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REVIEW

ADAR RNA editing below the backbone

LIAM KEEGAN, ANZER KHAN, DRAGANA VUKIC, and MARY O’CONNELL
CEITEC at Masaryk University Brno, Pavilion A35, Brno CZ-62500, Czech Republic

ABSTRACT

ADAR RNA editing enzymes (adenosine deaminases acting on RNA) that convert adenosine bases to inosines were first identified
biochemically 30 years ago. Since then, studies on ADARs in genetic model organisms, and evolutionary comparisons between
them, continue to reveal a surprising range of pleiotropic biological effects of ADARs. This review focuses on Drosophila
melanogaster, which has a single Adar gene encoding a homolog of vertebrate ADAR2 that site-specifically edits hundreds of
transcripts to change individual codons in ion channel subunits and membrane and cytoskeletal proteins. Drosophila ADAR is
involved in the control of neuronal excitability and neurodegeneration and, intriguingly, in the control of neuronal plasticity
and sleep. Drosophila ADAR also interacts strongly with RNA interference, a key antiviral defense mechanism in invertebrates.
Recent crystal structures of human ADAR2 deaminase domain-RNA complexes help to interpret available information on
Drosophila ADAR isoforms and on the evolution of ADARs from tRNA deaminase ADAT proteins. ADAR RNA editing is a
paradigm for the now rapidly expanding range of RNA modifications in mRNAs and ncRNAs. Even with recent progress, much

remains to be understood about these groundbreaking ADAR RNA modification systems.
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INTRODUCTION

ADARs: promiscuous and site-specific RNA editing

ADARs (adenosine deaminases acting on RNA) were dis-
covered in Xenopus laevis oocytes when single-stranded
antisense RNAs were injected to silence target genes by form-
ing double-stranded (ds) RNA. When injection was per-
formed after germinal vesicle breakdown, when nuclear
components are exposed to the cytoplasm, the dsRNA was
destabilized. Initially, this was thought to be due to RNA
helicase activity; however, the RNA strands had a much
reduced capacity to reanneal after heat denaturation and
cDNA sequences contained adenosine (A) to guanosine
(G) sequence changes. Subsequently, this was found to be
because of an enzymatic deamination of approximately
half of all the adenosines in the dsRNA to inosine (Bass
and Weintraub 1988; Wagner et al. 1989). The resulting ino-
sine—uracil wobble base pairs (Pan et al. 1998) are less stable,
leading to substantial strand unwinding (Serra et al. 2004).
When the edited RNA is reverse-transcribed, inosine forms
a Watson—Crick base pair with cytosine, so that G replaces
A at the edited position.

There are many other enzymatic modifications of RNA.
However, ADAR-mediated adenosine to inosine RNA mod-
ification has been the most widespread RNA modifica-

Corresponding author: Liam.Keegan@ceitec.muni.cz
Article is online at http:/www.rnajournal.org/cgi/doi/10.1261/rna.060921.
117.

RNA 23:1317-1328; Published by Cold Spring Harbor Laboratory Press for the RNA Society

tion detected by standard RNA-seq. Therefore, studies on
ADAR RNA editing began much earlier and they now also
lead the way toward understanding the effects of a range of
other enzymatic modifications that have been found more re-
cently in mRNA (O’Connell et al. 2015). Research into this
intriguing ADAR RNA editing process over the past 30 years
has revealed a wide and still expanding range of very funda-
mental biological roles for ADARs (Fig. 1). The first major
finding was that, in addition to promiscuous editing in
long dsRNAs like those formed in Xenopus antisense injec-
tions, ADARs also efficiently and site-specifically edit indi-
vidual adenosines within short RNA hairpins formed in
pre-mRNAs (Higuchi et al. 1993). Efficient site-specific
ADAR RNA editing can lead to recoding of open reading
frames because inosine decodes as guanosine.

ADARSs are primarily nuclear proteins that bind to dsRNA
via two or more dsRNA-binding domains (dsRBDs) at the
amino termini of the proteins and a larger carboxy-terminal
deaminase domain about 400 amino acids long (Keegan et al.
2001). The deaminase active site contains a catalytic zinc
atom chelated by two cysteines and one histidine residue
within three deaminase motifs conserved between ADARs
(Macbeth et al. 2005). These deaminase motifs are also
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FIGURE 1. Summary of Drosophila Adar mutant phenotypes discussed here, with main
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present in the tRNA adenosine deaminases from which
ADARs evolved (ADATI1, ADAT2, and ADAT3) (Gerber
and Keller 2001), and in the much more distantly related cy-
tosine deaminases acting on RNA and DNA (CDARs) (Hogg
etal. 2011). The deaminase domain flips the target adenosine
out of the dsRNA structure and into the active site (Matthews
etal. 2016). ADAR catalytic activity depends on a molecule of
inositol hexakisphosphate bound within the deaminase
domain and forming a chain of hydrogen bonds through to
the active site (Macbeth et al. 2005).

Vertebrate ADARs

This review will concentrate on invertebrate ADARs and es-
pecially on genetic studies on the biological roles of the
Drosophila ADAR protein. However, it is helpful to place
these studies within the context of studies on the vertebrate
ADARSs. Vertebrate ADARI is responsible for most of the
promiscuous editing of long dsRNA (Riedmann et al.
2008). ADARI is widely expressed in many tissues, including
white blood cells and central nervous system (CNS), but not
in skeletal muscles (O’Connell et al. 1995). The constitutive
nuclear ADAR1p110 isoform is essential for embryo viability
(Hartner et al. 2004; Pestal et al. 2015), and it promiscuously
edits inverted repeats of Alu elements (IR Alus), that are em-
bedded in pre-mRNA introns and UTRs and in noncoding
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RNAs (Levanon et al. 2004). The effects
of ADARI editing on dsRNA are attribut-
ed to structural alterations in the dsRNA
after editing. [-U wobble pairs form and
cause local dsRNA structure distortion
to give unpaired bubbles or partial melt-
ing of the dsRNA (Serra et al. 2004;
Mannion et al. 2014). Innate immune
sensors detect perfectly paired dsRNA
formed by virus replication and are not
aberrantly activated by edited self-
dsRNA. Endogenous dsRNA is generated
mostly by hairpin-forming sequences or
pairing of different copies of repetitive el-
ement sequences such as inverted-repeat
IR Alus. The resulting endogenous
dsRNAs are often somewhat imperfectly
paired. However, IR Alus may also re-
quire RNA editing to prevent aberrant
innate immune induction. The longer in-
terferon (IFN)-inducible cytoplasmic
ADARIp150 isoform is induced late
in the interferon response and edits all
dsRNA transcripts in the cytoplasm,
which then prevents or reverses aberrant
innate immune responses to dsRNA
(Mannion et al. 2014).

Vertebrate ADAR?2 is less widely and
less highly expressed than ADARI (Wu
etal. 2009). ADAR?2 is most highly expressed in CNS and ap-
pears to be primarily involved in site-specific editing of CNS
transcripts encoding ion channel subunits (Higuchi et al.
2000). There is also an ADAR3 protein expressed in brain
central ganglia that is closely related to ADAR2 (Melcher
et al. 1996); ADAR3 does not edit any known target sites, al-
though it does interfere with editing by ADAR2 (Chen et al.
2000).

Mutations in ADAR genes are associated with various con-
ditions; Aicardi-Goutieres syndrome (AGS) is a fatal child-
hood encephalopathy with interferon overexpression
caused by ADARI mutation (Rice et al. 2012). ADAR2
(Hideyama et al. 2010) and ADAR3 (Donnelly et al. 2013)
have been linked to glutamate excitotoxicity in amyotrophic
lateral sclerosis (ALS). Both the long and short isoforms of
ADARI show increased expression in many cancers and there
are also large increases in ADAR editing in tumor transcripts
(Fumagalli et al. 2015; Han et al. 2015; Paz-Yaacov et al.
2015). The roles of ADARs in cancer and other diseases
have been reviewed elsewhere (Galeano et al. 2012; Gallo
and Locatelli 2012). Two more distantly related conserved
mammalian germline ADAR-like proteins (ADADs, also
called Tenr) (Connolly et al. 2005) are not predicted to
have any editing activity and may act solely as RNA-binding
proteins, but they do indicate that ADARs or ADAR-like pro-
teins also have roles in the germline.

Synaptic plasticity

and

(Robinson ef al., Nature
Communications 2016)
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DROSOPHILA ADAR FUNCTIONS
IN THE NERVOUS SYSTEM

Neuronal excitability and neurodegeneration

The single Adar gene in Drosophila (Palladino et al. 2000a)
(Palladino et al. 2000b) encodes an ADAR2-type protein
(Keegan et al. 2004). The Adar gene is on the distal part of
the X chromosome so male Adar mutant flies are usually
studied. In embryos the expression of Adar is highest in the
CNS, but it is also expressed at a lower level outside the
CNS (Palladino et al. 2000b). Adar transcripts are expressed
from two promoters: the stronger —4a promoter activated

male to produce a female homozygous Adar mutant. When
the male Adar mutant has a Y chromosome with a transloca-
tion of the distal X chromosome that includes the Adar gene,
fertility is restored and the male can transmit the Adar mutant
X chromosome to his progeny, allowing a homozygous Adar
mutant female to be produced. Such homozygous Adar mu-
tant females have been generated to confirm that their mutant
phenotypes are similar to those seen in males (Palladino et al.
2000b). However, homozygous female Adar mutants are not
routinely studied.

Overexpression of the adult ADAR3/4 S isoform ubiqui-
tously using the Actin 5c-GAL4 driver or in muscle using

at metamorphosis and the constitutive
—4b promoter active at all developmental
stages (Fig. 2). Different ADAR protein
isoforms are expressed in embryos and
adults due to alternative splicing of exons
—4a and —4b in the 5 UTR and to alter-
native exons 0 and —1 containing alterna-
tive translation initiation codons. In
adults the ADAR 3/4 spliced transcript
predominates, and transcripts from the
Adar 4a promoter have less of an alterna-
tive exon 3a extension between the two
dsRBDs (Fig 2). Adult transcripts from
the Adar 4a promoter also have increased
editing of a specific codon that changes a
serine residue to glycine in the deaminase
domain (Palladino et al. 2000a), giving
unedited ADAR3/4 S and edited
ADAR3/4 G isoforms (Fig. 2). There are
also some indications of ADAR expres-
sion outside CNS in larvae; data from
modENCODE reveals that expression of
Adar in haltere disc ML-DmD17-c3 and
tumorous blood cell mbn2 cell lines is
higher than in CNS ML-DmBG1-c1 and
CNS ML-DmBG2-c2 cell lines derived
from Drosophila larval central nervous
system. However, the role of Adar in these
tissues is unknown (Roy et al. 2010).
Under good conditions Adar’“" null
mutant flies develop into normal adults.
However, they display some neurobeha-
vioral defects such as uncoordinated
locomotion and age-dependent neurode-
generation (Fig. 1). Adar™, another char-
acterized mutant that has a deletion in
the promoter not affecting the coding re-
gion, is phenotypically similar to Adar”“",
but has some residual expression of the
Adar transcript at a low level (Palladino
et al. 2000b). As these male Adar mutants
are unable to mate, it is not possible to
cross them to a heterozygous mutant fe-

dsRBM 1

dsRBM2

Embryonic
isoforms

Adult
isoforms

FIGURE 2. Drosophila ADAR isoforms and effects of deaminase domain S458G editing. (A)
Drosophila 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)
Structure of human ADAR2 E488Q-Bdf2 RNA complex (PDB: 5E1). The edited RNA strand
runs from 5 U1 on the left to 3’ C23 on the right. The 8-azanebularine replacing the edited A
at position 12 (marked 8AZ-12) is inserted into the deaminase domain active site near the cata-
Iytic zinc atom (orange sphere), and held there as a covalent reaction intermediate analog. The
serine 458 loop (red), the 5" RNA contacting region (salmon), the amino terminus of the deam-
inase domain (magenta), and the GQG base flipping loop (yellow) are highlighted on the deam-
inase domain protein structure. Several proline residues that cause the protein backbone in the
loop to make changes in direction are also shown.
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the Mef 2-GAL4 driver is lethal in embryos and larvae
(Keegan et al. 2005). Lethality is probably due to hyperediting
as Ca-alD transcripts encoding the pore-forming a subunit
of the muscle voltage-gated calcium channel are edited to a
higher than normal level, for the larval stage, in larvae with
Mef 2-GAL4 driven overexpression (Li et al. 2014). Interest-
ingly, once past the embryo and larval stages, ADAR3/4 S
overexpression is not lethal in adult flies; many sites in Ca-
alD and other transcripts that are edited at low levels in lar-
vae become more fully edited in adult flies. A genetic screen
was performed to identify chromosomal deletions (DroDel
deficiencies) (Ryter and Schultz 1998), which rescue the le-
thality caused by the overexpression of the ADAR3/4 S (Li
et al. 2014). The aim of the screen was to find genetic mod-
ifiers that affect the level or activity of the ADAR3/4 S protein
or play an important role in the pathway downstream from
ADAR3/4 S. Overexpression of ADAR3/4 S was under the
control of the Actin 5¢c-GAL4 driver, combined with tub-
GALS80". This allowed ADAR3/4 S overexpression to be pre-
vented during embryonic development to maintain and to
collect virgins from the stock carrying three transgenes at
25°C. Virgin females were then crossed to males of DrosDel
deletion stocks at 29°C to test whether the DrosDel deletion
suppresses Adar OE lethality.

DrosDel deficiencies on chromosome III were screened,
and eight rescued ADAR3/4 S overexpression lethality in em-
bryos and larvae. The rescuing effect of one of the deficiencies
was mapped to a single gene, Rdl (Resistance to dieldrin); het-
erozygosity for the null allele Rdl'/+ rescued the Adar OE
viability to 34% (Li et al. 2014). Rdl is an essential gene en-
coding the membrane pore subunit of the important inhibi-
tory GABA, receptor in Drosophila. This suggests that
overexpression of ADAR3/4 S leads to reduced neuronal ex-
citability. Consistent with this idea, when Adar is knocked
down by RNAIi or overexpressed specifically in motor neu-
rons, neuronal excitability is aberrantly increased or de-
creased, respectively (Li et al. 2014). Also, other mutations
and drugs that reduce inhibitory GABA signaling rescue
ADAR3/4 S overexpression lethality: for instance, heterozy-
gous mutations in the Gad gene encoding the glutamate
decarboxylase involved in the synthesis of GABA from
glutamate or feeding larvae with GABA receptor antagonists
(Li et al. 2014). Reciprocally, climbing defects in the Adar’“"
null mutant that show increased neuronal excitability are
partially rescued by GABA modulators. The Rdl transcript
is edited, but effects of expressing individual edited isoforms
of RDL on ADAR3/4 S overexpression lethality or on Adar*“’
mutant phenotypes have not been tested due to toxic effects
of UAS—RdI construct expression.

Effects of ADAR S and ADAR G isoforms on editing
and on CNS function

Drosophila ADAR edits the Adar transcript in adult flies to
change amino acid 458 on the surface of the deaminase

1320 RNA, Vol. 23, No. 9

domain from a genome-encoded serine (S) to a glycine (G)
(Palladino et al. 2000a). Embryos and larvae express primar-
ily the genome-encoded ADAR S protein, which catalyzes
site-specific editing on in vitro substrates eight times more ef-
ficiently than the adult ADAR G isoform (Keegan et al. 2005).
This led to the suggestion that self-editing acts as a negative
regulator of ADAR RNA editing activity (Keegan et al.
2005). Savva et al. (2012) used homologous recombination
in Drosophila to add a carboxy-terminal HA epitope tag
and then to knock in (hardwire) either serine or glycine co-
dons at this site to make Adar® " and Adar®"™* strains. They
confirmed that across the 100 sites most efficiently edited in
dissected parts of flies, such as heads, thoraces, eyes, and an-
tennae, if editing levels differ significantly from wild type at
all, then the Adar®"™™ strain shows higher levels of editing
than the Adar® ™ strain. However, effects are much smaller
than in vitro and many highly edited sites are insensitive to
the change. The most conspicuous changes occur at sites
with editing in wild type lower than 25%-30%, which are
more difficult to quantitate. The Adar® "™ strain does howev-
er show some additional editing events not previously ob-
served (Savva et al. 2012).

The Adar®™ mutant has higher levels of single-fly open-
field locomotion than the Adar®™™ protein (Savva et al.
2012), as previously observed when ADAR S and ADAR G
are expressed from Adar cDNA constructs under the control
of nervous system drivers (Keegan et al. 2005). Although
detected changes in RNA editing between Adar®*™* and
Adar®™ strains across large body regions are mostly subtle,
differential effects on behavioral phenotypes in adult flies are
relatively strong. Climbing is a different assay in which fly
movement is motivated by gravitaxis, a natural behavioral
propensity of adult flies to move upward against gravity
on the substratum when this is possible. Adar®"™ flies are
less active in the climbing assay than Adar®™™ flies, and
Adar®™ flies also have more delay in beginning to court a
virgin female, another motivated behavior, than AdarS 4
flies do (Savva et al. 2012). The benefit of combining the
homologous recombination and GAL4/UAS-cDNA ap-
proaches should increase when behavioral differences can
be assigned to smaller sets of neurons in which different levels
of editing in a specific ion channel or other CNS transcripts
appear in Adar® " and Adar® strains. The Adar®** and
Adar®™™ alleles expressed from the endogenous Adar locus
are each produced as multiple ADAR protein isoforms with
different amino termini and as exon 3a or exon 3/4 alternative
spliced forms (Palladino et al. 2000a), and causative isoforms
may be identified using UAS—cDNA construct lines.

Human ADAR2 deaminase domain-substrate RNA
cocrystal structure

The structure of a human ADAR2 deaminase domain in a co-
valent complex with Bdf2 RNA from budding yeast was re-
cently determined (Fig. 2B; Matthews et al. 2016). ADAR
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deaminase domains lacking dsRBDs do not normally edit
dsRNA efficiently and budding yeast has no ADARs; the
Bdf2 RNA was identified as a substrate for the human
ADAR? deaminase domain in a screen performed to discover
the reason why human ADAR? is toxic in yeast (Eifler et al.
2013). This substrate and others that are edited by the
ADAR?2 deaminase domain alone, combined with replace-
ment of the edited adenosine in these substrates with 8-aza-
nebularine to form a covalent adduct in the deaminase active
site, allowed crystallization and has yielded important new
structural information (Matthews et al. 2016). Unfortunately,
the canonical GIuR B Q/R site substrate did not prove favor-
able for crystallization. In the ADAR2 deaminase domain—
Bdf2 RNA complex, the protein makes contacts with dsSRNA
10 bp 5’ of the edited A (Fig. 2B). However, the GIuR2 R/G
substrate has only 5 bp of dsRNA 5’ to the edited A, and a
similar major groove interaction and contact with the distant
unedited strand will not be possible; the ADAR2 deaminase
domain—Bdf2 RNA complex may differ in detail from the
deaminase—RNA interaction in a canonical GIluR B Q/R com-
plex with full-length ADAR?2.

The new data bring us closer to understanding the differ-
ent effects of Drosophila ADAR S and ADAR G isoforms. A
previous structure of the ADAR2 deaminase domain in the
absence of RNA showed an 11-residue-long unstructured
protein loop, beginning with serine 457, which is equivalent
to the serine 458 residue in Drosophila ADAR (Macbeth et al.
2005). However, in the new human ADAR2 deaminase
domain—Bdf2 RNA complex, this loop is structured and res-
idues just after the loop make RNA contacts at the 5" end of
the binding site (Fig. 2B). The RNA dependence of folding
the serine 457 loop in the human ADAR2 deaminase domain
suggests that the precise RNA sequence and structure 5’ to the
edited adenosine at different Drosophila editing sites could
differentially affect binding of the ADAR S and ADAR G iso-
forms. In the present cocrystals, the RNA bends on the 5’ side
of the edited A, and residues just after the ser 457 loop enter
the major groove and there contact the more distant unedited
RNA strand; this may not occur when full-length ADAR2
binds natural editing sites. A more relaxed binding arrange-
ment might place the serine 457 loop over the minor groove
only, with protein—RNA contacts limited to the edited strand
no more than 5 bp 5 of the edited A, as expected for the
GluR2 R/G site. The side chain of serine 457 in ADAR2
does not interact with RNA but points inward and may in-
stead help to fold the loop (Matthews et al. 2016). It seems
likely that changing this residue to glycine will reduce the
propensity of the serine 457 loop to fold, which could ac-
count for reduced editing activity of the ADAR G isoform.
The ADAR?2 serine 457 loop and the last linker residues be-
fore the deaminase domain are positioned immediately above
the minor groove on the 5 side of the deaminase domain,
ideally placed to interact with any other protein making mi-
nor groove contacts on the 5 side of the bound ADAR.
Changing serine 457 to glycine by editing might affect poten-

tial ADAR interactions with other proteins, such as another
ADAR protein or the Mle (Reenan et al. 2000), or Dicer
(Ota et al. 2013) helicases.

There is a difficulty in combining the new information on
the ADAR2 deaminase domain—RNA complexes with previ-
ous information on binding of dsRBD2 to the GIuR B Q/R sub-
strate. If the ADAR2 dsRBDs are positioned as on GIuR2 Q/R
substrate (Stefl et al. 2010), then dsRBD2 in the minor groove
3’ of the edited A will make an extremely close approach to
the deaminase domain here, where gln 488 enters the
dsRNA to compensate the unpaired base partner of the edited
adenosine. Thomas and Beal (2017) suggested that the deam-
inase domain—dsRBD2 steric clashes involved are too great to
overcome. Nevertheless, the complex the deaminase domain
alone forms with RNA may differ from that formed in the
full-length protein. Deaminase domain—dsRBD?2 interaction
might be possible by combined adjustments of protein do-
mains and of the RNA helical structure. It remains to be deter-
mined whether dsRBD2 at the majority of editing sites
maintains a fixed interaction with the deaminase domain at
this point or if dsRBD2 is positioned differently on different
editing sites. Consistent with a significant effect of the last
dsRBD, dsRBD3 is the most important dsRBD for ADAR1 ac-
tivity; amino terminally truncated or chimeric ADARI1 pro-
teins retaining dsRBD3 retain some RNA editing activity in
mammalian cell transfection assays (Liu and Samuel 1996;
Liu et al. 2000). When ADAR1-ADAR?2 hybrid proteins were
made by fusions in the linker region between the last dsRBD
and the deaminase domain, the resulting hybrid ADARs
were functional and specificity for editing sites in cell transfec-
tion assays was largely determined by the deaminase domain
(Wong et al. 2001). One explanation for this result would be
that the ADAR1 and ADAR2 deaminase domain-proximal
dsRBDs bind each RNA substrate similarly, and the ADAR1
deaminase domain—dsRBD?3 interaction is exchangeable for
the ADAR2 deaminase domain—dsRBD2 interaction.

The first half of the serine 457 loop also intriguingly folds
up to touch the most amino-terminal residues of the deami-
nase domain (Fig. 2B). This raises a question about whether
the ser 457 loop in a full-length ADAR?2 protein might interact
with residues in the linker immediately before the deaminase
domain to affect the interaction of dsRBD2 with RNA or with
the deaminase domain. Evidence from ADAR1-PKR1 chime-
ric proteins indicates that the lengths and sequences of link-
ers, particularly the linker before the deaminase domain,
are important for activity in full-length ADARI1 (Liu et al.
2000). It will require structures of RNA complexes with
full-length ADAR proteins or with deaminase domains re-
taining their proximal dsRBD to answer these questions.

ADAR effects on synaptic plasticity and sleep;
neuromuscular junction defects in Adar mutants

Adar®°! null mutant flies have increased numbers of aberrant
boutons at neuromuscular junctions (NMJs) (Bhogal et al.
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2011; Maldonado et al. 2013), with extreme aberrant accu-
mulations of synaptic vesicles and of the synaptic vesicle
proteins—synapsin, endophilin, and synaptotagmin (Maldo-
nado et al. 2013), all proteins that are encoded by edited tran-
scripts. Synaptic vesicle release dependent on calcium influx
at the NM]J is reduced, possibly due to loss of editing in the
synaptotagmin transcript and in the cacophony transcript
that encodes the voltage-dependent calcium channel (Maldo-
nado et al. 2013). Although the probability of release is re-
duced, the vesicles that are released are also larger and
cause greater excitation of target muscles. This effect is still
seen even though postsynaptic glutamate GluRIIA receptors
on larval muscles are homeostatically down-regulated in
Adar®°! null mutant flies (Maldonado et al. 2013). It would
be interesting to know whether the reciprocal effects of Adar
depletion and Adar overexpression on motor neuron cell
body excitability extend to similarly reciprocal effects on
NMJs.

Robinson et al. (2016) demonstrated that flies with neuro-
nal Adar knockdown by RNA or the Adar”? mutant that has
20% of normal editing levels have aberrantly increased sleep
in continuous monitoring (Robinson et al. 2016). One theory
on the purpose of sleep is that it allows a homeostatic reversal
of accumulated effects of increased activity-dependent synap-
tic potentiation during waking. Robinson and coworkers
therefore interpret the finding of increased sleep pressure
in these Adar hypomorphs in terms of the Maldonado obser-
vations on the aberrant function of and glutamatergic vesicle
accumulation at the NMJs in the Adar’®! null mutant fly
(Maldonado et al. 2013). The authors propose that the hypo-
morphic Adar mutants also have an accumulation of gluta-
matergic vesicles in unidentified brain neurons controlling
pressure to sleep. The Adar mutants therefore fail to resolve
increased potentiation at some critical, unidentified central
synapses that drive the pressure to sleep. Consistent with
this hypothesis, Robinson et al. (2016) demonstrate that
the vesicular glutamate transporter protein is dramatically in-
creased in heads of Adar™” mutants and that heterozygous
dvglut loss-of-function mutants with reduced vesicular gluta-
mate transport or heterozygous glutamate receptor mutants
rescue increased sleep in Adar™”. The authors suggest a key
role for synapsin, encoded by an edited transcript, in allowing
synaptic vesicles to move from the reserve pool to the readily
releasable pool. The loss of the protein kinase A site in synap-
sin by ADAR editing (Diegelmann et al. 2006) may regulate
entry of vesicles into the readily releasable pool in Adar™?
and the stronger NMJ effects in the Adar°®! null mutant.

The Adar™? allele has an HA epitope tag on the ADAR
carboxy terminus and a mini-white" gene inserted in reverse
orientation in intron 7 (Jepson et al. 2011). This interesting
mutant allele was used in the sleep study and in other studies
because it has only a 50% decrease in open-field locomo-
tion, and this allows other behavioral phenotypes to be stud-
ied. The Adar’®" null mutant or the other characterized
Adar'™ hypomorphic allele is far more severely affected,
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with negligible open-field locomotion and leg tremors and
falling over not seen with Adar”. The Adar™? allele pro-
duces 20% of wild-type levels of full-length ADAR-HA pro-
tein but it is less phenotypically defective than the Adar'™
hypomorphic allele that also produces reduced Adar tran-
script levels. The Adar™” mutant does not display the aber-
rant increased excitability in larval motorneurons that is
observed with motorneuron-specific Adar RNAi knock-
downs and in the Adar®°! null mutant (Li et al. 2014;
Robinson et al. 2016) so the better locomotion may be
due to a reduced defect at the NMJ in the Adar™? mutant.
The Adar’? allele may also produce ADAR proteins truncat-
ed in the deaminase domain and having the two dsRBDs.
In mice, production of similar truncated proteins may
ameliorate Adar] mutant phenotypes (Wang et al. 2000;
Pestal et al. 2015), so it is possible that truncated ADAR
protein ameliorates the mutant phenotype in Adar™?.
The Drosophila DISCO Interacting Protein 1 (DIPI)
(DeSousa et al. 2003) gene located in the X chromosome
heterochromatin encodes a protein composed of just two
dsRBDs related to those of Adar; it has not been determined
whether Dipl protein binds Adar substrates (Catanese and
Matthews 2011) or if DIPI mutations may exacerbate Adar
mutant phenotypes.

DROSOPHILA ADAR AND RNAi

ADAR antiviral effects and cytoplasmic RNAi

Drosophila ADAR edits Sigma Virus dsRNAs (Carpenter et al.
2009) and transposon RNAs (Kawamura et al. 2008; Savva
et al. 2013). The Drosophila Sigma virus is a neurotropic
Rhabdovirus, distantly related to Rabies Virus. Sigma virus
infects flies naturally or can be introduced by injection; it
then becomes vertically inherited from parent to offspring
(Carpenter et al. 2007). Sigma virus was first detected in
wild Drosophila because infected flies are susceptible to kill-
ing by brief CO, treatments used to anesthetize flies from ex-
amination and sorting. Sigma virus is a positive-strand RNA
virus with a dsRNA replication intermediate and virus
growth is inhibited by RNAI. It remains to be determined
whether Adar mutant flies are more susceptible to Sigma vi-
rus infection; the DIPI gene does contribute to virus resis-
tance (Zhang et al. 2015).

In vertebrates the ADAR1 p150 isoform is encoded by a
late IFN-inducible transcript, and the protein accumulates
in the cytoplasm where it can edit cytoplasmic virus
dsRNA at late stages of infection. This is the only ADAR pro-
tein that would be expected to inhibit RNAi phenomena in
the cytoplasm, and tests using human ADARs expressed in
Drosophila support this; ADAR1 p150 antagonizes RNAI di-
rected by a polyadenylated, cytoplasmic white RNA hairpin,
whereas catalytically inactive cytoplasmic hADAR1 E912A
or nuclear ADAR1 p110, ADAR?2, or Drosophila ADAR are
less effective (Heale et al. 2009).
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ADAR and nuclear heterochromatin gene silencing
in Drosophila

Because Drosophila ADAR is nuclear, it should instead affect
nuclear RNAI, which leads to transcriptional silencing of
gene expression, heterochromatin formation, and position
effect variegation (PEV) of transgenes inserted into repetitive
heterochromatin regions of the genome (Pal-Bhadra et al.
2004). The mechanism by which nuclear RNAi leads to
gene silencing is not well understood, and it is very interest-
ing to study in Drosophila, which operates a conserved meta-
zoan gene silencing mechanism even though Dipteran insects
have largely dispensed with DNA CpG methylation during
evolution.

To address the role of ADAR in RNAi-directed gene silenc-
ing, Savva and Reenan (Savva et al. 2013) expressed an epi-
tope-tagged transgene (dADAR-HA) in the large larval
salivary gland cells that produce glue protein to attach the lar-
va to a surface where it pupates. Salivary gland cells have
endopolyploidization of paired chromosomes to form
polytene chromosomes with about 1000 copies of the eu-
chromatic DNA accurately aligned. Salivary gland polytene
chromosome squash preparations, partially fixed with form-
aldehyde to retain proteins on the chromatin, revealed
dADAR-HA located at the distal tip of the small fourth
chromosome. Localization of dADAR-HA to this site was
sensitive to treatment of the chromosome squashes with
dsRNA-specific nucleases (Savva et al. 2013). Two other epi-
tope-tagged dsRNA-binding proteins—hmADAR-HA from
Hydra magnipapillata, which has five dsRNA-binding do-
mains, and FSH-B2-HA, a protein from flock house virus
that inhibits DICER2—also localize to the tip of chromo-
some 4 when expressed in larval salivary glands, indicating
that localization is targeted to a genome-expressed dsRNA
(Savva et al. 2013). The most distal known gene on chromo-
some 4 contains multiple intronic transposons of the Hoppel
type that are enriched on the fourth chromosome. Two of
these intronic Hoppel elements are adjacent and inverted rel-
ative to each other and form a perfect fold-back dsRNA ~2 kb
long that is edited by ADAR. Drosophila transgenic lines
made to express this Hoppel inverted repeat under GAL4 con-
trol in larval salivary glands localize dADAR-HA to the new
UAS-Hoppel transgene insertion sites (Savva et al. 2013).

The authors showed that the inverted Hoppel repeat
dsRNA generates endogenous siRNAs (esiRNAs) that silence
the other Hoppels on the fourth chromosome by RNAi-di-
rected heterochromatin formation. They used homologous
recombination to delete the Hoppel repeats from this locus,
which they call the Hoppel-killer (Hok") locus. Two mutant
alleles, Hok™ and Hok™*", are deletions of Hok that, respec-
tively, leave a mini-white gene or only a loxP site, and no cop-
ies of Hoppel, at the Hok locus (Savva et al. 2013). In Hok"/
Hok™" heterozygous flies or in Hok" trans-heterozygotes
with other mini-white transgene insertions close to Hoppel
elements elsewhere on chromosome 4, position effect varie-

gation (PEV) of the mini-white gene occurs. On the other
hand, the Hok™/Hok™" or Hok'*?/Hok™" heterozygotes
lacking the Hoppel inverted-repeat dsRNA show a fully ex-
pressed mini-white gene that gives red eye color without var-
iegation (Savva et al. 2013). This shows that the Hoppel-killer
locus does produce the siRNAs that target heterochromatin
silencing to other copies of the Hoppel transposon.

Hyperediting of dsSRNA by ADARs in vitro has been shown
to inhibit processing of dsRNA by DICER (Scadden and
Smith 2001); the lower levels of ADAR editing typically found
in vivo are expected to locally destabilize dsRNA structure
and have been proposed to increase degradation of edited
dsRNA (Scadden 2005). Therefore, ADAR editing should
compete with DICER2 for dsRNA substrates produced by
many types of transposons and by reducing siRNA produc-
tion reduce PEV and heterochromatin formation caused by
RNAi. ADAR certainly does antagonize RNAi; the Adar’®’
null mutant increases variegation of red eye color (increases
RNAI), in Hok"/Hok™" and Hok" trans-heterozygotes with
other variegating mini-white transgenes on the fourth chro-
mosome (Savva et al. 2013). The Adar°°! mutation also de-
creases whole fly head extract levels of H3K4 trimethyl
activating mark and increases H3K9 (monomethyl and
dimethyl) silencing marks, indicating an impressive increase
in overall head gene silencing. However, only three out of five
tested transposon types show reduced expression. Decreased
heterochromatin silencing and increased transposable ele-
ment (TE) expression are also associated with aging in
Drosophila; this has given rise to a transposon theory of aging
(Wood and Helfand 2013), although transposon activation
could be a correlate of impairments in a range of defense
mechanisms with age. A recent publication shows that die-
tary restriction extends life span and prevents this decrease
in heterochromatin silencing (Wood et al. 2016). Reduced
expression of Adar or overexpression of Dicer2 also prevents
the age-related increase in TE expression. Increased Dicer2
expression extends life span, but reduced Adar expression,
which would cause decreases in expression of some TEs
but may cause increases in others, was not shown to extend
life span (Wood et al. 2016).

Another way that ADAR could affect DICER function
would be by a direct ADAR-DICER2 protein—protein inter-
action. A very interesting observation by Savva is that the two
ADAR isoforms; ADAR S-HA and ADAR G-HA, expressed
from the endogenous Adar locus, have distinct effects on
RNAI. The adult ADAR G-HA isoform, even though it is a
less efficient RNA editing enzyme, suppresses RNAi strongly
whereas ADAR S-HA does not suppress and may enhance
RNAI (Savva et al. 2013). A difference between the isoforms
is that the ADAR S-HA isoform is predominantly present in
the nucleolus, whereas the ADAR G-HA is also located in
unique spots within the nucleus (Savva et al. 2012). This sug-
gestion of an isoform switch controlling Drosophila ADAR-
DICER? interactions is reminiscent of interactions described
between vertebrate ADARI1 protein and vertebrate DICER
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(Ota et al. 2013). The DUF283 domain of DICER, which is
related to dsRBDs, and dsRBD3 of ADARI are required for
these interactions. dsSRBD3 of ADARI has also been implicat-
ed in ADARI1 dimerization, suggesting that ADAR1 dsRBD3
chooses between interacting with another dsRBD3 or with
the DUF283 domain of DICER. However, while Drosophila
DICER? is the ortholog of vertebrate DICER, Drosophila
ADAR is the ortholog of vertebrate ADAR2, not of vertebrate
ADARI. Vertebrate ADAR2 is not known to interact with
DICER, and it remains to be seen whether it does or whether
Drosophila ADAR is more ADARI-like in this respect. It
would be interesting to determine whether vertebrate
ADAR?2 expressed in Drosophila mimics Drosophila dADAR
effects on RNAI.

EVOLUTION OF ADARS

ADAR RNA editing in invertebrates

All metazoan ADARs share a common domain architecture:
amino-terminal dsRBDs and a carboxy-terminal deaminase
domain. Adar genes encoding proteins with ADARI-type
and ADAR2-type deaminase domains are distinguishable
by sequence comparisons (Keegan et al. 2004). Both
ADARI and ADAR?2 genes are present in the genomes of
the most basal metazoans, the Cnidaria, represented by the
genome sequences of the starlet sea anemone Nematostella
vectensis (Putnam et al. 2007) and other cnidarians and corals
(Keegan et al. 2011). This is surprising, as it indicates that the
single Adar gene in Drosophila does not correspond to an an-
cestor of both ADARI and ADAR?2 in vertebrates. Instead, the
evolutionary lineage between Nematostella and Drosophila
lost ADARI (Keegan et al. 2011) and also about 1700 other
protein domains, many more than have been lost between
Nematostella and humans (Putnam et al. 2007). This gene
loss appears to continue further in Caenorhabditis elegans.
Arthropods and nematodes have been proposed to belong
to an ecdysozoan group of animals that grow by molting
(Aguinaldo et al. 1997). The physiology of the protostome
group appears to have evolved away from Nematostella
more dramatically than the deuterostomes (chordates, echi-
noderms, and mollusks) have. In octopus and squid, which
are mollusks, genes encoding distinguishable ADARI and
ADAR?2 deaminases with dsRBDs are also present. ADARI
currently appears to be absent from insects and crustaceans
but present in arachnids and chelicerates (Keegan et al.
2011); analyses of further genomes may yet reveal a more
complex pattern.

The evolutionary rationale for the expansion of site-specif-
ic editing in Drosophila and some other invertebrates is un-
clear. Drosophila belongs to the highly evolved dipteran
insects, which are very successful and diversified, having
evolved a complete metamorphosis between the legless larva
and the two-winged adult dispersal stages. Drosophila ADAR
RNA editing appears to be linked with the complete meta-
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morphosis in Diptera; Adar expression and the number of
edited sites in mRNAs peak in the pupa and adult when
legs and wings are first formed and innervated (Graveley
etal. 2011; Savva et al. 2012). For human health, the immune
systems of biting insects in this advanced dipteran group are
very important to understand, because they are vectors of
major human diseases caused by protozoans, such as malaria
and trypanosomiasis, and by viruses, such as dengue virus,
Zika virus, West Nile virus, and many other arthropod-borne
viruses (arboviruses). The even greater expansion of ADAR
site-specific editing in octopus and squid (Liscovitch-
Brauer et al. 2017) further suggests a link with evolution of
the most sophisticated nervous systems and behaviors within
different invertebrate groups. Studies on proteins from
related fish and invertebrate species living at different ocean
temperatures suggested that cold adaptation of enzymatic ac-
tivity is facilitated by substituting smaller for larger amino
acid side chains at key points of flexibility; ADAR RNA edit-
ing tends to do this, introducing many serines and glycines,
and it has been proposed that editing facilitates cold adapta-
tion of ion channels in octopuses (Garrett and Rosenthal
2012). Intriguingly, even the editing of the ser 458 loop in
Drosophila ADAR conforms to this pattern, suggesting that
the edited and unedited isoforms might have different tem-
perature responses.

Other evolutionary approaches to mRNA editing

ADAR genes are not present in prokaryotic genomes.
Prokaryotes have heterodimeric tRNA adenosine deaminases
(TadA and TadB) and the catalytic activity resides in the
TadB subunit. The TadA/TadB complex modifies adenosines
at anticodon position 34, to give the inosine residues that par-
ticipate in wobble decoding by certain tRNAs (Gerber and
Keller 2001). The eukaryotic orthologs of TadA and TadB
are the heterodimeric adenosine deaminases acting on
tRNAs at position 34 (ADAT2 and ADAT3) that show some
enlargement of the deaminase domain compared with TadA
and TadB (Gerber and Keller 2001; Macbeth et al. 2005).
Yeast and all other eukaryotes also have another monomeric
ADAT]1 enzyme that modifies position 37 in tRNAs, a posi-
tion where tRNA base modifications prevent frameshifting.
Yeast ADAT1 has a longer deaminase domain like metazoan
ADARSs, representing the first evolutionary appearance of the
ADAR-type deaminase domain: ADAT1 has no dsRBDs
(Gerber and Keller 2001). Comparative sequence analyses re-
vealed that ADAT1 and ADARs probably evolved from a eu-
karyotic ADAT2-type protein, with loss of the ADAT3 dimer
partner and further carboxy-terminal lengthening of the
deaminase domain.

The fungus, Fusarium graminearum, which causes wheat
head blight disease, was recently found to have meiosis-spe-
cific A to G changes in many mRNAs. Particularly common
are stop-loss editing events that allow translation to read
through stop codons in tRNA-resembling loops at the ends
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of target RNA hairpins. Stop-loss editing occurs in the tran-
script encoding the Tor homolog and in many other tran-
scripts. Surprisingly, knockout of the ADATI-like gene had
no effect on this editing (Wang et al. 2016), suggesting that
it may be due to the essential ADAT2 and ADATS3 proteins.
Neurospora crassa also shows similar very extensive site-spe-
cific A to G editing during meiosis. The purpose of this edit-
ing during meiosis is unknown but it appears that in
Fusarium, some proteins, such as TOR, are expressed as
full-length proteins only after transcript editing. Similar mei-
osis-specific ADAT?2/3 editing in other organisms, including
multicellular organisms, might remain undetected.

It appears likely that ADAT1 proteins are also dsRNA-
binding proteins, although there is no evidence yet that
they edit any dsRNAs. From the structure of the ADAR2
deaminase domain—Bdf2 RNA complex and sequence com-
parisons to yeast ADAT1, it is clear that yeast ADAT1 has al-
ready evolved the whole domain that contacts dsRNA both 5
of and 3’ of the edited A. The potential to form contacts on
both sides of the edited A is unlikely to be required to edit
tRNAs at position 37, because there is no more dsRNA 3’
of the edited A in the tRNA anticodon stem. Therefore,
ADAT1 may also naturally recognize longer dsRNAs in yeast.
It is possible that Bdf2 and other yeast RNAs found to bind
ADAR?2 are natural binding substrates of yeast ADAT1; if
this is the case then the ADAR2 deaminase domain—Brf2
RNA complex (Matthews et al. 2016) could represent a
more “ADAT1-type” mode of binding.

The evolution of the ADAT1/ADAR-type deaminase is as-
sociated, for unknown reasons, with binding of a molecule of
inositol hexakisphosphate (called IHP or IP6) (Irvine 2005).
The IP6 is required for RNA editing activity and almost en-
tirely covered by the most evolutionarily recently acquired
carboxy-terminal region of the deaminase domain (Macbeth
et al. 2005). Yeast ADAT1 also binds IP6 though less tightly
than ADAR2, allowing some exchange of IP6. It is now clear
that a large number of nuclear and chromatin proteins,
such as histone deacetylase complexes, bind IP4 and IP6
and depend on binding of these higher phosphoinositides
for their activities (Watson et al. 2016). Further work is re-
quired to understand why ADAR-type deaminase domains
evolved this interaction with IP6. Presumably, the IP6 was
more readily exchangeable earlier in evolution and placed
ADAR editing under control of IP6 signaling. ADAT1 ap-
pears to be present throughout the protists and only
ADAT]I, but no ADARs have been found in Trypanosoma.
However, it will not be surprising if continuing analyses of
genome sequences in the widely diverged protists yields fur-
ther evolutionary intermediates between ADATI1 proteins
and ADARs.

The ctenophores or comb jellies are a group of metazoans
including swimming species that look somewhat like active
cnidarians such as jellyfish. However, comb jellies move us-
ing ciliary combs in eight external rows rather than by muscle
contraction as in jellyfish and have adhesive rather than sting-

ing feeding organs on the paired tentacles. Ctenophores are
distant from cnidarians and other metazoans based on se-
quence comparisons of ribosomal RNAs and proteins
(Ryan et al. 2013). Ctenophores show expansions of
ADATI-like but not ADAR-like genes (Grice and Degnan
2015; Kohn et al. 2015). It remains to detect examples of
RNA editing in transcripts encoding glutamate or acetylcho-
line receptors or other transcripts in organs where ADATI-
type transcripts are expressed, such as the aboral organ that
forms the center of the CNS and links to the comb rows
that control movement, and to show that the ADATI-type
proteins contribute to editing. An unusual type of RNA edit-
ing may be related to other features of ctenophore nervous
systems, which appear highly derived compared with those
of other metazoans, especially in presynaptic structures
(Marlow and Arendt 2014). Ctenophores may have recruited
an ADAT]1 for editing, either independently of, or after diver-
gence from, the standard Metazoan ADAR gene pattern.

CONCLUSION

ADAR RNA editing, unlike other modifications such as NS
methyladenosine modification, changes codon meaning.
This recoding role is what makes ADAR functions signifi-
cantly more complicated to disentangle than the effects of
those other RNA modifications. Recent years have seen a
considerable expansion in described effects of ADAR RNA
editing on Drosophila CNS function. Previously, the Adar
mutant alleles available severely affected locomotion, pre-
venting investigation of more interesting behavioral effects.
The recent study on sleep shows that new hypomorphic al-
leles of Adar with less impaired locomotion are very valuable
(Robinson et al. 2016). It may soon be possible to assign as-
pects of the Adar mutant phenotype to loss of editing in cer-
tain sets of transcripts, such as synapsin, synaptotagmin, and
cacophony transcripts in the case of NMJ defects, glutaminer-
gic vesicle accumulations, synaptic plasticity, and sleep.
Drosophila and other arthropods lack a homolog of the
vertebrate ADARI protein that has been shown to play a
very important role in innate immunity by controlling innate
immune responses to dsRNA, through editing the RNA and
also probably through protein interactions with innate im-
mune sensor helicases and the evolutionarily related helicase
DICERs. It will be very interesting to study roles of ADARI
proteins in invertebrates that do have them, such as cephalo-
pods or chelicerates. However, the absence of ADARI in flies
and the lack of evidence that ADAR?2 plays any role in verte-
brate innate immunity make it more difficult to interpret the
interesting new finding that Drosophila ADAR isoforms in-
teract with heterochromatin gene silencing (Savva et al.
2013). Is this something that all ADAR?2 proteins do or is it
an arthropod-specific adaptation? Much of the work on
ADAR2-type proteins now uses Drosophila, and the recent
structure of an ADAR2 deaminase domain—RNA complex
helps to explain the effect of editing in the Adar transcript

1325

www.rnajournal.org


http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on March 3, 2022 - Published by Cold Spring Harbor Laboratory Press

Keegan et al.

itself to produce an isoform with quite distinct effects. The
deaminase domain—-RNA complex may also now identify
ADAR residues likely to be involved in interactions with oth-
er proteins.

ADAR editing of adenosine to inosine in RNA is the lead-
ing example of an enzymatic RNA modification. If the more
recently discovered examples of enzymatic mRNA modifica-
tion have similarly diverse effects, then the Epitranscriptome
field has much work to do. However, some effects of
ADARs may act in parallel with effects of other RNA modifi-
cations, allowing the research on ADARs to guide the way
(O’Connell et al. 2015). This might be true for the ADAR1
effects on dsRNA recognition by innate immune sensors in
vertebrates and possibly in some invertebrates, such as ceph-
alopods and chelicerates. Alterations in ADAR RNA editing
are also significant in many cancer cell types; this too may in-
volve the innate immune role of ADARI. Other RNA modi-
fications may also be abnormal and have significant effects in
cancer cells. Of course, the new RNA modifications are also
being found below the backbone and are being studied in
Drosophila also (Haussmann et al. 2016; Lence et al. 2016),
which will facilitate understanding their fundamental roles.
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