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ABSTRACT

The adenosine deaminase acting on RNA (ADAR) enzymes are essential for neuronal function and innate immune control.
ADAR1 RNA editing prevents aberrant activation of antiviral dsRNA sensors through editing of long, double-stranded
RNAs (dsRNA:s). In this review, we focus on the ADAR2 proteins involved in the efficient, highly site-specific RNA editing
to recode open reading frames first discovered in the GRIA2 transcript encoding the key GLUA2 subunit of AMPA recep-
tors; ADAR1 proteins also edit many of these sites. We summarize the history of ADAR2 protein research and give an up-to-
date review of ADAR2 structural studies, human ADARBI (ADAR2) mutants causing severe infant seizures, and mouse dis-
ease models. Structural studies on ADARs and their RNA substrates facilitate current efforts to develop ADAR RNA editing
gene therapy to edit disease-causing single nucleotide polymorphisms (SNPs). Artificial ADAR guide RNAs are being de-
veloped to retarget ADAR RNA editing to new target transcripts in order to correct SNP mutations in them at the RNA
level. Site-specific RNA editing has been expanded to recode hundreds of sites in CNS transcripts in Drosophila and ceph-

alopods. In Drosophila and C. elegans, ADAR RNA editing also suppresses responses to self dsRNA.
Keywords: ADAR; ADARB1; dsRNA; recoding RNA editing; neurons

INTRODUCTION

The adenosine deaminase acting on RNA (ADAR) enzymes
convert adenosine to inosine in double-stranded (ds)RNA
(for reviews, see Heraud-Farlow and Walkley 2020; Erd-
mann et al. 2021). In recent years, ADAR1, which is one of
the two enzymatically active members of the ADAR family
in mammals, has received the lion’s share of attention (for
reviews, see Quin et al. 2021; Baker and Slack 2022;
Song et al. 2022). This is understandable considering that
ADAR1 has been demonstrated to be essential for the in-
nate immune response by editing endogenous dsRNA
(Mannion et al. 2014; Liddicoat et al. 2015). The innate im-
mune sensors recognize the edited, inosine-containing
dsRNAs as being of cellular origin, and not from a patho-
gen, thereby preventing aberrant activation of innate im-
mune responses. This property of ADAR1T has attracted
attention, especially in the field of cancer therapeutics, as
knocking down ADAR1 in cell lines has been shown to in-
crease the efficacy of immune checkpoint inhibitors such
as o-PD1 antibodies (Ishizuka et al. 2019). ADAR1 can
also perform site-specific RNA editing, and many specific
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sites are edited by both ADAR1 and ADAR2. However, un-
like ADAR2, there is no site-specific position where editing
by ADAR1 is essential; ADAR1 appears to play a backup
role to ADAR2. ADAR2 is an essential RNA editing enzyme
whose biological function is vital and is the focus of this re-
view. We will highlight the structure of ADAR2, its cellular
localization, the proteins that have been identified that in-
teract with it, human mutations in the ADARBT gene en-
coding ADAR2, transcripts that are edited by ADAR2, the
evolutionarily conserved function of ADAR2 in vertebrates
and invertebrates and progress toward ADAR RNA editing
gene therapy.

HISTORICAL PERSPECTIVE

5-methylcytosine, discovered in Mycobacterium tubercu-
losis DNA hydrolysates in 1925 and confirmed by paper
chromatography in 1950 (Wyatt 1950), was the first exam-
ple of a modified canonical nucleoside (Johnson and Cog-
hill 1925). The first modified canonical RNA nucleoside was
detected in 1951 as a novel component in calf liver RNA
hydrolysate (Cohn and Volkin 1951) and was later identified
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as 5-ribosyluracil, which is also known
as pseudouridine (Cohn 1959).

In the late 1980s, an “unwinding”
activity was observed in RNA antisense
experiments performed in Xenopus

ADAR2 RNA
editing activity

oocytes and extracts; the dsRNA gen-
erated by pairing of the antisense

RNA to its target transcript appeared
to be unwound when electrophoresed
on a native DNA gel (Bass and Wein-
traub 1987; Rebagliati and Melton
1987). At this time many groups were
interested in identifying RNA helicases
involved in splicing, so this “unwinding
activity” was thought to be a candi-
date. However, further research dem- 8333334388
onstrated that this unwinding activity § $
resulted from the deamination of aden-
osine to inosine in dsRNA (Bass and
Weintraub 1988). Inosine-uracil base
pairs are weaker than adenosine-uracil
base pairs; thus, when edited dsRNA
is electrophoresed on a native gel,
the base-pairing is no longer perfect
and it appears unwound.

Inthe early 1990s, ADAR1 was initial-
ly purified to homogeneity (Hough and
Bass 1994; Kim etal. 1994a; O'Connell
and Keller 1994) and the encoding
ADAR gene was subsequently cloned
by different groups (Kim et al. 1994b;
O'Connell et al. 1995; Patterson and
Samuel 1995). The assay for the purifi-
cation was the in vitro conversion of adenosine to inosine
in long dsRNA which had been transcribed in vitro with
a-p32-ATP, so that adenosine phosphates were radio-
actively labeled (Hough and Bass 1994; Kim et al. 1994a;
O'Connell and Keller 1994). The protein extract was incu-
bated with dsRNA, and afterwards the dsRNA was digested
with P1 nuclease and the products separated by thin layer
chromatography (TLC). Adenosine phosphate can easily
be distinguished from inosine phosphate by this method.
However, there is one caveat: this editing activity assay
used to purify ADAR1 is not specific for ADART.

At the time there was only one transcript that was known
to be edited; the Seeburg group in Heidelberg had found
site-specific editing in the GRIA2 transcript encoding the
glutamate receptor subunit 2 (GLUA2) at a position where
a glutamine (Q) codon was converted to an arginine (R) co-
don by RNA editing (Fig. 1; Higuchi et al. 1993). The amino
acid at this position in GLUAZ is critical, as it is located in the
channel pore of the tetrameric a-amino-3-hydroxy-5-meth-
yl-4-isoxazolepropionic acid (AMPA) receptor, and the Q to
R conversion greatly reduces the calcium permeability of
AMPA receptors containing the GLUA2 subunit. Arginine
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FIGURE 1. The consequences of GRIA2 Q/R site editing by ADAR2. The editing of GRIA2 pre-
mRNA at the Q/R site affects the properties of the resultant GLUAZ2 protein, which assembles
with other subunits to form AMPA receptors. The edited GRIA2 codes for GLUA2 protein with
arginine in the pore-forming region, which regulates receptor assembly and blocks Ca?* entry
through AMPA receptors. Unedited GLUAZ2 protein has glutamine in the pore-forming region,
and it assembles to form Caztpermeable AMPA receptors (CP-AMPARs). Aberrantly in-
creased production of unedited GLUA2 and the subsequent increase in Ca?"-permeable
CP-AMPARs leads to epilepsy in mice and humans.

at this position inserts a polar group into the central ion
channel of the AMPA receptor, thus preventing calcium
ions from entering (this editing eventis discussed in greater
detail later). Thus, when ADAR1 was purified it was as-
sumed it would be trivial to demonstrate its ability to edit
the Q/R site in the GRIAZ2 transcript. When it did not, it
was presumed that an essential cofactor was required.
This hypothesis was proven incorrect because the activity
required to edit the GRIA2 Q/R site had a smaller molecular
weight than ADART1, implying that there was another en-
zyme responsible (Maas etal. 1996). The ADARB1 gene en-
coding ADAR2 was cloned after a short expressed-
sequence tag similar to, but not identical to, ADAR1 was
identified and used to screen a cDNA library (Melcher
etal. 1996b). ADAR2 was also subsequently purified from
Hela nuclearextract (O'Connell etal. 1997). An overlooked
detail is that ADAR1 and ADAR2 purified from tissues
behave differently from when they are overexpressed.
ADAR? is relatively easy to overexpress and stable when
purified; however, when endogenous ADAR2 is purified
the activity is highly labile (O'Connell et al. 1997). ADAR1
on the other hand is stable when purified from tissue but
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more difficult to overexpress in sufficient quantity, in partic-
ular the ADAR1 p150 isoform.

Thus, it was partly due to the ease of expressing and
working with ADAR2 and its ability to perform site-specific
editing of transcripts encoding proteins expressed in the
nervous system that, originally, most of the research on
ADARs focused on ADAR2. Many researchers could not
see the relevance of promiscuous ADAR1 editing of Alu-
length dsRNA hairpins in transcripts, despite the great
abundance of this editing (Ulbricht and Emeson 2014).
This editing occurs when two Alu elements are embedded
close to each other in transcribed regions, usually in introns
or 3-UTRs, in opposite orientations so that they form Alu-
length dsRNA hairpins within the longer transcripts. It was
incorrectly assumed that this editing of Alu dsRNA hair-
pin-containing transcripts was simply a by-product of site-
specific editing, despite the extensive work by the groups
of Levanon and Eisenberg who demonstrated how preva-
lent it is (for review, see Eisenberg and Levanon 2018).

ISOFORMS OF ADAR2 PROTEINS EXPRESSED
IN VERTEBRATES AND DROSOPHILA

The human ADARB1T gene encoding ADAR? is located at
chromosome 21 band g22.3 and spans approximately
152 kb (Melcher et al. 1996a). There are two major isoforms
of ADAR2 protein: ADAR2S (or ADAR2a) and ADAR2L (or
ADAR2b) (Gerber et al. 1997). These two isoforms have
the same domain structure that is found in almost all
ADAR proteins, with two or more amino-terminal dsRNA
binding domains (dsRBDs) and a carboxy-terminal deami-
nase domain (Fig. 2). The longer human ADAR2L isoform
is generated by inclusion of an alternatively spliced exon
of 40 amino acids that evolved from an Alu J subfamily ret-
rotransposon exonized in the reverse orientation within the
deaminase domain (Gerber et al. 1997; Lai et al. 1997). Itis

uncertain if this insertion in the deaminase domain of
ADAR2L has any major biological role; however, it is situat-
ed in the 5" RNA-binding loop of the deaminase domain
that is disordered in the RNA-free state (Macbeth et al.
2005) and which becomes ordered upon binding to
dsRNA substrates (Matthews et al. 2016). This 5 RNA-bind-
ing loop partly determines the slightly different substrate
specificities of ADAR1 and ADAR2 deaminase domains;
both have different 5’ binding loops that interact with the
edited strand of the dsRNA substrate at phosphates one
turn 5’ of the edited adenosine. The 5 binding loop of
ADAR2 creates more interactions with the dsRNA, hence
favoring editing sites with longer duplexes 5 of the edited
A (Wang and Beal 2016; Wang et al. 2018). Thus, this inser-
tion may influence the editing activity and possibly even
the substrate specificity of ADAR2L, and it has been report-
ed that ADAR2L has lower enzymatic activity than ADAR2S
(Gerber et al. 1997; Lai et al. 1997).

Rats similarly generate two Adar2 isoforms. In contrast,
the two rat isoforms of Adar2 protein display the same en-
zymatic activities on some substrates, whereas Adar2L was
slightly less active on other substrates (Filippini et al. 2018).
The longer rat Adar2 isoform does not have the same evo-
lutionary origin as the primate ADAR2L (Slavov and
Gardiner 2002), and it adds only ten additional amino ac-
ids, but it occurs at the same position within the deaminase
domain 5 RNA-binding loop, implying some functional
significance. There is no sequence homology at the RNA
or protein level between the rodent insertion, which is gen-
erated from an alternative 5’ splice site resulting in an ex-
tension of an exon (Slavov and Gardiner 2002; Filippini
etal. 2018), and that in primates.

There is an additional human isoform with a shorter
deaminase domain carboxyl terminus due to alternative
splicing of the last exon (either with or without the inserted
AluJsequence)(Lai etal. 1997). The shorter carboxyl termi-
nus isoform lacks the final 29 amino ac-
ids, has very low editing activity on
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FIGURE 2. The domain structure of major ADAR2 protein isoforms. Human ADAR2 has two
majorisoforms: ADAR2a (ADAR2S) and ADAR2b (ADAR2L). Both isoforms have two amino-ter-
minal dsRBDs (pink) and a carboxy-terminal deaminase domain (light yellow), as well as an NLS
(lilac) at the amino terminus. The longer isoform ADAR2b (ADAR2L) has an extra Alu-derived
insert (light blue) in the deaminase domain. ADAR2 has further isoforms differing at the carbox-
yl terminus, with either a long (blue) or short (yellow; C-ter. S) terminus that is generated by
alternative splicing. The adult Drosophila ADAR is the ortholog of mammalian ADAR2, with

a slightly shorter deaminase domain.

across vertebrate species has an ex-
tended amino terminus of 49 amino
acids (Maas and Gommans 2009b).
In humans, this isoform has the high-
est expression in the cerebellum
and likely arose due to alternative pro-
moter usage. It encodes a sequence
motif related to the R-domain of
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ADAR3, which is a single-stranded RNA binding domain.
When comparing its editing activity in HeLa and HEK293
cells to the major ADAR2 isoform, no difference in editing
activity was observed.

Avery short amino-terminally truncated Adar2 protein is
generated in rats by Adar2 editing of the Adarb1 transcript
to create a new splice 3’ acceptor site leading to an alter-
native splicing event resulting in the insertion of 47 nt. This
self-editing of Adarb 1 pre-mRNA does not lead to produc-
tion of a functional Adar2 protein isoform, and it may be a
mechanism for auto-regulatory negative feedback on
Adar2 levels in rodents (Rueter et al. 1999; Feng et al.
2006). As the level of this self-editing event is much lower
in humans than in rodents, it is not clear how relevant this
auto-regulation is in humans (Rueter et al. 1999; Slavov and
Gardiner 2002).

Drosophila Adar shows an interesting parallel to the al-
ternative amino acid sequences in the 5 RNA-binding
loops of the vertebrate proteins. The Drosophila Adartran-
script undergoes editing to change a residue in the 5
RNA-binding loop from a conserved serine (S) to a glycine
(G) (Palladino et al. 2000a; Keegan et al. 2005). The residue
changed by editing in Drosophila Adar is located at the
start of the unstructured residues of the 5" RNA-binding
loop where the insertions occur in the vertebrate ADAR2
proteins. Editing at this Adar S/G site increases at meta-
morphosis when the larval brain grows to form the adult
brain; editing at this site is absent in the embryo and reach-
es approximately 40% in adult flies. The genome-encoded
Adar S isoform is more active than the edited Adar G iso-
form; therefore, self-editing regulates the enzymatic activ-
ity of the Adar protein (Keegan et al. 2005), or retargets it
(Savva et al. 2012b, 2013).

ADAR2 BINDS TO dsRNA AS A SURPRISING
ASYMMETRIC DEAMINASE DOMAIN DIMER

When the crystal structure of the ADAR2 adenosine deam-
inase domain was originally determined, a highly negative-
ly charged inositol-hexakisphosphate (IP6) was discovered
buried within a large protein cavity lined with positively
charged lysines (Macbeth et al. 2005). The bound IP6 mol-
ecule communicates allosterically with the deaminase ac-
tive site and IPé is required for enzymatic activity. The
IP6 is not exchangeable in ADAR2 and is inserted during
protein synthesis. The presence of IP6 remains mysterious,
and it is due to the requirement for IP6 that active ADAR
proteins cannot be obtained by expression in E. coli, which
does not produce IP6; initially active ADARs were ex-
pressed in and purified from yeasts.

The structures of ADAR2 dsRNA-binding domains and
their complexes with dsRNA were determined by NMR
analyses (Stefl et al. 2010). The main remaining require-
ment was to determine the orientation of the deaminase
domain on dsRNA, how it accesses the edited adenosine
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and how it interacts with the two dsRBDs, especially
dsRBDII, which also binds close to the edited adenosine.
It was known that ADARs position a dsRBD on the 3’ side
of where the deaminase domain binds and it could have
been expected that this would be dsRBDII of the same
ADAR2 monomer that edits the target adenosine (Yi-
Brunozzi et al. 2001).

Recently, a structure of an ADAR2 deaminase domain-
dsRBD 2 complex has been obtained which shows that
the asymmetric footprint of ADAR2 covering the edited A
and extending 3’ of it is due to binding of an asymmetric
ADAR2 deaminase domain dimer to dsRNA (Fig. 3; Thuy-
Boun et al. 2020). The first deaminase domain (shown in
red in Fig. 3) binds dsRNA and performs base flipping
and adenosine deamination; surprisingly, the dsRBD 2 of
this monomer is not resolved in the structure. The noncata-
lytic deaminase domain from the second ADAR2 monomer
(in green), interacts with a dimerization a.helix on the side of

dimerisation
a-helix

edited A

FIGURE 3. ADAR2 recognizes the editing site as an asymmetric
deaminase domain dimer with one positioned dsRBD 2. The
ADAR2 catalytic deaminase domain in red is shown behind the
dsRNA in this view of the ADAR2 deaminase domain plus dsRBD 2
protein complex with a GLIT substrate RNA containing 8-azanebular-
ine (8-AZ) at the edited A (Thuy-Boun et al. 2020). The dsRBD 2 of the
catalytic deaminase monomer is not resolved in the structure. The
adenosine-analog, 8-AN, editing target base, is on the yellow edited
strand where the phosphate backbone is slightly kinked, and the 8-AN
base is seen flipped back out through the dsRNA minor groove and
down towards the blue sphere of the catalytic site zinc atom. A short
dimerization helix on the catalytic deaminase domain holds the sec-
ond, noncatalytic deaminase domain, in green. This second, noncata-
lytic deaminase domain then positions its associated dsRBDII, shown
in orange, for normal dsRBD binding to the dsRNA, without contact-
ing the catalytic deaminase domain.
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the catalytic deaminase domain. The dsRNA binding face
of the second deaminase domain is blocked by dimeriza-
tion; another part of this deaminase domain is still near
the dsRNA but just barely contacts it. Instead, the second
deaminase domain holds its own dsRBD 2 (shown in or-
ange) by the side, perfectly positioning it to contact
dsRNA in the way dsRBDs usually do, without much or
any interaction of this dsRBD 2 with the catalytic deaminase
domain.

The final asymmetric dimer structure suggests that ex-
pressing a catalytically active ADAR2 deaminase domain
without dsRBDs in the presence of full-length catalytically
inactive ADAR2 would allow editing. If this is not the
case, then the dsRBDs on both monomers may participate
in steps involved in forming the final complex. Studies on
the GRIA2 R/G RNA substrate showed that dsRBDs alone
alter dsRNA structure at the edited A and 3’ to it (Yi-
Brunozzi et al. 2001), before deaminase domain binding.
DsRBDs could alter dsRNA structure at the target adeno-
sine to facilitate deaminase domain recruitment. The
dsRBD2 from the catalytic monomer of ADAR2 (Thuy-
Boun et al. 2020) may also have been held by the side to
its deaminase domain before dsRNA binding and may
depart to allow the catalytic deaminase domain to bind
to the dsRNA. Drosophila Adar requires the amino termi-
nus and two subunits with functional dsRBDs for binding
to a dsRNA substrate and then for editing activity to occur
in S2 cells (Gallo etal. 2003), interpreted as reflecting dimer
formation. On the other hand, interactions of the amino ter-
minus of ADAR2 with other parts of the protein were inter-
preted as intramolecular dynamic control of ADAR activity
without any dimer formation (Macbeth et al. 2004); ulti-
mately, both types of process may occur; dsRBDs may act
partly as grapples to grab and hold dsRNAs to allow other
protein domains to engage with them more accurately and
with somewhat more sequence-specificity.

ADAR2 ACTIVITY IS GENERALLY HIGHER IN
PRIMATES THAN IN MICE AND IS MUCH
HIGHER IN SOME TISSUES IN HUMANS

Human ADAR2 performs site-specific editing, recoding co-
dons to modulate the properties of the encoded proteins
(Tan et al. 2017). This site-specific editing can attain a
high level and can be even 100% efficient (for reviews,
see Pullirsch and Jantsch 2010; Holmgren and Rosenthal
2015), whereas ADAR1 performs promiscuous editing of
Alu dsRNA hairpins embedded in longer transcripts, which
is generally low efficiency, <1% (Bazak et al. 2014). The first
important factor affecting Adar2 expression is strong differ-
ences between mammalian species. Comparisons of edit-
ing efficiencies at conserved RNA editing sites
demonstrated that the primary factor determining RNA ed-
iting levelsis species ratherthan the type of tissue (Tan etal.
2017), thatis, primates and most mammals have higher ed-

iting levels than rodents in many tissues. This difference
correlates with editing that is also more widespread across
the transcriptome in primates, largely due to ongoing Alu
and other repetitive element expansions; rodents are ex-
ceptional among mammals in having lower Adar editing
levels and much less ongoing expansion of repetitive
elements.

There are also differences in tissue-specific expression
between rodents and humans; mouse Adar2 has the high-
est expression in the brain, whereas in humans, expression
is also high in arteries, lungs and bladder as well as in the
brain. As most studies were performed in mice, itcame asa
surprise when it was found that in humans ADAR2 expres-
sion and activity is ten times higher in arteries than in the
brain. A major transcript that is edited in arteries is
Flna encoding the actin crosslinking protein Filamin A
(FLNA), which is expressed mainly in the vascular system
(Jain et al. 2018). Cardiovascular tissues from patients
with cardiovascular disorders showed reduced FLNA edit-
ing. Flna transgenic mice unable to edit the Flna transcript
have increased vascular contraction, elevated blood pres-
sure, arterial remodeling, and left ventricular wall thicken-
ing that develops into left ventricular hypertrophy and
cardiac remodeling.

Various transcription factors have been shown to regu-
late Adarb1 expression in rats and mice. Editing of the
Gria2 Q/R site is disrupted by transient forebrain ischemia
inrats, and Adar2 protein levelsin the ischemic ratbrain can
be restored by expression of constitutively active Creb1
protein (Peng et al. 2006). In the mouse liver, the Clock-
Arntl complex involved in circadian transcription of genes
can increase Adarb1 mRNA expression. The first intron of
the mouse Adarb1 gene contains two E-box sequences
that are recognized by the Clock-Arntl complex, which reg-
ulates the circadian changes in the level of the Adar2 pro-
tein (Terajima et al. 2017). Nutritional and metabolic cues
regulate Adar2 expression in mouse pancreatic islet cells
by activation of the JNK1-c-Jun pathway acting through
an AP-1 binding site in the Adarb1 promoter (Gan et al.
2006; Yang et al. 2012). In humans, an androgen response
element is present in the promoter of the ADARB1 gene,
and mRNA expression was repressed when the androgen
receptor bound to this response elementin bladder cancer
cell lines (Chen et al. 2020). Induction of DNA damage in
human osteosarcoma and lymphoblastoid cell lines re-
vealed that p53 induces ADAR2 expression by binding to
a response element near the ADARB1 transcription start
site (Bandele et al. 2011).

SUBCELLULAR LOCALIZATION AND POST-
TRANSLATIONAL MODIFICATIONS OF ADAR2

ADAR?2 is a nuclear localized protein; two amino-terminal
NLS sequences are recognized by importin 04 (KPNA3)
(Maas and Gommans 2009a; Behm et al. 2017). ADAR2
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localizes to both the nucleoplasm and to nucleoli, where it
binds to rRNAs (Desterro et al. 2003; Sansam et al. 2003).
ADAR2 mutant proteins delocalize to the nucleoplasm
from the nucleoli if they lack the ability to bind dsRNA.
Inosine has not been found in rRNA despite ADAR2 having
editing activity in the nucleoli (Vitali et al. 2005). ADAR2
migrates from the nucleoli into the nucleoplasm when a
dsRNA substrate is overexpressed, suggesting that
ADAR?2 is sequestered in the nucleoli by binding rRNA,
thus regulating its editing activity by decreasing its access
to dsRNA substrates (Desterro et al. 2003).

ADAR? is regulated by post-translational modifications.
Pin1, the peptidyl-prolyl cis/trans isomerase, isomerizes
proline at position 33; this is required for the nuclear local-
ization of ADAR2 and for efficient editing activity (Marcucci
etal. 2011). Pin1 binds to a proline residue only if it is pre-
ceded by a phosphorylated serine/threonine residue. In
ADAR?2 this phosphorylation is performed by an unknown
kinase. If the isomerization of Pro33 by Pin1 is inhibited,
then ADAR2 localizes to the cytoplasm where it is ubiqui-
tinated by an E3 ubiquitin ligase, WWP2, and degraded
(Marcucci et al. 2011). Between dsRBD 1 and dsRBD2 there
is phosphorylation of Ser211 and Ser216 by PKC(, and
ADAR?2 editing activity is increased after this phosphoryla-
tion event (Shelton et al. 2018). However, ADAR2 editing
activity is decreased after phosphorylation of residue
Thr553 within the deaminase domain by AKT family kinas-
es (Bavelloni et al. 2019).

THE ADAR2 PROTEIN INTERACTOME

A number of protein—protein interactions regulate ADAR2
editing activity. A study in primate and mouse tissues
to identify proteins interacting with ADAR1 and ADAR2
identified; FAST kinase domain-containing protein
5 (FASTKDS), 39S ribosomal protein L15, mitochon-
drial (MRPL15), and NEDD4-binding protein 2-like 1
(N4BP2L1) (Tan et al. 2017). NABP2L1 is a putative positive
regulator; however, two other proteins have mitochondrial
localization, and it is unclear how they can negatively regu-
late ADAR editing. This study also reported that Aminoacyl
tRNA synthase complex-interacting multifunctional protein
2 (AIMP2) interacts with ADAR2 and regulates its protein
levels (Tan et al. 2017).

Proteins reported to be negative regulators of ADAR2
editing activity without affecting ADARBT mRNA levels in-
clude two ribosomal proteins, 40S ribosomal protein S14
(RPS14), and serine/arginine-rich splicing factor 9 (SFRS9)
(Tariq et al. 2013). These two proteins colocalize with
ADAR2 and interact with it in an RNA-independent man-
ner. Fragile X mental retardation protein 1 (FMRP1), which
binds single-stranded RNA, interacts with and colocalizes
with ADAR2, down-regulating its editing activity without
affecting the transcription or translation of ADAR2
(Bhogal et al. 2011; Filippini et al. 2017).

1286 RNA (2022) Vol. 28, No. 10

Finally, proteins with a DZF (domain associated with zinc
fingers), such as interleukin enhancer-binding factor 2
(ILF2 or NF45), interleukin enhancer-binding factor 3
(ILF3 or NF90), spermatid perinuclear RNA-binding pro-
tein (STRBP), and zinc finger RNA-binding protein (ZFR),
can interact with ADAR1 and ADAR2 and are site-specific
regulators of editing (Freund et al. 2020). The DZF domain,
which allows NF90 and NF45 to dimerize with other mem-
bers of the family, encodes an inactive homolog of tem-
plate-free nucleotidyl transferases such as poly(A)
polymerase and tRNA CCA-adding enzymes.

TRANSCRIPTS SITE-SPECIFICALLY EDITED
BY ADAR2

As previously mentioned, the first example of editing by
ADAR2 resulting in recoding was found in the GRIAZ2 tran-
script (Sommer et al. 1991; Higuchi et al. 1993; for review,
see Pullirsch and Jantsch 2010; Holmgren and Rosenthal
2015). This type of editing at coding positions is primarily

TABLE 1. Human ADAR2-edited transcripts

A. Some of the most significant targets of ADAR2 editing in

humans.
ADAR2 BLCAP® CADPS
CDC14B® COG3® COPAP
CYFIP2 FLNA FLNB®
GABRA3 GRIA22P GRIA3?
GRIA4? GRIK12 GRIK2?
HNRPLLP HTR2C? IGFBP7°
miR-21° miR-122° miR-142°
miR-214° miR221° miR222°
miR-376° miR-589-3p® PODXL®
PTPN6P RHOQP SLC22A3°

In human brain, ADAR2 is known for editing pre-mRNAs of ionotropic
glutamate receptors and serotonin receptor.

Abnormal editing of many other substrates is involved in different varie-
ties of cancer (Zhang et al. 2019). ADAR2 is also capable of self-editing
the ADARBT(ADAR?2) transcript, regulating alternative splicing. For larger
sets of ADAR2 targets, obtained from some comprehensive bioinformatic
analyses, see Tan et al. (2017) and Franzen et al. (2018).

B. ADAR RNA editing databases
REDIportal srvOO.recas.ba.  Large databases for RNA editing
infn.it/ events (the ADAR enzymes
required for each editing site
are not specified)
DARNED  darned.ucc.ie
Modomics genesilico.pl/
modomics

Compilation of RNA
modifications, it contains list of
diseases connected to the sites
modified by the editing
enzymes
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performed by ADAR2 rather than ADAR1 (Table 1; Tan
et al. 2017). There is an additional editing site in the GRIA
transcripts, the R/G site which results in the conversion of
an arginine codon to a glycine codon, near an exon/intron
boundary in transcripts encoding GluA2, GIuA3, and
GluA4 subunits of AMPAR. The R/G site in the GRIAZ tran-
scriptis edited by both ADART and ADAR2. RNA editing at
this site can affect splicing of two mutually exclusive down-
stream exons, resulting in the generation of alternative flip
and flop isoforms of GluA2-4, which in turn affect the gat-
ing, desensitization, and resensitization kinetics of the
AMPARs (Lomeli et al. 1994; Koike et al. 2000; Krampfl
et al. 2002; Grosskreutz et al. 2003).

Transcripts encoding the kainate receptor subunits
GluK1 and GIuK2 also undergo editing of a Q/R site by
both ADAR1T and ADAR?2 (for review, see Nishikura 2016);
however, the editing in kainite receptor subunit transcripts
never reaches 100%. The Q/R site editing events in GRIK1
and GRIKZ transcripts are developmentally and regionally
regulated (Bernard and Khrestchatisky 1994; Bernard
et al. 1999). Q/R site editing in GRIKT transcripts deter-
mines the Ca®" permeability of the kainate receptor (Lee
et al. 2001). However, in the transcript encoding GRIK2,
two additional editing events, together with the Q/R site,
all contribute to the cation selectivity of the kainate recep-
tor channel (Egebjerg and Heinemann 1993; Kéhler et al.
1993). GRIK2 editing may play a role in synaptic plasticity
viainduction of long-term potentiation as observed in stud-
ies in mice (Vissel et al. 2001).

Another important neuronal transcript that undergoes
editing by both ADAR1 and ADAR?2 in a site-specific man-
ner at five sites, resulting in the recoding of three codons,
is the serotonin receptor subtype 2C (5-HT,c) receptor
(Burns et al. 1997). Editing of the 5-HT,c receptor was
found to regulate serotonergic neurotransmission by de-
creasing the G protein coupling efficiency (Bumns et al.
1997; Niswender et al. 1999; Price et al. 2001) as well as
by altering desensitization and trafficking of the receptor
(Marion et al. 2004). A link between 5-HT ¢ receptor edit-
ing and energy homeostasis was established in mice
(Kawahara et al. 2008). Environmental cues such as stress
can affect editing of the transcript encoding the 5-HTc re-
ceptor (Zaidan et al. 2018), and editing efficiency also
shows ligand-dependent regulation by serotonin
(Gurevich et al. 2002).

When new methods such as comparative genomics
were applied, the number of known recoding events in-
creased (Hoopengardner et al. 2003; Levanon et al.
2005). However, it was the widespread use of RNA-seq
on RNA from human tissue and cell line samples that iden-
tified the most recoding editing events. Site-specific edit-
ing that results in recoding is abundant in brain transcripts
and has been evolutionarily conserved (Ramaswami et al.
2013; Picardi et al. 2015). Despite further recoding events
having been found in other transcripts by transcriptome

analyses, very few of these have been functionally charac-
terized. In mammals, these include GABRA3 transcripts
encoding the GABA, receptor subunit a3 (Ohlson et al.
2007; Rula et al. 2008; Daniel et al. 2011), and transcripts
encoding voltage-gated potassium channel subunit
K,1.1 (Bhalla et al. 2004; Streit et al. 2014), voltage-gated
calcium channel subunit Ca,1.3 (Huang et al. 2012; Bazzazi
et al. 2013), brain-specific alternative splicing factor
NOVA1 (Irimia et al. 2012), and CAPS1, a protein
involved in vesicle exocytosis (Miyake et al. 2016). As the
editing of these transcripts does not reach 100%, there is
a mixture of unedited and edited isoforms in cells.
However, this RNA recoding may be important for brain
function, as it increases diversity in the proteins encoded
by edited transcripts.

Evidence suggests that there is sometimes convergent
evolution of editing in neuronal transcripts (Jin et al.
2009). The paralogous transcripts encoding GIluA2,
GluK1, and GluK2 all have a similar Q/R editing event;
however, itis likely they evolved, at least partly, separately,
as the dsRNA structure required for editing of the GRIA2
Q/R site differs from those present in GRIKT and GRIK2
transcripts (Higuchi et al. 1993; Herb et al. 1996). The
same editing site emerged much more clearly indepen-
dently in the evolutionarily distant voltage-gated K™ chan-
nel subunits from mammals, flies, and cephalopods (Bhalla
et al. 2004). This suggests that RNA recoding at some sites
is physiologically important in the nervous system and per-
haps indicates that the regulation of ion channel properties
via editing is evolutionarily advantageous.

EDITING OF THE Gria2 TRANSCRIPT IN MICE
AND GRIA2 IN HUMANS

In studies performed in mice, it was demonstrated that al-
though ADAR2 recoding is essential for mammalian brain
physiology, there is only a single editing event in the
Gria2 transcript that is absolutely required for survival
(Higuchi et al. 1993, 2000). Mice that have a homozygous
Adarb1 null mutation due to deletion of all the exons en-
coding the deaminase domain develop epileptic seizures
and die within three weeks of birth. The Adarb 1 null mutant
mouse pup lethality is rescued by a concomitant homozy-
gous knock-in of a preedited allele of Gria2R, which has
the genomic glutamine codon at the Q/R site already mu-
tated to an arginine codon. Only very subtle abnormalities
in general behavior were observed in the rescued Adarb1,
Gria2® double-mutant mice (Higuchi et al. 2000). In the
Adarb1 null mice, Gria2 transcripts are still ~40% edited
at the Q/R site, probably catalyzed by Adar1 (Higuchi
et al. 2000; Horsch et al. 2011), suggesting that having
60% of transcripts unedited at the Q/R site is too high for
viability; other experiments indicate that no more than
25% of unedited transcripts can be tolerated (Horsch
et al. 2011). This establishes in rodents the importance of
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editing of the Gria2 Q/R site and shows that recoding in
other neuronal transcripts is not essential for viability.
However, itis important to remember that there are signifi-
cant differences in RNA editing between mouse and hu-
man; in humans, editing of FLNA transcripts in arteries is
very high and may be physiologically significant (Tan
etal. 2017; Jain et al. 2018).

Transgenic mice were generated that were Gria2 Q/R
site editing-incompetent, as they lack a region in Gria2 in-
tron 11 that is required for dsRNA formation with the exon
and subsequently for editing (Brusa et al. 1995). Mice het-
erozygous for this editing-incompetent allele have seizures
and die at or before weaning about postnatal day P21.
Except for the death of some pyramidal neurons in the
CAS3 region of the hippocampus in pups that suffer from
prolonged seizures, there are no signs of excessive neuro-
degeneration. The pups die after just a few days of seizures
and the authors assumed that aberrant excitatory signaling
rather than any morphological changes in the mouse brain
was likely the cause of the lethal phenotype (Brusa et al.
1995). Mouse strains with different levels of unedited
Gria2 expression were generated (Feldmeyer et al.
1999). Ca®*-triggered neuronal cell death was not detect-
ed, but mutant mice had mild to severe neurological dys-
functions, as well as epilepsy and abnormal dendritic
architecture. The functional study of AMPARSs from the mu-
tant mice elucidated that the seizure-prone lethal pheno-
type is likely associated with an increase in macroscopic
conductance of AMPARs, which is determined by the num-
ber of AMPA receptors as well as by their Ca®* permeabil-
ities (Feldmeyer et al. 1999).

Surprisingly, mice with a homozygous deletion of Gria2
are viable (Jia et al. 1996). The mice are smaller and weigh
less at around 2-3 wk after birth and there is high mortality
at this stage. However, if siblings are removed and the mu-
tants are left with the mothers, they catch up in growth later
and have a normal lifespan. Surprisingly, there are no signs
of seizure activity in these mice despite having increased
AMPAR Ca®* permeability, and they exhibit mild behavio-
ral defects (Jia et al. 1996). It was later shown that the Gria2
null mutant mice have aberrant heteromeric AMPA recep-
tor complexes containing GluA1 and GIuA3 subunits and
also have an increased number of homomeric GluA1 and
GIuA3 receptors that are less efficiently delivered from
the ER to the synapse (Sans et al. 2003). Therefore,
GIuA2 is essential for proper assembly and trafficking to
give normal AMPA receptor types and levels at synapses.
It was later shown that, in addition to having the GluA2
subunit present, editing of the Gria2 transcript to generate
GIluA2 R subunits is essential for correct assembly and traf-
ficking of AMPA receptors (Greger et al. 2002, 2003).
Transgenic mice with the preedited allele, Gria2R, are
healthy with no observable defects in brain development
or physiology (Kask et al. 1998), therefore the functional
relevance of unedited GIuA2 is unknown.
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It was inferred from the above mouse studies that ab-
sence of GRIA2 Q/R site RNA editing in humans would
cause various neurological and psychiatric disorders
(Akbarian et al. 1995; Kawahara et al. 2004; Peng et al.
2006; Ilwamoto et al. 2009; Khermesh et al. 2016).
Recently, patients with de novo heterozygous mutations
in GRIA2 were reported to have a range of severe neurode-
velopmental disorders (Salpietro et al. 2019). One patient
had a mutation at the Q/R site in GRIA2 and presented
with intractable epilepsy and global developmental and
intellectual disability. This confirmed the importance of
editing the Q/R site in humans as it has a profound effect
on the human brain.

CONSEQUENCES OF DYSREGULATION
OF ADAR2 EDITING AND MUTATIONS
IN ADARB1 IN HUMAN DISORDERS

Transcriptome-wide A-to-l editing analysis has shown that
the majority of mammalian conserved recoding sites re-
side in transcripts expressed in the central nervous system
(Pinto et al. 2014). This underlines the importance of A-to-|
editing for correct functioning of the brain. Thus, the role
of ADAR2 in various brain disorders has been investigated
(Akbarian et al. 1995; Peng et al. 2006; lwamoto et al.
2009). One focus has been on patients with neurological
and psychiatric disorders to determine if they have aber-
rant A-to-l editing (Akbarian et al. 1995; Iwamoto and
Kato 2003; Gaisler-Salomon et al. 2014; Khermesh et al.
2016; Kitaura et al. 2017; Tran et al. 2019). A-to-l editing
levels were found to be altered in patients with
Alzheimers, epilepsy, or autism compared to controls;
however, further evidence is necessary to prove that the
detected dysregulation of editing has a role in the studied
diseases.

Sporadic amyotrophic lateral sclerosis (ALS), which is a
neurodegenerative disorder with progressive loss of motor
neurons, has been reported to involve down-reregulation
of ADAR2 in motor neurons and a subsequent decrease
in editing of the Q/R site in the GRIA2 transcript
(Kawahara et al. 2004). Decreased levels of ADAR2 protein
and reduced editing at the GRIA2 Q/R site were found in
spinal motor neurons from patients with sporadic ALS
(Aizawa et al. 2010; Hideyama et al. 2012). To model the
motor neuron death associated with sporadic ALS, a condi-
tional knockout of Adarb? in motor neurons of mice was
generated. This mouse model showed slow motor neuron
death (Hideyama et al. 2010; Yamashita et al. 2012), which
was rescued either by a concomitant knock-in of preedited
Gria2R gene or by the administration of perampanel, which
is a selective antagonist of AMPARSs (Hideyama et al. 2010;
Akamatsu et al. 2016). These results suggest that de-
creased ADAR2 editing at the GRIA2 Q/R site is involved
in the pathogenesis of ALS. However, the full mechanism
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by which the reduction in ADAR2 editing causes motor
neuron death needs to be elucidated. Loss of GRIA2 Q/R
site editing by ADAR2 results in excessive calcium influx
through AMPARs, and one possible way this could lead
to cell death is by aberrant activation of calpain, a calci-
um-dependent protease (Yamashita and Kwak 2019); there
may also be other ways calcium influx precipitates cell
death. Why there is a decrease in ADAR2 activity in motor
neurons of ALS patients is unknown; however, patients with
mutationsin FUS or C90rf72, genes associated with familial
ALS, also have dysregulated ADAR2 activity (Aizawa et al.
2016; Moore etal. 2019). Therefore, mutations in some oth-
er genes may indirectly contribute to ALS by disrupting
normal ADAR2 activity.

Only recently, seven human ADARBT mutations were re-
ported in six individuals with microcephaly, intellectual dis-
ability, and intractable seizures (Tan et al. 2020; Maroofian
etal. 2021). Similar to mutations found in ADAR (Rice et al.
2012), most occurred in the deaminase domain, six were
missense SNPs, while one was a small deletion at an
exon—intron boundary. These mutations were recessive (ei-
ther homozygous or bi-allelic in patients), and functional
testing of mutated proteins expressed in cultured cells re-
vealed that they are deleterious at either RNA or protein
levels. All but one of the seven reported ADARBT muta-
tions resulted in either complete loss of or decrease in
ADAR?2 editing activity (Tan et al. 2020; Maroofian et al.
2021). The seizure-prone state observed in Adarb1 knock-
out mice with defective editing at the Gria2 Q/R site is a
good model for the human disorder, as patients with
GRIA2 mutations also have seizures (Brusa et al. 1995;
Higuchi et al. 2000; Salpietro et al. 2019). Thus, insufficient
editing of the GRIA2 Q/R site is likely to be the main cause
of the neurodevelopmental disorders in individuals with
ADARB1T mutations. However, when compared to mice
with deficient GRIA2 Q/R site editing, the situation may
be more complicated in humans, as patients with
ADARB1 mutations presented with cerebral atrophy and
white matter loss (Maroofian et al. 2021) after a much lon-
ger time with seizures, whereas brain lesions in Gria2
mice were restricted to hippocampal CA1 (Konen et al.
2020) or CA3 (Brusa et al. 1995) regions. Also, seizures in
two patients with GRIA2 mutations were unsuccessfully
treated with perampanel (Salpietro et al. 2019), unlike the
success with treatment of neuronal death in the motor neu-
rons of conditional knockout of Adarb1 mice (Akamatsu
etal. 2016), suggesting that brain plasticity in humans leads
to changes in other receptors which are not corrected by
perampanel. Zebrafish deficient in griaZ2a have defects in
brain morphology, including developmental abnormalities
in neural crest and cranial cartilage, but are not seizure-
prone (Ali et al. 2014). Thus, further studies are required
to elucidate the pathological mechanisms underlying the
neurodevelopmental disorder in patients with ADARB1
mutations.

ADAR2 PROTEINS IN INVERTEBRATES;
DROSOPHILA ADAR IS INVOLVED IN BOTH
RECODING EDITING AND INNATE IMMUNE
RESPONSE SUPPRESSION

Drosophila has only one Adar gene (Palladino et al. 2000b;
Keegan etal. 2011; Savva et al. 2012a). In arthropods such
as Drosophila, ADAR1 has been lost (Keegan et al. 2011;
Grice and Degnan 2015), and the annotated Adar gene is
the sequence ortholog of the mammalian ADARB1 gene
encoding ADAR2. Drosophila Adar is mainly expressed in
the nervous system (Jepson et al. 2011), and ADAR2-type
site-specific RNA editing in CNS has been greatly expand-
ed in Drosophila and other insects (Graveley et al. 2011).
The target transcripts for A-to-l editing are enriched in
ion channels, neurotransmitter receptor subunits, and cal-
cium- and synapse-associated neuronal proteins (Duan
et al. 2017). In Drosophila, over 1300 site-specific RNA
editing events have been detected in mRNAs. A subset
of 50-100 sites is edited with high efficiency, and editing
at these sites is also well-conserved across different insect
groups, suggesting that editing at these sites is functionally
significant. In bumblebees, paralleling the mouse-human
difference in mammals, there is a higher level of ADAR-me-
diated RNA editing despite the lack of an ADAR1-homolog
(Porath etal. 2019). There are 1.15 million identified unique
genomic sites, and 164 recoding sites residing in 100 pro-
tein coding genes, including ion channels, transporters,
and receptors predicted to affect brain function and behav-
ior. Furthermore, in the honeybee Apis mellifera, 464 A-to-|
editing sites have been identified, especially in heads
(Porath et al. 2019). Four recoding sites and one synony-
mous editing site are highly conserved between honeybee,
bumblebee, and Drosophila. There is a diverged auto-ed-
iting site in Adar mRNA in bees and flies, which might play
an auto-regulatory role in the two clades (Porath et al.
2019).

Drosophila Adar’™" null mutant flies show reduced via-
bility in terms of numbers of individuals surviving through
earlier stages to eclose from pupae as live flies (Khan
etal. 2020), and mutant larvae show increased neuronal ex-
citability (Li et al. 2014) and aberrant accumulation of neu-
rotransmitter synaptic vesicles in neurons (Maldonado etal.
2013). Adar®®" mutant flies show locomotion defects from
the time of pupal eclosion, still have aberrant accumulation
of neurotransmitter synaptic vesicle proteins (Robinson
etal. 2016), and, after 20-30 d, show age-related neurode-
generation with large vacuoles in the brain (Palladino et al.
2000b). All Adar®®" mutant defects are suppressed by re-
duced Tor or by overexpression of Atg5, both of which in-
crease canonical autophagy initiation and reduce aberrant
accumulation of synaptic vesicle proteins (Khan etal. 2020).
Moreover, increased expression of Hsc70-4, which medi-
ates endosomal microautophagy, also reduces aberrantac-
cumulation of synaptic vesicle proteins and suppresses all
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Adar®®" mutant defects (Khan et al. 2020). The cause of the
underlying aberrant autophagy in Adar’®" is unknown, but
it might be part of an aberrant antiviral response.

Interestingly, a new study has shown that the loss of Adar
RNA editing activity leads to innate immune induction, in-
dicating that Drosophila Adar, despite being the homolog
of mammalian ADAR2, also has functions similar to mam-
malian ADAR1 (Deng et al. 2020). The innate immune in-
duction in fly Adar mutants is suppressed by silencing of
Dicer-2in heads. Dicer-2 has an RNA helicase domain sim-
ilar to that of MDAS5, which senses unedited dsRNAs in
mammalian Adar mutants; insects have also lost Mda5-
like helicase domains during evolution. Studying effects
of restoring expression of catalytically inactive Adar pro-
tein in Adar mutants allows us to determine which
Adar’®" mutant defects depend entirely on editing of tar-
get transcripts. When Adar are expressed at physiological
levels, adenosine deamination activity is required to re-
store normal locomotion and to prevent neurodegenera-
tion, indicating a requirement for the edited isoforms of
CNS proteins. However, the Adar E347A catalytically inac-
tive protein, when expressed at a higher than physiological
level, can rescue neurodegeneration and block aberrant
Dicer-2 activation in Adar mutants, though it still does
not rescue locomotion defects, suggesting the existence
of editing-independent effects on neurodegeneration
and innate immune responses (Deng et al. 2020).

The involvement of Drosophila Adar in genome defense
and antiviral dsRNA responses raises the question of wheth-
er this role is conserved in other invertebrate ADAR2 pro-
teins or if it might have escaped detection even in
vertebrate ADAR2 proteins. In the planarian Schmidtea
mediterranea, it has been shown that ADAR2, but not
ADART1, mediates mRNA editing (Bar Yaacov 2022). Howev-
er, knockdown of either planarian adar? or adar2 by RNA in-
terference (RNAI) resulted in up-regulation of dsRNA-
response genes, including three planarian rig-I-like receptor
(prlr) homologs. Furthermore, independent knockdown of
either adar1 or adar2 reduced the number of cells infected
with a dsRNA virus, suggesting they both suppress an antivi-
ral dsRNA-response activity (Bar Yaacov 2022). The possibil-
ity exists that ADAR2 has a role in innate immunity similar to
ADART; however, due to the nuclear localization, ADAR2
might have limited impact (Desterro et al. 2003). However,
in cell lines when ADAR2 is mislocalized to the cytoplasm,
then it can reduce the expression of interferon response
genes (Mannion et al. 2014), suggesting that the nuclear lo-
calization of ADAR2 limits its involvement.

Caenorhabditis elegans, on the other hand, has two
ADAR-like proteins: ADR-1 (catalytically inactive) and
ADR-2 (catalytically active) (Knight and Bass 2002). The
binding of ADR-1 to target dsRNAs promotes the editing
by ADR-2 (Rajendren et al. 2018). It has been reported
that transcribed regions overlapping ADR-modulated loci
in C. elegans exhibit significant up-regulation of secondary
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siRNAs. This suggests an effective engagement of the
RNAIi machinery that arises as a consequence of the pro-
duction of an aberrant population of primary siRNAs in
the absence of ADAR activity, demonstrating the compet-
itive relationship between ADARs and the RNAi pathways
(Wu et al. 2011). Nevertheless, ADR-1 and ADR-2 do not
correspond to mammalian ADART and ADAR2. C. elegans
adr-2 is similar in structure to ADAR1, with multiple
dsRBDs, and adr-1 has only a deaminase domain and no
dsRBDs. Loss of Adr1 function also leads to increased
RNAI responses in nematodes (Tonkin and Bass 2003).

Some Drosophila melanogaster Adar RNA editing
events can appear and disappear rapidly during evolution
and can differ even between different geographic popula-
tions of D. melanogaster, even though other editing
events are evolutionarily conserved and maintained widely
across insect species (Popitsch et al. 2020). A significant
proportion of D. melanogaster Adar RNA editing events
may be present in a limited range of species; unexpected
absences of some editing events and presences of differ-
ent editing events had already been observed in closely
related species. A recent study using the extensive geno-
mic and transcriptomic data available for drosophilids sug-
gests that a large proportion of ADAR editing events have
evolved because they correct, at the RNA level, genomic G
to A mutations (Popitsch et al. 2020); perhaps ADARs have
always been engaged in gene therapy to some extent. The
evidence for this is that the G residue is present and con-
served in a wider range of drosophilids and dipteran in-
sects, suggesting that G is selectively advantageous.
However, Drosophila melanogaster has acquired a delete-
rious G to A mutation which can be maintained because of
ADAR RNA editing. Similar evidence has been presented
for ADAR RNA editing in cephalopods and even for
vertebrates (Popitsch et al. 2020). It is tempting to suggest
also that the evolution of complete metamorphosis in dip-
teran insects has permitted accumulation of G to A muta-
tions in CNS-expressed genes in which the mutations
can be tolerated during the simplified, headless, larval
feeding stages. Adar RNA editing increases dramatically
downstream from ecdysome signaling at metamorphosis
(Palladino et al. 2000a), in time to correct these mutations
in CNS transcripts at the RNA level before they affect the
adult brain and capacities for critical adult behaviors and
choices.

Reversion of G to A mutations back to A is detected vari-
ably in different populations of the Drosophila melanogaster
species (Popitsch et al. 2020). Surprisingly, such revertant
genomic sites appear to be common in Drosophila mela-
nogaster populations (Popitsch et al. 2020). Drosophila spe-
cies have large effective population sizes in the millions,
meaning that genomic sequence variation within the spe-
cies is greater than it is within larger, less fecund species
such as mammals. In D. melanogaster populations, the mu-
tant genomic A base at an edited site more frequently
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reverts back to G again than a similar Athatis notatan edited
site. Itis interesting to consider how ADAR editing could fa-
cilitate these genomic reversion mutations. In male germline
cells where many genes are transcribed, any expression of
Adar might permit an edited transcript-facilitated DNA mu-
tagenesis if RNA strands can participate as templatesin DNA
repair, as has been proposed (Keskin et al. 2014); however,
more evidence for the existence of this process in
Drosophila is required.

APPLICATIONS OF ADARs IN GENE THERAPY

Retargeting ADAR RNA editing to correct disease muta-
tions at the transcript level is a very exciting prospect for
gene therapy. CRISPR-Cas9 DNA mutagenesis faces diffi-
culties in human application because off-target genome
editing is common, irreversible, and potentially very dan-
gerous. An additional problem is that the DNA repair path-
ways required are active in proliferating human cells in
culture but not in postmitotic cells that make up the bulk
of tissues and the majority of target cell types for gene
therapy (Montiel-Gonzalez et al. 2019). Also, expression
of bacterial proteins is likely to be immunogenic. For these
reasons and others, including the successes of Covid
mRNA vaccines and the Spinrada antisense RNA treatment
against SMA, there is now increased interest in using
ADAR RNA editing to correct disease mutations in RNA
transcripts rather than in DNA. ADAR RNA editing gene
therapy might be achieved without expressing foreign
proteins and, even if off-target editing during therapy can-
not be entirely eliminated, the large number of editing
events known to occur at low levels in the human transcrip-
tome suggest that some off-target RNA editing might be
well tolerated in patients. It is estimated that about 60%
of human disease mutations are due to SNPs and, conve-
niently, ADAR editing potentially directly corrects the
most common type; G-to-A changes making up nearly fifty
percent of SNPs. Of these G-to-A mutations, some will be
directly ADAR targetable when a mutant adenosine is in
the C/U-A-G/A context favored by ADARs. For open read-
ing frame mutations where the mutant A is not in a good
context for editing, codon redundancy might allow coding
correction by targeting another adenosine in the codon.
Some early approaches to retargeting ADAR RNA editing
used fusions of other RNA-binding proteins to an ADAR
deaminase domain, and some of these gave efficient target
editing; however, they also identified a critical problem aris-
ing from high off-target editing (Montiel-Gonzalez et al.
2019). This, and difficulties expected with expression of pro-
teins and possible immunogenicity of foreign proteins in hu-
mans, means that current approaches concentrate on
retargeting endogenous ADAR proteins by providing an
ADAR:-recruiting “guide” RNA that will also base-pair across
the mutation site and make the target adenosine available
for editing (Katrekar et al. 2022; Reautschnig et al. 2022; Yi

etal. 2022). Studies on ADAR2 have been the predominant
source of information on how ADARs recognize RNA sub-
strates for highly efficient site-specific RNA editing and on
how we might design guide RNAs to retarget ADARs for
gene therapy. There is still no direct structural information
on the ADAR1 protein which is more highly expressed
than ADAR2 in many human tissues, and for ADART we
depend on inferences from, and comparisons to, ADAR2.
The structures of highly edited substrate RNAs and their
ADAR complexes have been essential to design effective ar-
tificial guide RNAs. Examples include guide RNAs that place
the target adenosine opposite a C or U for more efficient
base flipping, RNA guides that incorporate base mismatch-
es to reduce off target editing, RNA guides that use the four
base loop structure of the Gria2 R/G site to recruit ADAR2
dsRBD1, and RNA guides that incorporate bulges at certain
positions, most interestingly perhaps between the deami-
nase domain and the 5 RNA binding loop. Guide RNAs
that are expressed in cells from a plasmid may be able to
be delivered as Covid mRNAvaccines were, in nanoparticles
or in engineered viruses, though the particles may usually
need to be targeted to infect particular cell types.

There are of course still unanswered questions regarding
ADAR2 protein RNA substrate specificity, in addition to
possible ADAR2 domain dynamics already discussed.
Only a limited set of RNA substrates have been studied
in detail and, in organisms like Drosophila with many site-
specifically edited substrates, correct structures for more
efficiently edited RNA substrates are likely to improve un-
derstanding; human ADAR2 rescues Drosophila Adar mu-
tant defects and edits these substrates (Keegan et al.
2011). For example, some Drosophila guide RNAs (previ-
ously called editing site complementary sequences
[ECSs]) appear to be composed of short sections that
may be better able to find their correct editing target
because together they establish continuous base stacking
along the target sequence (Reenan 2005). Contiguous
base stacking of shorter guide RNA sections along the tar-
get sequence and base stacking continued over the ends
of the target sequence by guide RNA hairpins might aid
the specificity of the intermolecular pairing of artificial
ADAR guide RNAs to target sites and reduce off-target ed-
iting. Artificial guide RNAs often attempt to have ADARs
recruit to intramolecular hairpins in the guide RNA some-
what separately from the intermolecular pairing of the
guide to the target RNA. Some vertebrate RNA substrates
have bulges at positions where they do not interfere with
ADAR binding, and structures for a wider range of
Drosophila RNA substrates may identify examples of how
additional ADAR interactions could be engineered into
the guide RNA by adding bulges or even additional
dsRNA hairpins. The catalytically inactive deaminase
domain in the asymmetric dimer probably does not have
all of its possible dsRNA contacts blocked by the dimeriza-
tion so additional dsRNA interactions may be possible.
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CONCLUSION

We believe it is fair to say that the ADAR enzymes have sur-
passed all expectations. Not only are they essential for differ-
ent biological processes such as brain and innate immune
function, but also, they may be instrumental to new and in-
novative therapies for an assortment of diseases (Montiel-
Gonzalez etal. 2019). There is huge interest in ADARs them-
selves from the pharmaceutical industry, as an inhibitor of
ADAR1 would likely increase the efficacy of cancer cell-kill-
ing and of checkpoint inhibitors in the treatment of cancer
(Ishizuka et al. 2019). This success of ADAR proteins high-
lights the advantages of basic scientific research, where
the persistence and curiosity to study an “odd” enzymatic
activity reaped unforeseeable rewards.

There is also room to improve understanding of ADAR2
biology. In the CNS, development of glutamate excito-
toxic neuron death through AMPA receptors may be main-
ly related to the ADAR editing process and the possibility
to produce a toxic proteoform of GluA2 that confers exces-
sive calcium entry and channel responsiveness. Some sim-
ilar effects might also contribute to kainite receptor
mediated toxicity. How aberrantly responsive CP-AMPAs
lead to neuron death or to more widespread changes in
other receptors in the seizure-prone state in mutants that
fail to edit the Gria2 Q/R site needs to be better under-
stood. Outside the CNS, ADAR2 in humans may have roles
in vascular endothelium, in the pancreas, and possibly in
other organs such as lungs that are less prominent in
mice. Other questions include whether any functions of
mammalian ADAR2 are substantially editing-independent
and whether ADAR?2 also affects innate immunity, eitherin-
side the CNS or elsewhere.
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