et al. 2010; Kawahara et al.
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2008; Kawahara et al. 2007b; Luciano et al. 2004). miRNAs are short non-coding
RNAs, endogenously expressed in the living cell, that bind to mRNAs and induce
suppression of translation, by either leading to degradation of the RNA or inhib-
iting translation. The primary sequence of the miRNAs processes in the nucleus by
Drosha and then further processes in the cytoplasm by Dicer, resulting in a mature
sequence ~21 nucleotides long. These short RNAs are binded by the RISC
complex (Bartel 2004). RNA editing is potentially coupled to miRNAs throughout
their life cycle. The biogenesis of miRNAs through Drosha and Dicer processing
hinges upon their double-stranded RNA structure. As these stages, editing of these
pre-miRNA (or pri-miRNA) and double-stranded RNAs might interfere with the
proper production of mature miRNAs, or even result in modified mature miRNA
sequences, exhibiting a different set of targets. Furthermore, miRNA targets are
often present in the 3’ UTRs, regions heavily targeted by RNA editing. Thus,
editing might influence miRNA targets, increasing or decreasing their affinity
toward miRNA binding.

The full picture of the relationship between miRNAs and A-to-I RNA editing is
still missing. However, a number of interesting results have emerged in recent
years (Blow et al. 2006; Kawahara et al. 2008; Luciano et al. 2004). It has been
demonstrated that both ADAR enzymes edit specific adenosines within
pri-miRNAs in human and in viruses (lizasa et al. 2010; Kawahara et al. 2007a;
Kawahara et al. 2007b; Yang et al. 2006). In these cases, editing was reported to
suppress the processing by Drosha or Dicer, or prevent loading onto the RISC
complex, resulting in a depleted amount of mature miRNA. In some cases, mature
miRNAs with an altered sequence have been reported.

Systematic searches for editing sites in miRNAs have not yielded a large
number of sites (Chiang et al. 2010; de Hoon et al. 2010; Linsen et al. 2010).
However, these studies have focused on rodents, and it is possible that the results
for humans might be different. Nevertheless, the low number of editing sites in
miRNAs is surprising. It seems to suggest that edited pre-miRNAs are degraded or
otherwise prevented from maturation. Alternatively, some other mechanism might
be responsible for protection of the miRNA sequences from editing. These
questions are yet to be explored.

Finally, modulation of miRNA targets has been also considered. Targets of
the miRNA contain a seven nucleotide sequence which complements the
miRNA seed. Thus, editing of the miRNA in the seed region should modify
its set of targets. Similarly, editing of a target recognition site could alter
its binding to the miRNA. Two bioinformatic studies have assessed the scope
of this phenomenon (Borchert et al. 2009; Liang and Landweber 2007),
concluding that hundreds to thousands of target sites might be affected.
In particular, two human miRNAs, miRNA-513 and miRNA-769-3p, target a
common motif present in the abundant Alu sequence only when it is edited.
Here too, further studies are required to elucidate the importance of target
editing for the miRNA regulation process.
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7 More functional Roles of RNA Editing of Inverted Repeats

The role of Alu editing is yet to be explored. Recent observations suggest that
editing is involved in molecular mechanisms based on dsRNA structure, such as
RNAI (Tonkin and Bass 2003) and miRNAs (see above). RNA editing was also
shown to be involved in splicing regulation in several cases (Lev-Maor et al. 2007;
Moller-Krull et al. 2008), notably the self-editing of ADAR?2 (Rueter et al. 1999).
It has been suggested that hyper-editing of repetitive elements might result in gene
silencing (Wang et al. 2005) or in an anti-retro element defense mechanism
(Levanon et al. 2005b). A possibility gathering support in recent years is the
suggestion that heavily edited transcripts are retained in the nucleus throughout
complexes containing p54nrb (non-POU domain containing, octamer-binding,
NONO) (Zhang and Carmichael 2001), later identified as paraspeckles (Chen and
Carmichael 2009). Indeed, later studies have shown that a single pair of reversely-
oriented Alu repeats in the 3’ UTR of a reporting gene strongly represses its
expression, in conjunction with a significant nuclear retention of the mRNAs.
Nuclear retention was demonstrated in detail for the endogenous Nicolin 1
(NICN11) mRNA harboring inverted Alus in its 3’ UTR (Chen et al. 2008a) and
for mouse Slc7a2 edited transcripts (Prasanth et al. 2005). However, another
group (Hundley et al. 2008) has recently reported no effect of editing within the 3’
UTR on mRNA localization and translation of several Caenorhabditis elegans and
human transcripts, suggesting that the retention phenomenon might be different in
different cells types, or conditions.

Nuclear retention of hyperedited transcripts was first interpreted as a means of
protection against abnormal transcripts (Zhang and Carmichael 2001). This is
supported by the abundance of hyperediting clusters in splicing-defective tran-
scripts (Kim et al. 2004). This idea is in line with a similar proposed mechanism,
suggesting that an I-specific cleavage of RNAs can lead to the selective destruction
of edited RNAs (Scadden and Smith 2001). However, a recent study (Prasanth
et al. 2005) opened a new perspective on the way transcript localization and
inosine-specific cleavage might contribute to cell function. It was shown that
inverted repeats within the 3’ UTR of the mouse Slc7a2 gene form a hairpin
dsRNA structure and are highly A-to-I edited. The mRNA is then retained in the
nucleus, as a reservoir of mRNAs that can be rapidly exported to the cytoplasm
upon cellular stress. It has been demonstrated that under stress conditions, the
edited part is post-transcriptionally cleaved, removing the edited SINEs from the 3’
UTR. Consequently, the mRNA is exported to the cytoplasm, where it translates
into a protein. It thus turns out that A-to-I hyperediting may serve as a powerful
means of retaining in the nucleus mRNA molecules that are not immediately
needed to produce proteins but whose cytoplasmic presence is rapidly required
upon a physiologic stress. This model might provide an elegant functional role to
the global editing phenomenon. Naturally, one wonders what the scope of this
model is, and whether it is relevant to the thousands of hyper-edited human genes.
Some support to this idea has been provided bioinformatically, showing that there
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are hundreds of transcripts in public databases exhibiting cleavage of an inverted
repeat structure, as if they have been retained in the nucleus and then cleaved and
released prior to sequencing (Osenberg et al. 2009). However, it should be pointed
out that it is not clear yet whether the nuclear retention is editing-mediated or
rather stems from the double-stranded RNA structure.

While editing was shown to be coupled with several regulation mechanisms, it
is yet too early to call whether any of these regulation mechanisms is as wide-
spread as Alu editing itself. Thus, Alu editing is a mystery still waiting to be
solved.

8 Future Directions

Advances in editing detection methods have opened the door for studies com-
paring editing levels globally between different conditions, pathologies and
developmental stages. First results reporting such difference between normal and
tumor brain tissues (Paz et al. 2007), mouse brain developmental stages (Wahlstedt
et al. 2009) and along stem-cell differentiation process (Osenberg et al. 2010) have
been published recently. We expect to see many more such studies in the near
future, which will help to clarify the scope of processes affected by A-to-I RNA
editing.

Alu repetitive elements are unique to the primates, but the occurrence of
repetitive elements in general is common to all metazoa. Applying the same
methods for editing detection to other organisms has shown that editing in human
is about 40 times higher as compared with mouse (Eisenberg et al. 2005b; Kim
et al. 2004). A similar picture was observed when comparing with rat, chicken and
fly (Eisenberg et al. 2005b). The high-editing level in humans is likely due to the
fact that humans have only one dominant SINE, which is relatively well-conserved
(only ~12% divergence between an average Alu and the consensus). In com-
parison, mouse has four different SINEs, which are shorter and more divergent
(~20% average divergence) (Neeman et al. 2006). This has lead naturally to the
question of the relative abundance of editing in humans as compared to other
primates. In a recent study (Paz-Yaacov et al. 2010), a two-fold higher level was
observed in human compared to chimpanzee and rhesus monkeys, for a set of six
genes in which no significant genomic differences occur among the three species.
In addition, human-specific Alu repeats have been shown to be associated with
neurological pathways and disorders.

The exceptional level of editing in the primate brain makes it tempting to
suggest a role in primate evolution. The over-representation of editing in brain
tissues and the association of aberrant editing with neurological diseases are
consistent with a possible connection between editing and brain capabilities. One
thus may speculate that the massive editing of brain tissues is responsible in part
for the brain complexity. As this large-scale editing is a direct result of Alu
abundance, it follows that if the above idea has any merit then the massive
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invasion of Alus into the primate genome had a major impact on primates’
evolution (Barak et al. 2009; Britten 2010; Eisenberg et al. 2005b; Gommans et al.
2009; Mattick and Mehler 2008; Paz-Yaacov et al. 2010).

The recent identification of hundreds of non-repetitive human RNA editing sites
may be followed by many more very soon. The volume of RNA-sequence data
collected in a couple of years already surpasses that the total amount deposited in
EST database in two decades. This increasingly growing amount of data will allow
for more predicted RNA editing sites. The dbSNP has also grown as a result of
recent genomic sequencing efforts, in particular the 1,000 genomes project,
improving one’s ability to filter rare SNPs. As sequencing cost continues to drop, a
comprehensive approach to identifying all RNA editing sites will become possible
by sequencing the entire transcriptomes as well as the exomes or genomes. In
addition to A-to-I sites, the full scope of other types of RNA editing and modi-
fications are surely going to be revealed by these efforts.
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ADARSs: Viruses and Innate Immunity

Charles E. Samuel

Abstract Double-stranded RNA (dsRNA) functions both as a substrate of ADARs
and also as a molecular trigger of innate immune responses. ADARSs, adenosine
deaminases that act on RNA, catalyze the deamination of adenosine (A) to produce
inosine (I) in dSRNA. ADARs thereby can destablize RNA structures, because the
generated I:U mismatch pairs are less stable than A:U base pairs. Additionally, I is
read as G instead of A by ribosomes during translation and by viral RNA-dependent
RNA polymerases during RNA replication. Members of several virus families have
the capacity to produce dsRNA during viral genome transcription and replication.
Sequence changes (A—G, and U-C) characteristic of A-I editing can occur during
virus growth and persistence. Foreign viral dsSRNA also mediates both the induction
and the action of interferons. In this chapter our current understanding of the role and
significance of ADARSs in the context of innate immunity, and as determinants of the
outcome of viral infection, will be considered.
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1 Introduction

Double-stranded RNA (dsRNA), the substrate of adenosine deaminases acting on
RNA (ADARs), also functions as an effector molecule that is sensed by, and
modulates the activity of, protein components that mediate the antiviral innate
immune response. ADAR activity was described initially in Xenopus oocytes as a
dsRNA unwinding activity during antisense RNA studies (Bass and Weintraub
1987; Rebagliati and Melton 1987). But rather than unwinding the dsRNA, it is
now known that the deamination of adenosine (A) to inosine (I) that occurred in
duplex RNA led to destablization of dsSRNA because I:U mismatch bp are less
stable than the A:U bp (Bass and Weintraub 1988; Wagner et al. 1989; Serra et al.
2004). Quantitation of the reduced stability of dSRNA following conversion of an
A:U bp into a I:U mismatch pair has been described, with an internal I:U pair
approximately 2 kcal/mol less stable than an internal A:U pair (Strobel et al.
1994). Because I hydrogen bonds with C instead of U, inosine is decoded as G
instead of A by ribosomes during translation and by viral RNA-dependent RNA
polymerases during replication and transcription, thereby leading to changes in
biologic processes that involve either RNA sequence- or structure-dependent
interactions and functions (Bass 2002; Maas et al. 2003; Nishikura 2010; George
et al. 2011).

The innate immune response represents an early line of host defense against
viral pathogens and includes the induction of interferon, the first cytokine dis-
covered. Interferon (IFN) derives its name from its potent biologic activity, the
ability to interfere with virus growth (Isaacs and Lindemann 1957). DsRNA has a
long history in the IFN field (Colby and Morgan 1971; Stewart 1979). Both nat-
urally occurring dsRNA in the form of reovirus genome RNA (Tytell et al. 1967)
and synthetic polyribonucleotide dsSRNA in the form of poly rl:poly rC (Field et al.
1967) were identified over four decades ago as potent inducers of IFN, both in
intact animals and in cultured cells. We now have considerable insight into the
molecular mechanisms by which dsRNAs are sensed as foreign nucleic acid and
activate signal transduction pathways leading to the induction of IFNs and pro-
inflammatory cytokines (Fig. 1, left). Among the innate immune signaling sensors
that are triggered by pathogen-derived dsRNA leading to the production of IFN are
the endosomal toll-like receptor 3, the cytoplasmic RIG-like receptors, RNA
polymerase III that acts as a cytoplasmic DNA sensor and produces dsRNAs, and
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<« Fig. 1 Signaling pathways activated by RNA leading to interferon production and action in
virus-infected cells. Left following entry of virion particles by receptor-mediated fusion or
endocytosis and uncoating, the transcription and replication of the viral genome can result in the
production of viral RNA with double-stranded character (dsSRNA) that is sensed as foreign RNA
by pathogen recognition receptors (PRR) of the host. Among the cellular PRR sensors of foreign
or non-self viral dsRNA are the RIG-family of cytosolic sensors (RIG-I, MDAS) that act through
the mitochondrial adaptor protein IPS-1 (CARDIF, MAVS, VISA) and the endosomal toll-like
receptor 3 (TLR3) sensor that acts through the TRIF adaptor protein. SSRNAs are sensed by
TLR7 and TLRS, and CpG-rich dsDNA by TLRO, that act through MyD88. Foreign cytosolic
dsDNA is also transcribed by RNA polymerase III to generate dsRNA that acts through IPS-1.
The IPS-1, TRIF and MyD88 adaptors function downstream of their respective foreign nucleic
acid PRRs to signal interferon regulatory factor IRF3 and NF-kB activation and subsequent
transcriptional induction of type I interferons. Right interferon proteins initiate signaling by
binding to their cognate receptors. The type I interferons that include the IFN-o subspecies and
IFN-f act through a shared IFNAR receptor complex to activate the JAK1 and TYK2 protein
kinases that lead to the activation of STAT1 and STAT? signal transducers, which together with
IRF9, form the trimeric ISGF3 complex that binds to the 13 bp ISRE DNA element to drive gene
transcription. Among the genes induced by JAK-STAT-dependent IFN signaling are those that
encode dsRNA-binding proteins including the dsRNA-dependent protein kinase PKR, the family
of 2/, 5'-oligoadenylate synthetases activated by dsRNA, and the p150 isoform of ADARI that
acts upon dsRNA (adapted from Samuel 2007)

PKR (Uematsu and Akira 2007; Yoneyama and Fujita 2007; O’Neill 2009; Kumar
et al. 2011). DsRNAs are important not only as inducers of IFNs, but also as
mediators of the actions of IFNs (Samuel 2001, 2007). Much has been learned
about the IFN-induced gene products that, acting either alone or in combination
with each other, inhibit virus growth in IFN-treated cells (Samuel 2001; Borden
et al. 2007). Among these IFN-induced proteins with antiviral activity are two
dsRNA-binding proteins that are enzymes activated by dsRNA (Fig. 1, right), the
protein kinase PKR that phosphorylates translation initiation factor elF-2 (Samuel
1979, 2001; Sadler and Williams 2007; Pindel and Sadler 2011) and the family of
2/, 5'-oligoadenylate synthetases that function via RNase L to degrade RNA
(Chakrabarti et al. 2011). A third IFN-induced dsRNA binding protein, the
inducible p150 form of ADARI, utilizes dsRNA as its substrate (Toth et al. 2006;
George et al. 2011).

The roles of ADAR proteins in viral infections, both antiviral and proviral, and
the function of ADARI1 as a suppressor of innate immune responses including
dsRNA-mediated protein activities, are reviewed in this chapter.

2 ADARs and Their Regulation
2.1 Genes

Three Adar genes have been characterized in mammals; they are designated
Adarl, Adar2 and Adar3. Adarl localizes to human chromosome 1g21 (Wang
et al. 1995; Weier et al. 1995) and mouse chromosome 3F2 (Weier et al. 2000),
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and Adar2 to human chromosome 21g22 (Mittaz et al. 1997) and mouse chro-
mosome 10C1 (Slavov and Gardiner 2002). The Adarl and Adar2 genes encode
active deaminase enzymes that possess A-I RNA editing activity, whereas Adar3
does not show demonstrable enzymatic activity (Bass 2002; Maas et al. 2003; Toth
et al. 2006; Nishikura 2010; Samuel 2011). The Adarl gene transcripts possess 15
exons in the human (Liu et al. 1997) and the mouse (Hartner et al. 2004; Wang
et al. 2004; George et al. 2005). Both the human and mouse Adar2 genes also have
15 exons (Slavov and Gardiner 2002; Maas and Gommans 2009). Furthermore,
multiple splice variants of both Adarl and Adar2 transcripts have been described,
in addition to a complex arrangement of multiple promoters that drive the
expression of the Adarl gene (George et al. 2011).

A single major Adarl transcript of ~6.7 kb is detected by Northern analysis
with RNA from human cells using probes derived from exons 2 —15 (Patterson et al.
1995). While inducible by interferon and also following infection, a significant
basal expression level of Adarl is observed both in cultured mammalian cells and
animal tissues (Patterson et al. 1995; Shtrichman et al. 2002; George et al. 2005).
The transcription of the Adarl gene occurs from at least three promoters, one of
which is IFN inducible, in human (George and Samuel 1999a, b; Kawakubo and
Samuel 2000) and mouse (George et al. 2005, 2008) cell lines. Adarl gene pro-
moters drive the expression of transcripts with alternative exon 1 structures (exon
1A, 1B, 1C) that are spliced as far as is known to a common exon 2 junction.
In addition to the three different forms of exon 1, splice variants of other exons,
notably exon 7, are also observed (Toth et al. 2006; George et al. 2011).

Among the best-characterized transcriptional units are the two major alternative
promoters responsible for the expression of two differently sized isoforms of
ADARI protein, known generally as p110 and p150. The IFN inducible promoter
drives transcription beginning with exon 1A that possesses a translation initiation
codon (AUGI1) and typically includes the alternative “b” form of exon 7 (George
and Samuel 1999a, b; George et al. 2005). The major constitutively active pro-
moter drives transcription beginning with exon 1B and includes the alternative “a”
form of exon 7 that is 26 amino acids longer than exon 7b (Liu et al. 1997; George
and Samuel 1999a, b; George et al. 2005). Translation initiation of the exon
1B-containing constitutively expressed transcripts begins at AUG296 within the
unusually large exon 2. While the consensus open reading frame of the ADAR1
human cDNA is 1,226 amino acids (Kim et al. 1994; O’Connell et al. 1995;
Patterson and Samuel 1995), because of the alternative splicing involving exons 1
and 7, multiple unique transcripts are produced of ~6.7 kb. The inducible exon
1 A-containing transcript with 7b encodes the IFN-inducible p150 protein that is
deduced to be 1,200 amino acids in size, whereas the constitutively expressed
human p110 protein encoded by exon 1B-containing mRNA is deduced to be 931
amino acids (Toth et al. 2006; George et al. 2011).

The interferon-inducible Adarl gene promoter region possesses a consensus
interferon-stimulated response element (ISRE). The Adar1 ISRE is highly conserved
between the inducible human (George and Samuel 1999b) and mouse (George et al.
2008) promoter sequences as well as with the ISRE elements present in the IFN
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inducible promoter of the mouse and human RNA-dependent protein kinase Pkr
genes (Tanaka and Samuel 1994; Kuhen and Samuel 1997). The Adarl human and
mouse gene ISRE elements are 12 bp and differ in only one position between each
other, at the 3'-position which is either a T or C (GGAAA_CGAAAGT/C). The Pkr
human and mouse gene ISRE elements are 13-bp and likewise differ in only the 3’
position from each other (GGAAAACGAAACT/A). ISRE elements enhance tran-
scription in response to type I IFN treatment (Schindler et al. 2007; Randall and
Goodbourn 2008). The IFN inducible Adar! promoter (George and Samuel 1999b;
George et al. 2008), like the IFN inducible Pkr promoter (Tanaka and Samuel
1994; Kuhen and Samuel 1997), is TATA-less both in mouse and human cells.
Transcriptional activation of genes by type I IFNs involve binding of the IFN («/3) to
the IFNAR receptor. Subsequent activation of JAK1 and TYK?2 tyrosine kinases
mediate activation of the STAT1 and STAT? factors that together with IRF9 form the
heterotrimeric ISGF3 complex that binds to the ISRE element to enhance gene
expression (Fig. 1, right). As expected, IFN induction of the Adari-encoded p150
protein is impaired in mouse embryo fibroblasts that are genetically deficient in either
the IFNAR receptor, the JAK1 kinase or STAT2 (George et al. 2008). But, unex-
pectedly, IFN induction of p150 is independent of STAT1 in MEFs (George et al.
2008). The mechanism of STAT1-independent IFN induction of p150 ADARI is not
established. Interestingly, the DNA editing enzyme APOBEC3G that catalyzes
C-U deamination of first-strand retrovirus DNA likewise is reported to be induced in
a STAT1-independent manner (Sarkis et al. 2006).

2.2 Proteins

The ADAR proteins possess multiple biochemical activities that include the ability
to bind A-form dsRNA, Z-form dsDNA and Z-form dsRNA, and to deaminate
adenosine in RNA substrates either in a highly selective manner at only one or a
very few adenosines, or when the dsRNA substrate possesses extensive duplex
character, then at multiple adenosine sites in a non-selective manner (Bass 2002;
Maas et al. 2003; Toth et al. 2006; Nishikura 2010; George et al. 2011). The diversity
of Adarl and Adar2 transcripts with alternative exon structures suggests the exis-
tence of different ADAR1 and ADAR?2 protein isoforms with potentially different
activities that might include different substrate specificities, different subcellular
localizations and different capacities to interact with protein partners or bind different
nucleic acids. Among the best-characterized ADARI protein differences are those
that arise from the alternative promoter usage and alternative splicing to generate the
two size isoforms of ADAR1. The large or p150 form of ADAR1 is IFN inducible and
localizes to both the cytoplasm and nucleus (Patterson and Samuel 1995; Poulsen
et al. 2001; Strehblow et al. 2002). The small or p110 form of ADARI is constitu-
tively expressed and is predominantly if not exclusively found in the nucleus
(Patterson and Samuel 1995; Li et al. 2010). ADAR?2 likewise is constitutively
expressed and localizes exclusively to the nucleus, primarily in nucleoli (Desterro
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et al. 2003; Sansam et al. 2003). The catalytic and nucleic acid binding domain
organization and function of the ADAR proteins are considered in depth elsewhere in
this volume by Beal and Allain and their colleagues (Goodman et al. 2011; Barraud
and Allain 2011). Briefly, for both the p110 and p150 isoforms of ADARI, the
deaminase catalytic domain is present in the C-terminal region and both size iso-
forms possess three copies of the dsSRNA-binding motif (R, or dsSRBD) positioned in
the central region of p110 and p150 (Kim et al. 1994; O’Connell et al. 1995; Patterson
and Samuel 1995; Liu and Samuel 1996; Liu et al. 1997). The dsRBD motifs of
ADARs including ADARI are similar to the prototype dsSRNA-binding motif first
identified in PKR (McCormack et al. 1992, 1995; Fierro-Monti and Mathews 2000).
The p150 protein, however, has an N-terminal extension of 295 amino acids com-
pared to pl 10 ADARI1. The N-terminus of p150 includes a repeated domain (Za, Zf3)
with homology to a sequence present within the N-terminal half of the poxvirus E3L
protein (Patterson and Samuel 1995) and this is now known as the Z-DNA binding
domain (Herbert et al. 1997; Schwartz et al. 1999). Only one copy of the domain (Zf3)
is present in p110. Only more recently have insights been gained regarding the
possible physiologic function of the Z-domains present in ADARI. Interestingly, the
Zo domain of ADAR1 p150 was shown to bind Z-RNA in addition to Z-DNA (Brown
et al. 2000; Placido et al. 2007). The Za domain of ADARI also forms stable
complexes with ribosomes with high affinity in human cells, and a stoichiometric
association blocks translation (Feng et al. 2011).

3 Innate Immunity Signal Transduction Pathways
3.1 Sensors and Adaptors of dsRNA Signaling

Viral nucleic acids produced in infected cells include double-stranded and
5'-triphospate-containing RNAs that are sensed as foreign or non-self nucleic acids,
thereby triggering the innate immune response (Yoneyama and Fujita 2007, 2010;
O’Neill 2009; Kumar et al. 2011; Nakhaei et al. 2009; Kawai and Akira 2010;
Garcia-Sastre 2011). 5'-Capping and 2’-O methylation of RNAs, modifications
characteristic of self or host mRNAs, generally prevent recognition by host cell
cytoplasmic sensors. Among the cellular pattern recognition receptors (PRRs)
that sense and respond to foreign viral RNAs are the cytoplasmic retinoic acid-
inducible gene I (RIG-I)-like receptors (RLRs) and the membrane-associated
Toll-like receptors (TLRs) as illustrated in Fig. 1 left. DsSRNA is sensed by
endosomal TLR3, whereas endosome-localized TLRs 7 and 8 detect single-
stranded RNA and TLR9 detects CpG-rich unmethylated DNA. DsRNA also is
sensed by RIG-I and MDAS RLRs, with both the size of A-form dsRNA and the
5’-end structure of the RNA serving as contributing determinants for signaling
via RIG-I or MDA-5 which are not functionally redundant. RLR signaling occurs
via the mitochondrial IPS-1 adaptor, leading to the activation of IRF3 and
NF-xB transcription factors, whereas TLR3 uses the TRIF adaptor, and TLR 7, 8
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and 9 use the MyD88 adaptor. Cytoplasmic pathogen B-form DNA can be
sensed by RNA pol III among other sensors, which gives rise to RNA subse-
quently detected by the RLR pathway.

Finally, the RNA-dependent protein kinase PKR functions also as a sensor of
dsRNA in a manner that modulates the innate immune response leading to IFN
production. Among the viruses where PKR plays a role in the induction of IFN are
measles virus (MV), human parainfluenza virus (HPIV) and rotavirus. PKR enhances
the induction of IFN-f by measles virus C and V deletion mutants by a pathway
dependent upon the IPS-1 adaptor of the RLRs but not TRIF (McAllister et al. 2010).
PKR activation also contributes to IFN-f induction via RLR signaling that follows
the kinetics of dsSRNA accumulation in human parainfluenza virus-infected cells
(Boonyaratanakornkit et al. 2011), and the induction and secretion of IFN-f by rota-
virus is likewise dependent upon PKR in addition to IPS-1and IRF3 (Sen et al. 2011).

3.2 Suppression of Interferon Responses by ADARs

A combination of findings from different lines of experimentation are consistent with
the notion that ADARI functions as a suppressor of interferon responses. Studies
including inducible Adarl gene disruption in mice (Hartner et al. 2009), stable
knockdown of both p110 and p150 ADARI proteins in human cells in culture (Toth
et al. 2009; Li et al. 2010), and transfection analyses with defined I:U-dsRNAs
corresponding to hyperedited dsRNAs compared to control RNAs (Vitali and
Scadden 2010), taken together, suggest that ADARI acts as a suppressor of IFN
system responses. Given that poly(r]):poly(rC) is both a potent inducer of IFN
(Stewart 1979; Yonemaya and Fujita 2007) and an activator of IFN-induced dsRNA-
dependent enzymes including PKR and 2’,5'OAS (Samuel 2001), the finding that
ADARI behaved as a suppressor of IFN responses was somewhat unexpected.
The inducible genetic disruption of Adarl p110 and p150 expressions in mice
suggested that ADARI functions a suppressor of IFN signaling in addition to
displaying an essential role for maintenance of both fetal and adult hematopoietic
stem cells (Hartner et al. 2009). Loss of ADAR1 in hematopoietic stem cells led to
rapid apoptosis and a global IFN response characterized by an upregulation of
IFN-inducible transcripts as revealed by genome-wide transcriptome analyses. The
gene expression signature of Adarl ™~ cells showed similarities with the signa-
tures of IFN-treated or virus-infected cells. Among the transcripts enhanced by
ADARI deficiency were those for the PKR, RIG-I and TLR3, all of which are
dsRNA sensors (Uemitsu and Akira 2007; Yonemaya and Fujita 2007; Samuel
2001), in addition to STAT1 and 2, IRF 1, 7 and 9, and Mx (Hartner et al. 2009).
Human HeLa cells in culture made stably deficient in the expression of ADARI1
pl10 and pl50 proteins through the use of a short hairpin RNA-mediated
knockdown strategy also revealed that apoptosis was enhanced in the ADARI-
deficient cells following infection with wild-type and V-deletion mutant MV (Toth
et al. 2009). Furthermore, the level of PKR kinase activation and elF-2u
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phosphorylation was increased both in HeLa cells stably knocked down for
ADARI (Li et al. 2010) and 293T cells transiently knocked down for ADAR1 (Nie
et al. 2007). The enhanced apoptosis seen in the ADARI1-deficient cells following
MYV infection correlated with enhanced activation of the PKR kinase and IRF3
transcription factor, both key dsRNA sensors in the IFN system. These results
suggest that the anti-apoptotic activity of ADARI1 in MV infected HeLa cells is
achieved through suppression of pro-apoptotic and dsRNA-dependent activities
illustrated by PKR and IRF3 (Toth et al. 2009). Likewise, MEF cells genetically
deficient for the p150 isoform of ADARI1 and stably expressing the MV receptor
displayed extensive virus-induced cytopathic effects following MV infection
compared to wild-type MEF cells (Ward et al. 2011).

The mechanism by which ADAR1 modulates the expression of IFN inducible
genes (characterized by elevated ISG expression in the absence of ADAR1) and the
activation of dsRNA-dependent IFN system proteins (illustrated by the elevated
activation both of the IFN inducible PKR kinase and the IRF3 transcription factor in
the absence of ADARI1) is not yet fully elucidated. One possibility is that ADAR1
functions as a gatekeeper and modifies the structure of activator RNAs and, that when
they are edited, the RNAs do not possess the structure sufficient to trigger the sig-
naling and activation of the IFN response. But in the absence of ADAR, the integrity
and amount of the structured RNA allows for induction and activation of the IFN
system. Another possibility is that the A-I editing activity per se of ADARI is not
required, but rather protein or nucleic acid binding interactions involving ADARI1 as
a binding partner are sufficient, and these interactions become altered in the absence
of ADAR1.I:U dsRNA, a mimic of hyperedited dSRNA, when transfected into HeL.a
cells suppresses the induction of IFN inducible genes and apoptosis by poly
(rT);poly(rC) compared to control dsRNA (Vitali and Scadden 2010). Furthermore,
transfection of I:U-dsRNA inhibited activation of IRF3 in parental HeLa cells (Vitali
and Scadden 2010), consistent with the enhanced activation of IRF3 and increased
apoptosis earlier seen in ADAR1-deficient HeLa cells following infection (Toth et al.
2009). As earlier mentioned, the PKR enhancement of IFN-f induction by virus
infection requires the IPS-1 adaptor of the RIG-I/MDAJS signaling pathway that leads
to IRF3 factor activation and subsequently to IFN induction (McAllister et al. 2010;
Boonyaratanakornkit et al. 2011; Sen et al. 2011). That ADARI deficiency increases
PKR activation (Toth et al. 2009; Li et al. 2010) and that I: U-dsRNA binds both RIG-
I and MDAS in a manner that may interfere with their sensing of foreign dsSRNA
(Vitali and Scadden 2010) suggests that multiple mechanisms may contribute to the
ADARI1-mediated modulation of IRF3 activation status and apoptosis induction.

4 ADARSs and Their Effects on Virus—Host Interactions

The profound importance of ADARs for normal development and neurophysiology
in the absence of virus infection is illustrated in mice and flies by the phenotypes
observed following genetic disruption of Adar genes or overexpression of ADAR
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Table 1 Functions of ADARs in viral infections can be either anti- or pro- viral dependent upon

the virus-host combination

Viral genome form and virus

Effect attributed to ADAR

References®

Negative-stranded RNA
Measles virus

Respiratory syncytial virus

Parainfluenza virus 3

Newcastle disease virus, canine
distemper virus, Sendai virus

Influenza virus

Vesicular stomatitis virus

Rift Valley fever virus
Lymphocytic
choriomeningitis v.

Hepatitis delta virus

Positive-stranded RNA

Hepatitis C virus

Double-stranded RNA

Orthoreovirus

Retroviruses

Human immunodeficiency
virus 1

U-C, A-G; M RNA

A-G; M RNA

Protection against CPE; inhibition
of PKR and IRF3 activation
Antiviral; protection against CPE

A-G; gp G RNA

RNA 3'-region
Protection against CPE

A-G; M1 RNA

A-G; HA RNA

Protection against CPE

A-G, U-C

Proviral; inhibition of PKR
activation

No effect; inhibition of PKR
activation

A-G; L RNA

A-G, U-C

A-G, U-C; GP RNA

No effect

Proviral; selective A-G,
amber-W

Antiviral

No effect

A-G TAR RNA

Proviral; A-G RRE

Proviral; inhibition of PKR
activation

Avian viruses: ALV and RAV-1 A-G

Cattaneo et al. (1986,
1988);

Wong et al. (1991)

Schmid et al. (1992)

Baczko et al. (1993)

Suspene et al. (2008,
2011)

Toth et al. (2009)

Ward et al. (2011)

Rueda et al. (1994);
Martinez and Melero
(2002)

Murphy et al. (1991)

Ward et al. (2011)

tenOever et al. (2007)
Suspene et al. (2011)
Ward et al. (2011)
O’Hara et al. (1984)
Nie et al. (2007)

Li et al. (2011); Ward

et al. (2011)
Suspene et al. (2008)
Grande-Pérez et al. (2002)

Zahn et al. (2007)

Ward et al. (2011)

Taylor (2003); Casey
(2011)

Taylor et al. (2005)
Ward et al. (2011)
Sharmeen et al. (1991)

Phuphuakrat et al. (2008)

Clerzius et al. (2009);
Doria et al. (2009,
2011)

Felder et al. (1994); Hajjar
and Linial (1995)

(continued)
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Table 1 (continued)

Viral genome form and virus Effect attributed to ADAR References”

Double-stranded DNA

Polyoma virus A-G early/late RNA overlap Kumar and Carmichael
(1997); Gu et al.
(2009)

Kaposi sarcoma-associated virus Selective A—-G K12 RNA Gandy et al. (2007)

Epstein-Barr virus A-G BART6 miR Tizasa et al. (2010)

@ See text for additional references

proteins as reviewed by Hartner and by Keegan and colleagues in other chapters in
this volume (Hartner and Walkley 2011; Paro et al. 2011). Genetic knockout of
Adarl in the mouse in a manner that disrupts 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. 2011) results in embryonic lethality between embryonic days 11.5 and 12.5.
Genetic knockout of Adar2 in the mouse, while not embryonic lethal, results in
neurophysiological abnormalities (Higuchi et al. 2000), whereas overexpression of
ADAR? protein results in adult-onset obesity (Singh et al. 2007).

A number of studies have also revealed the importance of ADAR proteins and
A-I editing during viral infections (Table 1). Somewhat surprising, the effect of
ADARSs on the virus—host interaction can be either antiviral or proviral, dependent
upon the specific animal virus and mammalian host cell combination and the level
and type of ADAR protein expression. The multiple roles played by ADARs will
be illustrated in the following sections by considering examples of animal viruses
from families with different genome organizations and subcellular sites of repli-
cation. These include viruses that have single-stranded RNA genomes of either
negative, positive or ambisense coding organization; dSRNA genomes; and dou-
ble-stranded DNA genomes (Knipe et al. 2007). The present understanding sug-
gests that ADARs may act either directly on the virus by editing a viral RNA in a
manner that impacts the outcome of the viral infection, or conceivably indirectly
by editing a cellular RNA in a manner that alters a cellular product that subse-
quently impacts the interaction of the virus with the host. It is also possible that
ADARs may function in an editing-independent manner, by altering protein or
nucleic acid binding interactions, which subsequently affect the outcome of the
viral infection. ADAR1 and ADAR2 have overlapping specificities with some
substrates (Lehmann and Bass 2000). In those instances where the effect of ADAR
protein function is exerted directly on the viral nucleic acid as implicated by viral
sequence changes characterized by A—-G (or U-C) substitutions, for viruses with
exclusively a cytoplasmic localization for their multiplication, presumably the
p150 isoform of ADARI1 would be the ADAR protein likely responsible; p150
ADARLI is the only known cytoplasmic ADAR in mammalian cells (Bass 2002;
Toth et al. 2006; Nishikura 2010; George et al. 2011). By contrast, for those
viruses with a nuclear component to their multiplication that display A—G and U-C
substitutions in the viral sequences, viruses which include dsDNA viruses
and orthomyxoviruses among those considered below, then either ADARI size
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isoform or ADAR?2 theoretically could be responsible for the editing events as all
of these ADARSs are nuclear proteins and enzymatically active deaminases (Bass
2002; Toth et al. 2006; Nishikura 2010; George et al. 2011).

4.1 Negative-Stranded RNA Viruses

Negative-stranded RNA viruses include those viruses with a single-stranded RNA
genome that is the opposite sense, or complementary, to that of mRNA, and hence is
not decoded directly by translation. Following infection, the viral genome of negative-
stranded ssRNA viruses is transcribed by a virion-associated viral RNA-dependent
RNA polymerase to produce mRNA for translation, and then replicated to produce
full-length positive (and subsequently negative) sense ssSRNA. Among the negative-
stranded viruses are members of the Paramyxoviridae, Orthomyxoviridae and
Rhabdoviridae families. The observations of A—G (U-C) nucleotide substitutions in
viral RNA sequences determined for negative-stranded RNA viruses has a long history
and has implicated ADAR-mediated A-I editing as a factor in the interaction of these
viruses with their hosts (Cattaneo and Billeter 1992; Samuel 2011). Only more recently
has evidence been obtained that directly establishes ADARI as a restriction factor
affecting the outcome of interaction of negative-stranded viruses, particularly MV,
with their hosts (Toth et al. 2009; Ward et al. 2011).

Paramyxoviridae and Orthomyxoviridae: Measles Virus is a member of the
Morbillivirus genus of Paramyxoviridae. The enveloped virion of MV encloses a
~ 16 kb negative-stranded ssRNA genome that consists of six genes, the N, M, F, H
and L monocistronic genes and the polycistronic P/V/C gene. The co-transcriptional
pseudo-templated G nucleotide insertion editing that occurs with MV to generate the V
transcript with a frameshift compared to the P/C transcript, which is commonly
referred to as “editing” by virologists, should not be confused with the nucleotide
substitution editing by ADARs. While MV causes a typically acute infection spread by
the respiratory route, a rare but serious complication is the subsequent persistent
infection of the central nervous system known as subacute schlerosing panencephalitis
(SSPE), a progressive fatal neurodegenerative disease (Moss and Griffin 2006;
Oldstone 2009). It is in the context of SSPE where ADAR was initially implicated as
causing hypermutations characterized by A—G substitutions (or U-C in the comple-
mentary strand). MV isolated from the central nervous system of SSPE patients dif-
fered from wild-type MV of acute infections. The novel genetic changes of the SSPE
virus were characterized by extensive mutations affecting predominantly the MV
matrix M gene and the fusion F gene (Cattaneo and Billeter 1992; Cattaneo et al. 1986;
Wong et al. 1991, 1994; Schmid et al. 1992; Baczko et al. 1993). Most striking were
biased hypermutations, primarily in the M gene where in one instance up to 50% of the
U residues were converted to C. The observed M gene mutations are consistent with the
defective production of viral matrix protein associated with SSPE persistent infection
in the brain, and the lack of antibodies to M protein seen in SSPE patients (Hall et al.
1979; Liebert et al. 1986). Direct evidence that the hypermutated M gene of an SSPE
strain virus contributes to the persistent infection and chronic CNS disease was
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obtained in studies with transgenic CD46 mice (Oldstone et al. 1999) and the
Edmonston strain MV that causes acute infection, which was engineered by reverse
genetics to replace the Edmonston M gene with the Biken SSPE strain M gene
(Patterson et al. 2001).

Evidence for the editing of MV RNA in cell culture infections was obtained
using a creative PCR-based strategy (3DI-PCR) to selectively amplify GC-rich
RNAs, as would arise following ADAR editing which substitutes I(G) for A (or C
for U in the complementary strand). With the 3DI-PCR approach the natural
hydrogen-bonding rule is inversed by generating modified DNA that contains
diaminopurine in place of adenine, and inosine in place of guanine, which allows
for the selective amplification of GC-rich ADAR-edited RNAs by differential
DNA denaturation. When the Schwarz strain of MV was grown on IFN sensitive
MRCS cells, MV sequences were obtained following 3DI-PCR amplification that
had extensive A—G transitions characteristic of ADAR editing, whereas sequences
amplified from MV grown on Vero cells that do not produce type I IFN « or f§ (and
hence would not produce the induced p150 ADARI1) did not show the A-G
transitions (Suspene et al. 2008). Using the 3DI-PCR approach it was also shown
that a region of the M gene of the live attenuated measles vaccine virus and a
region of the HA gene of inactivated seasonal influenza virus vaccine both pos-
sessed hypermutated sequences, with the mutation frequency greater for influenza
compared to MV (Suspene et al. 2011). ADARI p150 earlier was implicated to
edit influenza virus RNA, as A—G mutations were frequently found in influenza
virus matrix M1 RNA isolated from the lung tissue of infected mice that possess an
intact innate immune signaling system and expressing ADARI1. But mice genet-
ically deficient in the IKKe kinase and defective in the induction of a class of
IFN-induced genes including ADARI displayed infrequent A-G transitions
compared to control mice (tenOever et al. 2007). Thus, sequence analyses both of
MYV, a member of the Paramyxoviridae that multiplies in the cytoplasm, and of
influenza A virus, a segmented negative-strand virus that is a member of the
Orthomyxoviridae that replicates and transcribes viral RNA in the nucleus (Samuel
2010a), reveal nucleotide substitutions characteristic of ADAR editing found
under physiologic conditions where elevated levels of ADARI p150 would be
expected (tenOever et al. 2007; Suspene et al. 2008, 2011). In addition, following
infection with influenza A PR8 or Udorn strains, quantitative analysis of the
nucleolar proteome also showed an increase in the nucleolar ADAR1 p110 and
p150 levels (Emmott et al. 2010).

Loss of function approaches have provided direct evidence consistent with the
conclusion that ADARI1 plays an important role as a host restriction factor for
controlling MV host interactions (Toth et al. 2009; Ward et al. 2011). The effect of
ADARI1 deficiency on the growth of the Moraten vaccine strain and virus-induced
cell death was assessed with human HeLa cells made stably deficient in ADAR1
p110 and pl150 through short hairpin RNA-mediated knockdown (Toth et al.
2009). The growth of MV mutants lacking expression of C or V accessory proteins
was decreased in the ADARI-deficient knockdown cells compared to ADARI1-
sufficient cells. However, MV-induced apoptosis was enhanced in the ADARI-
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deficient cells. Furthermore, the C mutant-infected ADARI1-sufficient cells when
ADARI1 did not protect against apoptosis, caspase cleavage of the p150 but not
pl10 protein was observed. The enhanced apoptosis observed in the ADARI1
knockdown cells correlated with enhanced activation of PKR and IRF3. To further
evaluate the role of the p150 isoform in the host response to MV infection, mouse
embryo fibroblast cells stably expressing the SLAM receptor for MV and genet-
ically deficient in p150 were compared to wild-type (WT) MEFs following
infection with the Edmonston vaccine strain (Ward et al. 2011). Deletion of the
p150 isoform of ADARI increased susceptibility of MEF cells to MV infection.
The p150 null MEFs but not the WT MEFs displayed extensive MV-induced CPE
following infection. While at early times after infection the yield of infectious
progeny was reduced in the p150 null compared to WT MEFs, at later times the
yields were not statistically different. These results taken together indicate that,
both in human HeLa and mouse MEF cells, ADARI plays an anti apoptotic
role in the context of infection with MV vaccine strains (Toth et al. 2009; Ward
et al. 2011).

The protection provided by the p150 isoform of ADARI against virus-induced
cytopathic effects seen in MEF cells is not limited to MV of the Morbillivirus
genus (Ward et al. 2011). Additional members of the Paramyxoviridae family
including Newcastle disease virus (Avulavirus genus), Sendai virus (Respirovirus
genus) and canine distemper virus (Morbillivirus genus) showed pronounced
cytopathology in Adarl p150~~ MEFs that was not observed in WT MEFs. The
p150 isoform also protected against CPE in MEFs infected with the mouse-
adapted influenza A WSN strain, a member of the Orthomyxoviridae. Reconsti-
tution of the Adarl p150~~ MEFs with mouse ADARI completely protected
against development of CPE by the various myxoviruses. Taken together, these
results indicate a general protective role of the p150 isoform of ADARI against
infection with paramyxoviruses and orthomyxoviruses in MEFs (Ward et al.
2011). Three additional paramyxoviruses, human respiratory syncytial virus (RSV,
Pneumovirus genus), human parainfluenza virus 3 (HPIV3, Respirovirus genus)
and mumps virus (Rubulavirus genus) have also been shown to undergo mutation
consistent with the A-I editing action of an ADAR (Murphy et al. 1991; Rueda
et al. 1994; Martinez and Melero 2002; Amexis et al. 2002; Chambers et al. 2009).
In the case of RSV, biased A—G substitutions that caused the loss of neutralization
epitopes of the glycoprotein G were identified in G gene of antibody escape virus
mutants, but not in the F gene glycoprotein (Rueda et al. 1994; Martinez and
Melero 2002). With HPIV3, numerous A—G and U—C transitions were detected in
the 3’-end of HPIV3 RNA recovered from long term persistently infected cells in
culture (Murphy et al. 1991). ADAR catalyzed deamination has also been impli-
cated in the sequence changes seen in the Jeryl Lynn vaccine strain of mumps
virus (Amexis et al. 2002; Chambers et al. 2009).

Rhabdoviridae: Vesicular stomatitis virus (VSV), amember of the Rhabdoviridae
family, has a negative-sense ssSRNA genome of ~11 kb and multiplies in the
cytoplasm by a scheme similar to MV (Knipe et al. 2007). However, in contrast to
the enhanced virus-induced cytotoxicity effects mediated by ADARI deficiency
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seen for paramyxoviruses as illustrated by MV (Toth et al. 2009; Ward et al.
2011), ADARI deficiency did not affect the replication of VSV in the absence of
IFN treatment (Li et al. 2010; Ward et al. 2011). Likewise, overexpression of
either ADARI or ADAR?2 did not significantly affect VSV growth even when the
virus was passaged for ten rounds of growth in HEK 293 cells engineered to
overexpress either p150 ADARI or ADAR?2 (Li et al. 2010). The lack of a readily
demonstrable effect on VSV multiplication of either ADARI overexpression or
ADARI deficiency by genetic knockout or RNAi knockdown, is somewhat sur-
prising given the similarities between VSV and MV in genome structure and
replication mechanism. ADAR deficiency leads to enhanced virus-induced cyto-
toxicity in the case of MV (Toth et al. 2009; Ward et al. 2011), but not VSV
(Li et al. 2010; Ward et al. 2011) which by comparison is more cytopathic than
MYV even in the presence of ADAR. However, two reports suggest that ADAR-
mediated hypermutation may occur albeit at very low frequency of detection in
mammalian or insect cells infected with rhabdoviruses. Clustered A—G transitions
over a short A-rich sequence region have been described for a VSV defective
interfering particle (O’Hara et al. 1984) and also for the Drosophilia sigma
rhabdovirus PP3 gene region (Carpenter et al. 2009).

Bunyaviridae and Arenaviridae: Bunyaviridae and Arenaviridae have single-
stranded RNA genomes, but they are segmented. Viruses in the family Bunyaviridae
contain three ssSRNA segments (S, M, L) whereas Arenaviridae members have two
sSRNA segments (S, L). While most members of the Bunyaviridae are negative-
stranded, phleboviruses including Rift Valley fever virus (RVFV) use an ambisense
coding strategy for the S-segment that includes decoded sequence in both the neg-
ative and positive senses, as do members of the Arenaviridae family including
lymphocytic choriomeningitis virus (LCMV) for the S and L segments (Knipe et al.
2007). Mutations characteristic of ADAR editing have been described in RVFV and
LCMV infections (Grande-Pérez et al. 2002; Zahn et al. 2007; Suspene et al. 2008).
The 3DI-PCR strategy was used to demonstrate that infection of MRCS5 cells with an
RVFYV strain that lacks a functional NSs protein gave rise to RVFV genomes with
extensive A—G editing of viral RNA, but when the infection was carried out in Vero
cells only quasispecies variation was seen (Suspene et al. 2008). Vero cells are
defective for IFN-« and f§ production, whereas MRCS cells display a competent IFN
response. RVFV with defective NSs protein was used, as wild-type NSs blocks IFN
production and mediates degradation of the PKR kinase (Billecocq et al. 2004;
Habjan et al. 2009).

LCMV has two ssRNA genome segments, S (~3.5 kb) and L (~7.2 kb), and
among the LCMV S-segment gene products are the glycoprotein precursor that
gives rise to GP1 and GP2. When the mutation rate and pattern of the GP region of
genomic clones of LCMV were analyzed at early and late times after infection of
L929 mouse fibroblast cells with the WE virus strain, the mutations seen did not
exhibit any specific pattern at two days after infection. But by seven days after
infection a distinct A-G mutation bias emerged that gave rise to nonfunctional
glycoprotein at a high frequency (Zahn et al. 2007). The preference for A-G (U-C)
substitutions was also seen in spleen tissue of LCMV infected mice with a higher



178 C. E. Samuel

rate of mutation found at late time points. LCMV did not antagonize ADARI
activity, but rather infection upregulated ADARI p150 in L929 cells and mice
(Zahn et al. 2007). LCMV replicates in the cytoplasm, and ADARI1 pl150 is
localized in part in the cytoplasm. These results taken together suggest that
ADARI is antiviral in the context of LCMV infection at late times after infection.
At early times after infection, however, no significant differences were observed
between wild-type and ADAR1 p150~'~ mutant MEFs in the growth of the LCMV
clone 13 strain of virus (Ward et al. 2011).

Hepatitis delta virus: Hepatitis delta virus (HDV) possesses a circular ~ 1.7 kb
ssRNA negative-sense RNA genome that forms a rod-like imperfect duplex that is
extensively base-paired (Taylor 2003). HDV is a defective satellite of hepatitis B
virus, and is dependent upon HBV helper function that provides the HBV envelope
surface antigen as a component of the HDV particle. HDV genome replication
takes place in the nucleus, and is dependent upon small delta antigen (HDAg-S).
Late during replication large delta antigen (HDAg-L) is made that is required for
HDV virion production. A-I editing of HDV RNA at the amber/W site, which
converts an UAG termination codon into an UGG tryptophan (W) codon allows
for the production of HDAg-L as reviewed by Casey in this volume (Casey 2011).
While both ADAR1 and two are able to catalyze the editing of HDV RNA,
ADARLI is believed to be the enzyme primarily responsible for editing the amber/
W site. Efficient editing of HDV RNA is restricted to the amber/W site despite the
~70% duplex character of HDV RNA. Under normal physiologic conditions A—I
editing at the amber/W site is proviral.

Control of the rate and extent of A—I editing at the amber/W site however is
essential for normal HDV replication (Casey 2011). Under conditions of ADAR1
overexpression, high levels of amber/W site editing leads to aberrant HDAg-L
expression that aborts replication prematurely, and hence editing is antiviral.
Elevated expression of pl150 ADAR1 would be expected, for example, under
conditions of IFN treatment as a therapy for HBV. IFNa induces ADARI,
increases editing and decreases HDV RNA replication (Patterson and Samuel
1995; Wong et al. 2003; Hartwig et al. 2004, 2006). However, HDV has also been
described to impair IFN signaling (Pugnale et al. 2009) which would be antici-
pated to impair the induction of p150 ADARI. The balance between pro- and
anti-viral effects of ADAR editing of HDV RNA no doubt are determined by the
combination of virus genotype, host cell and relative IFN induction and action
levels achieved.

4.2 Positive-Stranded RNA Viruses

Positive-stranded RNA viruses include those viruses with positive-sense ssSRNA
genomes, that is, their genomic RNA is the polarity of mRNA and is decoded
directly by translation to protein. Among the positive-stranded viruses is hepatitis
C virus (HCV), a member of the Flaviviridae family. HCV possesses a ~9.6 kb
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positive-sense sSRNA genome enclosed within an enveloped virion that encodes a
polyprotein precursor of ~3,000 amino acids which is processed by viral and
cellular proteases to produce ten mature viral proteins (Knipe et al. 2007; Samuel
2010b).

HCYV infection is a major global problem, with estimates of over 100 million
individuals persistently infected, and an estimated ~ 350,000 deaths annually due
to cirrhosis and heptacellular carcinoma (Perez et al. 2006). The treatment for
chronic hepatitis infection is a combination therapy of pegylated type I IFN-o and
ribavirin. Among the IFN inducible genes is ADARI p150. The site of HCV
replication is the cytoplasm, and ADARI1 p150 localizes in part to the cytoplasm.
Retrospective analysis of chronic hepatitis C virus-infected patients for respon-
siveness to treatment with IFN and ribavirin has revealed that patient genotype, in
addition to the HCV virus genotype, viral load, and cirrhosis status are important
factors in determining therapy responsiveness (Hwang et al. 2006; Welzel et al.
2009). And, ADARI is among the genes identified that associated with the
responsiveness trait when DNA polymorphisms of responders and nonresponders
of Taiwanese (Hwang et al. 2006) and European (Welzel et al. 2009) origins were
analyzed. In addition to the IFN-inducible ADARI, other IFN system components
including the IFN receptor, JAK1 signaling kinase and IFN induced protein 44
were noted.

So far only limited mechanistic studies have been described to assess the
potential role that ADAR1 plays directly on HCV replication. In Huh7 cells stably
transfected with an HCV replicon, IFN« treatment was reported to inhibit replicon
expression in part through the involvement of ADARI (Taylor et al. 2005).
Adenovirus VAI RNA, identified initially as an IFN system antagonist of PKR
(Kitajewski et al. 1986; Samuel 2001), also impairs ADARI activity in vitro (Lei
et al. 1998). Inhibition of both PKR and ADAR1 by VAI RNA stimulated HCV
replicon expression and decreased the amount of I-containing RNA found in
replicon cells (Taylor et al. 2005). Consistent with the notion that ADAR1 was
targeted by VAI RNA to inhibit HCV replicon expression, siRNA knockdown of
ADARI was observed to stimulate replicon expression. While the HCV replicon
system has provided a valuable approach to analyze HCV RNA replication (Appel
et al. 20006), the availability of the JFH infectious virus and hepatoma cell culture
system now makes possible mechanistic analyses of innate immune responses in
HCYV virus-infected cells (Lemon 2010). The infectious HCV virus cell culture
system provides an approach to further assess the role of ADARI in the antiviral
actions of IFN. Potential targets of ADARI relevant to the IFN response against
HCYV include microRNAs as well as the RNA-dependent protein kinase PKR. IFN
modulation of cellular microRNAs has been reported as a component of the HCV
antiviral response (Pedersen et al. 2007). HCV is known to use the abundant liver-
specific miR122 to enhance replication (Skalsky and Cullen 2010; You et al.
2011), and ADAR is known to affect both the production and targeting of some
cellular micro RNAs (Wulff and Nishikura 2011). Activation of the IFN-inducible
PKR by HCV impairs cap-dependent translation and production of IFN response
proteins (Garaigorta and Chisari 2009) as well as the production of IFN (Arnaud
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et al. 2010), and ADAR is known to function as a suppressor of PKR activation
(Nie et al. 2007; Toth et al. 2009; Li et al. 2010).

4.3 Double-Stranded RNA Viruses

The only viruses with dSRNA genomes that are known to infect mammals are some
members of the Reoviridae including the orthoreoviruses. Orthoreoviruses, com-
monly called reoviruses as they are the founding members of the family, are naked
(non-enveloped) virions that possess a segmented dsSRNA genome consisting of ten
segments of fully complementary dsRNA that fall into three size classes; the total
size of the 3 L, 3 M and 4 S-sized segments is ~23.5 kbp of dsRNA (Gomatos and
Tamm 1963; Joklik 1981; Knipe et al. 2007). Replication of reoviruses occurs
within the cytoplasm of the infected host. RNA transcription is by a virion core-
associated dsRNA-dependent ssSRNA polymerase that utilizes the dsSRNA segments
as templates for production of plus-sense transcripts that then serve as mRNA and
also as templates for synthesis of progeny dsRNA during subviral particle mor-
phogenesis. Despite over 20 kbp of naturally occurring dsRNA, relatively little is
known regarding the roles, if any, that ADARSs may play in reovirus replication and
pathogenesis. What is clear is that reovirus multiplication occurs to high yields in
many lines of cultured mammalian cells that possess both ADARs and also func-
tional RNA interference machinery, both of which act on dsRNA. These observa-
tions suggest that the reovirus dsRNA is shielded from the host cell’s defense
machinery. Indeed, no free reovirus dsRNA is normally found in infected cells; as
far as is known, reovirus dsRNA is present only enclosed in viral particles (Joklik
1981; Knipe et al. 2007). The yield of infectious Dearing strain reovirus in MEF
cells genetically deficient for the cytoplasmic deaminase form, ADARI p150, is
comparable to that seen in wild-type MEFs in the absence of IFN treatment; fur-
thermore, type I IFN treatment reduces the yield of reovirus comparably in the
Adarl p150™* WT and p150~'~ mutant cells (Ward et al. 2011).

4.4 Double-Stranded DNA Viruses

Double-stranded DNA viruses include viruses of the Polyomaviridae and
Herpesviridae families. Their genomes are circular dsDNA of ~5 kbp in the case
of polyoma virus and linear dsSDNA of ~ 125-250 kbp dependent upon the spe-
cific herpesvirus. Transcription of viral genes in both cases occurs in the nucleus
by the cellular RNA polymerase II machinery. ADAR-mediated RNA editing has
been described for viral RNA transcripts of mouse polyoma virus (Liu et al. 1994;
Kumar and Carmichael 1997; Gu et al. 2009) and two herpesviruses, Kaposi’s
sarcoma-associated herpesvirus (Gandy et al. 2007) and Epstein—Barr virus (lizasa
et al. 2010).



ADARs: Viruses and Innate Immunity 181

Polyomaviridae: Mouse polyoma virus, mPyV, is a small DNA virus in which
the naked virion capsid encloses a single ~5 kbp molecule of circular dsDNA
complexed with cellular histones to form a minichromosome. In mouse cells
permissive for productive infection, the early and late regions of the viral genome
are expressed bidirectionally, with early and late mRNAs transcribed from
opposite strands of the DNA genome. Spliced early mRNAs encode three regu-
latory proteins that include large T antigen important for DNA replication. Spliced
late mRNAs are expressed efficiently only after DNA replication and encode three
capsid proteins VP1, VP2 and VP3 (Benjamin 2001; Knipe et al. 2007). Evidence
has been presented that early RNA gene expression is regulated by sense-antisense
interactions that result in extensive A—I editing of the early strand RNA transcripts
at late times after infection (Liu and Carmichael 1993; Liu et al. 1994; Kumar and
Carmichael 1997). Formation of dsSRNA occurs in the regions of sense-antisense
overlap of the early and late viral transcripts that includes overlap of the poly-
adenylation signals (Gu et al. 2009). Extensive A—G (I) sequence changes are seen
in mPyV early strand RNAs present in the nucleus at late times after infection
(Kumar and Carmichael 1997), consistent with the hyperediting action of an
ADAR. Given the nuclear localization of mPyV transcription, either ADARI or
ADAR?2 both of which are nuclear enzymes could presumably be responsible for
the biased hyperediting in the 3’-overlap region of mPyV RNAs. While transient
knockdown of ADARI1 in NIH3T3 cells caused a defect in early-to-late switch
suggesting mPyV infection is sensitive to ADARI protein levels (Gu et al. 2009),
the availability of MEFs genetically null in Adarl, Adarl p150 and Adar2 should
permit the unequivocal identification of which ADAR edits mPyV RNA in the
nucleus (Higuchi et al. 2000; Hartner et al. 2004, 2009; Wang et al. 2004; XuFeng
et al. 2009; Ward et al. 2011). ADAR-catalyzed A-I editing of cellular mRNAs
containing dsRNA structures in their 3’-UTRs, including inverted Alu repeats in
the case of cellular mRNAs in human cells, may affect localization of the RNAs
(Hundley and Bass 2010). However, for mPyV, it is not yet fully clear whether it is
the formation of the dsRNA in the 3’-region of overlapping polyadenylation sig-
nals or the A-I editing per se of the dsRNA that is the critical determinant for
regulation of mPyV RNA expression.

Herpesviridae: Kaposi’s sarcoma-associated herpesvirus, KSHV or human
herpesvirus 8 (HHV-8), is associated with Kaposi’s tumors seen in immunosup-
pressed patients including, for example, AIDS patients (Knipe et al. 2007; Mesri
et al. 2010). In the case of KSHV, a viral transcript is edited in a manner that
affects both a protein coding sequence and a microRNA (Gandy et al. 2007).
During lytic infection most KSHV viral genes are transcribed in cascades with
temporal regulation, whereas during latency only a few viral genes are expressed
and among the most abundant is the K12 kaposin transcript. The K12 transcript
encodes three kaposin proteins (A, B, C) and a microRNA (miR-K10) and has
oncogenic potential (Damania 2004). A-I editing occurs at genome posi-
tion117990 in the K12 transcript, and in the kaposin A ORF, changes serine at
position 38 to glycine. The nt substitution also changes position 2 at the 5’end of
miR-K10, potentially altering targeting. Editing levels are increased nearly 10-fold
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following treatment with phorbol ester or sodium butyrate to activate lytic virus
replication. Transcripts containing an A at 117990 are tumorigenic, while those
with a G corresponding to edited RNAs with I are not tumorigenic as measured by
focus formation in Rat3 cells and tumor production in nude mice. ADARI, at least
the p110 form expressed using baculovirus and purified from Sf9 insect cells,
efficiently edits the K12 transcript (Gandy et al. 2007).

Epstein—Barr virus, EBV or human herpes virus 4 (HHV-4), is a lymphotropic
herpesvirus that can infect and transform a range of human B cells and is
associated with latent infections and diseases including infectious mononucleosis
and Burkitt’s lymphoma (Knipe et al. 2007). EBV encodes more than 20 mi-
croRNAs and among them is the BART6 miRNA (Pfeffer et al. 2004; Skalsky
and Cullen 2010). In the case of EBV, four viral miRNAs including BART6
miRNA primary transcripts are edited in latently EBV-infected cells (lizasa
et al. 2010). Primary miRNA transcripts are processed by the Drosha and
Dicer endonucleases that act together with dsRNA binding proteins to generate
the mature 20-22-nt miRNAs that function in silencing of gene expression
(Filipowicz et al. 2008; Skalsky and Cullen 2010). The BART6 viral miRNA
targets the Dicer nuclease at multiple sites in the 3’-UTR of Dicer mRNA. A-I
editing of BART6 dramatically reduces loading of miRs onto the RISC silencing
complex and inhibits silencing activity. The editing analysis of EBV primary
miRNAs in EBV-infected human lymphoblastoid, Daudi Burkitt lymphoma and
nasopharyngeal carcinoma cell lines suggest that EBV miR-BART6 RNAs play
important roles in the regulation of viral replication and latency, and that A-I
editing of BART6 may be an adaptive selection to counteract the targeting of
Dicer by miR-BART6 (lizasa et al. 2010).

Poxviridae and Adenoviridae: Finally, gene products of two viruses with linear
dsDNA genomes, vaccinia virus of the Poxviridae that multiplies in the cytoplasm
and adenovirus 5 of the Adenoviridae that multiplies in the nucleus, have been
demonstrated to antagonize ADARI1 enzymatic activity. The vaccinia virus E3L
protein and the adenovirus VAI RNA inhibit A-I editing activity of ADARI1 (Lei
et al. 1998; Liu et al. 2001). However, it is not known whether vaccinia virus or
adenovirus viral RNA is edited by an ADAR. Interestingly, the Z-DNA binding
domain present in the N-terminal region of ADAR1 p150 was originally described
as a poxvirus E3L homology domain (Patterson and Samuel 1995). The Z-DNA
binding domain present in the N-terminal region of vaccinia virus E3L plays a role
in viral pathogenesis; mutations that decrease Z-DNA binding correlate with
decreased viral pathogenicity in the mouse model (Kim et al. 2003). The E3L
protein also binds dsRNA and mediates IFN resistance, promotes vaccinia virus
growth and impairs virus-mediated apoptosis. Loss of PKR expression in HeLa
cells complements the vaccinia virus E3L deletion mutant phenotype by restora-
tion of viral protein synthesis and largely abolishes virus-induced apoptosis
(Zhang et al. 2008). ADARI suppresses activation of PKR (Nie et al. 2007; Toth
et al. 2009) as earlier discussed. Adenovirus VAI RNA, in addition to antagonizing
PKR activation (Kitajewski et al. 1986), also antagonizes the activity of ADARI
(Lei et al. 1998; Taylor et al. 2005).
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4.5 Retroviruses

Retroviridae: Retroviruses are enveloped viruses that possess a positive-stranded
RNA genome of about 7-10 kbp dependent upon the specific retrovirus. The
single-stranded positive-sense RNA genome is converted by the process of reverse
transcription into a dsDNA provirus that is subsequently integrated into the host
cell’s genome. Retroviral RNAs then are produced by the host cell RNA poly-
merase II from the integrated provirus dsDNA template and processed by the host
cell splicing, capping and polyadenylation machineries (Knipe et al. 2007).
ADARs and A-I editing have been reported to affect retrovirus-host cell inter-
actions, most recently in studies with human immunodeficiency virus (HIV), a
member of the lentivirus genus of the Retroviridae family. ADARs are reported to
generally display an HIV proviral effect (Phuphuakrat et al. 2008; Doria et al.
2009, 2011; Clerzius et al. 2009). Sequence changes consistent with the catalytic
activity of an ADAR, A-I (G) mutations, are described not only for HIV but were
first reported for two avian retroviruses (Felder et al. 1994; Hajjar and Linial
1995).

Activation of CD4* T-lymphocytes leads to increased expression of ADARI1
but not of ADAR2 (Phuphuakrat et al. 2008). ADARI overexpression was shown
to increase HIV production as measured by p24 Gag protein expression in a
manner that required ADAR catalytic activity, whereas the silencing of ADARI1
inhibited HIV production (Phuphuakrat et al. 2008). When two regions of HIV
RNA with dsRNA character were examined, the TAR and RRE cis-regulatory
elements, sequences around TAR did not show any repetitive editing, whereas 8 of
30 clones showed A—G mutations in a 3-nt site in the RRE region (Phuphuakrat
et al. 2008). An earlier study had shown that the TAR RNA stem-loop structure
of HIV was an editing substrate for ADARs in a different assay, micro-
injected Xenopus oocytes (Sharmeen et al. 1991). Extending the observations of
Phuphuakrat et al. (2008), ADARI1 expression was also shown to not only increase
during HIV replication in lymphocytes, but ADAR1 was found to interact with and
inhibit the RNA-dependent protein kinase PKR, and to reverse the PKR-mediated
inhibition of HIV LTR expression and viral production (Clerzius et al. 2009).
The proviral effect of ADARI in these transfection analyses, however, did not
require the catalytic domain of the deaminase, but did require the Z-DNA and
dsRNA nucleic acid binding domains of ADARI, suggesting that under this
experimental design, either nucleic acid sequestration or protein—protein interac-
tion or both activities of ADARI were sufficient to mediate the proviral effects and
that deamination of A-I was not necessary (Clerzius et al. 2009).

An independent study found that ADARI stimulated HIV replication by both
A-1T editing-dependent and editing-independent mechanisms (Doria et al. 2009).
Overexpression of ADARI1 by transfection was also reported to increase HIV
protein production in a manner independent of catalytic activity, but virions
produced in the presence of overexpressed catalytically active ADAR1 were
released more efficiently and displayed enhanced infectivity in challenge assays.
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Sequence analyses revealed editing of HIV RNAs in the 5-UTR region shared
by HIV RNAs as well as the Tat and Rev coding sequences in ADARI-
transfected cells, but in ADAR2-transfected cells only the 5-UTR sequence
changes were observed (Doria et al. 2009, 2011). Analogous to ADARI,
ADAR?2 also enhances the release of progeny HIV virions by an editing-
dependent mechanism, but unlike ADARI1, ADAR2 did not increase the infec-
tivity of the HIV produced (Doria et al. 2011). The catalytic independent effect
of ADARI1 on HIV1 expression seen under transfection conditions (Clerzius
et al. 2009; Doria et al. 2009) may indeed relate to the impairment of PKR
kinase activation and subsequent phosphorylation of eIF-2o thereby increasing
protein production (Nie et al. 2007; Wang and Samuel 2009).

The enhanced release of HIV virions by overexpression of either ADARI or
ADAR?2 is curious (Doria et al. 2009, 2011). Interestingly, ADAR?2 deficiency has
been shown to impair exocytosis (Yang et al. 2010). Selective knockdown of
ADARR? expression markedly impaired glucose-stimulated insulin secretion in the
rat INS-1 cells and primary pancreatic islets and significantly diminished KCl-
stimulated protein secretion in rat adrenal pheochromocytoma PCI12 cells.
Catalytically active ADAR2, but not editing-deficient mutant ADAR2, could
rescue the impairment in stimulated secretion from ADAR2 knockdown cells
(Yang et al. 2010). An intriguing possibility is that the overexpression of either
ADARI1 or ADAR?2 enhances exocytotic processes in a manner that facilitates HIV
virion assembly and release by budding (Ganser-Pornillos et al. 2008). Potentially
also relevant to HIV replication responses, it has been described that inflammation
elevates the level of ADARI1 but not ADAR?2, and I-containing mRNA, in T-cell
lymphocytes activated with TNFo (Yang et al. 2003).

The HIV-1 results taken together are most consistent with a proviral role of
ADAREs in the interactions of HIV-1 with the host as revealed from studies of cell
culture systems including T-lymphocytes (Phuphuakrat et al. 2008; Doria et al.
2009, 2011; Clerzius et al. 2009). The proviral actions of ADARs with the
lentivirus HIV-1, both catalytic-dependent and -independent, are in contrast to the
antiretroviral actions of members of the APOBEC3 family of DNA mutator editing
enzymes. APOBEC3G and some related cytidine deaminases function as host
restriction factors and act in an antiviral manner to provide immunity against
retroviruses, including HIV-1, as well as to protect the cell from endogenous
retroelements (Chiu and Greene 2008; Malim 2009).

5 Conclusions

Virus-host interactions are complex. In some situations, viruses take advantage of
ADARSs to enhance their replication. That is, the ADAR effect is proviral. This is
illustrated by HDV amber/W editing to produce large delta antigen and by
measles, vesicular stomatitis and HIV, where ADAR appears to impair activation
of antiviral processes including PKR and IRF3 responses. In other situations, the
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Table 2 Mechanisms by which ADARs might potentially affect the host response to viral
infection

Biological process Molecular event Reference®

Interferon signaling and action

PKR Suppressed PKR activation Nie et al. (2007), Toth et al.
(2009), Wang et al.
(2009), Li et al. (2010)

IRF3 Suppressed IRF3 activation Toth et al. (2009), Vitali
and Scadden (2010)
IFN Suppressed IFN induction Hartner et al. (2009)
Macromolecular synthesis and degradation
Pre-mRNA splicing Altered splicing Rueter et al. (1999),
Raitskin et al. (2001)
Ribosome decoding during Amino acid substitution, Cattaneo and Billeter
translation termination (1992), Casey (2011)
RNA degradation Cleavage of I-containing RNA Scadden (2005), Scadden
and O’Connell (2005)
RNA silencing Altered miR processing or lizasa et al. (2010), Wulff
targeting and Nishikura (2011)
Adaptive Immunity
Immune surveillance Antibody neutralization of viral ~ Rueda et al. (1994),
antigens Martinez and Melero
(2002)

Zahn et al. (2007)

& See text for additional references

action of ADARSs appears antiviral. This is illustrated by several myxoviruses with
the ADAR-dependent protection against virus-induced CPE, and possibly by HCV
and HDV under conditions of ADAR overexpression as would be expected for
ADARI p150 in IFN-treated cells.

The details of the mechanisms by which the functional effects of ADARs can be
both antiviral and proviral, dependent upon the virus-host combination, largely
remain to be elucidated. Among the possible mechanisms are effects on the activation
of innate immune responses, on macromolecular synthesis and degradation, and on
adaptive immune surveillance (Table 2). No doubt the different consequences of
ADARSs, pro- or anti- viral, in part relate to functionally important differences
between viral replication schemes. Functional genomic screens have revealed that
many different host cell machineries are utilized by viruses during their replication.
Spatio-temporal differences between viruses and how they interact with their hosts
during replication, even for two different viruses that may have the capacity to
multiply in the same kind of host cell, may lead to different functional outcomes
attributed to ADAR actions. It is firmly established that ADARs can act directly, and
in a catalytically dependent manner on viral RNA, to alter function and subsequently
the biological outcome of an infection. It is also becoming clear that ADARs may act
indirectly to impact the infective process. For example, if a consequence of viral
infection is the induction of ADARI, then the induced ADAR p150 protein may act
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to alter innate immune signaling responses including activation of interferon and
dsRNA-mediated cellular responses including PKR and IRF3. Such activations, of
PKR and IRF3, would subsequently be expected to have broad effects on the host’s
transcriptome and proteome.

ADARs were discovered based on their catalytic activity, the ability to
deaminate adenosine in duplex RNA structures that affects the subsequent sta-
bility of the targeted RNA. Subsequently, examples were provided of highly
selective adenosine deamination by ADARs within an open reading frame
sequence, which gave rise to protein products with altered function because I is
decoded as G instead of A leading to amino acid substitution as illustrated by
HDV delta antigen and the glutamate and serotonin receptors. It is now clear,
initially from computational approaches and then subsequently biochemical
analyses, that a number of non-coding RNAs are also ADAR editing targets,
including the expression and function of microRNAs. Finally, results have
emerged to suggest that ADARs may function not only by deamination of
adensoine in RNA regions of duplex structure, but also in a catalytically inde-
pendent manner that presumably involves complex formation between ADARs
and other proteins as interacting partners or the binding of nucleic acids by
ADARs through their Z and dsRBD domains.

The ADAR proteins are fundamentally important determinants that mediate not
only gene-selective but also general or non-selective effects in mammalian cells
including virus-infected cells. In addition to different mechanisms by which
ADARs may act in either a catalytically dependent or independent manner on
qualitatively different targets, conceivably the quantitative extent of an ADAR-
mediated action on the host may play a pivotal role in tipping the balance in either a
pro- or anti- viral direction. For example, in cultured cells or intact animals, robust
action of an ADAR may impair innate antiviral responses by either catalytically
destabilizing activator RNAs of PKR, IRF3 or IFN responses or by altering in a
potentially catalytic-independent manner protein binding partner or nucleic acid
binding interactions. In the whole animal, possibly the immune response to a viral
pathogen is modulated in a manner that is antiviral when extensive A-I editing
leads to hypermutation and impairment of viral protein production. But possibly, a
proviral response emerges when a low level of A-I editing occurs which does not
disrupt threshold production of an essential viral protein such as a surface or
envelope component, but instead alters the epitope structure in a manner that leads
to escape from the host’s immune surveillance network. Future studies of the
ADARs will likely continue to provide us with many surprises and new insights into
biological processes in the context of understanding how they modulate the out-
come of virus—host interactions differently for different viruses—host combinations.
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Role of ADARs in Mouse Development

Carl R. Walkley, Brian Liddicoat and Jochen C. Hartner

Abstract RNA editing by deamination of adenosine to inosine (A-to-I editing) is
a physiologically important posttranscriptional mechanism that can regulate
expression of genes by modifying their transcripts. A-to-I editing is mediated by
adenosine deaminases acting on RNA (ADAR) that can catalytically exchange
adenosines to inosines, with varying efficiency, depending on the structure of the
RNA substrates. Significant progress in understanding the biological function of
mammalian ADARSs has been made in the past decade by the creation and analysis
of gene-targeted mice with disrupted or modified ADAR alleles. These studies
have revealed important roles of ADARs in neuronal and hematopoietic tissue
during embryonic and postnatal stages of mouse development.
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1 Introduction

It is becoming increasingly appreciated that RNA plays an active role in the
regulation of gene expression. Posttranscriptional gene regulation by RNA editing
is an evolutionary conserved mechanism involving insertion, deletion, or modifi-
cation of nucleotides in RNA transcripts. In higher eukaryotes, the most wide-
spread modification is the deamination of adenosine to inosine (A-to-I editing)
which is catalyzed by a family of enzymes collectively termed ADAR (adenosine
deaminase acting on RNA). ADARs were originally identified through their
unwinding activity on double-stranded RNA (dsRNA) substrates (Bass and
Weintraub 1987, 1988; Rebagliati and Melton 1987; Wagner et al. 1989). The
RNA editing function of ADARs was discovered by serendipity in a nuclear
transcript expressed in the brain (Sommer et al. 1991), where A-to-I editing was
observed in a protein-coding transcript by comparison of genomic and cDNA
sequence. This analysis revealed a guanosine in the cDNA transcript at a position
that specified an adenosine at the corresponding position in genomic DNA. This
RNA modification mechanism is now known to regulate gene expression at
multiple levels and influence the diversity and expression of the proteome both
directly and indirectly. A-to-I editing can modulate gene expression in multiple
ways, depending on the nature of the RNA substrate and the position of the
targeted adenosine within the RNA (Fig. 1).

A-to-I editing in mammals is mediated by a small family of candidate enzymes,
termed ADARI1-3 (adenosine deaminase acting on RNA-1-3). Each ADAR has
regions for binding double-stranded RNA and a carboxy terminal catalytic domain
distantly related to bacterial cytidine deaminase (Melcher et al. 1996b; Mittaz et al.
1997). The catalytic domain is highly conserved between ADARs. ADAR1 and
ADAR?2 are widely expressed, whereas expression of ADAR3 appears to be
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pre-mRNA

Fig. 1 A-to-I RNA editing. ADARs bind to dsRNA through their dsRBD and deaminate a
specific adenosine to inosine via its deaminase domain. A-to-I editing can occur in exons (red)
when duplex with an intron (black) containing an ECS (blue). Alu repeat regions (green) located
within introns and UTRs form inverted intramolecular RNA duplexes in several pre-mRNA
transcripts that are subject to widespread A-to-I editing by ADAR1 and ADAR?2. Editing of micro
RNA precursors (p-miR) can lead to edited mature miRNA (orange) resulting in altered target
specificity, which may have significant biological consequences. Alternatively, A-to-I editing in
p-miR regions flanking the mature miRNA coding region can alter processing of p-miR
transcripts by Drosha and Dicer

restricted to the brain (Chen et al. 2000; Melcher et al. 1996a). Site-selective A-to-I
editing of primary transcripts in the central nervous system is an established in
vivo function of ADAR1 (Hartner et al. 2004) and ADAR?2 (Higuchi et al. 1993,
2000). No function has been delineated for ADAR3 and it lacks detectable editing
activity on synthetic dSRNA or known ADAR substrates.

1.1 Editing of Protein-Coding Sequence

The classical example of site-selective A-to-I editing mediated recoding of a
protein-coding transcript concerns a glutamine codon (CAG) in the gene of the
glutamate receptor subunit GluA2 (GluR-B, GluR2) (Higuchi et al. 1993; Lomeli
et al. 1994; Sommer et al. 1991). At the corresponding position in the transcript, an
arginine codon (CGGQG) is found. Editing by ADAR2 at this position, termed Q/R
site, strictly depends on the presence of an editing site complementary sequence
(ECS) located in a downstream intron that is required for intramolecular duplex
formation. A-to-I editing at Q/R site occurs with ~100% efficiency, whereas the
extent of A-to-I editing for other positions identified in diverse mammalian tran-
scripts ranges from <10% to x~40%. The requirement of intronic sequence for
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site-selective editing dictates that editing has to occur in the nucleus before the
transcript is spliced and exported to the nucleus for translation in the cytoplasm.

A-to-I editing can also create new protein variants resulting from the creation or
elimination of intronic splice sites. ADAR?2 was found to edit its own pre-mRNA
resulting in the loss of functional ADAR2 protein expression due to premature
translation termination in an alternate reading frame (Rueter et al. 1999). The
application of high-throughput sequencing technology has increased the known
repertoire of substrates for A-to-I editing which results in changes in the encoded
proteins (Levanon and Eisenberg 2006; Levanon et al. 2004; Li et al. 2009;
Sakurai et al. 2010). When coupled with information gained from genetically-
engineered models, such as murine models or shRNA approaches, it will be
possible to more clearly define the extent and cellular consequences of A-to-I
editing on the diversity of the proteome.

1.2 Editing of MicroRNA

MicroRNAs (miRNA) are a newly recognized class of genomically encoded small
RNAs originating from larger dsRNA precursors. miRNAs regulate gene expres-
sion by binding to complementary target mRNAs priming them for degradation or
unproductive translation (Bartel 2004). miRNA precursors have been demon-
strated to be targets for A-to-I editing (Heale et al. 2009; Luciano et al. 2004; Yang
et al. 2006). The consequences of ADAR activity on miRNA can be diverse.
Firstly if the targeted adenosine is contained within the seed sequence of the
miRNA then the edited mature miRNA can have altered target profiles compared
to the unedited transcript. This has been demonstrated for miR-376 in human and
several others to date. Secondly, the edited miRNA can have altered processing
through reducing in the cleavage by Drosha and Dicer during miRNA biogenesis.
Lastly, the editing of RNA can alter the efficiency of miRNA binding to the target
RNA. This could have two possible outcomes, establishing a consensus binding
site on the target to facilitate miRNA binding or disrupting the site and reducing
miRNA regulation of the target RNA (Blow et al. 2006; Borchert et al. 2009; Das
and Carmichael 2007; Kawahara et al. 2008; Kawahara et al. 2007a, b; Scadden
and Smith 2001).

1.3 Editing of Repeats

More recently, transcriptome analyses have identified widespread A-to-I editing in
Alu repeats. Alu repeats are short interspersed repetitive elements and the editing
of these has been suggested to have broader implications in gene regulation. The
numbers and frequencies of Alu repeats have expanded rapidly during primate
evolution and the biological significance of these regions is not clearly defined
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(Athanasiadis et al. 2004; Eisenberg et al. 2005; Kim et al. 2004; Mattick and
Mehler 2008; Paz-Yaacov et al. 2010). Use of bioinformatics and high-throughput
sequencing technologies has revealed a high frequency of A-to-I editing in Alu
repeats and that this is largely restricted to primates (Levanon et al. 2004, 2005;
Mattick and Mehler 2008; Moller-Krull et al. 2008; Paz-Yaacov et al. 2010).
These findings highlight potentially divergent effects of ADAR mediated RNA
editing in primates and other mammals.

1.4 Physiological Significance of A-to-1 Editing

The physiological significance of A-to-I editing is best exemplified by the editing
of the GluA2 transcript. While A-to-I editing in the brain is generally believed to
fine-tune neuro-physiological processes (Seeburg et al. 1998), ADAR2-mediated
editing of a single adenosine within a codon that specifies a functionally critical
position in the channel lining segment of GluA2 protein becomes a matter of life
and death. Homozygous disruption of the ADAR2 gene in mice leads to the
development of seizures and neuro-degeneration in the hippocampus followed by
the early postnatal death. Remarkably, the genomic replacement of the edited
adenosine in GluA2 results in a complete rescue of the ADAR2 phenotype, not
anticipated from the widespread expression of ADAR?2. The physiological role of
ADARI appears to contrast with that of ADAR2, where a single edit can account
for the majority of the knockout phenotype. As described in more detail, ADAR1
deficiency results in embryonic death, associated with defects in hematopoiesis
and hepatocyte survival. The development and analysis of genetically-modified
ADAR alleles in mice has led to a more detailed understanding of the cellular and
molecular effects of loss of ADAR function. Genetically-engineered murine
ADAR alleles generated to ablate the function of the encoded proteins are sum-
marized in Fig. 2.

2 ADARI1: Required for Embryonic and Postnatal Development
2.1 Unique Features of ADARI

ADARLI is widely expressed and the development and characterization of mutant
mouse models has demonstrated that it is essential for the development of
hematopoietic and hepatocyte lineages (Hartner et al. 2004; Wang et al. 2004). As
noted there are two distinct isoforms of ADARI that are generated by alternative
promoters; a full-length interferon-inducible 150 kDa protein (ADAR1p150) and a
constitutive N-terminal truncated 110 kDa form (ADAR1p110) (Kim et al. 1994a, b;
Kim and Nishikura 1993). ADAR1p110 localizes to the nucleus, whereas p150 is
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Fig. 2 Summary of ADAR gene-targeted alleles in mice. Domain structures of ADAR1-3 protein
and summary of loss-of-function ADAR alleles that have been generated in mice. The extent of
exon deletion is indicated by red (constitutive alleles) and green (conditional alleles after Cre-
recombinase mediated excision of the loxP-flanked gene segment) horizontal lines beneath the
ADARI and ADAR?2 domain structures. Five knockout alleles of ADAR1 encompassing a range of
functions of the enzyme have been described. In the Adarl AlA allele, the interferon-inducible
promoter and exonlA containing the translation initiation codon of the full-length ADARI p150
protein have been deleted so that translation is initiated exclusively from a downstream ATG
resulting in expression of the amino-terminally truncated ADAR1 p110 isoform that lacks the Zx
domain. The constitutive Adarl A2-13 allele lacks exons 2—-13 encoding the DNA and dsRNA
binding domains and most of the deaminase domain. Exons flanked by 1oxP sites in the conditional
Adarl f7-9 allele encode part of the third dsSRNA binding and deaminase domain, or part of the
deaminase domain in the conditional f12—15 allele. Exons deleted in the constitutive Adarl A12-13
allele code for part of deaminase domain. Two null alleles of ADAR?2 have been described, one with
a constitutive deletion of exon 6 (Adar2 A6) encoding an essential part of the deaminase domain, the
other (Adar2 f7-9) with exons 7-9, also encoding part of the deaminase domain, flanked by loxP
elements for Cre-recombinase mediated disruption

found predominantly in the cytoplasm (Patterson and Samuel 1995). The biolog-
ical significance of ADARI cellular localization is as yet unknown.

Several structural features distinguish ADARI from the two more closely-
related ADAR2 and ADAR3: ADARI contains a third dsSRNA binding domain
(dsRBD), which may explain RNA editing site-selectivity between ADARI1 and
ADAR? as seen in the pre-mRNA of the 5-HT,¢ receptor in neurons (Hartner et al.
2004). A nuclear localization signal (NLS) was discovered to be located within
this third dsRBD (Eckmann et al. 2001). ADAR1 also contains a nucleic acid
binding motif at the amino terminus that can bind either DNA or RNA in the
Z-conformation (Herbert et al. 1995). This Z-DNA binding domain comprises of
two subdomains Z, and Z,. ADARI pl50 contains both, whereas only the Z,
subdomain is present in the pl10 isoform. Recent studies suggest this domain
targets ADARI to transcriptionally active regions, perhaps allowing ADARI to
edit transcripts as they are being synthesized (Eckmann and Jantsch 1999).
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The generation of mutant alleles of ADARI has lead to important observations
regarding its cellular role and participation in various biological processes. In
contrast to ADAR?2, to date no known target or targets have been defined which
can account for the ADAR1 null phenotype. The ADARI1 mutant alleles have been
important in defining cell types in which ADAR1 function is critical, a necessary
first step in the characterization of the biological function of ADARI1. The current
focus of ADARI studies has been on an understanding of its role in RNA editing,
largely driven by the elegant paradigm of ADAR?2. Few studies have attempted to
explicate a non-catalytic role of ADARI. It is important to assess all possible
aspects of ADARI to dissect the physiological importance of its function. The
range of ADARI mutant alleles that have been generated will begin to allow
assessment of the possible functions of ADARI in vivo.

2.2 Haploinsufficiency for ADARI?

The first-described null allele of ADARI led to death of heterozygous chimeric
embryos (Wang et al. 2000). The targeting approach partially disrupted exon 11
and completely disrupted exons 12 and 13 by the insertion of a PGK-neomycin
cassette in reverse orientation (Wang et al. 2000). Analysis of chimeric embryos
revealed a scarcity of enucleated erythrocytes in the blood of embryos with a high
contribution of cells with one targeted Adar allele, indicating a requirement for
ADARI in fetal-liver erythropoiesis. While defective hematopoiesis described in
chimeric embryos was also detected in three mouse lines carrying differently
configured ADARI null alleles, the claim of haploinsufficiency for ADAR1 could
not be reproduced and appears to have resulted from faulty expression of the
manipulated Adarl“’?~'? allele, potentially leading to insufficient ADAR1 protein
levels in highly-chimeric embryos.

2.3 ADARI Deficiency Causes Embryonic Death

It is now apparent that there is no haploinsufficieny for ADARI, confirmed in three
independent targeted alleles, one disrupting sequence encoding the carboxyter-
minal portion of ADARI protein, one the carboxyterminal part of the third dsSRBD
along with part of the catalytic domain, and one disrupting most of the gene,
including the DBMs, dsRBDs and most of the catalytic domain (Hartner et al.
2004, 2009; Wang et al. 2004). Following on from the initially reported ADAR1
mutant allele, several additional alleles were generated. Three germ-line deficient
alleles have been generated: exons 12 through 15 encoding the carboxyterminal
portion of ADARI protein were deleted by germ-line deletion of loxP elements
(Wang et al. 2004); exons 7 through 9 coding for the carboxyterminal part of
dsRBDIII and part of the catalytic domain were deleted by Cre mediated
recombination in the germ line (Hartner et al. 2004) and a replacement of exons
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2-13 with a neomycin cassette deleting most of the ADARI protein-coding
sequence were established (Hartner et al. 2004).

Heterozygous null animals of all three null lines were viable and ostensibly
normal. By contrast, homozygosity for the differently configured ADARI1 null
alleles consistently caused embryonic death between E11.5 and E12.5. Beginning
at early E11 and strikingly apparent by E12, ADAR1-deficient embryos displayed
a significant reduction in fetal liver size and, shortly before death, were slightly
retarded in development when compared with controls. Closer inspection of
ADARI-deficient embryos revealed from E11.5 onward a significantly reduced
cell density in the fetal liver as a consequence of massive cell death (Hartner et al.
2004; Wang et al. 2004). Increased apoptosis in ADAR1-deficient embryos has
also been detected in tissues other than fetal liver and appeared to be most pro-
nounced in vertebrae and heart that express high levels of ADARI protein in wild-
type embryos. However, it cannot be ruled out that widespread apoptosis is sec-
ondary to disintegration of the fetal liver structure, which is likely to interrupt the
blood circulation, ultimately resulting in anoxia and cell death throughout the
embryo. Consistent with the null allele findings, chimeric studies with ADAR1-
deficient embryonic stem (ES) cells showed a failure in contribution to both the
hepatic and hematopoietic lineages in adult chimeric mice (Hartner et al. 2004).
These complementary studies indicated a cell-autonomous requirement for
ADARI in both hepatocytes and hematopoietic lineages, but they were not able to
clearly discriminate a role in formation of the lineage or maintenance.

Cells cultured from ADARI-deficient embryos exhibited increased apoptosis
when a stress response was induced by serum deprivation (Wang et al. 2004).
Expression of the interferon-inducible ADAR1 p150 increased upon serum depri-
vation, perhaps implicating a role of p150 for cell survival upon induction of cellular
stress. As ADARI is a dsRNA binding and modifying protein, the cell death induced
by ADARI deficiency has led to speculation that absence of ADARI may trigger
cell activation of death pathways induced by dsRNA. However, cell death induced
by ADARI deficiency does not appear to be mediated by pathways involving the
dsRNA-activated serine/threonine kinase PKR, as PKR deficiency did not rescue the
death of ADARI1-deficient embryos. RNase L represents another pathway induced
by dsRNA during viral infection or cellular stress responses. This pathway is unli-
kely to be affected, as judged from the presence of stable general rRNA and mRNA
in ADAR1-deficient embryos and cultured cells (Wang et al. 2004). The analysis of
ADARI knockout mice has demonstrated that ADAR1 has a distinct biological
function that cannot be compensated for by ADAR2 or ADAR3 and that it plays an
essential role outside of the central nervous system.

2.4 ADARI in Hematopoiesis

ADAR1-deficient embryos died at day E11-12 of embryonic development, when
hematopoiesis shifts from the extraembryonic yolk sac to the fetal liver to produce
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all blood cell lineages that are found in the adult mouse. ADARI1-deficient fetal
liver from early E11 onward displayed a pronounced scarcity of hematopoietic
cells. Of note, primitive erythropoiesis in the yolk sac that provides for the first
blood cells of the developing embryo does not require ADARI1. Thus, differential
dependence on ADAR1 becomes an additional distinctive feature of primitive and
definitive erythropoiesis (Hartner et al. 2004). More detailed analysis of fetal-liver
hematopoiesis in Adarl '~ embryos revealed a severely impaired colony-forming
potential of multi-potential progenitors both in vitro and in vivo. The impaired
colony-forming potential of cultured progenitors isolated from hematopoietic tis-
sues of ADARI-deficient embryos suggested a role of ADARI in proliferation
and/or survival of these progenitors. Immunophenotyping and quantification of
HSCs in early-E11 Adarl ™'~ fetal livers revealed that ADARI is dispensable for
the emergence of phenotypic HSCs and their migration from production sites to
the fetal liver (Hartner et al. 2004, 2009; Wang et al. 2004).

The generation of mouse lines for inducible ADARI deficiency provided new
insight to the function of ADARI1 in embryonic and adult hematopoiesis in vivo. In
absence of ADARI, the development of multiple blood cell lineages was impaired,
consistent with a requirement for ADAR1 in an immature hematopoietic pro-
genitor or hematopoietic stem cells (HSC) that give rise to all blood cell lineages.

2.5 Hematopoietic Specific Deletion Reveals a Cell-Autonomous
Role of ADARI

To study the function of ADAR1-deficient HSCs in vivo, a series of experiments
was performed employing hematopoietic reconstitution, in combination with flow
cytometry that permits tracking of transplanted cells and their descendants
(Fig. 3). Transplantation of irradiated wild-type recipients with fetal liver or bone-
marrow cells from mice carrying one Adarl“?~"? knockout and one conditional
Adar’”7~? allele in combination with an inducible Cre recombinase transgene
demonstrated that ADARI is essential for the in vivo maintenance of the hema-
topoietic stem cell and immature progenitor cell compartments in fetal liver and
adult bone marrow (Hartner et al. 2004, 2009). ADARI appears to be dispensible
for the maintenance of HSCs but becomes essential as they progress to the pro-
genitor stage of hematopoietic differentiation. Immature progenitors undergo
massive cell death, resulting in the block of multi-lineage hematopoiesis.

2.6 Mx1-Cre ADARI1 and hScl-Cre®®"? ADARI1

Two distinct strategies have been used to generate in vivo somatic inactivation of
ADARI in hematopoietic cells. Firstly, the MxI/-Cre transgene was used which
elicits efficient gene deletion throughout the hematopoietic system (and many



206 C. R. Walkley et al.

TCell
®—0
CD19-Cre
Pro 8 Cell B Cell Piasma Cell

cLp
Mx-1-Cre /
hScl-CreER™ ‘
LT-HSC ST-HSC MPP /

-1 —_——
o090 e | 0 2
D34 CD34e

Pt i o \‘ % 2 \ CFUM Monocyte ey

LysM-Cre

c-Kits c-Kit+ c-Kils
FIt-3- FH-3- Flt-3+

CO1S0r  CD1SO+  CDISO- o’
CD1bko €Ok lo BFUE CFU-E Erythrocyte
-0 -0 ==
CFU.'MGG Megakaryocyte Platelots
Fig. 3 Conditional deletion of ADARI in hematopoietic lineages. Schematic representation of
differentiation of hematopoietic lineages from LT-HSCs to mature blood cells. Surface markers
used to distinguish progenitor cells by flow cytometry are listed below each progenitor cell type.
Cells enclosed within rectangles depict lineages where ADARI is disrupted by conditional Cre-
recombinase expression. Mx1-Cre and hScl-CreER™ delete ADARI within HSCs and immature
progenitor cells so that all cell derived from these will lack functional ADARI alleles. CD19-Cre
is expressed from the pro-B cell stage of B-lymphoid differentiation onward, and LysM-Cre
deletes ADAR1 predominantly from myeloid lineage. Abbreviations LT-HSC long-term
hematopoietic stem cell, S7T-HSC short-term hematopoietic stem cell, MPP multipotent
progenitor, CLP common lymphoid progenitor, CMP common myeloid progenitor, CFU-GM
colony-forming unit granulocyte monocyte, CFU-G colony-forming unit granulocyte, CFU-M

colony-forming unit monocyte, BFU-E blast-forming unit erythroid, CFU-E colony-forming unit
erythroid, CFU-Meg colony-forming unit megakaryocyte

other cell types in the mouse) after administration of the interferon inducer
polyinosinicpolycytidylic acid (poly(I:C) (Kuhn et al. 1995)). MxI-Cre efficiently
excised conditional (floxed) ADARTI alleles throughout the hematopoietic system
(Hartner et al. 2009). Untreated Adar’’~; Mx1-Cre mice were born at Mendelian
frequency but, unexpectedly, died shortly after birth. No definitive pathology was
found to explain the death of the neonatal animals but it was possibly a conse-
quence of low-level Cre induction by endogenous interferon leading to ADARI
deletion (Hartner et al. 2009). However, Adarl”~; MxI-Cre embryos appeared
grossly normal at E14.5, despite having slightly lower total fetal-liver cellularity.
To circumvent the unanticipated early death of untreated Adarl”~; MxI-Cre
neonates, transplantation studies with fetal liver-derived HSCs were performed.
This strategy has successfully been employed to assess hematopoiesis in otherwise
lethal alleles. Transplantation of Adarl” ~; Mx1-Cre allowed for fetal-liver cells to
engraft a congenic host, where hematopoietic cells can be identified by differential
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expression of the congenic CD45.1/CD45.2 antigens present on all nucleated
leukocytes. This approach also permits an assessment of the cell-autonomous
nature of the requirement for ADARI1 as only cells derived from Adar"~; MxI-
Cre HSCs will be able to inducibly delete ADARI.

At 5 weeks after transplant, the recipients were treated with the poly(I:C) to
induce Cre expression from the interferon-inducible Mx/ transgene. Strikingly,
within the two-week period of treatment with poly(I:C) there was a dramatic
reduction in the contribution of Adar’" ~; Mx1-Cre to hematopoiesis. The contri-
bution of cells with induced ADARI deficiency to peripheral blood cells,
including myeloid, B-lymphoid and T-lymphoid lineages, progressively decreased
and was negligible by 23 weeks after induction of ADARI deficiency. These data
demonstrate a cell-autonomous requirement for ADARI1 in fetal liver-derived
hematopoiesis (Hartner et al. 2009).

A second strategy using a HSC-specific tamoxifen inducible transgene was also
employed. The hScl-CreER™ trangene contains an enhancer of the Scl/Tall gene
to drive Cre-ER™ expression in the hematopoietic stem cell population (Gothert
et al. 2005). This strategy allowed somatic inactivation of ADARI within the
context of adult bone-marrow HSCs (Hartner et al. 2009). When crossed to
Adar’”~ mice, no neonatal death, as observed in Adarl” ~; Mx1-Cre mice, ocurred.
Cre activity was induced by the administration of tamoxifen either by injection or
orally. As was observed with the Adar " ~; Mx1-Cre, the Adarl” = hScl-CreER™
model demonstrated a significant depletion of short-term HSCs and multi-potent
progenitors in ADAR1-deficient bone marrow. This second approach also yielded
important information regarding the biological consequences of ADAR1 depletion
at the cellular level. Cell cycle status analysis of HSCs and immature progenitors
revealed that ADAR1-deficient HSCs undergo an increased rate of apoptosis and
the majority of the population is induced to enter the cell cycle in contrast to
control bone marrow. Moreover, ADARI1-deficient bone marrow had a much
larger fraction of actively cycling phenoytypic short-term HSCs, but not multi-
potent progenitors and was depleted of HSCs, suggesting exhaustion of HSCs due
to continuous activation of the stem cell compartment. Collectively it could be
determined that ADARI is an essential regulator of HSC maintenance but is
dispensable for the emergence of long-term repopulating (LT)-HSCs and, perhaps,
their self-renewal. ADARI becomes essential for the survival of HSCs as they
progress to the multi-potent progenitor stage of blood cell differentiation. These
findings suggest a cell-autonomous requirement for ADARI1 in the maintenance of
HSCs in both fetal liver and adult bone marrow, consistent with the observation
that ADAR1-deficient embryonic stem cells did not contribute to hematopoietic
tissues in adult chimeric mice (Hartner et al. 2009).

Similar results were obtained by transplanting an Adar™ HSC-enriched
population after MSCV Cre-mediated deletion of a conditional ADAR1 knockout
allele (XuFeng et al. 2009). Of note, it appears that ADARI deficiency does not
affect HSC homing which refers to the capacity of HSCs to migrate from the blood
stream to the bone-marrow microenvironment. The proliferative capacity of
ADARI-deficient HSCs in in vitro culture systems appeared normal as well,
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whereas rapid death of these cells was observed as they progressed to the multi-
potent progenitor stage of blood cell differentiation. These data collectively
demonstrated that ADARI was specifically required at the transition of long-term
repopulating HSCs to short-term repopulating cells.

In contrast to the absolute requirement for ADAR1 in immature hematopoietic
populations, conditional ablation of ADARI1 in mature blood lineages has to date
revealed no apparent phenotype. Deletion of ADARI in B cells using CD19-Cre
was not reported to result in an abnormal phenotype although the immune
responses in these mice have not been tested (Yang et al. 2006). CD19 is expressed
by pro-B cells and yet the lack of ADARI does not apparently impair the matu-
ration process of B cell development. Disruption of ADAR1 in mature myeloid
cells by using Lysosome M-Cre (LysM) did not significantly impact on macro-
phages and granulocytes (Hartner et al. 2009). The role of ADARI in erythro-
poiesis is yet to be tested, but recently developed erythroid-specific Cre
recombinase alleles would allow this. Of note, HSCs and primitive progenitors
display higher expression of interferon-inducible full-length ADAR1p150 than of
the constitutively expressed shorter ADARIp110 in HSCs, which may indicate a
possible requirement for ADAR1p150 in interferon-induced pathways in hema-
topoiesis (Yang et al. 2003). Indeed, it may be this differential expression of the
two isoforms that determines a cell’s sensitivity to ADARI1 depletion. Based on
current in vivo and cell culture data, ADARI1 deficiency ultimately results in
apoptotic death of cells that depend on ADARI function. Future studies will have
to address how apoptotic pathways are activated upon deletion of ADARI.

2.7 The Role of ADARI in Hematopoiesis: Interferon Pathway
Regulation

Based on the identification of a specific requirement for ADARI in the regulation
of hematopoiesis, genome-wide transcriptome combined with gene set-enrichment
analysis has shed new light on the molecular mechanism underlying the severe
phenotype caused by ADARI deficiency (Fig. 4) (Hartner et al. 2009). Compar-
ison of the gene expression profiles obtained from ADAR1 knockout and control
fetal-liver HSCs revealed a strong association between ADARI deficiency and the
gene expression ‘signatures’ of interferon-treated or virally-infected -cells.
ADARI-deficient HSCs showed global upregulation of transcripts inducible by
type I interferon (IFN-o and IFN-f3), type II interferon (IFN-7), or both. Genes that
were significantly induced (up to 300-fold) by ADARI deficiency encompassed a
spectrum of interferon associated pathways and transcripts. These include the
genes of the transcription factors STAT1 and STAT2 and IRF1, IRF7 and IRF9;
the GTPases Mx1 and Mx2; the RNA-activated protein kinase PKR (EIF2AK2);
the 2/,5'-oligoadenylate synthetases OAS1, OAS2 and OAS3; the ubiquitin-like
modifiers Isgl5 and Isg20; the interferon-induced proteins with tetratricopeptide
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Fig. 4 Suggested model for the role of ADARI in HSCs. Vertical arrows mark the transition
from long-term (LT-) HSC via short-term (ST-) HSC to multi-potent progenitor (MPP) as defined
by lineage marker (Lin), cKit (K), Sca-1 (S), and CD34 surface expression. Semi-circled arrows
indicate self-renewal. Both ADARI-deficient (Adarl_/_) HSCs and MPPs exhibit a global
upregulation of transcripts expressed from interferon-stimulated genes (ISGs), including Sca-1, as
compared with wild-type and Adar1*~ (Adar1*'®) cells. Differentiation of lineage-negative, cKit-
positive, Sca-1-positive, CD34-negative/low (LKS* CD34'°) LT-HSCs via ST-HSCs (LKS*
CD34hi) and MPPs (LKS™ CD34hi) is accompanied by an increase in CD34 and a decrease in
Sca-1 surface expression. Perhaps as a consequence of the interferon pathway activation,
ADARI1-deficient LKS* HSCs do not downregulate Sca-1 and undergo rapid apoptosis as they
progress to the LKS™ progenitor stage of hematopoiesis

repeats Ifitl-Ifit3; and ADARI. This intersection of ADAR biology and interferon
pathways has previously been demonstrated in the context of viral infection
(George et al. 2009, 2011; Samuel 2011) but not in the context of normal biology
in non-infected settings. Among those transcripts that were induced by ADARI1
deficiency, only those known to be inducible by interferon were significantly
changed in Adarl™'~ HSCs relative to wild-type and Adarl™~ control HSCs.
Likewise, among transcripts encoding dsRNA-binding proteins, only those
expressed from interferon-inducible promoters, such as those encoding PKR
(EIF2AK?2), IFIH1 (RIG-1) and TLR3, were upregulated in ADARI-deficient
HSCs. Of note, among the deregulated genes the dsRNA-binding protein NF90 has
been shown to interact with ADAR1 (Nie et al. 2005). Intriguingly there is a
significant overlap between the signature of ADARI deficiency and gene
expression changes associated with over-expression of a variant of NFO0 protein
that suggests a biologically relevant link of NF90 and ADARI. It is noteworthy
that ADARI deficiency in macrophages and neutrophils did not affect the tran-
script abundance of Statl, one of the genes most substantially upregulated in
Adarl™~ HSCs. This observation is consistent with the finding that ADARI is
dispensable in the myeloid lineage as assessed by conditional ADARI gene
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disruption directed by LysM-Cre (Hartner et al. 2009). These findings hint at cell-
specific differences in how ADARI participates in regulation of interferon sig-
naling that require further investigation.

The global induction of interferon in ADARI-deficient embryos from E11.5
coincided with increasing levels of apoptosis suggesting that death signal path-
ways may be induced by interferon. Collectively, the analyses of animals deficient
in ADARI have demonstrated an essential cell-intrinsic requirement for ADAR1
in the suppression of interferon-inducible pathways. Supporting this observation, a
recent study found that inosine-uridine (IU)-dsRNA can suppress interferon
stimulated genes (ISGs) and apoptosis (Vitali and Scadden 2010). IU mismatches
are formed in dsRNA as a result of ADAR editing. Activation of interferon reg-
ulatory factor 3 (IRF3), a gene essential for the induction of ISGs and apoptosis,
was found to be inhibited by IU-dsRNA (Vitali and Scadden 2010).

2.8 The Role of ADARI in Hepatocytes

In addition to the hematopoietic phenotype in the fetal liver, ADARI-deficient
embryos also display abnormalities in hepatoblasts. Early hepatogenesis appeared
intact in ADARI1 knockout embryos, as judged from morphological examination
and expression analysis of hepatic marker genes (Hartner et al. 2004). The break-
down of the fetal-liver architecture beginning at E11.5 suggested that, in addition to
the hematopoietic cells, hepatoblasts were also undergoing cell death. Consistent
with a cell-autonomous requirement for ADARI1 in hepatic cells, ADAR1-deficient
ES cells did not contribute to liver in adult chimeric mice. Moreover, disruption of
the ADARI gene in mice with transgenic Cre expression directed by the Albumin
promoter led to disorganized liver architecture and increased cell death in the liver of
adult ADARI mutant mice, along with decreased glucose and increased liver
enzyme levels (Wang et al. 2004). Perhaps as a consequence of these impairments,
ADARI Albumin-Cre mutant mice displayed a significantly reduced size when
compared with controls. More detailed study of the hepatic lineage will be required
and ADARI targets will need to be identified.

2.9 Transcript Editing is a Biological Function of ADARI

The generation of mutant ADARI1 alleles has allowed for the definitive demon-
stration of in vivo A-to-I editing capacity for ADARI. Analysis of A-to-I editing
within candidate transcripts expressed in neurons cultured from Adarl ™'~
embryonic brain (Hartner et al. 2004) and teratomas derived from ADARI1-defi-
cient ES cells (Wang et al. 2004) unequivocally established that site-selective
A-to-I editing is a biological function of ADARI. These studies revealed a
remarkable selectivity of A-to-I editing for closely-spaced adenosines in serotonin
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2C receptor pre-mRNA. Neurons cultured from embryos with dual deficiency for
ADARI1 and ADAR2 allowed unambigious assignment of edited adenosines to
either ADAR1, ADAR2, or as substrates for both enzymes (Hartner et al. 2004).

2.10 ADARIp150 Specific Functions?

It is not clear to what extent the two ADARI p110 and p150 isoforms differ in
their biological properties. Prominent differences include the interferon regulation
of ADARIp150 and the cellular localization of the isoforms with ADARI1p110
being predominantly nuclear and ADAR1p150 being found in both the nucleus
and cytoplasm. Homozygosity for a targeted ADARI allele that lacks the inter-
feron-inducible promoter providing for ADAR1p150 transcripts has been reported
to recapitulate the embryonic death caused by total ADARI deficiency encom-
passing both ADARI1 isoforms. This finding indicates that the interferon-inducible
ADARI1 may be the essential isoform during embryonic development (Ward et al.
2011). ADAR1p150-deficient cells demonstrated a specific role for this isoform in
controlling measles virus replication (Ward et al. 2011). Indeed, a critical role of
the interferon-inducible ADAR1 pl150 is consistent with its more abundant
expression in HSCs and immature hematopoietic progenitors and the strong
activation of the interferon pathway by total ADARI1 deficiency. However, further
analysis of this mutant will be required to exclude a potential effect of the retained
selection marker in the ADARI p150 knockout allele on expression of ADARI1
p110 in the cells that depend on ADARI or mutations in the p110 protein-coding
region that may have been introduced during the gene-targeting maneuver (Wang
et al. 2000; Ward et al. 2011).

3 ADAR?2 (Adarbl, RED1): Important for Brain Function

The generation of ADAR2-deficient animals and their subsequent analysis has
defined the in vivo paradigm for A-to-I editing activity. Through elegant genetic
models it was demonstrated that a single editing event in the glutamate receptor
subunit GluA2 could account for the pronounced phenotype induced by ADAR?2
deficiency (Higuchi et al. 2000).

3.1 ADAR?2 Deficiency Causes Epileptic Seizures
and Early Postnatal Death

The ADAR2 gene was disrupted by replacing the majority of exon 6 (originally
annotated as exon 4) with a PGK-neomycin cassette. This exon encodes a
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Fig. 5 Consequences of ADAR2 editing on GIluA2 function. Editing of the Q/R site in the
transcript for the glutamate receptor subunit GluA2 leads to a change in protein-coding sequence.
ADAR?2 deficiency results in a loss of editing at this site and physiologically relevant changes in
the function of GluA2, which results in seizures and death. The Q/R site is a critical channel
determinant that, among other parameters, controls influx of divalent cations, including Ca**. The
Q/R-site unedited version of GluA2 (Q) renders glutamate receptors with GluA2 participation
permeable to Ca®*, whereas channels that contain the edited (R) GluA2 subunit are impermeable
to Ca>*. Uncontrolled Ca>* influx through channels with Q/R-site unedited GluA2 is likely to
contribute to the development of seizures in ADAR2-deficient animals

functionally essential adenosine deaminase motif of ADAR?2 (Higuchi et al. 2000).
Adar2*'~ intercrosses produced Adar2™'~ mice at the expected Mendelian fre-
quency indicating that loss of ADAR?2, unlike ADARI deficiency, is compatible
with normal embryonic development. While Adar2*'~ mice were outwardly nor-
mal, Adar2™'~ mice developed epileptic seizures 2 weeks after birth and died by
approximately postnatal day 21. Adar2™'~ animals bear a close phenotypic
resemblance to GluA2"AES mice carrying a genetically-engineered GluA2 allele
that lacks an intronic editing site complementary sequence (ECS) required for
editing at the Q/R site (Brusa et al. 1995). In addition to severely reduced editing at
the GluA2 Q/R site, ADAR2-deficient brain displayed substantially reduced
editing at most of 25 positions in diverse neuronal transcripts (Higuchi et al. 2000).

Despite the reduction or loss of A-to-I editing in a number of substrates, the
dramatic phenotype of ADAR2™'~ mice reverted to normal when the edited CGG
codon replaced the unedited CAG version in both GluA2 alleles (Gria2®'®),
defining the Q/R site as the physiologically most critical substrate of ADAR2
(Fig. 5). Another interesting observation in ADAR2™'~ brain was that 10% of
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GluA2 pre-mRNA was edited as compared with 40% of spliced transcripts, sug-
gesting preferential splicing of Q/R-site-edited transcripts. Moreover, editing at the
Q/R site was shown to modulate GluA?2 protein processing within the endoplasmic
reticulum (Greger et al. 2002). This demonstrates that all editing events are not
equivalent in their cellular consequences and that a single editing event can
account for the most pronounced aspects of the phenotype in ADAR2-deficient
animals. The physiological significance of the changes in the editing status of the
other brain-derived transcripts in ADAR2-deficient mice remains largely to be
explored. A comprehensive physiological examination of 320 parameters in
Adar2™'/Gria2®® compound mutant mice has revealed a spectrum of subtle
changes associated with diverse tissue types in these animals (Horsch et al. 2011).
Many of these changes are not outside of the normal physiological ranges for wild-
type mice of the same genetic background. Nevertheless these analyses have
revealed additional phenotypes associated with ADAR2 deficiency, including
significant changes in behavior, hearing, serum markers of allergic responses (IgE
levels) and changes in gene expression profiles. The changes in hearing were
associated with increased levels of the signal transduction regulator Rgs3. It had
been reported that ADAR2 may play a role in metabolic control in pancreatic -
cells, but the detailed physiological analysis of ADAR2-deficient animals recently
reported would suggest that ADAR?2 does not have an essential role in normal
pancreatic function (Gan et al. 2006). While these reported physiological changes
do not impinge on normal functioning, an assessment of ADAR2 knockout mice
under non-physiological or pathological conditions, where alterations in editing of
additional targets may become of organismal consequence, is warranted (Horsch
et al. 2011).

3.2 Auto-Editing by ADAR2

ADAR?2 was found to edit its own transcript at an intronic position creating an Al
dinucleotide that serves as a splice acceptor. Utilization of this splice acceptor
leads to inclusion of an additional 47 nucleotides in the ADAR?2 protein-coding
sequence and premature termination of translation (Rueter et al. 1999). The
hypothesis that ADAR2 can modulate its protein expression by editing its own
transcript was tested in gene-targeted mice that lack a stretch of intronic ADAR2
genomic sequence involved in the formation of a duplex structure that ADAR2
protein requires to edit the intronic position within the ADAR?2 primary transcript
(Feng et al. 2006). However, heterozygosity or homozygosity for the Adar2?<S
allele did not produce a discernible phenotype, despite an increase in ADAR?2
protein and A-to-I editing of known ADAR target RNAs in the brain of mutant
mice. Compensatory effects during embryonic development that may mask
potential consequences of increased ADAR?2 expression in absence of autoregu-
lation could be circumvented by inducible disruption of the conditional Adar2**“*
allele (Feng et al. 2000).
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3.3 ADAR?2 and Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is the most common form of adult onset
motor neuron disease in humans. The vast majority of cases is sporadic and the
underlying genetic mechanisms associated with its initiation are not well defined.
An intriguing observation was made in spinal neurons from post-mortem analysis
of ALS patients where it was found that a substantial proportion of GluA2 mRNA
is unedited at the Q/R site-edited by ADAR2 (Kawahara et al. 2006; Kwak and
Kawahara 2005; Takuma et al. 1999). This observation appears to be specific for
ALS as all GluA2 transcripts from controls were edited (Kawahara et al. 2003;
Kwak and Kawahara 2005; Takuma et al. 1999) and raises the possibility that
ADAR?2 may play an important role in the pathogenesis of human ALS.

To test this hypothesis in a murine model, a conditional ADAR?2 allele was
generated with exons 7-9 flanked by loxP elements (Hideyama et al. 2010). These
exons encode part of the deaminase domain of ADAR?2. Deletion of ADAR?2 in the
brain was achieved by using VAChT-Cre.Fast mice that express Cre recombinase
in cholinergic neurons. VAChT-Cre.Fast-mediated gene disruption results in a
tissue mosaic where deletion occurs with approximately 50% efficiency in a given
cell population. Using this model, Cre activity would progressively occur up to
5 weeks of age and be selective for a subset of motor neurons in the spinal column
and central nervous system. Mutant mice were viable and presented with a phe-
notype of being hypokinetic, along with abnormal posture. Adar2™; VAChT-
Cre.Fast animals did not display signs of paralysis and had a normal survival up
until around 18 months of age when they declined more rapidly than control
animals. Loss of ADAR?2 led to the death of the large neurons in the anterior horn
of the brain. This observation was similar to that in the human ALS patients. The
apoptotic phenotype could be prevented by the introduction of the Q/R site-edited
form of GluA2. These experiments formally demonstrate that ADAR?2 deficiency
leads to death of motor neurons induced by failure of ADAR?2 mediated editing at
the GluA2 Q/R site (Hideyama et al. 2010; Kawahara et al. 2004).

3.4 Transgenic Expression of ADAR2

Ectopic expression of rat ADAR?2 protein from a randomly integrated transgene in
mice revealed a pronounced phenotype that was strikingly different from the
neurological syndrome associated with ADAR?2 deficiency or the lack of an overt
phenotype in mice that cannot control ADAR2 expression by editing the ADAR2
transcript (Singh et al. 2007). Transgenic mice expressing either wild-type or
editing-deficient ADAR2 isoforms displayed adult onset obesity characterized by
hyperglycemia hyperleptinemia and increased adiposity. The drastic weight gain
of these animals appeared to result predominantly from hyperphagia rather than a
metabolic derangement (Singh et al. 2007). Interestingly, manifestation of the
obese phenotype was independent of the deaminase activity of ADAR2, indicating
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that non-physiologic RNA binding rather than adenosine deamination is involved.
The striking phenotype of transgenic ADAR?2 mice appears to contrast with the
normal phenotype of ADAR2 mutant mice with increased ADAR?2 expression and
A-to-I editing due to failure of ADAR?2 autoregulation (Feng et al. 2006). Indeed,
the obesity observed in ADAR2 transgenic mice may result from CMV-driven
misexpression of the transgene outside cells normally expressing ADAR2. The
possibility of a gain-of-function effect of rat ADAR2 ectopically expressed in
mouse may also need to be considered, not only in view of recent data demon-
strating that RNA binding by ADARs can be dependent on the primary sequence
of RNA (Stefl et al. 2010).

4 ADAR3 (Adarb2, RED2): A Non-functional Family Member?

In contrast to ADAR1 and ADAR?2 that are expressed in many tissues, expression
of ADAR3 is restricted to the brain. ADAR3 harbors a 13—-15 amino-acid, argi-
nine-rich sequence motif referred to as R-domain that mediates binding of single-
stranded RNA (Chen et al. 2000; Melcher et al. 1996a) and also acts as a nuclear
localization signal.

The biological role of ADAR3 remains enigmatic. While structurally an RNA
editing enzyme that is well conserved in vertebrate evolution and shares 50%
protein sequence identity with ADAR2, no catalytic activity has to date been
documented for ADAR3. Failure of ADAR3 to edit synthetic and endogenous
dsRNA in vitro (Melcher et al. 1996a) has led to speculation that ADAR3 may
negatively regulate ADAR1 and/or ADAR?2 editing of transcripts in the brain
(Chen et al. 2000).

Deficiency for ADAR3 in mice did not interfere with apparently normal
embryonic and postnatal development (C. Faul, M. Higuchi; P.H. Seeburg,
unpublished), even though functional compensation for ADAR3 deficiency by
ADARI1 and/or ADAR2 has not been ruled out. Investigating the function of
ADAR3 under non-physiological or pathological conditions may reveal a function
for this evolutionarily conserved ADAR.

5 Outlook

Research in the past decade involving functional knockout studies in gene-targeted
mice has significantly advanced our understanding of the biological functions of
ADARSs and revealed the importance of these proteins during embryonic and
postnatal development. Future research will have to address the molecular
mechanisms underlying the requirement for ADAR1 in hematopoiesis and hepatic
tissue and ultimately identify the critical substrates.

The generation and analysis of lineage-restricted deficiency of ADARI has
highlighted the highly specific requirement for A-to-I editing within the
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hematopoietic system at the transition from hematopoietic stem cells to progeni-
tors. The use of genetically modified mice to identify specific cell subsets that are
dependent on ADARI1 will facilitate the enrichment of these cell types and
combining with new transcriptome-wide approaches. Transcriptome sequencing
and biochemical approaches that permit enrichment of inosine-containing tran-
scripts in tissues and cell types that require ADAR function should be helpful to
elucidate the full cellular repertoire of adenosine deamination (Wulff et al. 2010).
The convergence of these technologies will allow the identification of genes
regulated by ADARI and their functional validation.

The role of ADARs in non-physiological settings, of both individual and
combined ADAR deficiency, has not been significantly explored. Studies in
humans have yielded interesting associations of human traits with modifications
of ADAR family members. Recent studies from human cancer suggest roles for
ADAR proteins in both solid and hematological tumors (Ma et al. 2011; Maas
et al. 2001). Observations of altered editing activity in tumors, both increased
and decreased, highlight a potentially fascinating role for these enzymes in the
diversification of the tumor proteome and regulation of tumor transcription
through effects on miRNA pathways (Shah et al. 2009). Ongoing improvements
in the modeling of human cancer in the mouse and siRNA/shRNA technologies
lend themselves to a functional assessment of the contribution of ADARs to
cancer pathogenesis. Genetic association studies of human centenarians have
identified variations in ADAR2 that are associated with longevity (Sebastiani
et al. 2009). The functional effects of these polymorphisms have not been clearly
defined, although it would appear from the murine models that these cannot be
loss of function alleles. Mutant ADARI1 alleles have been identified in the
dominantly inherited human skin pigmentation disorder dyschromatosis symme-
trica hereditaria. These human alleles appear to disrupt the function of ADARI
leading to a loss of function or dominant negative effect and present as a range of
point mutations (Hou et al. 2007; Liu et al. 2006a, b). The modeling of these
disease-associated alleles in murine models may yield important information
regarding the cellular roles and targets of ADARSs in the pathology of human
disease.

It will be important to attempt to define functions for ADARs beyond RNA
editing. The uncoupling of the deaminase function of ADAR1 and ADAR2 from
a perhaps more general role in RNA metabolism mediated by their dSRNA and
DNA binding domains is yet to be fully explored. Recent data suggest an
involvement of ADAR1’s Z-alpha domain in the regulation of protein translation
efficiency at the ribosome (Feng et al. 2011), which warrants further assessment
in vivo. Given the diversity of features and functions exhibited by the members
of the ADAR family, future studies may well uncover a secret life of these
intriguing proteins.
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ModENCODE information to supplement published data on Adar gene transcrip-
tion, and splicing. We discuss the roles of ADAR in Drosophila in terms of the two
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initially found serendipitously and subsequent directed searches for editing sites and
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and these encode a wide range of largely membrane-associated proteins expressed
particularly in CNS. Electrophysiological studies on the effects of specific RNA
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1 Introduction

Drosophila has a single Adar gene encoding a protein closely related to vertebrate
ADAR?2. This makes Drosophila an excellent model to study conserved roles of
ADAR2-type proteins in site-specific editing of CNS transcripts. This role of
ADARs appears to have developed strongly in the evolution of Drosophila with
many edited transcripts identified. Other roles of ADARSs in non-specific RNA
editing related to microRNA processing and RNA interference or as RNA-binding
proteins are likely to be conserved also.

2 Drosophila Adar Gene Transcription, Splicing
and RNA Editing

2.1 Adar Gene Transcription

The single Adar gene in Drosophila melanogaster (D. melanogaster) lies at
cytogenetic position 2B6-7, near the tip of the X chromosome (Palladino et al.
2000a). Expression is highest in the CNS but also widespread outside the CNS at
lower levels. Expression of Adar increases at metamorphosis. It was proposed that
two different promoters, 4A and 4B, control the transcription of the Adar gene
(Fig. 1). The constitutive 4A promoter is active all through fly development and
transcription increases at the pupal stage. The 4B promoter was proposed to be
approximately 1 kb downstream, within a large intron of transcripts from the 4A
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Fig. 1 a. Adar gene structure, embryonic splicing pattern (below the gene) and adult splicing
pattern (above the gene), and ADAR protein isoforms expressed in embryos and adults.
b. Selected Adar gene region tracks from ModENCODE browser showing embryonic and adult
transcription, and binding patterns of RNA polymerase II, the enhancer-locating transcriptional
coactivator P300/CBP and the insulator protein CTCF

promoter, based on finding cDNAs with an alternative 5’ exon derived from this
region and 5’ RACE analysis (Palladino et al. 2000a).

For Drosophila genes and chromosomes a great deal of new information has been
provided by the Model Organisms component of the Encyclopedia of DNA Elements
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project (ModENCODE), which covers the entire fly genome (Roy et al. 2010).
Developmental transcription data from the Drosophila ModENCODE project does
not show a dramatic increase in transcripts corresponding to the proposed first exon—
4B of the adult-specific transcript in adult flies, (see Fig. 1 and Adar data at FlyBase
at http://flybase.org and GBrowse links to data for Adar on their mirror site
for ModENCODE at http://modencode.oicr.on.ca/fgb2/gbrowse/fly/ Tname=Adar).
Some exons may be underrepresented in RNA-Seq data for various reasons.

Other data from the ModENCODE project shows that the Adar locus lies in an
open chromatin region, actively transcribed, with expected enrichments of histone
H3K4Mel, H3K4Me3 and H3K27Ac modifications at the constitutive promoter as
well as RNA Polymerase Il accumulation at the promoter in both embryos and adults,
strong CTCF with some extension of Polymerase IT more 3’ in the adult data (Fig. 1).
Upstream of the constitutive promoter there is a very strong prediction of a chromatin
insulator based on CTCF protein binding in embryos and adults. Insulators may
establish chromatin loops and form boundaries between regions of gene regulation.
Other insulator predictions are about 180 kb downstream and 110 kb upstream of the
Adar promoter. The promoter region also binds Origin Recognition Complex (ORC)
proteins in embryo and at metamorphosis and this and other evidence suggests that
the promoter region contains an origin of replication active at these times.

A possible enhancer immediately upstream of the constitutive promoter is
suggested by binding of the Drosophila homolog of the transcriptional coactivator
P300/CBP, which is encoded by the Nejire gene in Drosophila (Akimaru et al.
1997). This protein has been extremely valuable in locating enhancers in human
and vertebrate genomes (Visel et al. 2009). CBP is CREB-binding protein, a
transcriptional coactivator that binds to the DNA-binding cAMP response element
binding protein CREB as well as to many other transcription activators bound at
enhancers (Vo and Goodman 2001). The CBP coactivator has histone acetyl-
transferase activity at H3K27 sites and other sites on histones. Most of the tran-
scription regulators, particularly neural transcription regulators, that are likely to
regulate Adar specifically have not been mapped yet and the Adar transcriptional
control sequences have not been defined. The cAMP response protein CREB is a
possible regulator of Adar, based on mammalian data (Gan et al. 2006; Peng et al.
2006) and this could provide a link between Adar expression and neuronal activity.

2.2 Embryonic and Adult Adar Splice forms and ADAR
Protein Isoforms

The Adar transcripts have long 5" UTRs with alternatively spliced exons. Based on
the estimated relative abundances of different splice forms these transcripts are
expected to generate predominantly two different protein isoforms starting spe-
cifically at the alternative exons —1 or +1; the inclusion of alternative exon —1
results in a protein being expressed with an additional 12 amino acids at the amino
terminus. Two other starting methionines, in the more rarely included exon —2 and
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exon 0, produce two different protein isoforms that share high homology at the
amino terminus (MKFDS and MKFEC) (Palladino et al. 2000b).

A constitutive splicing pattern is seen clearly in embryos that persists in
the background also in adults but an adult-specific splicing pattern in a subset
of transcripts is superimposed on this. Transcripts are spliced to include or
exclude alternative exon 3a with exclusion of this exon occurring in the
adult-specific splicing pattern. The ADAR 3/4 isoform predominates after
metamorphosis (Palladino et al. 2000a). Exon 3a has a rare nonconsensus splice
donor site (GCAAG vs. GTAAG) and it may be that a specific splicing
enhancer contributes to the inclusion of exon 3a (Marcucci et al. 2009).
Interestingly, the inclusion of exon 3a introduces an additional 38 amino acids,
modifying the distance between the two double strand RNA binding motifs
(dsRBM1 and dsRBM2), to a spacing that resembles that of vertebrate ADARI
rather than ADAR?2. There is a very strong correlation between the presence of
adult exon 4b in the 5 UTR and the adult splicing pattern deleting exon 3a.
The adult splicing pattern also correlates strongly with RNA editing at exon 7
in the Adar transcript.

Also, in embryos particularly, transcripts accumulate in which exon 7 is spliced
out. This may serve to restrain ADAR activity in embryos as truncated ADAR
proteins are predicted (Ma et al. 2002). Most of exon 7, though not the splice
junctions, are predicted to form a large dsRNA structure involved in editing here
(Keegan et al. 2005). This structure may affect the splicing of exon 7.

2.3 Adar Mutant Phenotypes and QOutstanding
Questions in Adar Regulation

The Adar’®’ deletion removes the entire Adar gene. Under ideal conditions,
Adar’®’ mutants develop into morphologically normal adults and they perform
functions necessary to sustain life (eating, respiration and metabolism) (Palladino
et al. 2000b). However they display severe neuro-behavioural deficits such as slow
uncoordinated locomotion, tremors and alteration of normal posture; furthermore
they obsessively and frequently clean their wings and they are able to jump and fly
but only when repeatedly provoked. The earlier characterized Adar'™ deletion
mutant is intriguing; it deletes only the promoters and not the coding sequence and
has some residual transcript expressed at a low level. It is phenotypically indis-
tinguishable from Adar’®’ but it edits the Adar transcript only and not any other
target transcript that has been examined.

The main outstanding questions about Adar gene expression relate to how
expression is controlled. Is transcription regulated by CREB or by neuronal factors
needed for ubiquitous neural expression? Is Adar expression or self-editing
regulated by neuronal activity?
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3 The Drosophila ADAR Protein Isoforms

Drosophila ADAR contains two double strand RNA binding domains within the
amino terminal half of the protein: dsSRBM1 (53-133aa) and dsRBM2 (196-273aa).
dADAR protein with the alternative exon 3a inserted between the two dsRBMs
rescues Adar mutant phenotypes less efficiently than the adult-typical ADAR 3/4
isoform (Keegan et al. 2005).

Binding to RNA is necessary for formation of vertebrate ADAR homo- or
hetero-dimers and for editing activity. Sequences within the first 46 amino acids
and the first dSRBM are required for dimerization of dADAR (Gallo et al. 2003).

However, based on domain exchange experiments between mammalian
ADARI and ADAR?2, the main determinant of ADAR specificity lie in the
deaminase domain at the carboxyl terminus. The dADAR deaminase domain
contains three zinc-binding motifs (at positions 372, 430 and 493) that are essential
to coordinate zinc near the active site glutamate at position 374.

The self-editing event that takes place in the catalytic domain of the protein changes
a serine residue (S) close to the zinc-chelating motif II to a glycine (G). In adult flies,
ADAR edits its own mRNA with 40% efficiency to encode an ADAR 3/4 G edited
isoform that is eightfold less active by in vitro measurements and that rescues Adar
mutant phenotypes less efficiently than the unedited isoform (Keegan et al. 2005).
It is not known what the physiological role of the self-editing event is. Understanding
this will require further study of factors regulating the activity of ADAR itself.

4 Roles of Drosophila ADAR

There are three general categories of effects that we can distinguish for ADARs:
site-specific RNA editing in transcripts, non-specific RNA editing in long dsRNA
precursors in RNA interference pathways and potential RNA editing-independent
roles, probably as RNA-binding proteins.

4.1 Site-Specific RNA Editing in Drosophila Transcripts
and Consequences

4.1.1 Serendipitously Discovered Editing Sites Led to Searches
for Further Sites

Site-specific RNA editing events were first detected serendipitously in Drosophila
transcripts encoding ion channel subunits such as cacophony (cac) encoding the
large, pore-forming subunit of the voltage-gated CNS calcium channel (Smith
et al. 1996) and paralytic (para) encoding the large, pore-forming subunit of the
voltage-gated sodium channel (Hanrahan et al. 2000). Other individually identified
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edited transcripts included DrosGluCl encoding a glutamate-gated chloride
channel subunit gene (Semenov and Pak 1999), the Adar transcript itself
(Palladino et al. 2000a) and the Dalpha5 transcript encoding the pore-forming
subunit of a nicotinic acetylcholine receptor (Grauso et al. 2002).

Although no definite signature sequence motif was found for an ADAR editing
site, editing site complementary sequences (ECSs) usually located in an adjacent
intron form imperfect duplex RNA by base-pairing with the exon that contains the
adenosine to be edited. This is as expected from studies of vertebrate glutamate
receptor transcript editing (Higuchi et al. 1993). Based on the hypothesis that cis-
elements required for editing site/ECS duplex formation will be conserved where
RNA editing of particular sites is conserved between species. Hoopengardner et al.
(2003) identified 16 new edited targets in Drosophila by comparing genome
sequences of D. melanogaster and D. pseudoobscura to identify highly conserved
exons. They examined 914 genes annotated as ion channels (n = 135), G protein-
coupled receptors (n = 178), proteins involved in synaptic transmission (n = 102),
and transcription factors (n = 499). All the edited transcripts they discovered by this
method encode proteins functioning in rapid electrical and chemical neurotrans-
mission, among which were seven voltage-gated ion channels (VGIC), five com-
ponents of the synaptic release machinery, and four ligand-gated ion channels
(LGIC). The number of edited sites differed from one to seven in each transcript.
Nevertheless, due to the limited size of the screen pool and the possibility that there
are some rapidly evolving ADAR editing events, this approach was not able to detect
all the ADAR targets. It was found that in Drosophila some ECS elements are not a
single sequence unit as in the vertebrate glutamate receptor transcripts but consist of
fragments that are not arranged sequentially in the genome but come together in the
transcript to pair with the edited region and stack along it (Reenan 2005).

Another systematic approach to identify ADAR targets was carried out using
sequence data from the Drosophila Gene Collection project which set out to provide
a sequence of one individual adult head cDNA with a complete protein-coding
sequence for each gene in the genome (DGC; http://www.fruitfly.org/DGC).
Stapleton et al. (2006) compared the cDNA clone sequences with genomic DNA and
further experimentally verified 27 new targets of ADAR, expanding the categories of
edited transcripts to seven. They identified three more classes of ADAR target
transcripts: encoding vesicular trafficking proteins, ion homeostasis proteins and
cytoskeletal components. However, it remained likely that not all edited transcripts
were yet detected, partly because sites edited less than 100% might not be detected in
individual cDNA sequences.

4.1.2 Four Percent of all Drosophila Transcripts have
Site-Specific RNA Editing

The list of known site-specifically edited transcripts in Drosophila has recently
been very dramatically increased by the publication of the ModENCODE study
of the developmental transcriptome based on extensive RNA Seq analyses of
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RNA from 72 samples and 30 distinct developmental stages. By analyzing the
poly(A)+ RNA Seq data, Graveley et al. (2011) identified 972 edited positions
within transcripts of 597 genes, which is around 4% of the Drosophila genes.

Graveley and colleagues observed several important common features of the
edited sites in their sequencing data. Firstly, consistent with the earlier studies
(Hoopengardner et al. 2003; Jepson and Reenan 2007), exons containing editing
sites are more highly conserved than unedited exons. Secondly the frequency of
editing increases throughout development; editing often begins in late pupal stages
and many of the newly discovered sites are edited only in adult flies. Thirdly,
editing levels do not correlate with the expression levels of the genes. Lastly, the
majority of the edited sites (630) alter amino acid coding, 201 sites are silent, and
141 are within untranslated regions.

In addition, Graveley and colleagues identified by computational analysis
three length classes of a potential editing-associated sequence motif having the
edited A near the 3’ end. Although motifs A and B are more common, Motif C,
the shortest one, is observed to be most strongly associated with the editing sites
and over-represented in early developmental editing events (Graveley et al.
2011). The other two motifs are longer than Motif C but rather similar and tend
to have a G immediately 3’ of the edited A and further Gs running 5’ at —2, —35,
—8 and —11 from the edited position i.e. G residues at every third base. Oddly,
these conserved motifs are mostly 5’ of the edited A, whereas the ADAR
dsRBDs bind mainly 3’ of the edited A (Stefl et al. 2010). It is not clear that
these motifs will necessarily contribute to dsRNA duplex stretches as editing
site/ECS duplexes tend to be short in Drosophila compared to those seen in
vertebrate transcripts. Possibly the motifs reflect further interactions of substrate
RNAs with ADARSs or with other proteins.

Functional categories highly represented among the edited transcripts based
on the classification of molecular functions of encoded proteins include trans-
porter activity (n = 66), enzyme regulator activity (n = 31, mainly GTPase
regulator activity), binding activity, catalytic activity and structural molecule
activity (n = 5, all are genes encoding structural constituents of muscle). The
most widely studied edited transcripts encode proteins with transporter activities.
However, binding activity is the biggest category of molecular function among
the edited transcripts, consisting of protein binding (n = 132), nucleotide binding
(n = 76), lipid binding (n = 14) and ion binding (n = 22) classes. Edited
transcripts included in catalytic activity categories include 31 genes with kinase
activity and 17 genes with phosphatase activity. Analyzed from the cellular
component aspect, most edited transcripts reside in membrane structures
including ion channel complexes, plasma membranes, membrane bounded ves-
icles and mitochondrial membranes. Also, there are edited transcripts encoding
components involved in cell projections, synapses, and cytoskeleton. (AmiGO
analyses, and statistical analyses were carried out using the FlyMine website
http://www.flymine.org)
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4.1.3 Effects of Individual RNA Editing Events on Ion Channel
Subunits and Other Proteins

Intriguing suggestions for the overall function of site-specific RNA editing
have been made that now need to be re-examined with larger numbers of sites.
One proposal is that editing events tend to change less conserved residues in highly
conserved functional regions of proteins (Reenan 2005; Yang et al. 2008).
A somewhat related suggestion is that editing events tend to alter evolutionarily
conserved amino acid sequences in such a way as to introduce an evolutionarily
novel residue at a conserved position in the genomic sequence (Tian et al. 2008).
RNA editing is then evolutionarily restorative—as though a new, unedited,
functional protein isoform is provided from the unedited transcripts while the
isoform with the evolutionary consensus residue is provided by RNA editing.

It is not always obvious how significant the functional consequences of editing
events in individual proteins are. Nevertheless, to our knowledge, where effects of
RNA editing changes on protein functions have been sought they have been found.
This suggests that editing events have been selected for effects on protein function
even though the effects are sometimes subtle. Several extensively studied editing
events include the one in ADAR itself which undergoes self-editing to reduce
enzymatic activity, possibly as a fine-tuning mechanism for RNA editing regula-
tion (Keegan et al. 2005).

If there are hints of patterns in the evolutionary selection of editing sites in
protein domains then are there also conserved patterns in the effects of RNA
editing on protein or neuron function? There are so many editing events in
Drosophila transcripts that for most the biophysical or physiological conse-
quences are, at best, merely predicted depending on the domains where the
edited sites reside. However, recent studies of effects of RNA editing on several
Drosophila ion channels do now allow these questions to be considered.
The GABA receptor, for instance, is generally inhibitory with regard to neuronal
excitability. Loss of RNA editing at sites in Rdl leads to increased responsive-
ness to GABA so that a lower concentration of GABA is sufficient for a
half-maximal channel opening response i.e. loss of Rdl RNA editing is expected
to make neurons less excitable (Jones et al. 2009). Does loss of RNA editing
have parallel effects on other channels?

A very detailed study of the biophysical consequences of editing was conducted
on Shab. Shab belongs to the voltage-gated potassium channel family, one of
which contains the only specific adenosine position known to be edited by ADARs
in chordates, mollusks and arthropods. The RNA structure that directs editing in
that case is not conserved between chordates and arthropods so this may be an
example of convergent evolution (Bhalla et al. 2004). The original discovery of
editing sites in Shab by comparing their cDNA with genomic DNA revealed five
highly edited sites but the ModENCODE data detects eight edited sites in Shab
including two silent sites.

Four of the sites are fully edited so, using a two-microelectrode voltage clamp
in Xenopus oocytes, Ryan et al. (2008) compared the effects of single unediting at
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each of the edited sites to the genomic construct with no editing and to the fully
edited version. The original five sites were the 1583V site in the S4 voltage sensor,
the T643A site in the pore helix, Y660C in the extracellular turret and T671A and
1681V in the S6 segment. One functional consequence of RNA editing in Shab is
to change the voltage dependence so that the edited channel is less prone to open,
which would enhance the excitability of a neuron containing the edited channels.
From this the predicted effect of loss of RNA editing is decreasing neuronal
excitability.

The effects of loss of editing on the kinetics of channel gating seem to predict
an opposite effect on neuronal excitability however. Loss of RNA editing in Shab
slows both activation and deactivation. The authors suggest that slower activation
resulting from loss of editing would tend to make neurons more excitable.
Therefore it is unclear whether loss of Shab editing would tend to make a neuron
more or less excitable overall.

Fully understanding the functional consequences of A-to-I conversion in each
transcript is still challenging, especially for the transcripts that have multiple
editing sites. The editing events are not only temporally but also spatially tightly
regulated to give combinations of isoforms with different sites edited at different
levels. For instance, a predominantly expressed edited isoform (68%) of Shaker in
male wing tissue is found to have very low (1%) expression in the male head, and
the most abundant isoform (27%) in the male head is not detected in the male wing
tissue (Ingleby et al. 2009). Homologous recombination in Drosophila may be
useful to distinguish roles of edited and unedited forms of Adar and other edited
transcripts (Jepson et al. 2011).

4.2 RNA Editing and RNA Interference

4.2.1 Types of RNA Interference and Production of Different
Small RNAs in Drosophila

RNA interference is a process of silencing gene expression at the transcriptional or
posttranscriptional levels. Small RNAs (21-29 nucleotides) are involved in this
process of gene silencing and several classes have been well described in
Drosophila (Czech and Hannon 2011). These include short interfering RNAs
(siRNAs), micro RNAs (miRNAs), repeat associated RNAs (rasiRNAs) and piwi-
interacting RNAs (piRNAs).

Small interfering RNAs (siRNAs) are generated by the activity of Dicer2
enzyme which binds longer dsSRNA precursors and releases RNA duplexes 21
nucleotides long on each strand with 2 base 3’ overhangs on each end. One strand
is discarded and a single stranded siRNA remains in a RNA induced silencing
complex (RISC) containing Argonaute2 (AGO2) protein, which then cleaves
target RNA molecules complementary to the siRNA strand. This process can act
on exogenously supplied dsSRNA but when it acts on internally generated dsSRNA
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the products are referred to as endogenous siRNAs (esiRNAs) or repeat associated
siRNAs (rasiRNAs).

The processing of pre-miRNAs is similar but these are first cleaved from an
endogenously expressed transcript by Drosha enzyme and transported to the
cytoplasm for cleavage by Dicerl enzyme and maturation into mature miRNAs in
a miRISC complex containing AGO1 protein. Mature miRNAs inhibit the trans-
lation of the complementary mRNA (most often binding to the 3'UTR).

piRNAs are generated particularly from transposon-associated RNAs by Dicer-
independent processes and in Drosophila these are processed into complexes
containing Piwi, Aubergine (Aub) or AGO3 proteins. One amplification process
for piRNAs inolves Aub and AGO3 proteins binding opposite strands of triggering
RNAs and engaging in ping-pong cleavage reactions that load further RNA copies
into the silencing complexes. In mammals this class of RNAs are expressed only in
the germline but in Drosophila piRNAs are found in germline and also to a lesser
extent in somatic tissues (Li et al. 2009; Malone et al. 2009).

4.2.2 RNA Editing in esiRNAs Derived from Transposons,
Structured RNA Loci and Convergently Transcribed Genes

The Siomis and their colleagues in Japan have shown that, among Drosophila
endogenous siRNAs (esiRNAs) recovered from RISC complexes immunoprecip-
itated with an antibody to AGO2, 18% of all the 21 mer sequences showed A-G
changes reflecting probable RNA editing of dsSRNA precursors (Kawamura et al.
2008). This corresponds to an adenosine to inosine conversion once every 130 base
pairs in precursor dsSRNA and this level is similar to estimates of editing rates in
mammalian microRNAs (Kawahara et al. 2008): editing of microRNAs has not
been studied in Drosophila.

ADAR interactions with RNA interference pathways are expected since
ADARs and Dicers both act on dsRNA and potentially compete for this substrate
(Yang et al. 2005). In addition to a potential for competitive binding of the proteins
it has been demonstrated that hyper editing of dsRNA in vitro inhibits cleavage by
Dicer (Scadden and Smith 2001). Another experiment had shown that the Tudor-
SN component of RISC binds and promotes degradation of hyper edited dsSRNAs
(Scadden 2005). While some proportion of dsSRNA precursors that get edited still
go on to contribute to RNA interference pathways with potential to alter the
targeting of RISC complexes some portion of edited dSRNAs may be degraded.

The full range of sequences able to contribute to esiRNAs all seem to be equally
editable (Kawamura et al. 2008). esiRNAs are derived primarily from transposons
and from structured transcripts with potential to form long dsRNA. A very
intriguing category of esiRNAs that are more abundant in Drosophila than in mice
is derived from convergent transcripts with overlapping 3’ ends (Czech et al. 2008;
Petschek et al. 1996). The D. melanogaster genome has 998 convergently tran-
scribed gene pairs with annotated overlapping transcripts and different but partly
overlapping subsets of these produce esiRNAs in ovaries and in Schneider S2 cell
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cultures. Probably not all convergent overlapping transcript pairs are expressed in
the same cells or pairing of UTRs may not be efficient because the numbers of
esiRNAs produced are not as high as from structured RNA loci.

The very first A-to-I edited transcripts identified in Drosophila were discovered
serendipitously as A to G discrepancies between cloned cDNAs and the corre-
sponding genomic sequences of RNA-binding protein 4F (Rnp4F), at 4F5 on the X
chromosome (Petschek et al. 1996). Rnp4F encodes a protein homologous to
human P110/Sart3 protein and to the U4/U6 snRNP recycling factor. Editing in
this transcript arises because of convergent transcription of Rnp4F and another
gene Something about silencing 10 (Sasl10), which encodes a nuclear, positively
charged, protein. The S. cerevisiae ortholog of SaslO inhibits chromosomal
silencing at the mating-type loci when overexpressed. Sas/0 shares a conserved
domain with RNA-binding components of the exosome and U3.

The Rnp4F transcript is expressed early in embryogenesis but later in
embryogenesis a longer Sas/0 transcript is produced that overlaps with the 3’ end
of Rnp 4F, leading to a drop in Rnp4F transcript levels (Peters et al. 2003). The
Rnp4F transcript now has adenosines converted to guanosine when cDNA and
genomic DNA sequences are compared. In embryonic and larval stages Sas/0 is
the much more strongly expressed of the two transcripts but in adults the level of
both transcripts is low. The overlapping transcripts appear to trigger RNA inter-
ference. modENCODE data now shows that small RNAs are expressed that cor-
respond to the region of transcript overlap in adult tissues, particularly in mutants
of Ago 2 or r2d2. Small RNAs from this region are present in AGO 1 complexes
immunoprecipitated from adult cells such as ovarian somatic cell (OSC) cultures
and from ovaries and these are particulary prominent in AGO 1 complexes
immunoprecipitated from cells in which Ago 2 or r2d2 are mutant or knocked
down. Whether loss of RNA editing would help or hinder silencing at Rnp4F has
not been determined.

The presence of RNA editing events in siRNAs is part of the evidence that these
small RNAs are generated from dsRNA. There have not been any reports of
editing events in piRNAs. In the case of piRNAs there may be no very extensive
dsRNA involved in their formation or any dsRNA that is formed during their
biogenesis may be bound within protein complexes and inaccessible to ADARs.

4.2.3 Consequences of RNA Editing for RNA Interference Phenomena

There is no clear published evidence that loss of Adar in Drosophila influences the
potency of RNA interference effects. In the simplest case of pure antagonism loss of
Adar function should make RNA interference more active, as occurs in C. elegans
(Knight and Bass 2002). In Drosophila, mutations in genes encoding RNAi com-
ponents did not rescue locomotion defects of Adar mutant flies but RNA interfer-
ence has not been shown to have any relevance for locomotion defects in flies so
this is not surprising (Jepson and Reenan 2009). The finding does not rule out the
possibility of antagonistic effects of Adar on aspects of RNA interference. Such an
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antagonism has been shown in the case of white hairpin-directed RNA interference
in Drosophila when the cytoplasmically localized human ADARI1 p150 protein is
overexpressed but neither Drosophila Adar mutations nor overexpression of the
nuclear localized Drosophila ADAR or human ADAR? have an effect in this assay.
This is presumably because the white hairpin is cytoplasmic in this case and ADAR
p150 is the only protein with a matched localization.

4.3 RNA Editing-Independent Roles of ADARs

ADARs edit microRNA precursors and thereby redirect RISC complexes containing
edited microRNAs to new targets (Kawahara et al. 2007). A follow up study found
however that the effect of ADAR binding to inhibit the processing of microRNAs
from their precursors is stronger than the effect of retargeting (Heale et al. 2009a).
This antagonism is independent of adenosine deamination activity. Stable, catalyt-
ically inactive ADAR proteins can be generated by mutating a glutamate residue in
the deaminase active site to alanine. Such a catalytically inactive human ADAR1
protein was shown to inhibit processing of micro RNA precursors in vitro and in
cultured human cells. This mutant ADARI was also shown to retain a substantial
portion of the antagonistic effect against RNA interference in Drosophila that is
exhibited by the wildtype ADARI protein. This data joins a range of other evidence
that ADARs have important roles independent of deamination that probably arise
mainly from their roles as RNA-binding proteins.

A different catalytically inactive ADARI mutation in two Japanese families
was proposed to have more severe effects than other ADARI1 loss of function
mutations because of a dominant negative effect on residual active ADARI in
those patients (Heale et al. 2009b; Kondo et al. 2008). In Drosophila the inactive
dADAR protein has been shown to be insufficient to rescue locomotion defects,
consistent with the need to edit CNS transcripts. Further study of the relationship
between ADAR and RNA interference requires a naturally-occurring, ideally
nuclear-based, RNA interference phenomenon to act as a reporter. Whether there
are aspects of ADAR function other than antagonizing RNA interference that the
inactive protein can provide remains to be determined.

5 Conclusion

In conclusion, study of ADAR RNA editing in Drosophila developed from ser-
endipitous findings to systematic discovery of the amazing 596 edited transcripts
with 972 sites edited to date. Significant progress has been made in studying the
effects of editing on some transcripts, most of which encode ion channels or other
membrane proteins. However, there is still quite a long way to go to completely
understand the physiological effects of editing on affected proteins in Drosophila.
Whether editing events are evolutionarily selected to some common purposes and
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how the editing profiles are fine-tuned remain to be determined. In addition, the
effect of ADAR on small RNAs is still not clear. Sequencing of endogenous
siRNAs detected vastly over-represented adenosine-to-guanosine mismatches
reflecting ADAR editing of dsRNA precursors. Further investigations are needed
to test whether cross regulation between A-to-I editing and other post transcrip-
tional modification mechanisms like RNA interference exist.
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