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ABSTRACT
Adenosine deaminases that act on RNA (ADARs) are present in all animals and function to both
bind double-stranded RNA (dsRNA) and catalyze the deamination of adenosine (A) to inosine (I).
As inosine is a biological mimic of guanosine, deamination by ADARs changes the genetic infor-
mation in the RNA sequence and is commonly referred to as RNA editing. Millions of A-to-I edit-
ing events have been reported for metazoan transcriptomes, indicating that RNA editing is a
widespread mechanism used to generate molecular and phenotypic diversity. Loss of ADARs
results in lethality in mice and behavioral phenotypes in worm and fly model systems.
Furthermore, alterations in RNA editing occur in over 35 human pathologies, including several
neurological disorders, metabolic diseases, and cancers. In this review, a basic introduction to
ADAR structure and target recognition will be provided before summarizing how ADARs affect
the fate of cellular RNAs and how researchers are using this knowledge to engineer ADARs for
personalized medicine. In addition, we will highlight the important roles of ADARs and RNA edit-
ing in innate immunity and cancer biology.
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Introduction

RNA sequence and structure serves as a fundamental
code for directing specific RNA-protein interactions.
RNA secondary and tertiary structures are recognized
by different classes of RNA-binding proteins (RBPs).
Specifically, the recognition of double-stranded RNA
(dsRNA) by dsRNA-binding proteins (dsRBPs) is crucial
for proper regulation of gene expression and recogni-
tion of foreign nucleic acids (Saunders and Barber 2003;
Hur 2019). A family of dsRBPs that is central to both of
these molecular processes is the adenosine deaminase
acting on RNA (ADAR) family (Savva et al. 2012). ADARs
affect these processes through both dsRNA binding
and/or converting adenosine (A) to inosine (I) within
cellular dsRNAs (Walkley and Li 2017; Wang, Zheng
et al. 2017). These molecular functions play critical roles
in neuronal function, development, and innate immun-
ity (Rosenthal 2015; Jain et al. 2019).

What makes a protein an ADAR?

The basic domain structure of ADARs consists of a vary-
ing number of amino-terminal dsRNA binding domains
(dsRBDs) as well as a highly conserved carboxy-terminal
deaminase domain. While ADARs are present across
metazoans, the number of ADAR proteins in each
organism differs. These differences arise either from
separate genetic loci or from a single locus that makes
use of multiple promoters, splice sites, or translation ini-
tiation sites (Gerber et al. 1997; George and Samuel
1999; Palladino et al. 2000a). In addition to the variable
combinations of conserved domains, the ADAR proteins
produced can also include additional domains that
impart unique functions (Figure 1).

The number as well as the distance between dsRBDs
confers differing enzymatic activity and substrate speci-
ficity to each ADAR (see details in “Target Recognition
by the ADAR family”). Human ADAR1 differs from the
canonical ADAR structure by containing one or two
Z-DNA binding domains (Herbert et al. 1997; Berger
et al. 1998). This may allow ADAR1 to bind Z-DNA that
trails a moving RNA polymerase, facilitating the target-
ing of nascent RNA immediately after transcription.
Additionally, stabilization of promoter Z-DNA may
enhance transcription, suggesting a potential gene
regulatory role for ADAR1 (Oh et al. 2002). Human
ADAR1 is produced as two different isoforms generated
via the use of two different promoters (George and
Samuel 1999). One promoter is constitutively active and
produces the shorter p110 isoform, while the other pro-
moter is interferon-inducible and produces the longer
p150 isoform (Figure 1). The p110 isoform contains one
Z-DNA binding domain and localizes to the nucleus,
while the p150 isoform contains two Z-DNA binding
domains and a nuclear export signal (NES), which leads
to shuttling between the nucleus and cytoplasm
(Poulsen et al. 2001).

Human ADAR3 contains an amino-terminal, arginine
(R)-rich domain (referred to as the R-domain), which
allows ADAR3 to bind single-stranded RNA (ssRNA) in
addition to the dsRNA binding capabilities afforded by
its dsRBDs (Chen et al. 2000). However, ssRNA binding
by ADAR3 has only been demonstrated in vitro, and the
biological importance of the R-domain for in vivo RNA
binding and ADAR3 function remains unknown. One
study observed an interaction between the R-domain
and KPNA2, a nuclear localization signal (NLS) receptor,
suggesting the R-domain acts as an NLS (Maas and
Gommans 2009a). In addition to the canonical domain

Figure 1. Domain structure of ADARs from various organisms. Overall domain structure of human (Homo sapiens, hs), fly
(Drosophila melanogaster, dm), squid (Doryteuthis opalescens, sq), and nematode (Caenorhabditis elegans, ce) ADAR proteins.
Structures highlighted include dsRNA binding domains (purple), C-terminal catalytic (deaminase) domains (blue), Z-DNA binding
motifs (red, hsADAR1 only), and the arginine-rich R-domain (yellow, hsADAR3 only). Domain boundaries and protein length data
was obtained from the UniProt database, accession numbers are as follows: hsADAR1 (P55265), hsADAR2 (P78563), hsADAR3
(Q9NS39), dmADAR (Q9NII1), sqADAR2a (C1JAR3), sqADAR2b (C1JAR4), ceADR-1 (Q9U3D6), ceADR-2 (Q22618) (Please note a color
version of this figure is available online).
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structure (Figure 1), a tissue-specific ADAR2 splice vari-
ant includes a motif closely related to the R-domain of
ADAR3 (Maas and Gommans 2009b). Whether or not
this splice variant results in the ability of ADAR2 to bind
ssRNA is unclear. However, in vitro studies indicate a
similar general editing activity of the extended and
canonical ADAR2 variants (Maas and Gommans 2009b).

Despite containing a deaminase domain, not all
ADARs catalyze A-to-I editing. In particular, human
ADAR3 and C. elegans ADR-1 both lack editing activity.
While the deaminase domain of C. elegans ADR-1 lacks
essential catalytic residues (Tonkin et al. 2002), human
ADAR3 has the essential amino acids to carry out
adenosine deamination but is editing deficient (Chen
et al. 2000). It has been suggested that the lack of
ADAR3 editing activity is due to lack of conservation in
residues of the newly identified RNA binding loop pre-
sent in the deaminase domain (Matthews et al. 2016).
Importantly, a recent computational and screening
approach generated an ADAR3 protein with five point
mutations that resulted in functional deaminase activity
in vitro and in cells (Wang, Chung et al. 2019). To pro-
vide biological relevance to the observed ADAR3 edit-
ing activity, it will be interesting to see if any of these
gain-of-function mutations, or others, occur in human
disease. Despite the lack of naturally occurring editing
activity, both C. elegans ADR-1 and human ADAR3 have
been implicated in regulating the activity of catalytically
active ADARs through dimerization and/or competition
for dsRNA binding (Chen et al. 2000; Washburn et al.
2014; Washburn and Hundley 2016; Oakes et al. 2017;
Rajendren et al. 2018). Going forward, whether inhib-
ition of RNA editing is a critical biological function of
human ADAR3 and C. elegans ADR-1 and/or whether
these proteins perform other important gene regulatory
functions should be determined.

Although some organisms have more ADAR genes
than others, this does not always correlate with more
editing activity, which leads to the question of the bio-
logical function of multiple ADARs. While the exact pur-
pose remains unclear, reconstruction of ADAR gene
evolution revealed that the metazoan last common
ancestor likely had a set of multiple ADARs similar to
those of modern humans and higher metazoans and
that the differences in ADAR number and structure
between different organisms likely resulted from gene
loss or domain loss along the lineage (Grice and
Degnan 2015). This would be consistent with the idea
that RNA editing is an essential metazoan regulatory
function and that lineages that have lost ADAR genes/
domains have evolved other, complementary regula-
tory mechanisms.

Target recognition by the ADAR family

The modular domain structure of ADARs allows for sep-
aration of the dsRNA binding and deaminase functions.
In substrate recognition by ADARs, the dsRBDs directly
interact with dsRNA and are required for substrate
binding in vivo (Nishikura 2010). After the dsRBDs bind,
the deaminase domain provides additional contacts
around the target adenosine and catalyzes deamination
(Thomas and Beal 2017). Herein, we will discuss what is
known about how these two domains contribute to
ADAR function with an emphasis on knowledge gained
from in vitro studies and whether these same conclu-
sions apply to in vivo substrate binding and
deamination.

How do dsRBDs contribute to the affinity and
specificity of ADAR binding to dsRNA?

The general dogma for dsRBPs is that specificity for
dsRNA is based on the overall A-form helical structure.
This is largely based on early crystal structures of the
dsRBD of Xenopus laevis RNA-binding protein A (Xlbpa)
bound to dsRNA and NMR structures of dsRBD3 of
Staufen bound to an RNA stem-loop (Ryter and Schultz
1998; Ramos et al. 2000). Both structures indicated the
majority of interactions between the dsRBD and dsRNA
involve the phosphodiester backbone across the major
groove and 20-hydroxyl groups of riboses. As these con-
tacts would occur with dsRNA of any sequence, these
early studies suggested that dsRBDs bind dsRNA in a
sequence-independent, but structure-dependent man-
ner. While dsRBDs may largely recognize overall dsRNA
structure, the solution structure of ADAR2 dsRBDs
bound to dsRNA suggests that dsRNA binding may also
be specific to RNA sequence (Stefl et al. 2010). This
observed sequence specificity could have arisen due to
the use of a substrate related to the native GRIA2 R/G
editing site, capturing the structural context that occurs
in vivo, while the previous Xlbpa and Staufen structures
were solved with a synthetic dsRNA.

In large part, details of how dsRBDs contribute to
in vivo recognition of specific sequences by ADARs are
lacking. Immunofluorescence studies of Xenopus ADAR1
with lampbrush chromosomes revealed that individual
dsRBDs can bind different subtrates in vivo (Doyle and
Jantsch 2003). The specificity of dsRBDs for different tar-
gets was also observed in experiments comparing
human ADARs and PKR. In domain swapping experi-
ments, replacement of dsRBD1 and dsRBD2 in ADAR1
with those from PKR significantly reduced in vitro edit-
ing of native substrates (Liu et al. 2000). Using a
hydroxy radical footprinting approach, the dsRBDs of
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ADAR2 and PKR interacted with different regions of a
duplex RNA (Stephens et al. 2004). These studies also
suggest dsRBD specificity can be studied both in vitro
and in vivo for human ADARs. In contrast, RNA immuno-
precipitation (RIP) studies indicated that dsRBD1, but
not dsRBD2 of C. elegans ADR-1 contributed to sub-
strate binding in vivo (Rajendren et al. 2018), while both
dsRBDs of ADR-1 were capable of dsRNA binding
in vitro. These differences indicate that further in vivo
studies are needed for a better understanding of sub-
strate specificity of the dsRBDs of ADARs.

Transcriptome-wide identification of human ADAR1
and ADAR2 targets, as well as C. elegans ADARs have
been obtained from RIP studies (Ohlson et al. 2005;
Bahn et al. 2015; Galipon et al. 2017; Rajendren et al.
2018; Ganem et al. 2019). However, the in vivo binding
sites on these targets and whether a given dsRBD occu-
pies a specific binding site is largely unknown.
Crosslinking immunoprecipitation followed by high-
throughput sequencing (CLIP-seq) has identified human
ADAR1 bound regions on endogenous RNAs (Bahn
et al. 2015), which includes both the expected highly
edited Alu repeats as well as non-Alu regions (15% of
ADAR1-bound targets). This latter discovery was critical
to uncovering a role for ADAR1 in regulating 30 untrans-
lated regions (30 UTRs) length and altering miRNA bio-
genesis. However, ADAR1 contains multiple dsRBDs and
the role of individual domains in these molecular proc-
esses and whether specific domains contribute to rec-
ognition of specific targets in vivo was not examined. It
is also important to note a major caveat of analyzing
binding sites of dsRBPs, like ADARs, using CLIP-seq is
that the bound region identified is limited to one
strand of the dsRNA. As the other half of the ADAR tar-
get dsRNA can be hundreds to even thousands of
nucleotides downstream in terms of linear transcrip-
tome distance, information obtained from CLIP-seq is
limited in contributing to understanding specific ADAR
binding sites in vivo.

A number of methods, such as CLASH (Helwak and
Tollervey 2014) and hiCLIP (Sugimoto et al. 2015), were
developed to capture RNA-RNA interactions/secondary
structures, the latter of which was applied to a tran-
scriptome-wide study of the bound targets of Staufen.
A recent advancement to the CLASH methodology,
termed irCLASH, adds an infrared-dye conjugated and
biotinylated adapter to allow for more rapid and non-
isotopic analysis of bound dsRNAs (Song et al. 2020).
The bound targets of exogenously expressed human
ADAR1, ADAR2, and ADAR3 were examined using
irCLASH. This approach identified a significant number
of non-Alu targets, as �60% of human ADAR1, ADAR2,

and ADAR3 bound regions were of non-Alu sequences.
Altogether, future irCLASH experiments examining
endogenous ADARs and CRISPR engineered dsRBD
mutants of ADARs will be critical for understanding
how the dsRBDs of ADARs contact substrates in vivo.

In addition to playing a role in recognition of specific
substrates, in vitro studies have indicated that the num-
ber of dsRBDs contributes to the affinity of ADARs for
dsRNA. This is most clearly evidenced by biochemical
studies of squid ADARs. Squids express two isoforms of
ADAR2; sqADAR2a, with three dsRBDs, as well as an
alternatively spliced isoform from the same gene,
sqADAR2b, with only two dsRBDs (Figure 1) (Palavicini
et al. 2009). Comparison of the binding dissociation
constant (KD) of the sqADAR2 isoforms indicates that
the extra dsRBD strengthens the dsRNA binding affinity
of sqADAR2 by 30-100 fold in vitro (Palavicini et al.
2012). Furthermore, sqADAR2a edits more sites than
sqADAR2b in vitro, suggesting that an additional dsRBD
confers not only tighter dsRNA binding but also more
editing (Palavicini et al. 2009). In contrast to the squid
editing enzymes, ADR-2, the sole ADAR enzyme in C.
elegans, has the weakest dsRNA binding affinity of all
ADARs studied to date (Rajendren et al. 2018).
Interestingly, C. elegans ADR-2 and two as yet uncharac-
terized ADAR1 proteins from Octopus bimaculoides and
Acropora millepora are the only ADARs which possess a
single dsRBD (Hough et al. 1999; Albertin et al. 2015;
Porath et al. 2017). Future studies aimed at addressing
whether these unusual ADARs with one dsRBD bind
dsRNA directly in vivo may reveal important insights
into the mechanisms ADAR enzymes use for substrate
recognition.

Diving into the details of the dsRBDs of ADARs

While multiple dsRBDs may contribute to both sub-
strate specificity and binding affinity of ADARs, it is
largely unknown which amino acids within dsRBDs con-
tribute to these functions in vivo. The dsRBD was first
identified based on amino acid sequence similarity
amongst dsRBPs that perform diverse cellular functions
(St Johnston et al. 1992). As mentioned above, struc-
tural studies have indicated that dsRBDs interact with
the major groove and two consecutive minor grooves,
which in total spans �16 base pairs (bps) of dsRNA
(Ryter and Schultz 1998). The dsRBD comprised of
65–70 amino acids that fold into a distinctive abbba
secondary structure (Bycroft et al. 1995; Nanduri et al.
1998). The helix a2 includes a highly conserved KKxxK
motif (K is lysine, x is any amino acid) that is crucial for
the dsRBD to interact with dsRNA (Figure 2). This is
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supported by many studies of ADARs and other dsRBPs,
which perform mutagenesis of the lysines in the KKxxK
motif and demonstrate loss of dsRNA binding in vitro
and/or in vivo. Moreover, early structural studies of
dsRBPs indicate that these lysines are located in a sur-
face-exposed loop which recognizes the major groove
of dsRNA, suggesting the importance of electrostatic
interactions by the basic residues (Ryter and Schultz
1998; Ramos et al. 2000). These studies also suggest
that the first and last lysines of this motif stabilize the
overall dsRBD structure (Ramos et al. 2000; Stefl et al.
2006). Altogether, this implies each lysine in this motif
may have a different function and in vivo binding stud-
ies of ADARs should examine the contribution of each
of these residues.

Mutagenesis and structural studies of the dsRBP fam-
ily have identified other residues that are important for
in vitro dsRNA binding, such as the glutamate (E) within
helix a1 and the GPxH motif in the b1–b2 loop (Bycroft
et al. 1995; Ramos et al. 2000). However, in ADARs, only
the G of the GPxH motif is highly conserved (87%
amongst ADARs shown in Figure 2). Interestingly, C. ele-
gans ADR-2 is the only ADAR that does not contain a
glycine or a small, hydrophobic amino acid at the start
of the GPxH motif (Figure 2) and, as described above,
has the weakest dsRNA affinity observed in vitro
(Rajendren et al. 2018). From studies of Staufen, it is
known that the two aromatic side chains, tyrosine in b1
loop and phenylalanine in b2 loop, reside within the
hydrophobic core of the dsRBD (the homologous resi-
dues in ADARs are indicated by HC above the align-
ments in Figure 2). Specifically, the tyrosine is in the

center of the hydrophobic core, suggesting a structural
role in maintaining other key surface residues in an
optimal orientation for dsRNA binding. In contrast, the
phenylalanine is at the edge of the hydrophobic core/
partially surface exposed. While mutation of this residue
to alanine completely abolishes Staufen binding to
dsRNA in vitro (Bycroft et al. 1995), this may be due to a
structural change and thus, the phenylalanine residue
only indirectly contributes to dsRNA binding. As would
be expected for residues important in stabilizing the
dsRBD fold, these aromatic groups are conserved across
all ADARs, with the exception of C. elegans ADR-1
dsRBD1 having a glutamic acid in place of the aromatic
residue in the b1 loop (Figure 2). The impact of these
variances on in vivo dsRNA binding by ADARs should
be explored.

Overall, human ADAR2 dsRBD2 and squid ADAR2
dsRBD3 exhibit complete sequence identity to the 21
defined consensus (>70%) residues present amongst
human, fly, squid, and nematode ADARs (Figure 2). In
contrast, the dsRBDs of C. elegans ADARs are most
diverged, with ADR-1 dsRBD1 and ADR-2 dsRBD con-
taining only 13 and 14 of the 21 consensus residues,
respectively (Figure 2). One striking difference is that
these two domains harbor a pair of adjacent sulfur
containing amino acids while all other ADARs have
two alanines in the middle of helix a2 (Figure 2,
marked with AA above alignment). As C. elegans
ADARs have a unique partnership and mechanism
for editing in vivo (Rajendren et al. 2018), the import-
ance of these residues should be explored in future
studies.

Figure 2. Multiple sequence alignment of dsRNA binding domains of ADARs. Sequences of the dsRBDs for the indicated proteins
were obtained from UniProt database using the accession numbers described for Figure 1. Domain boundaries were adjusted
based on structural data. The final figure was produced using ESPript 3 (Robert and Gouet 2014). Sequences that are identical
are shown in a red-filled box, while those that met consensus (>70%, <100%) are boxed with consensus residues in red font.
The residues important for dsRNA binding (Masliah et al. 2013) and the secondary structure elements (conserved abbba fold) are
shown below. The conserved GPxH motif and di-alanine residues (AA) as well as the aromatic residues that reside within the
hydrophobic core (HC) of the dsRBD are indicated above the alignment (Please note a color version of this figure is avail-
able online).
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Not all ADAR dsRBDs function in dsRNA binding

It is important to note that some dsRBDs have a strong
affinity to dsRNA while others display a weak affinity
(Mohibi et al. 2019). Based on these differences, there
have been attempts to classify dsRBDs into two groups
(Doyle and Jantsch 2002; Gleghorn and Maquat 2014).
The former dsRBDs are defined as type A and have
strong sequence homology to other dsRBPs along the
entire length of the dsRBD. The latter are known as
type B dsRBDs and are proposed to have poor
sequence similarity in the left half of the dsRBD includ-
ing the N-terminus, which contributes to the observed
weaker dsRNA binding affinity in vitro (St Johnston
et al. 1992; Krovat and Jantsch 1996). The type B
dsRBDs often serve a function besides dsRNA binding,
including mediating protein-protein interactions.

The protein-protein interactions of ADARs have been
most extensively studied for mammalian ADARs.
Mammalian ADAR1 has three dsRBDs (Figure 1) and
mutation of any individual dsRBD reduces dsRNA bind-
ing in vitro (Liu and Samuel 1996). However, human
ADAR1 also uses dsRBD2 and dsRBD3 for dimerization
with different dsRBPs (Ota et al. 2013). Specifically,
ADAR1 is proposed to homodimerize via dsRBD3, as
ADAR1 dsRBD3 deletion mutants lacked a physical
interaction with wildtype ADAR1 (Ota et al. 2013).
Similar experiments revealed that dsRBD2 of human
ADAR1 is critical for heterodimerization with Dicer, a
key dsRBP in the RNA interference (RNAi) pathway (Ota
et al. 2013). These data suggest an individual dsRBD is
capable of binding both dsRNA and protein and raises
the idea that ADAR dsRBDs cannot be strictly classified
as type A or B dsRBDs. Furthermore, the ability of some
dsRBDs to interact with both dsRNA and proteins can
lead to RNA-binding dependent regulation of the inter-
action of ADARs with specific proteins. A striking
example is the interaction of human ADAR1 dsRBD3
with the nuclear import factor Transportin-1 (Trn-1),
which recognizes a bimodal nuclear localization signal
(NLS) formed by the C-terminus region of the dsRBD
and an extended a-helix at the N-terminal region of the
dsRBD (Fritz et al. 2009; Barraud et al. 2014). Binding of
dsRNA to the dsRBD disrupts the NLS and thus, inhibits
the interaction of Trn-1 and ADAR1. As ADAR1 is known
to shuttle between the nucleus and cytoplasm
(Strehblow et al. 2002), the regulated interaction with
Trn-1 would prevent dsRNA-bound ADAR1 from enter-
ing the nucleus, thus ensuring dsRNAs exported from
the nucleus bound to ADAR1 remain in the cytoplasm.

The entanglement of dsRBDs used for dsRNA bind-
ing as well as protein-protein interactions has compli-
cated our understanding of whether ADAR dimerization

is RNA-dependent or independent. In studies using
human ADARs, mutagenesis of the KKxxK motif within
all dsRBDs of ADAR1 or ADAR2 resulted in lack of
dsRNA binding but did not effect homodimerization,
suggesting both human ADAR1 and ADAR2 homodi-
merize independent of dsRNA binding (Valente and
Nishikura 2007). In contrast, studies of Drosophila ADAR
(dADAR) have indicated dsRNA-dependent homodime-
rization (Gallo et al. 2003). Alanine mutations in the
dADAR dsRBD1, which correspond to an alanine in
the second variable position of the KKxxK motif and the
first amino acid of the di-alanines present in helix a2
(Figure 2), lack dsRNA binding and fail to interact with
wildtype dADAR. Furthermore, these mutants do not
edit, suggesting dsRBD1 is required for dsRNA-
dependent dimerization and dADAR editing activity. A
similar mutational analysis of the first amino acid of the
di-alanines present in helix a2 within rat ADAR2 indi-
cated that dsRBD1, but not dsRBD2, is important for
homodimerization (Poulsen et al. 2006). In contrast, a
recent crystal structure of an ADAR2 homodimer
revealed that ADAR2 forms an asymmetric dimer on
dsRNA and provided the first evidence of critical con-
tacts between the deaminase domains of each ADAR2
monomer (Thuy-Boun et al. 2020). In particular, a highly
conserved TWDG motif was identified, and mutation of
these residues reduced deaminase activity in vitro. It is
important to note that the structures were obtained
with truncated ADAR2 proteins lacking dsRBD1 and
gel filtration studies indicated the ADAR2 dsRBD2-
deaminase domain homodimers were not readily
formed in the absence of dsRNA. Therefore, it may be
possible that dsRNA binding and dimerization happen
simultaneously, and this cooperative mechanism could
lead to enhanced editing at specific sites in vivo. This
possibility is intruiging and could be addressed either
with transcriptome-wide studies that determine the
impacts of dimerization and RNA binding mutants on
all editing sites and/or saturation mutagenesis studies
of dsRNA subjected to in vitro editing assays with
dimerization and RNA binding mutant ADAR proteins.

The recent ADAR2 dsRBD2-deaminase domain crystal
structure also revealed important insights into substrate
recognition by ADAR2 as the deaminase domain of one
of the monomers was in contact with dsRNA as well as
dsRBD2 of the other monomer (Thuy-Boun et al. 2020).
The contributions from each monomer are consistent
with earlier studies demonstrating that disruption of
either dsRNA binding by dsRBDs or catalytic residues
within the deaminase domain of one monomer led to
decreased in vitro editing activity of ADAR2 (Valente
and Nishikura 2007). Interestingly, overexpression of
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both human ADAR1 and ADAR2 TWDG motif mutants
in human cells led to reduced editing of some sub-
strates, but not others (Thuy-Boun et al. 2020). These
data suggest human ADAR homodimerization positions
the dsRBD nearest the deaminase domain onto a
specific region of dsRNA and provides a means to rec-
ognize and efficiently edit specific substrates and is
consistent with several earlier studies of ADAR activity
in vitro (Liu et al. 1999; Liu and Samuel 1999; Maas et al.
1996; Stephens et al. 2004; Poulsen et al. 2006).
Expanding these studies in multiple organisms
and over the transcriptome will be important for fur-
thering our understanding of the complex role of the
ADAR dsRBDs in dimerization, substrate recognition,
and editing.

How ADARs determine which adenosine to edit

ADARs are selective in that specific adenosines within
dsRNA are edited, while others are not edited. In part,
ADAR selectivity is dependent on the length and struc-
ture of the dsRNA (Wahlstedt and Ohman 2011).
Incubating HeLa cell extracts with dsRNA led to the
observations that shorter dsRNA (<50 bps) exhibited
low levels of editing while longer dsRNA (>50 bps)
were extensively edited (Nishikura et al. 1991). From
in vitro mapping of editing sites within artificial dsRNA
substrates less than 50 bps, it was observed that
Xenopus ADAR1 modified a small number of adeno-
sines, indicating high selectivity in short substrates
(Polson and Bass 1994). Together, these studies suggest
ADARs edit dsRNA both selectively and promiscuously
and the length of the dsRNA influences the extent of
modification. However, it is important to note these
early studies used dsRNA that is perfectly base-paired,
which rarely occurs in cellular transcripts. In contrast to
the in vitro studies, the extent of editing in vivo does
not directly correlate to dsRNA length and editing
within long double-stranded regions, such as UTRs,
occurs at specific sites (Greenberger et al. 2010;
Wheeler et al. 2015). Understanding how the selectivity
and extent of editing occurs in vivo is critical for ADAR
based therapeutics for personalized medicine (dis-
cussed in detail in “Harnessing ADAR editing for per-
sonalized medicine”).

Selective deamination of adenosines is facilitated by
loops, bulges, and mismatches in the dsRNA. The
importance of imperfect base-pairing for selectivity was
observed with in vitro editing assays using the dsRNA
of GRIA2 and mutations that disrupted the natural
structure (Ohman et al. 2000). The mutations did not
affect the affinity of rat ADAR2 for dsRNA but allowed

specific binding of ADAR2 to a region surrounding the
editing site. Consistent with this, the presence of
internal loops limits the extent of RNA editing by
ADAR1 in vitro (Lehmann and Bass 1999). Together,
these studies suggest the dsRBDs are important for
determining the location of ADAR binding on dsRNA,
which is critical for selectivity.

Upon binding of ADAR dsRBDs to a specific dsRNA
region, the deaminase domain catalyzes the conversion
of adenosine to inosine. For deamination to occur, the
target adenosine must flip out of the RNA helix
(Stephens et al. 2000). A crystal structure of the human
ADAR2 deaminase domain bound to dsRNA revealed
three major contacts between the deaminase domain
and dsRNA, including the minor groove containing
the edited adenosine, a major groove site located 50 to
the edited adenosine and a major groove site 30 to the
edited adenosine (Matthews et al. 2016). The portion of
the deaminase domain that contacts the dsRNA is
referred to as the RNA binding loop, which is composed
of seven residues that are highly conserved in ADARs.
In addition to the RNA binding loop, this structure iden-
tified several residues that interact with the nucleotides
surrounding the target adenosine, including the
orphaned base opposite of the flipped-out adenosine
(Matthews et al. 2016). In particular, the ADAR2 E488
residue was observed to directly contact the orphaned
base and stabilize the distorted RNA structure during
deamination, providing additional evidence for how
mutation of this residue results in hyperactive ADAR2
editing activity (Kuttan and Bass 2012). The RNA bind-
ing loop also plays an important role in substrate
selectivity. From in vitro deamination assays performed
with ADAR1 mutants harboring portions of the ADAR2
deaminase domain, it was observed that a human
ADAR1 protein with the 50 portion of the ADAR2 RNA
binding loop displayed the selectivity of ADAR2 (Wang,
Park, et al. 2018). These findings suggest how ADARs
bind and edit specific targets is regulated by a number
of factors both intrinsic to the deaminase domain and
specific to the RNA target.

ADAR binding and editing influences the fate
of cellular RNAs

Both ADAR binding and editing can affect cellular
dsRNA fate and, thereby, gene expression. A number of
regulatory processes involving ADARs have been
described, including recoding genetic information
within the coding region of mRNAs, altering splice sites
and exon inclusion, disrupting or creating miRNA bind-
ing sites, directing both transcriptional and translational
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silencing, and possibly marking transcripts for nuclear
retention or degradation (Figure 3).

Nonsynonymous editing in coding regions

Since the translational machinery reads inosine as
guanosine, A-to-I editing events within coding regions
of mRNA can result in codon changes that ultimately

affect the structure and function of the protein pro-
duced (Figure 3(A)). These editing changes, referred to
as recoding editing events, allow for diversification of
the proteome without requiring additional genes.
Furthermore, since editing activity by ADARs is regu-
lated (Deffit and Hundley 2016), recoding can increase
diversity with more control than gene mutation
(Nishikura 2010). While coding editing is abundant in

Figure 3. Influence of ADARs and editing on cellular fate of RNAs. (A) A-to-I editing within coding regions can lead to codon
changes, resulting in altered protein sequence and, potentially, changes in protein structure and function. (B) Editing can affect
splicing by disrupting the 30 splice site or the branch point adenosine, or by creating novel 50 or 30 splice sites. (C) A-to-I editing
can interfere with miRNA biogenesis and processing. Editing can also alter miRNA specificity and binding to the 30 UTRs of target
genes. (D) ADARs may cause nuclear retention of target transcripts, either by binding transcripts and competing with RNA
shuttling factors or by editing transcripts, allowing them to be targeted and bound by the nuclear p54nrb complex. (E) Inosine-
containing RNA can recruit the Vigilin complex, which promotes heterochromatic gene silencing. (F) Certain endonucleases
specifically target and cleave inosine-containing RNA, suggesting that editing may mark certain transcripts for degradation.
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cephalopods (Alon et al. 2015) and in Drosophila neural
transcripts (Graveley et al. 2011; St Laurent et al. 2013),
the majority of editing sites in mammals, flies, and nem-
atodes occur in non-coding regions of the transcrip-
tome. However, while rare, human recoding events
have been identified in neurotransmitter receptors and
ion channels, and modification of at least one of these
targets, the Q/R site in GRIA2, is essential (Burns et al.
1997; Higuchi et al. 2000; Hoopengardner et al. 2003;
Bhalla et al. 2004; Ingleby et al. 2009). Interestingly, a
recent study using an in vitro translation assay found
that inosines in certain contexts are recognized as
adenosine or, rarely, uracil by the translational machin-
ery (Licht et al. 2019). This suggests that A-to-I recoding
events and their consequences at the protein level may
be more complex than originally thought.

ADAR-mediated reprogramming of alternative
splicing and exonization

RNA editing is thought to occur co-transcriptionally
with nearly 100,000 editing sites detected on nascent
mouse transcripts (Licht et al. 2019) and over 95% of
human mRNA editing sites occurring on chromatin-
associated RNA prior to polyadenylation (Hsiao et al.
2018). As splicing and editing occur at a similar time in
the lifetime of an RNA, there can be considerable cross-
talk between these two processes (reviewed in
(Tajaddod et al. 2016; Shevchenko and Morris 2018).
Editing has the potential to create splice donors (GU)
and destroy branch point adenosines, as well as both
create and destroy splice acceptors (AG) (Figure 3(B)).
One important example of how RNA editing affects
splicing is with mammalian ADAR2 regulating its own
activity by generating splice sites within ADAR2 tran-
scripts to produce different isoforms (Rueter et al.
1999). Another study identified an Alu-element-derived,
primate-specific exon of human nuclear prelamin A rec-
ognition factor (NARF) which is exonized via RNA edit-
ing, by both the creation of a splice site and the
alteration of splicing enhancers (Lev-Maor et al. 2007).
Exonization levels of NARF in different tissues follow
the pattern of RNA editing in those tissues, suggesting
that RNA editing can regulate exon inclusion in a tis-
sue-specific manner. This finding demonstrates a role
for A-to-I editing not only in alternative splicing and
gene expression, but also in the creation of new exons
in the human genome.

The impacts of ADARs and RNA editing on splicing
are not limited to these few examples. Transcriptome-
wide sequencing analyses have identified abundant
intronic editing in worms, flies, mice, and humans

(Graveley et al. 2011; Picardi et al. 2015; Deffit et al.
2017; Licht et al. 2019) and strong correlations between
editing and alternative splicing (St Laurent et al. 2013;
Kapoor et al. 2020). However, it is also important to
note that in addition to editing of a nascent RNA dir-
ectly influencing splicing, binding of ADARs to nascent
RNA as well as ADAR regulation of splicing factor
expression also both contribute to regulation of alterna-
tive splicing (Solomon et al. 2013; Kapoor et al. 2020).

Regulation of miRNA expression and binding

In addition to regulating processing of mRNA, RNA edit-
ing can also alter the biogenesis, target specificity and/
or binding affinity of microRNAs (miRNAs) (Figure 3(C)).
miRNAs are short, �22 nucleotide long, endogenous
small RNAs that post-transcriptionally regulate gene
expression (Dexheimer and Cochella 2020). Since
miRNAs regulate gene expression by base-pairing to
the 30 UTRs of target genes and a large number of A-to-
I editing sites occur in 30 UTRs, it has long been specu-
lated that editing could disrupt or even create miRNA
binding sites. Additionally, miRNAs arise from dsRNA
precursors, which could be edited to block processing
and/or alter 30 UTR pairing. While very few editing sites
overlap with miRNA binding sites in human transcripts
(Liang and Landweber 2007), a small fraction of miRNAs
are edited in at least one tissue in humans (Blow et al.
2006). In C. elegans, editing of miRNAs is also rare; how-
ever, about 40% of miRNAs exhibit altered levels in
ADAR mutants (Warf et al. 2012). These differences also
correspond to alterations in levels of mRNA targets of
the aberrantly expressed miRNAs, suggesting that C.
elegans ADARs impact gene regulation via
miRNA abundance.

Although relatively uncommon, miRNA editing has
been shown to have functional significance (also dis-
cussed in “Role of oncogenic A-to-I editing events on
miRNA biogenesis and specificity”). Editing of one
miRNA precursor, pri-miR-142, blocks processing by
Drosha and results in degradation by Tudor-SN (Yang
et al. 2006). Another miRNA precursor, pri-miR-151,
requires editing to avoid cleavage by Dicer (Kawahara
et al. 2007). Edited human miR-376 was found to target
and silence a different set of genes than unedited miR-
376 (Kawahara et al. 2007). Additionally, editing of
miRNAs in the brain increases through mammalian
development (Ekdahl et al. 2012). These examples
implicate editing in the regulation of the miRNA-medi-
ated gene silencing. However, how this regulation
changes in development and in specific cells to influ-
ence gene expression remains largely unexplored.
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Regulation of dsRNA localization

To prevent the translation of viral or otherwise
unwanted dsRNA in the cytoplasm, cells use a variety of
responses such as interferon activation or RNAi.
Additionally, dsRNA can be retained in the nucleus and
some evidence suggests that ADARs may act in this
retention. Recent reports suggest a role for mammalian
ADAR1 in regulating nuclear transport by competing
with the RNA shuttling factor STAU1 for binding to
transcripts (Yang et al. 2017). Additionally, from HeLa
cell nuclear extracts, Zhang and Carmichael isolated
p54nrb, an abundant nuclear protein that specifically
binds inosine-containing dsRNA (Zhang and Carmichael
2001). A complex of p54nrb, PSF (a splicing factor) and
matrin3 (a nuclear matrix structural protein) binds and
attaches edited dsRNA to the inner nuclear matrix,
effectively retaining the RNA in the nucleus (Figure
3(D)). Further study of this complex revealed its associ-
ation with paraspeckles and the requirement of a long
noncoding RNA, hNEAT1, for paraspeckle formation and
retention of edited dsRNAs (Chen and Carmichael
2009). Confirming the function of the p54nrb complex,
Prasanth et al. identified CTN-RNA, a nuclear retained
dsRNA in mice, which is edited and interacts with the
p54nrb complex (Prasanth et al. 2005). CTN-RNA regu-
lates expression of its protein-coding partner, mCAT2,
again demonstrating that editing in noncoding regions
can affect gene expression. Newer evidence, however,
suggests that the edited mRNAs structure, rather than
editing status, is responsible for nuclear retention
(reviewed in Chen and Yang 2017).

While nuclear retention may occur in some edited
transcripts or under certain conditions, it is not an abso-
lute phenomenon, as many essential mRNAs are edited
and complete retention would prevent translation of
these critical proteins. Additionally, mRNAs with edited
30 UTRs are found on translating ribosomes, stress gran-
ules and bound to other dsRBPs in the cytoplasm, con-
firming that nuclear retention is not a general
mechanism for dealing with edited mRNAs (Hundley
et al. 2008; Capshew et al. 2012; Fitzpatrick and Huang
2012; Elbarbary et al. 2013).

Transcriptional and translational silencing of
gene expression

In both Drosophila and human cell lines, members of
the Vigilin class of proteins bind tightly to inosine-con-
taining RNA in vitro (Wang et al. 2005). Vigilin (DDP1 in
Drosophila) proteins localize to heterochromatin and
interact with ADAR1 as well as RNA helicase A and
Ku86/70. The Vigilin complex when assembled on RNA

recruits DNA-PKcs, which phosphorylates a number of
targets, including several proteins that promote gene
silencing. In this way, edited dsRNA may direct hetero-
chromatin formation and transcriptionally silence gene
expression (Figure 3(E)). However, it is unknown what
specific regions of DNA and in response to what
cellular signals would be important for directing ADAR-
mediated transcriptional gene silencing.

Editing by ADARs may also be involved in transla-
tional silencing. Under stress conditions, cells repro-
gram to synthesize proteins necessary for survival.
Cytoplasmic Stress Granules (SGs) sequester and block
translation of unnecessary mRNAs. SG formation is
believed to be triggered by failed translation initiation
(Wolozin and Ivanov 2019). One study demonstrated
that transfecting cells with inosine-containing dsRNA
(I-dsRNA) can inhibit initiation of translation, and I-
dsRNA is bound by a complex containing SG compo-
nents (Scadden 2007). This suggests that edited tran-
scripts may trigger SG formation and thereby
downregulate gene expression via translational silenc-
ing. However, to date, no endogenous RNAs that trig-
ger translational silencing are known. A recent study
has shown that inosines in transcripts cause ribosomal
stalling, which may represent a previously unknown
effect of editing on translation (Licht et al. 2019).

Targeted cleavage of edited transcripts

Studies of CTN-RNA (described above) and others have
suggested that edited transcripts may undergo tar-
geted cleavage upon entry to the cytoplasm (Figure
3(F)). One study showed that hyper-edited dsRNA con-
taining sites with alternating IU and UI base pairs are
specifically cleaved by an endoribonuclease activity
found in many cell extracts (Scadden and Smith 2001).
A following study showed that ADAR1, ADAR2, and
dADAR preferentially generate this alternating IU and
UI pattern when editing long dsRNAs (Scadden and
O’Connell 2005). Tudor staphylococcal nuclease (Tudor-
SN), a subunit of the RNAi induced silencing complex
(RISC), specifically cleaves synthetic RNAs containing IU
and UI base pairs (Scadden 2005). Another nuclease
that targets edited RNAs is Endonuclease V (EndoV),
which specifically binds and cleaves inosines in RNAs,
including endogenous edited transcripts in human cells
(Vik et al. 2013). However, a recent study using mice
lacking EndoV showed little change in inosine levels
compared to wildtype, suggesting that EndoV causes
little, if any, degradation of transcripts in vivo (Kong
et al. 2020). Rather, its RNA binding activity may be
more functionally important, especially relating to the
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reduced tumorigenesis phenotype observed in EndoV-/-
mice. In total, while both the Tudor-SN and EndoV
nucleases can target and degrade edited RNAs, it
remains unclear whether these proteins significantly
affect cellular editomes.

Of note, the examples above would suggest that
editing by ADARs has an overall effect of downregulat-
ing gene expression. However, this is not the case. A
study which analyzed the expression of ADARs com-
pared with their editing targets in the human brain
found a bimodal distribution between upregulated and
downregulated genes (Liscovitch et al. 2014). The upre-
gulated genes were enriched for genes involved in RNA
processing and regulation of gene expression. While
several connections between A-to-I editing and gene
expression have been made, this study makes it clear
that this regulation is complex and may involve several
mechanisms working in concert to fine-tune expression
of critical genes.

Harnessing ADAR editing for
personalized medicine

The ability of ADARs to bind RNA and deaminate
adenosines makes ADARs an attractive therapeutic
means to correct specific genetic mutations (where a G
has been mutated to an A in the DNA) at the RNA level
(Montiel-Gonzalez et al. 2019). Targeting mRNA is bene-
ficial to restore proper gene expression without modify-
ing the genome, which can often have additional off-
target mutations permanently installed in patient DNA.
Herein, we will discuss the multiple approaches devel-
oped to use ADARs for personalized medicine. While
we are focusing on mechanisms that promote RNA
editing, it is also important to note that antisense oli-
goribonucleotides have been used to inhibit editing in
cell culture (Mizrahi et al. 2013; Penn et al. 2013) and
could be of potential therapeutic use in diseases caused
by hyperediting of a given transcript.

One method to promote RNA editing relies on an
antisense RNA oligonucleotide to bind to the mRNA of
interest and generate a dsRNA structure at the target
site, which will be recognized and edited by endogen-
ous ADARs. Studies performed over two decades ago
used nuclear extracts containing ADARs to act on the
dystrophin RNA, where an adenosine within a prema-
ture stop codon (UAG) gave rise to a shortened, non-
functioning protein. Upon editing, the stop codon was
converted into a tryptophan (UIG), resulting in transla-
tion of the full-length Dystrophin protein in vitro (Woolf
et al. 1995). A more recent approach used an antisense
guide RNA that has a complementary region to bind

the target mRNA as well as a stem-loop structure that
mimicked part of the highly edited GRIA2 mRNA, the
latter of which recruits ADAR2 (Wettengel et al. 2017).
Interestingly, the dsRNA structure had three mis-
matches including the target adenosine, supporting the
idea that mismatches promote specific editing by
ADARs. This approach was also tested on a premature
stop codon, but in an effort to repair the loss-of-func-
tion mutation in PINK1 (W437X), which is one of the
causes of early Parkinson’s disease (Wettengel et al.
2017). This approach was further optimized and devel-
oped into RESTORE (recruiting endogenous ADAR to
specific transcripts for oligonucleotide-mediated RNA
editing), where the complementary region (also
referred to as a specificity domain) was designed and
tested on multiple transcripts. One of the uses of
RESTORE was for mutations within PiZZ (E342K) that
lead to a1-antitrypsin deficiency, which were efficiently
corrected by the recruited ADARs. In addition, the
RESTORE method was used to edit phosphotyrosine
701 within the STAT1 transcript in primary and HeLa
cells (Merkle et al. 2019).

A second major approach to perform site-directed
RNA editing uses antisense RNA oligonucleotides as
guide RNAs to recruit engineered ADARs to the target
transcript. Here, the ADAR catalytic domain is engi-
neered to specifically interact with a guide RNA that
binds an endogenous target RNA and generates a
dsRNA structure (Montiel-Gonzalez et al. 2019). One
method fuses ADAR to a SNAP tag, which is an engi-
neered O6- alkylguanine-DNA-alkyl transferase. The
SNAP tagged protein selectively binds to 50-O-benzyl-
guanine (BG) and undergoes a covalent labeling reac-
tion (Keppler et al. 2003). The SNAP-tag is fused to the
N- or C-terminus of the ADAR1 deaminase domain,
which allows a BG-attached guide RNA to selectively
bind to the deaminase domain and form a covalent
guide RNA-deaminase conjugate (Stafforst and
Schneider 2012). However, redirecting SNAP-tag ADARs
has limited editing activity at some codon contexts
such as 50-XAG (X is U, A, C, G). An attempt to optimize
the guide RNA showed a codon-specific effect to
enhance editing when using 50-mismatched neighbor-
ing base-pairs or a matching base-pair (Schneider
et al. 2014).

A similar strategy to direct engineered ADARs uses
the kN peptide that specifically binds BoxB sequences
(�17 nt stem-loops) in RNA. The kN peptide is fused to
the deaminase domain to direct ADAR2 to the BoxB
sites, which are bound by a complementary guide RNA.
This engineered enzyme and guide RNA can be genet-
ically encoded from plasmids delivered by transfection
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in vivo (Montiel-Gonzalez et al. 2013). In an attempt to
enhance efficiency, the E488Q mutation was introduced
within the deaminase domain. Quantification of editing
in vitro revealed that the kN-BoxB strategy in combin-
ation with the catalytic mutant increased the editing
efficiency by approximately 50% (Montiel-Gonzalez
et al. 2016). However, the E488Q mutation also
increased off-target editing, and further refinement has
been needed to reduce these unwanted effects. One
way is nuclear localization of the editing enzyme by
insertion of a nuclear localization sequence (NLS) to the
enzyme (Vallecillo-Viejo et al. 2018). In another, an AAV
(Adeno-associated virus) vector, which is commonly
used for gene therapies, was engineered to express the
human ADAR2 deaminase domain harboring an NLS
and the hyperactive E488Q mutation. This approach tar-
geted a G to A mutation that leads to a missense muta-
tion in the Mecp2 transcription factor, which occurs in
the neurological disorder, Rett syndrome. This strategy
resulted in 72% editing of Mecp2 mRNA and partially
restored the MECP2 protein in neurons from a Rett
Syndrome mouse model (Sinnamon et al. 2017).
Recently, the in vivo applicability of this approach was
tested in a Rett Syndrome mouse model. The correction
was mediated by hippocampal injection of an AAV vec-
tor expressing the ADAR2 deaminase domain with the
E488Q mutation and a guide RNA to target the Mecp2
mRNA. This resulted in 50% editing across several neur-
onal populations as well as 50% restoration in MECP2
protein levels (Sinnamon et al. 2020). Another study
using an AAV vector harboring ADAR2 and a GRIA2
guide RNA or a guide RNA with MS2 hairpins resulted
�40% of editing activity in human embryonic kidney
293 T (HEK293T) cells. Excitingly, use of this approach in
two mouse models of human disease demonstrated
in vivo therapeutic applications of ADARs (Katrekar
et al. 2019).

Overall, by using these site-directed RNA-editing in
therapeutic approaches, it is possible to alter the mRNA
sequence of aberrantly encoded transcripts to improve
gene expression. It is also important to note, as
described above, improved gene expression can occur
regardless of complete restoration of genomic
sequence. Of utmost importance is determining the
extent to which these alterations and improved gene
expression positively impact disease physiology.
Furthermore, these approaches should be verified for
high specificity and efficiency before therapeutic use
can occur in patients (Aquino-Jarquin, 2020). In add-
ition, the effects of these therapies on endogenous
ADAR function should be analyzed due to the

well-known biological consequences caused by loss of
ADARs, that we will discuss below.

Biological consequences of loss of ADARs

Loss of ADARs can cause defects ranging from mild
behavioral phenotypes to severe, even lethal, effects in
different organisms. ADAR mutant animals often have
developmental and neural defects (Nishikura 2010). In
Drosophila melanogaster, loss of the single ADAR pro-
tein (dADAR) causes progressive neurodegeneration
with aging but does not limit lifespan. The neurodegen-
eration in dADAR null flies causes behavioral defects
such as uncoordination, tremors, and excessive groom-
ing, as well as male mating defects (Palladino et al.
2000b). Recent evidence suggests the neurodegenera-
tion and behavioral defects result from inadequate
autophagy rather than from cell death, suggesting a
role for dADAR in regulating the degradation and recy-
cling of cellular components (Khan et al. 2020).

In the nematode Caenorhabditis elegans, mutants
lacking both ADARs display defects in chemotaxis
(Tonkin et al. 2002). The chemotaxis defects seen in
adr-1(-);adr-2(-) worms are also seen in both adr-1(-)
and adr-2(-) single mutants, though weaker in the adr-
1(-) mutants (Tonkin et al. 2002; Ganem et al. 2019).
Since both adr-2(-) and adr-1(-);adr-2(-) mutants lack
editing, defects in both animals suggest the chemotaxis
defects are editing dependent. While adr-1(-) mutants
do not lack editing, the worms have altered editing,
which could explain the milder defects. Recently, the
chemotaxis defects of adr-2(-) worms were rescued by
overexpressing one specific gene, clec-41, in neural cells
(Deffit et al. 2017). In addition, the differential neural
expression of clec-41 was shown to be dependent on
ADR-1-regulated deamination.

ADAR mutant worms also have altered lifespans,
with adr-1 single mutant and adr-1;adr-2 double mutant
worms having a shortened lifespan compared to con-
trols, and adr-2 mutant worms having an extended life-
span compared to wildtype worms (Sebastiani et al.
2009; Ganem et al. 2019). The shortened lifespan in adr-
1;adr-2 double mutants can be rescued by inactivating
rde-4, a dsRNA binding protein that is required for the
RNAi pathway, suggesting antagonism between RNA
editing and RNAi (Sebastiani et al. 2009). An interesting
feature of C. elegans ADAR double mutants is the ability
of transgenic sequences to trigger gene silencing via
RNAi. This suggests that ADARs may protect dsRNA aris-
ing from convergent transcription of repetitive arrays
from cleavage by Dicer and subsequent entry into the
RNAi pathway (Knight and Bass 2002). Triple mutant
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worms with knockouts of both ADARs as well as eri-6/7
or rrf-3 (genes involved in endogenous RNAi pathways
in C. elegans) have a synthetic phenotype of lower
brood size and adult bursting (Reich et al. 2018; Fischer
and Ruvkun 2020). Interactions between ADARs and the
RNAi pathway will be discussed further in
“Invertebrates are not immune to protection
by ADARs.”

In mice, loss of ADARs results in more severe defects.
Mice homozygous for an ADAR1 null allele are embry-
onic lethal, with disintegration of liver tissue and severe
defects in hematopoiesis caused by death of hemato-
poietic stem cells (HSCs) (Hartner et al. 2004, 2009;
Wang et al. 2004). ADAR1 null mice showed an upregu-
lation of interferon-inducible transcripts along with
apoptosis in HSCs, suggesting that ADAR1 may regulate
HSCs by suppressing aberrant interferon activation that
can lead to cell death (Hartner et al. 2009) (see details
in “A role for mammalian ADAR1 in regulating dsRNA
triggered innate immunity”). It is important to note that
these essential ADAR1 phenotypes also occur in mice
specifically lacking the ADAR1 p150 isoform (Ward et al.
2011), suggesting that suppression of interferon activa-
tion is a function of cytoplasmic ADAR1. Mice homozy-
gous for an ADAR2 null allele are prone to seizures and
die almost immediately after birth (Higuchi et al. 2000).
Reflecting the high expression of ADAR3 in the hippo-
campus, ADAR3-deficient mice show altered hippocam-
pus-dependent behavior, including increased anxiety
and decreased fear conditioning response (Mladenova
et al. 2018). While the brain morphology appears nor-
mal, differential gene expression analysis of these
ADAR3-deficient mice revealed a change in expression
of genes involved in synaptic function in the hippocam-
pus compared to controls, further suggesting an
important role for ADAR3 in hippocampal function
(Mladenova et al. 2018).

Since ADARs have separable RNA binding and cataly-
sis functions, loss of ADARs can result in phenotypes
either from lack of editing or from lack of some editing-
independent function. By assessing these separately,
we can better understand the function of editing and
reveal the nature of the editing-independent functions
of ADARs. In dADAR mutant flies, overexpression of an
editing-deficient dADAR rescues neurodegeneration,
suggesting this phenotype is caused by a lack of edit-
ing-independent functions of dADAR (Deng et al. 2020).

The separation of editing and RNA binding functions
can also be easily delineated in C. elegans, as one ADAR
protein, ADR-1, lacks deaminase activity. Two pheno-
types, a low penetrance protruding vulva morphology
and a synthetic “bag of worms” phenotype, occur in

adr-1(-), but not adr-2(-) animals (Tonkin et al. 2002;
Ganem et al. 2019). While the exact molecular cause
underlying these phenotypes is unknown, the “bag of
worms” phenotype was observed in adr-1(-) animals
after additional loss of unc-22 expression (Ganem et al.
2019). As both adr-1 and unc-22 are expressed in the
vulva, and the bag of worms defect results from inabil-
ity to lay eggs, it has been suggested that ADR-1 may
play an important role in vulva function and/or devel-
opment (Tonkin et al. 2002; Ganem et al. 2019).
Furthermore, as ADR-1 binds to the unc-22 transcript
but unc-22 is not edited, the associated bag of worms
phenotype appears to result from the lack of a non-
editing-related function of adr-1 (Ganem et al. 2019).

Mice expressing an editing-deficient ADAR1 exhib-
ited embryonic lethality similar to ADAR1 null mice,
albeit the lethality occurred one day later than ADAR1
or ADAR1 p150 null mice (Liddicoat et al. 2015). These
data taken together indicate that there is an essential
editing-dependent function of ADAR1 p150, which sev-
eral studies have recently determined to be attenuation
of the immunogenic potential of endogenous dsRNAs
(discussed below in “A role for mammalian ADAR1 in
regulating dsRNA triggered innate immunity”).
However, it is also important to note that in addition to
the essential editing-dependent function of ADAR1
p150, there are essential editing-independent functions
of ADAR1 p110 in postnatal mammalian development,
including organ development (Pestal et al. 2015; Bajad
et al. 2020).

In mice, ADAR2 edits the Q/R site of GRIA2, an AMPA
receptor gene. When ADAR2-/- mice are provided with
exonically introduced “pre-edited” alleles of the GRIA2
transcript, the seizure and lethal phenotypes are res-
cued, implicating the Q/R site of GRIA2 as an essential
ADAR2 substrate and editing site (Higuchi et al. 2000).
Together, these studies indicate that RNA editing is
essential for mammalian development. However, as the
viability defects of both ADAR1 and ADAR2 mice can be
rescued, a recent study sought to address the physio-
logical effects of complete loss of a A-to-I editing activ-
ity in mammals (Chalk et al. 2019). Consistent with the
essential editing dependent functions described above,
when the editing-deficient ADAR1 mice rescued with
loss of the MDA5 dsRNA sensing pathway were crossed
to the GRIA2 rescued ADAR2-deficient mice, the result-
ing mice were viable (Chalk et al. 2019). These data
indicate that the essential editing-dependent functions
of ADAR1 and ADAR2 are non-redundant. In addition,
though an extensive phenotypic analysis was not per-
formed, the mice expressing editing-deficient ADAR1
(rescued with loss of the MDA5/MAVS dsRNA sensing
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pathway) and lacking ADAR2 (rescued by edited GRIA2)
were reported to be phenotypically normal (Chalk et al.
2019). While these data suggest that editing of sub-
strates (outside the rescued ones) are not important for
mammalian homeostasis, it is possible that more subtle
phenotypes may have gone unnoticed and/or that chal-
lenging mice to perform complex behaviors or with
viral infection will reveal additional roles for RNA edit-
ing in mammals.

“Self care” by ADARs

Recently, dysregulation of the innate immune response
is emerging as a common phenotype observed in
ADAR mutant animals. This is thought to be due to the
fact that along with serving as a substrate for ADARs,
dsRNA is a trigger of immune responses. Some RNA
virus genomes are double-stranded, and the presence
of these foreign molecules is sensed to fight infection.
Similarly, during single-stranded RNA virus replication,
dsRNA intermediates can form and trigger an immune
response (Weber et al. 2006). Even in some DNA viruses,
dsRNAs may accumulate as a result of overlapping
convergent transcription (Jacobs and Langland 1996).
The immunity pathways that respond to dsRNA are
interferon based in mammals and RNAi based in
insects, nematodes, plants and fungi (Gantier and
Williams 2007; Gammon and Mello 2015). Initiation of
the responses to dsRNA occurs in the cytoplasm of cells
and, the responses involve various host proteins that
sense viral infection (Akira et al. 2006). There are many
different classes of sensor proteins. One such example
is the retinoic acid-inducible gene I-like receptors
(RLRs). RLRs are cytoplasmic sensors of the pathogen
associated molecular patterns present within viral
dsRNA. These RLRs are thus responsible for eliciting an
intracellular immune response to control viral infection
(Loo and Gale 2011).

Although cytoplasmic dsRNA is a signature of viral
infection, expression of endogenous genetic elements
such as retrotransposons and even portions of cellular
mRNAs, rRNAs and tRNAs can form dsRNA structures in
cells. These endogenous dsRNA structures could also
engage dsRNA sensors and activate an immune
response, even in the absence of viral infection (Lamers
et al. 2019). Hence, it is crucial for the immune system
to distinguish between self and non-self dsRNAs to pre-
vent aberrant immune responses and the development
of autoimmune disorders. Recent studies suggest that
ADARs play an important role in regulating these
responses, including ensuring that self dsRNAs are pro-
tected from initiating aberrant immune activity.

A role for mammalian ADAR1 in regulating dsRNA
triggered innate immunity

Stimuli such as viral infections lead to interferon (IFN)
signaling in mammals. Mammalian IFN signaling is crit-
ical for innate immune responses, and hence, the initial
discovery of ADAR1 p150 as an IFN-stimulated gene
(ISG) suggested that ADAR1 could play an important
role in innate immunity (Patterson and Samuel 1995).
Recent studies of mice lacking ADAR1 further support
the idea of ADAR1 having an innate immune function.
When compared to control mice, a global upregulation
of ISGs is observed in hematopoietic stem cells from
the livers of ADAR1 knockout mice (Hartner et al. 2009).
To determine if the ISG upregulation is caused by lack
of ADAR1 editing, mice with an editing-deficient ADAR1
mutation (ADAR1E861A) were generated and analyzed
(Liddicoat et al. 2016). The mouse ADAR1E861A mutation
is homologous to the human ADAR1E912A mutant allele
and is located in the HAE motif of the ADAR1 deaminase
domain (Lai et al. 1995). The glutamate (E) residue in the
HAE motif is responsible for accepting a proton from
nucleophilic water, to form a reactive hydroxide ion
which attacks the sixth carbon of adenosine residues
(Goodman et al. 2012). The proton loss from the water
molecule is a crucial step in the hydrolytic deamination
reaction catalyzed by ADARs, and hence, the ADAR1E861A

mutation lacks deaminase activity (Lai et al. 1995). While
ADAR1 knockout mice are embryonic lethal, the
ADAR1E861A mutant mice exhibit a delay in embryonic
lethality, such that death occurs 1-1.5 days later than
ADAR1 knockout mice (Liddicoat et al. 2016). The
ADAR1E861A mice are developmentally delayed as com-
pared to wildtype mice and have a drastic upregulation
in ISG expression. The ISG upregulation in both ADAR1
null and ADAR1E861A mice indicates that RNA editing by
ADAR1 indeed plays a role in innate immune regulation.

The ADAR1 mouse studies indicate that ADAR1 is an
essential suppressor of IFN signaling, and that the edit-
ing activity of ADAR1 is critical for this suppressor func-
tion. Additional genetic rescue experiments have also
been performed to dissect the IFN suppressor function
of ADAR1. ADAR1 knockout mice are rescued to live
birth by additionally deleting a gene encoding the
mitochondrial antiviral signaling protein (MAVS)
(Mannion et al. 2014). MAVS is activated upon viral
infection when sensor proteins, RIG-I and MDA5, recog-
nize foreign molecules, including dsRNA (Seth et al.
2005). Upon MAVS activation, transcription factors such
as IRF3 and NFkB promote transcription of cytokines
and ISGs. The loss of MAVS rescuing the ADAR1 embry-
onic lethality suggests that ADAR1 prevents aberrant
signaling through the MAVS axis (Figure 4). Consistent

CRITICAL REVIEWS IN BIOCHEMISTRY AND MOLECULAR BIOLOGY 67



with this, deletion of MDA5 (encoded by the IFIH1
gene) also rescues the ADAR1 embryonic lethality and
the ISG hyperactivation phenotype of ADAR1 knockout
mice as well as ADAR1E861A mutants (Liddicoat et al.
2015). However, it is important to note that mice lack-
ing ADAR1 and MDA5 only survive for a few days after
birth (Pestal et al. 2015), while the mice that lack MDA5
and express ADAR1E861A exhibit a normal lifespan
(Heraud-Farlow et al. 2017). These data suggest that the
essential function of ADAR1 during mammalian devel-
opment is suppression of aberrant MDA5/MAVS signal-
ing. Furthermore, as mice specifically lacking ADAR1
p150 and MDA5 live until weaning (approximately one
postnatal week) (Pestal et al. 2015), the essential
immunosuppressive function of ADAR1 is presumably
due to the action of cytoplasmic ADAR1 p150.

From the observations above, it is apparent that
ADAR1 acts antagonistically to the MAVS pathway.
Studies with human embryonic kidney 293 (HEK293)
cells also have shown ADAR1 as a specific negative
regulator of the MDA5-MAVS pathway (Pestal et al.
2015). The MDA5-activated interferon response is
enhanced in ADAR1-null HEK293T cells as compared to
control cells (Pestal et al. 2015). This is consistent with
the mouse studies and indicates that an ADAR1

deficiency can result in the unnecessary accumulation
of dsRNA in human cells, which may lead to auto-
immune diseases (discussed in detail below).

During an IFN response, ADAR1 also inhibits hyper-
activation of the dsRNA sensor, protein kinase R (PKR)
(Chung et al. 2018). Upon IFN treatment, ISG mRNA
expression is similar in wildtype and ADAR1 knockout
cells, but ISG protein expression is reduced in ADAR1
knockout cells (Chung et al. 2018). This observation
suggests that ADAR1 can prevent translational shut-
down in response to IFN. To directly address this possi-
bility, global translational efficiency was examined by
comparing the polysome profiles of wildtype and
ADAR1 knockout cells. IFN treatment of ADAR1 knock-
out cells resulted in collapse of polysomes to individual
ribosomes, which indicates translational shutdown.
Following IFN treatment, along with defects in transla-
tion, cell growth defects were also observed in ADAR1
deficient cells. Together, these observations indicate
that during an IFN response, ADAR1 also has a role in
maintaining translation and cell growth. Editing defi-
cient ADAR1 cells are unable to suppress PKR activation
after IFN treatment, suggesting that ADAR1 editing is
required to fully suppress PKR activation (Chung
et al. 2018).

Figure 4. ADAR binding and editing of endogenous dsRNA prevents aberrant sensing of self dsRNA in nematodes, flies and
mammals. ADARs can have both binding and editing effects that prevent the sensing of endogenous dsRNA structures by the
indicated sensor proteins. Loss of ADAR leads to upregulation of antiviral, innate immune and interferon stimulated genes.
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The prevailing model for how ADAR editing alters
the innate immune pathways is that editing makes
endogenous dsRNA structures less susceptible to recog-
nition by dsRNA sensors (Figure 4). As inosine does not
base-pair with uracil, ADAR editing makes completely
base-paired dsRNA less double-stranded by forming IU
mismatches. Consistent with this model, transfection of
short dsRNA (�20 bps) containing four IU mismatches
causes a decrease in ISG expression, as compared to
HeLa cells transfected with a perfect Watson–Crick RNA
duplex (Vitali and Scadden 2010). Furthermore, the level
of ISG suppression observed directly correlates with the
number of IU mismatches present in the dsRNA. These
data indicate that IU mismatches are required for
dsRNA to efficiently suppress ISG induction, which sug-
gests that the editing activity of ADARs could be
important for suppressing immune responses.

In summary, it is apparent that ADAR1 has an innate
immune function and that ADAR editing is important to
distinguish between endogenous and non-self dsRNA.
However, there are several unanswered questions. A
major question is, what are the endogenous dsRNAs
that when unedited, aberrantly activate the immune
response? Long and perfect duplexes are the ideal can-
didates to evoke these immune responses. However, it
was recently shown that perfect duplexes, such as
inverted and tandem duplicated sequences, are
depleted in mature mRNAs (Barak et al. 2020). However,
inverted repeats of Alu elements can form dsRNA struc-
tures, and it is well established that Alu dsRNAs formed
in cellular transcripts are ADAR substrates and MDA5
ligands (Athanasiadis et al. 2004; Kim et al. 2004;
Levanon et al. 2004; Ahmad et al. 2018). If Alu containing
RNAs are the shared common ligand, how much editing
is required to disrupt recognition of the inverted repeat
by the dsRNA sensors? Editing levels are usually quite
low within Alu inverted repeats, which raises the idea

that editing cannot fully protect endogenous dsRNA
structures from innate immune sensors (Barak et al.
2020). Finding the elusive endogenous RNAs that
engage both ADARs and the innate immune sensors is a
critical goal for understanding the impact of loss of
ADAR function on autoimmune disease.

ADARs and autoimmune disease

A-to-I editing is an RNA modification that requires
proper balance. Both insufficient as well as excessive
amounts of editing can have detrimental effects on
organisms. As mammalian ADAR1 plays a role in regu-
lating innate immunity, it is not surprising that muta-
tions in ADAR1 are present in human autoimmune
disorders. Specifically, mutations in ADAR1 have been
associated with Aicardi Gouti�eres syndrome (AGS)
(Table 1) (reviewed in (Slotkin and Nishikura 2013). In
addition, decreases and increases in RNA editing are
implicated in the autoimmune disorders, psoriasis and
systemic lupus erythematosus (SLE), respectively (Hung
et al. 2015; Shallev et al. 2018). Herein, we will provide
details about the molecular function of RNA editing in
each of these disorders.

SLE is a multisystemic autoimmune disease which is
characterized by an aberrant loss of tolerance for self-
antigens, IFN activation and tissue destruction (Moulton
et al. 2017). SLE patients have abnormally increased lev-
els of RNA editing, particularly within Alu repeats, the
main ADAR1 substrates (Roth et al. 2018). It has also
been proposed that the increased RNA editing in SLE
patients can result in editing of self-antigens, thereby
leading to the loss of self-tolerance phenotype
observed in SLE patients. In addition to hyperediting,
expression of ADAR1 is significantly increased in some,
but not all, SLE patients (Quinones-Valdez et al. 2019;
Roth et al. 2018). Loss of the editing repressor, Ro60

Table 1. Consequences of mutations that occur in AGS patients on ADAR1 functions.
Identified variants of human ADAR1 that occur in AGS patients

Mutation Location Disease description Effect on editing
Predicted effect on
molecular function

A870T – " No significant reduction Protein destabilization
I872T – Compound heterozygote

with P193A mutation
No significant reduction Protein destabilization

R892H Deaminase # No significant reduction Disruption of protein
interactions with dsRNA

K999N Deaminase (RNA binding loop) Autosomal recessive No significant reduction –
G1007R Deaminase (RNA binding loop) Autosomal dominant Significant reduction Potential competitive

inhibitor of WT
ADAR1 protein

Y1112H Deaminase Autosomal recessive Not tested –
D1113H Deaminase Autosomal recessive No significant reduction –

The first column lists the mutations with normal amino acid followed by the amino acid location in the human ADAR1 p150 isoform followed by the
mutant amino acid. The domain location as well as the type of inheritance are indicated. Known effects of the mutations on RNA editing and possible
ADAR1 functions are provided (Rice et al. 2012; Mannion et al. 2014).
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(TROVE2), was recently proposed to provide a second-
ary mechanism for the increased editing in SLE patients
(Quinones-Valdez et al. 2019). Ro60 binds to Alu ele-
ments, and loss of Ro60 leads to increased editing
within Alu elements (Hung et al. 2015; Quinones-Valdez
et al. 2019). It is possible that both loss of Ro60 and
increased ADAR1 expression contribute to the aberrant
editing observed in SLE patients. However, whether the
increased editing events are involved in the pathogen-
esis of SLE and could be potential therapeutic targets
remains to be explored.

In contrast to SLE, decreased global editing is
observed in patients suffering from psoriasis. Psoriasis is
a chronic autoimmune disease that is characterized by
redness of skin and scaly plaques (Di Meglio et al.
2014). There is evidence which suggests that type I IFNs
play a role in the initiation of psoriasis (Shallev et al.
2018). Psoriatic lesions have decreased global editing,
and presumed, increased cellular dsRNA structures.
From what has been discussed about the effects of glo-
bal editing so far, one can expect an increase in innate
immune responses in the lesions. Consistent with this
expectation, psoriatic lesions have an overactivation of
MDA5 pathway as well as elevated ISG expression.

Another inherited skin disease, dyschromatosis sym-
metrica hereditaria (DSH) is known to be caused by
mutations in ADAR1. DSH is a rare autosomal dominant
disorder, characterized by skin pigmentation defects on
the hands and face (Hayashi and Suzuki 2013). Most
DSH cases have been reported in East Asian countries,
and studies of these patients have revealed a broad
spectrum of ADAR1 mutations, including single nucleo-
tide deletions, insertions and mutations (Zhang et al.
2004; Xing et al. 2005; Liu et al. 2006, 2014; Lai et al.
2012; Kono et al. 2014; Tang et al. 2018; Wang, Yu et al.
2019). Of the over 200 identified ADAR1 mutations that
occur in DSH patients, most are localized to the deami-
nase domain, but some mutations are also found in the
dsRBDs (Wang, Yu et al. 2019) To date, RNA editing lev-
els in DSH patients have not been examined. While the
exact defect in RNA editing and/or RNA binding by
ADAR1 in DSH patients is unknown, the severity of skin
pigmentation defects in DSH1 patients has been linked
to in utero viral infection and IFN induction (Kondo
et al. 2008). Interestingly, a recent study demonstrated
that mice lacking ADAR1 in neural crest cells exhibited
depigmentation due to high levels of melanocyte apop-
tosis (Gacem et al. 2020). Loss of MDA5 rescued these
defects, suggesting that ADAR1 functions to suppress
ISGs and promote melanocyte cell survival. It will be
interesting to examine whether the ADAR1 mutations

in DSH also have similar effects on melanocyte and
ISG levels.

Another ADAR1-linked genetically determined
inflammatory disorder that affects the brain and skin is
Aicardi Gouti�eres syndrome (AGS). As a neurodevelop-
mental autoimmune disorder, AGS is characterized by
severities such as cerebral atrophy, intracranial calcifica-
tions and chronic cerebrospinal fluid lymphocytosis
(Rice et al. 2012). AGS symptoms mimic those of in-
utero acquired infections, including an increased pro-
duction of interferons. Genes such as TREX1, RNASEH2A/
B/C, SAMHDI, IFIH1 (MDA5) and ADAR1 are all involved
in nucleic acid metabolism/signaling, and mutations in
these genes are associated with AGS (Livingston and
Crow 2016). Individuals with an ADAR1 deficiency are
also prone to developing other severe conditions such
as bilateral striatal necrosis, childhood-onset multivalvu-
lar stenosis or even fatal cardiac failure due to increased
interferon signaling (Crow et al. 2020). In whole blood
samples from AGS patients with ADAR1 mutations, the
mRNA levels of ISGs were upregulated compared to
control samples (Rice et al. 2012; Livingston et al. 2014).
The ISG upregulation suggests a crucial role of ADAR1
in preventing the development of AGS.

Even though ADAR1 deficiency is implicated in AGS,
the exact molecular function of ADAR1 required to pre-
vent the AGS development is still unknown. Out of the
eight AGS missense mutations identified in the human
ADAR1 gene (Table 1), five map to the deaminase
domain. The high number of AGS mutations in the
ADAR1 deaminase domain suggests that editing activity
is important to prevent the development of AGS. To
understand the molecular defects of ADAR1 in AGS
patients, editing assays were performed in HEK293 cells
transfected with wildtype ADAR1 or the individual AGS
mutations. The ADAR1 proteins were expressed as
ADAR1 p110 variants and co-transfected with a plasmid
expressing miR376-a2, a known ADAR1 substrate (Rice
et al. 2012). As HEK293 cells express endogenous ADAR1,
effects on editing were compared to transfection of the
known ADAR1 deaminase-deficient mutant, ADAR1E912A.
From this assay, only ADAR1G1007R showed a significant
reduction in editing activity (Rice et al. 2012).
Interestingly, this mutant is the only AGS mutant that
appears in patients as a heterozygote. Furthermore, it is
possible that the effect of ADAR1G1007R on editing
observed in this assay could be due to inhibition of the
wildtype ADAR1 present. Consistent with this, a competi-
tion assay where both wildtype ADAR1 and ADAR1G1007R

were co-transfected revealed a dominant negative effect
of ADAR1G1007R on editing (Rice et al. 2012).

70 E. A. ERDMANN ET AL.



The lack of observed effects of AGS mutations on
RNA editing was surprising. However, a follow-up study
analyzed these same mutations expressed as ADAR1
p150 variants and found significant effects on editing
(Mannion et al. 2014). Specifically, the authors found
that the A870T, R892H and K999N mutations had sig-
nificantly reduced editing when expressed as ADAR1
p150 proteins. Interestingly, two of these mutations,
A870T and R892H, were only observed in AGS patients
that also exhibited a P193A mutation, which is specific
to the ADAR1 p150 isoform (Rice et al. 2012). Despite
being in the Z-a domain of ADAR1, the P193A mutation
reduces editing by ADAR1 p150 (Mannion et al. 2014).
As noted by others, clinical observations suggest that
AGS symptoms develop after a viral infection, which
should result in the expression of these ADAR1 p150
variants. However, it is important to note that not all
AGS mutations in ADAR1 significantly affect editing,
and some AGS mutants have not yet been examined
for effects on editing (Table 1). Therefore, it is possible
that editing-independent functions of ADAR1 are also
altered in AGS patients. Consistent with this idea, at
least one group has demonstrated that RNA binding by
ADAR1 is also important for suppressing IFN signaling
(Yang et al. 2014). Future studies aimed at identifying
RNAs specifically bound and/or edited by ADAR1 p150
will be critical for understanding the molecular defects
underlying AGS symptoms in patients with
ADAR1 mutations.

As discussed above, editing of endogenous dsRNAs
is suggested to prevent the aberrant binding of self
dsRNA to sensors such as MDA5. It is possible that a
reduction in editing leads to the accumulation of
endogenous dsRNA, which is sensed by MDA5
(Liddicoat et al. 2015). Interestingly, AGS patients can
also have mutations in MDA5; however, mutations in
ADAR1 and MDA5 occur in AGS patients in a mutually
exclusive manner (Rice et al. 2014). AGS mutations in
MDA5 result in a stronger affinity for dsRNA, which can
result in the aberrant detection of self dsRNA. In add-
ition, unlike wildtype MDA5, the AGS mutations in
MDA5 are gain-of-function, in that the mutant MDA5
proteins tolerate editing in Alu repeats as evidenced by
similar binding to modified as well as unmodified
dsRNA (Ahmad et al. 2018). Together, these data sug-
gest that unmodified dsRNAs can aberrantly activate
wildtype MDA5 in the absence of ADAR1, leading to
the development of AGS.

It is evident from the observations so far that altered
ADAR1 activity occurs in autoimmune disease. Even
though an upregulation of ISGs is a recurring pheno-
type observed, it is unclear if ADAR1 edits specific

transcripts that might be crucial in IFN regulation.
Future studies need to focus on identifying these tran-
scripts. Furthermore, the sustained immune activation
that occurs in autoimmune disease and promotes
ADAR1 expression may led to aberrant hyperediting of
ADAR1 targets not involved in IFN regulation. It is also
possible that hypoediting of certain transcripts could
occur in these conditions if the excessive ADAR1
expression competitively inhibited ADAR2, as has been
observed in glioblastoma (Cenci et al. 2008).
Understanding the mechanism of ADAR1 function in
innate immunity will help deduce the cause of the
aberrant phenotypes in the above-mentioned diseases,
thereby opening doors for therapeutic interventions.

Invertebrates are not immune to protection
by ADARs

Instead of an IFN based immune system, invertebrates
use an RNAi based antiviral response against dsRNA.
Viral dsRNA is cleaved into small interfering RNAs
(siRNAs) by the endonuclease, Dicer (Gammon and
Mello 2015). After cleavage, siRNAs are loaded onto
RISC, which uses the siRNA as a template to bind and
degrade viral RNAs.

In C. elegans, the dsRBPs RDE-1 and RDE-4, as well as
the nuclease, Dicer, play critical roles in the RNAi path-
way (Parrish and Fire 2001; Tabara et al. 2002). In add-
ition to silencing exogenous dsRNA, the RNAi pathway
can also affect expression of transgenes in C. elegans
(Knight and Bass 2002). Transgene silencing is thought
to occur when dsRNA arises from convergent transcrip-
tion of genes that are repeated in an extrachromosomal
array, which is formed when recombinant DNA is artifi-
cially introduced into C. elegans. An increase in trans-
gene silencing is observed in adr-1(-);adr-2(-) mutant
worms as well as in adr-1(-) and adr-2(-) single mutant
animals (Knight and Bass 2002). To understand the
intersection of ADARs and RNAi in dsRNA silencing,
mutations in rde-1 were introduced into the adr mutant
worms and reduced levels of dsRNA silencing were
observed (Knight and Bass 2002). Together, these data
suggest that dsRNA generated in vivo is used by the
RNAi pathway to silence gene expression but editing of
the dsRNA can prevent silencing.

By analogy to vertebrates, the above study suggests
that ADARs function to mark transgenically expressed
dsRNA as self. Importantly, recent studies suggest this
function extends to endogenous dsRNA (Reich et al.
2018; Fischer and Ruvkun 2020). In both of these
studies, loss of genes involved in endogenous siRNA
(endo-siRNA) pathways in animals that also lack adr-1
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and adr-2 resulted in a synthetic phenotype of frequent
adult bursting and decreased brood sizes. The triple
mutant synthetic phenotype is rescued by deletions in
RNAi factors, including rde-1 and rde-4, as well as loss of
drh-1, which is the C. elegans ortholog of the sensor
protein RIG-1 (Figure 4). Together, these studies indi-
cate that ADARs and endo-siRNA-mediated gene silenc-
ing pathways function in parallel to prevent a DRH-1/
RIG-I based response triggered against genomically
encoded dsRNA.

Interestingly, the triple mutant worms lacking endo-
siRNA pathways and adrs also exhibit elevated expres-
sion of antiviral genes (Reich et al. 2018; Fischer and
Ruvkun 2020). In addition, transcriptome analysis of the
triple mutants that lack adr-1(-), adr-2(-) and eri-6/7(-)
revealed an increased expression of LTR retrotranspo-
sons, suggesting the ERI-6/7 helicase and ADARs work
together to silence these recently integrated viral genes
(Fischer and Ruvkun 2020). However, as the loss of drh-
1 does not rescue the elevated retrotransposon expres-
sion and retrotransposons lack dsRNA structure, the
exact molecular mechanism of how ADARs and ERI-6/7
silence these genes is unknown, but RNAi independent.
Interestingly, the increased retrotransposon expression
is accompanied by an elevated unfolded protein
response, which is a common antiviral response
(Fischer and Ruvkun 2020). It will be important in future
studies to dissect the gene regulatory pathway leading
to increased retrotransposon expression in C. elegans as
well as whether this pathway functions in specific tis-
sues to affect organismal health.

ADARs are suspected to have a function in innate
immunity in Drosophila as well. The Drosophila Adar
gene (dADAR) was originally shown to be homologous
to mammalian ADAR2 (Keegan et al. 2011). However,
recent studies suggest dADAR may also perform func-
tions similar to mammalian ADAR1 (Deng et al. 2020).
Animals expressing a dAdarE374A mutant (homologous
to the ADAR1E861A mice mentioned previously) were
generated using genome engineering. RNA isolated
from the heads of these mutant flies, wildtype flies and
flies lacking dADAR expression (dADAR(-)) was subjected
to high-throughput sequencing. Compared to wildtype,
both dADAR(-) and dAdarE374A mutants exhibit increased
expression of immune-related genes. These data sug-
gest that RNA editing is important for suppressing
expression of innate immune genes in the head tissues
of Drosophila. However, it is important to note that the
level of induction in heads of dAdarE374A mutant flies
was only 20-50% of the level of induction in the
dAdar(-) flies. Interestingly, the level of immune gene
induction is similar in dAdar(-) and dAdarE374A animals

when examining RNA isolated from whole flies, sug-
gesting RNA editing is less important in non-head tis-
sues. Consistent with this, ubiquitous overexpression of
dAdarE374A is as efficient as wildtype dADAR at sup-
pressing immune gene induction in whole flies.

The ability of dADAR to regulate innate immune
genes in both neural and non-neural tissue is regulated
by the Dicer-2 pathway (Figure 4). In Drosophila, distinct
immune gene transcripts are induced by different
pathogens through defined signaling pathways. In par-
ticular Dicer-2 mediated signaling is analogous to the
MDA-5 pathway in mammals (Figure 4). Specific loss of
Dicer-2 from cholinergic neurons reduced the increased
immune gene expression of both dAdar(-) and
dAdarE374A animals (Deng et al. 2020). A synthetic induc-
tion of immune gene expression occurred when ani-
mals lacked dADAR and expressed a Dicer-2 mutant
(Dicer-2R416X) that cannot cleave dsRNA but can still
bind dsRNA and signal. Interestingly, this synthetic
induction does not occur in dAdarE374A flies, further sug-
gesting that the immune induction in whole flies is
dependent on dADAR RNA binding and not RNA edit-
ing. Together, these results are intriguing and suggest
that proper RNA editing in Drosophila brain tissues is
critical for controlling innate immunity, which correlates
with the fact that mutations in human ADAR1 are
prevalent in the neurodevelopmental autoimmune dis-
ease, AGS. Future work studying gene expression and
signaling pathways in specific tissues of multicellular
organisms will be important in providing key molecular
insights into not only the role of ADARs in regulating
innate immunity, but also the tissue-specific responses
to dsRNA.

Overall, it is clear that ADARs have an immune func-
tion, which includes both binding and editing of self
dsRNA to help distinguish these molecules from foreign
dsRNA. It is also established that ADARs contribute to
the regulation of balance between self-tolerance and
immune activity, which is necessary to prevent develop-
ment of autoimmune diseases in humans. To date,
there are eight mutations in human ADAR1 observed in
the autoimmune disease, AGS (Table 1). As the vast
majority of mutations occur within the deaminase
domain, focus has been on understanding the impact
of these mutations on RNA editing. However, the deam-
inase domain also contains residues that directly con-
tact dsRNA (see previous discussion of RNA binding
loop), and there are two ADAR1 mutations that occur in
AGS and are located within this loop (Table 1). Of the
seven human ADAR1 deaminase domain mutations
that occur in AGS, two residues are identical to those
found in C. elegans and Drosophila ADAR enzymes and
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three additional residues are similar across all three
ADARs (Figure 5). It will be important in future studies
to determine the impact of these conserved residues
on both RNA editing and ADAR binding to target RNA
in vivo in both mammalian and invertebrate systems.

Malignancy and dysregulated A-to-I editing

Just as an imbalance in RNA editing leads to auto-
immune disorders, altered ADAR expression and activity
also participates in tumor progression. For decades,
cancer research has been geared toward identifying
and targeting somatic mutations and epigenetic altera-
tions that drive tumor progression. However, the notion
that RNA modifications and, more specifically, A-to-I
editing, can influence carcinogenesis has recently been
brought to light (Ganem et al. 2017; Fritzell et al. 2018;
Jain et al. 2019). As A-to-I editing can rewire genetically
encoded information, cancer-specific editing events
provide malignant cells with an advantage over their
normal counterparts. Moreover, owing to the ability of
ADARs to respond to environmental cues, this kind of
dynamic signaling is ideal for the ever-changing tumor
microenvironment. Several transcriptomic analyses
have revealed that RNA editing is dysregulated in a
wide variety of cancers (Paz et al. 2007; Chan et al.
2014; Han et al. 2015; Paz-Yaacov et al. 2015). Breast,
bladder, colon, head & neck and thyroid cancers are
associated with hyperedited RNA (Han et al. 2015; Paz-
Yaacov et al. 2015) whereas hypoediting is observed in
brain, prostate and testicular tumors (Paz et al. 2007).
A-to-I editing levels can also vary amongst different
subtypes of a particular cancer. A classic example
includes kidney cancer, wherein RNA from kidney chro-
mophobe (KICH) and kidney renal papillary cell carcin-
oma (KIRP) subtypes are hypoedited and RNA from
kidney renal clear cell carcinoma (KIRC) is hyperedited
(Han et al. 2015) compared to normal kidney tissue.

Even though most conclusions from these independ-
ent studies are in agreement, contradictory results
regarding global editing trends have been reported for

lung, liver and kidney cancer (Paz et al. 2007; Chan
et al. 2014; Han et al. 2015; Paz-Yaacov et al. 2015). The
observed contradictions might be attributed to differ-
ences in tumor type or stage, patient gender or ethni-
city, sample size or preparation and read coverage
between different datasets. Ergo, if the underlying vari-
ables are taken into consideration, systemic studies are
beneficial in providing a bird’s eye-view to observe
tumor-associated alterations in editomes.

Specific editing events that regulate
carcinogenesis

Depending on where an edited adenosine lies within
the RNA, editing events have the ability to affect gene
and/or protein expression (Figure 3). Recoding editing
events are known to promote tumorigenesis by inacti-
vating tumor suppressor genes, activating oncogenes
and generating novel oncoproteins (Chen et al. 2013,
2017; Galeano et al. 2013; Han et al. 2015; Gumireddy
et al. 2016; Fu et al. 2017; Peng et al. 2018). Similarly,
intronic editing can affect alternative splicing and intro-
duce novel splice sites that generate tumor-specific iso-
forms or disrupt efficient splicing of tumor suppressors
(Schoft et al. 2007; Penn et al. 2013). A-to-I changes
within 30 UTRs of transcripts can lead to differential
expression of oncogenes or tumor suppressors owing
to altered miRNA recognition and binding (Wang et al.
2013; Pinto et al. 2018; Xu et al. 2019). This section
focuses on different types of editing events that have a
role in regulating tumor progression. Keeping brevity in
mind, a few representative examples of each category
have been discussed. For a more complete list of edit-
ing events that lead to cancer-specific protein recoding
and miRNA biogenesis, tables that summarize these
events are provided (Tables 2 and 3, respectively).

Aberrant recoding editing events in cancer

Bioinformatic analyses have revealed that aberrant lev-
els of editing within coding regions give rise to cancer-

Figure 5. Conservation of the deaminase domain sequences between human ADAR1, Drosophila ADAR and C. elegans ADR-2.
Sequences of the deaminase domains for the indicated proteins were obtained from UniProt database using the accession num-
bers described for Figure 1. Sequences that are identical are shown in a red-filled box, while those that met consensus (>70%,
<100%) are boxed with consensus residues in red font. Variants in human ADAR1 p150 deaminase domain known to cause AGS
(Rice et al. 2012) are indicated using symbols: A870T (#), I872T (�), R892H (!), K999N (�), G1007R(&), Y1112H (þ) and D1113H ($).
Please refer to Table 1 for detailed information about the consequences of these mutations on ADAR1 function (Please note a
color version of this figure is available online).
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Table 2. Summary of recoding editing events previously shown to regulate tumor progression in different tissues.
Editing promotes cancer growth and progression

Gene Protein Editing Site ADAR Mechanism Cancer Reference

AZIN1 Antizyme
Inhibitor 1

S367G ADAR1 � Edited AZIN1 binds to Antizyme 1
with a stronger affinity and
inhibits degradation of
oncoproteins

� Editing of AZIN1 is probably also
associated with cytoplasmic-to-
nuclear translocation

HCC, CRC, ESCC, NSCLC (Chen et al. 2013; Qin
et al. 2014; Hu et al.
2017; Shigeyasu
et al. 2018)

BLCAP Bladder Cancer
Associated Protein

Y2C ADAR1 � Edited BLCAP increases
phosphorylation and activation of
Akt/MDM2/mTOR and inhibits p53
phosphorylation

HCC (Galeano et al. 2010;
Hu et al. 2015)

Y2C; Q5R; K15R ADAR1 &
ADAR2

� Edited BLCAP prevents inhibition
of STAT phosphorylation,
promoting IL6-mediated JAK-
STAT signaling

CC (Galeano et al. 2010;
Chen et al. 2017)

COG3 Component of
Oligomeric Golgi
Complex 3

I635V ADAR2 N.D. GBM, LGG, BRCA,
HNSC, KIRC, KIRP,
LUAD, LUSC, STAD,
THCA, SARC, SKCM

(Han et al. 2015; Peng
et al. 2018)

COPA� COPI Coat Complex
Subunit Alpha

I164V ADAR2 � In HCC, unedited COPA promotes
tumor cell proliferation and
clonogenicity.

� Upon editing, COPA serves as
tumor suppressor and
downregulates CAV1-mediated
PI3K/AKT/mTOR pathway

SARC, SKCM, LGG,
BRCA, GBM, HNSC,
KIRC, LUAD, LUSC,
STAD, ESCA, HCC

(Chan et al. 2014; Han
et al. 2015; Peng
et al. 2018; Song
et al. 2020)

FLNB Filamin B M2269V ADAR1 &
ADAR2

N.D. HCC, ESCC (Chan et al. 2014; Qin
et al. 2014)

Q2327R ADAR2 PCPG, KIRC, LGG,
SKCM, SARC

(Peng et al. 2018)

GLI1 Glioma-Associated
Oncogene 1

R701G ADAR1 � Editing disrupts SUFU (Suppressor
of Fused Homolog)-mediated
inhibition of GLI1 activity/
hedgehog signaling

MM (Lazzari et al. 2017)

NEIL1 Nei Like DNA
Glycosylase 1

K242R ADAR1 � Edited NEIL1 has impaired
oxidative damage and single-
strand break (SSB) DNA repair
abilities, which predisposes cells
to double-strand breaks (DSBs)
and increased sensitivity toward
DSB inducing agents

MM (Teoh et al. 2018)

RhoQ Ras homologue
family
member Q

N136S N.D. � Editing increases RhoQ activity
� Editing promotes actin

cytoskeletal remodeling and
tumor invasion

CRC (Han et al. 2014)

SLC22A3 Solute Carrier
Family 22
Member 3

N72D ADAR2 � SLC22A3 inhibits cytoskeletal
remodeling by sequestering
ACTN4 to the cell membrane

� Edited SLC22A3 relieves ACTN4
suppression and promotes
tumor metastasis

ESCC (Fu et al. 2017)

Editing suppresses cancer growth and progression

Gene Protein
Editing
Site ADAR Function Cancer Reference

CCN1 Cyclin I R75G ADAR1 � Peptide derived from edited CCN1 is
presented by MHC molecules on tumor
cell surfaces and elicits antitumorigenic
immune responses

Melanoma (Zhang, Fritsche,
et al. 2018)

GABRA3 Gamma-Aminobutyric
Acid Type A Receptor
Subunit Alpha 3

I342M ADAR1 � Edited GABRA3 promotes tumor
suppression by acting in a dominant
negative manner to reduce cell surface
expression of unedited GABRA3 and
inhibition of Akt phosphorylation

BC (Gumireddy
et al. 2016)

GLI1 Glioma-Associated
Oncogene 1

R701G ADAR1 &
ADAR2

� Editing prevents SUFU-mediated
inhibition of GLI1 and reduces GLI1
activation by Dyrk1a kinase

MB, BCC (Shimokawa
et al. 2013)

(continued)
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specific proteomic diversity (Han et al. 2015; Paz-Yaacov
et al. 2015; Peng et al. 2018) which can promote onco-
genic cellular phenotypes. To illustrate the versatility of
A-to-I editing in mediating both oncogenic and tumor
suppressive roles, a few recoding editing events are
highlighted below and a more complete summary of
cancer-associated recoding editing events and associ-
ated mechanisms is provided in Table 2.

In liver cancer, editing of Antizyme Inhibitor 1
(AZIN1) is associated with tumor progression (Chan
et al. 2014). Wildtype AZIN1 can bind to Antizyme 1
and prevent Antizyme 1 from degrading several onco-
proteins like Ornithine Decarboxylase (ODC) and Cyclin
D1 (CCND1). When edited by ADAR1, a serine (S) to gly-
cine (G) substitution at position 367 of AZIN1 induces a
conformational change, which increases the affinity of
AZIN1 toward Antizyme 1. Consequently, edited AZIN1
sequesters Antizyme 1, preventing degradation of ODC
and CCND1 and thus, promoting cell proliferation. The
oncogenic potential of edited AZIN1 is not limited to
liver cancer. In esophageal squamous cell carcinoma
and colorectal cancer, edited AZIN1 promotes cell pro-
liferation, invasion, migration and stemness (Qin et al.
2014; Shigeyasu et al. 2018). Recoding editing by
ADAR2 also exhibits tumor promoting capabilities. In
esophageal cancer, ADAR2-mediated editing of Solute
Carrier Family 22 Member 3 (SLC22A3) promotes cancer
metastasis (Fu et al. 2017). SLC22A3 is an organic cation
transporter that inhibits a-Actinin 4 (ACTN4) mediated
actin crosslinking. SLCA22A3 inhibits ACTN4 by seques-
tering ACTN4 to the cell membrane. When edited, a sin-
gle amino acid substitution (N72E) in SLC22A3 relieves
this ACTN4 suppression and aids cancer metastasis
through cytoskeletal remodeling.

ADARs can also act upon specific targets in normal
cells to suppress tumor progression. ADAR1-mediated

editing of Gamma-Aminobutyric Acid Type A Receptor
Subunit Alpha 3 (GABRA3) serves as a perfect example.
Although GABRA3 is primarily expressed in brain, breast
cancers express high levels of unedited GABRA3, which
activates Akt and leads to increased stem cell populations.
Upon ADAR1p110 editing at the I/M site (Isoleucine to
Methionine at position 342), edited GABRA3 suppresses
tumor invasion and metastasis. This suppression occurs
through inhibition of Akt phosphorylation (Gumireddy
et al. 2016). Consistent with this important role, expres-
sion of edited GABRA3 in a breast cancer cell significantly
reduces tumor metastasis in a mouse model.

In tumors, ADAR activity can also be regulated by
cofactors leading to modulation of cancer-specific recod-
ing editing events. Death Associated Protein 3 (DAP3) is
a mitochondrial protein overexpressed in a number of
cancers. One function of DAP3 is to bind ADAR1 and
ADAR2 via the dsRBD and deaminase domains, respect-
ively. As a result, DAP3 prevents ADARs from binding to
and editing target RNAs. One example in which DAP3-
mediated editing repression promotes tumorigenesis is
the alteration of PDZ Domain Containing 7 (PDZD7).
Unedited PDZD7 is oncogenic. However, ADAR1- or
ADAR2-mediated editing of PDZD7 at position 518 con-
verts a STOP codon into tryptophan (W) leading to a
gain of 18 amino acids and reduced PDZD7 oncogenicity
(Han et al. 2020). Thus, depending on substrate and cel-
lular context, ADARs can function to promote or sup-
press tumor progression.

Role of oncogenic A-to-I editing events on miRNA
biogenesis and specificity

In addition to dysregulation in mRNA editing, cancers
are also associated with aberrant editing of microRNAs
(miRNAs) (Wang, Xu et al. 2017; Pinto et al. 2018). In a

Table 2. Continued.
Editing suppresses cancer growth and progression

Gene Protein
Editing
Site ADAR Function Cancer Reference

GRIA2 Glutamate Ionotropic
Receptor AMPA Type
Subunit 2

Q607R ADAR2 � Edited GRIA2 inhibits Ca2þ influx
mediated Akt Phosphorylation

Gliomas (Maas et al. 2001;
Cenci et al. 2008)

IGFBP7 Insulin Like Growth Factor
Binding Protein 7

K95R ADAR2 � Editing protects IGFBP7 from matriptase-
mediated proteolysis thereby
promoting apoptosis

ESCC (Chen et al. 2017)

PODXL�� Podocalyxin Like H241R ADAR2 N.D. GC (Chan et al. 2016)

Recoding events are classified into tumor promoting or inhibiting. Additional provided details include cancer type, ADAR enzyme responsible for editing
and oncogenic mechanism (where known). �COPA under-edited in hepatocellular and gastric carcinoma (Chan et al. 2014, 2016) ��ADAR1 edits PODXL
resulting in a synonymous T238T mutation. However, both ADAR1 and ADAR2 cannot edit PODXL simultaneously. As a result, this synonymous editing
event is capable of inhibiting ADAR2-mediated non-synonymous PODXL editing. Abbreviations used: Not determined (N.D.), breast cancer (BC), basal cell
carcinoma (BCC), breast invasive carcinoma (BRCA), cervical cancer (CC), colorectal cancer (CRC), esophageal carcinoma (ESCA), esophageal squamous cell
carcinoma (ESCC), gastric cancer (GC), glioblastoma (GBM), hepatocellular cancer (HCC), head and neck squamous cell carcinoma (HNSC), kidney renal
clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP), lower grade glioma (LGG), lung adenocarcinoma (LUAD), lung squamous cell car-
cinoma (LUSC), medulloblastoma (MB), multiple myeloma (MM), non-small cell lung carcinoma (NSCLC), pheochromocytoma and paraganglioma (PCPG),
sarcoma (SARC), skin cutaneous melanoma (SKCM), stomach adenocarcinoma (STAD), thyroid carcinoma (THCA).
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growing tumor, malignant cells exploit ADAR-mediated
editing of miRNAs to gain an oncogenic advantage
over non-cancerous competitors. Of the many miRNA
editing events that thus far have been identified to

affect tumor progression (Table 3), a few characteristic
examples have been highlighted below.

It is well established that the seed sequence (2-8
nucleotides) of a mature miRNA is crucial in recognizing

Table 3. Summary of cancer-associated editing events regulating miRNA biogenesis and activity.
Editing alters miRNA target specificity

miRNA ADAR Target(s) unedited edited Function Cancer Reference

miR-200b ADAR1 & ADAR2 ZEB1
ZEB2

LIFR � Wild type miR-200b inhibits cell
migration and invasion

� Edited miR-200b acts upon Leukemia
Inhibitory Factor Receptor (LIFR), a
gene known to suppress Epithelial-
to-Mesenchymal transition (EMT) and
aids tumor metastasis

BRCA, HNSC, COAD,
KICH, KIRC,
LUAD, STAD,
THCA, UCEC

(Ramirez-Moya et al.
2020; Wang, Xu
et al. 2017)

miR-379-5p ADAR2 PTK2 CD97 � Unlike wild type, edited miR-379-5p
inhibits cellular proliferation and
promotes apoptosis

CRC, HNSC, LUAD,
LUSC, SC,
THCA, UC

(Xu et al. 2019)

miR-455-5p ADAR1 CPEB1 RhoC#
MDM4#
Integrin a2#

� Through regulation of tumor
suppressor CPEB1, wild type miR-
455-5p promotes tumor growth
and metastasis

� ADAR1-mediated editing of miR-455-
5p inhibits expression of mature
miRNA and suppresses melanoma
progression

Melanoma (Shoshan et al. 2015)

miR-378a-3p ADAR1 – PARVA � PARVA promotes tumor growth and
invasion through increased
expression of MMP-2 and c-Jun

Melanoma (Velazquez-Torres
et al. 2018)

miR-376a� ADAR2 RAP2A AMFR � Wild type miR-376a� promotes
tumor cell proliferation, migration
and invasion through suppression
of RAP2A

� Edited miR-376a� inhibits tumor
progression through regulation
of AMFR

GBM (Choudhury
et al. 2012)

miR-589-3p Primarily ADAR2 PCDH9 ADAM12 � In contrast to wild type miRNA,
edited miR-589-3p suppresses tumor
cell proliferation and motility

� Edited miR-589-3p also suppresses
MMP9 activity

GBM (Cesarini et al. 2018)

Editing alters miRNA binding

miRNA ADAR Target(s) Function Cancer Reference

miR-25-3p
miR-125a-3p

ADAR1 DHFR � Editing of the DHFR 3’ UTR disrupts miR-25-3p and miR-125a-3p
binding sites

� DHFR promotes cell viability

BRCA (Nakano et al. 2017)

miR-30b-3p
miR-573

ADAR1 ARHGAP26 � Editing of the ARHGAP26 3’ UTR disrupts miR-30b-3p and miR-573
binding sites

� ARHGAP26 inactivates oncogenic proteins RhoA and Cdc42

BRCA, GBM (Wang et al. 2013)

Editing alters miRNA biogenesis and processing

miRNA ADAR Target(s) Function Cancer Reference

miR-21 ADAR2 PDCD4 � Mature miR-21 promotes tumor migration
� Editing inhibits mature miR-21 expression

GBM (Tomaselli et al. 2015)

miR-221/222 ADAR2 p27Kip1 � Mature miR-221/-222 promotes tumor cell proliferation
� Editing inhibits mature miR221/222 expression

GBM (Tomaselli et al. 2015)

miR-214 ADAR2 Rab15, Twist � Editing of the transcript antisense to pri-miR-214
decreases expression of mature miR-214

� miR-214 inhibition is associated with an increase in
metastatic phenotype through regulation of Twist and
E-Cadherin expression

HCC, ICC (Li et al. 2012; Liu et al. 2013)

Editing events have been grouped into three categories based on whether they affect miRNA target specificity, binding or biogenesis, and processing.
Additional details including the type of cancer the editing event is found in, ADAR enzyme responsible, targets identified, and associated mechanism
(where known) has been provided along with respective references. #represents bioinformatically predicted targets. Abbreviations used: (see Table 2
legend as well) colon adenocarcinoma (COAD), intrahepatic cholangiocarcinoma (ICC), kidney chromophobe (KICH), stomach cancer (SC), uterus cancer
(UC), uterine corpus endometrial carcinoma (UCEC).
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targets and a single nucleotide substitution within the
seed sequence can confer altered miRNA target recog-
nition (Kawahara et al. 2007). Thus, one way in which
ADARs influence miRNA activity is by editing the seed
sequence (Figure 3(C)). In case of miR-200b, a single
editing event at the 5th position of the mature miRNA
allows edited miR-200b to recognize an alternate set of
targets and aid tumor progression. Amongst these,
edited miR-200b recognizes and silences the metastasis
suppressor leukemia inhibitory factor receptor (LIFR).
LIFR suppression thereby promotes cancer cell migra-
tion, invasion and metastasis (Wang, Xu et al. 2017). In
contrast, unedited miR-200b acts as a tumor suppressor
and represses epithelial-to-mesenchymal transition
(EMT) through the inhibition of oncogenic targets ZEB1
and ZEB2.

A-to-I editing can also regulate mature miRNA
expression by interfering with miRNA biogenesis and
processing (Figure 3(C)). For instance, editing-depend-
ent regulation of onco-miRNAs: miR-21, miR-221 and
miR-222 are crucial determinants of glioblastoma pro-
gression. miR-21 promotes tumor cell migration
whereas miR-221/-222 promotes cell proliferation
through downregulation of p27 (Galardi et al. 2007;
Gabriely et al. 2008). In glioblastomas, ADAR2-mediated
editing leads to reduced expression of mature miRNAs
with a concomitant accumulation of respective precur-
sor primary transcripts, pri-miR-21, �221 and �222
(Tomaselli et al. 2015). This function of ADAR2 is associ-
ated with decreased cellular proliferation and migra-
tion. However, since glioblastomas are associated with
decreased ADAR2-mediated editing, expression of these
onco-miRNAs is often elevated and aids tumor
progression.

ADARs can also affect miRNA function without dir-
ectly acting upon mature miRNAs or their precursors.
Instead, ADARs modulate miRNA activity by disrupting
miRNA binding sites on the 30 UTRs of target genes. A
classic example is seen in ADAR1-mediated regulation
of Rho GTPase activating protein 26 (ARHGAP26) gene
expression (Wang et al. 2013). ARHGAP26 functions to
inactivate small oncogenic G-proteins like RhoA and
Cdc42. By editing specific sites on the ARPHGAP26 30

UTR, ADAR1 disrupts binding sites of two miRNAs, miR-
30b-3p and miR-573, and promotes ARHGAP26 expres-
sion. ARHGAP26 is a tumor suppressor, and reduced
editing of ARHGAP26 30 UTR allows increased miRNA
binding and decreases ARHGAP26 protein expression in
breast cancer and glioblastomas. Reminiscent of what
was also uncovered for DNA modifications in cancer
genomes, cancer-associated alterations in individual
editing events do not always correlate with respective

global trends in editomes. For instance, despite breast
cancer exhibiting global hyperediting of RNAs, the
ARHGAP26 30 UTR undergoes hypoediting. Therefore, as
is true for tumor-associated recoding events, ADAR-
mediated modulation of miRNA processing and activity
is highly substrate and/or cancer specific and might not
always correlate with global editing profiles.

Cancer-associated effects of ADARs on
alternative splicing

Both A-to-I editing and alternative splicing are co-tran-
scriptional and increasing evidence suggests the exist-
ence of a crosstalk between both processes (Hsiao et al.
2018; Licht et al. 2019). In the competitive tumor envir-
onment, this crosstalk can be exploited to abrogate effi-
cient splicing of tumor suppressors or give rise to novel
oncogenic isoforms of existing proteins. As described
earlier in this review, by editing an “AU” dinucleotide,
ADARs can create novel 50 splice sites (Figure 3(B)).
Editing can also generate (AA! AG) or disrupt (AG!
GG) splice acceptor sites (Figure 3(B)). However, such
examples are yet to be identified in the context of a
tumor. In contrast, branch point adenosines are
affected by A-to-I editing, and this gene regulatory
event has been observed in patients suffering from
Acute Myeloid Leukemia (AML) (Beghini et al. 2000). An
editing event at position 7866 in the Protein Tyrosine
Phosphatase Non-Receptor Type 6 (PTPN6) disrupts the
branch point adenosine and leads to a variant of PTPN6
that retains intron 3. Although the clinical significance
remains unexplored, the alternatively spliced PTPN6
variant has elevated expression at AML diagnosis than
remission (Beghini et al. 2000). ADARs can also alter
splice isoform levels by either deterring or recruiting
splicing modulators to target RNAs. ADAR1-mediated
editing of a site within intron 8 of CCDC15 is respon-
sible for recruiting the alternative splicing negative
regulator, SRSF7 thereby repressing CCDC15-exon9
inclusion (Tang et al. 2020). Compared to paired normal
tissues, almost 60% of esophageal squamous cell car-
cinoma tumors analyzed have elevated expression of
the oncogenic CCDC15-exon9 variant. This alternative
splicing event is also regulated by ADARs in an editing-
independent manner. Binding of ADAR1 and ADAR2 to
intronic double stranded regions of the CCDC15 RNA
represses the oncogenic CCDC15-exon9 inclusion event
(Tang et al. 2020). In this same study, binding of ADAR2
to RELL2 was shown to impede U2AF65 from binding
and exon recognition which led to repression of the
tumor suppressive RELL2-exon3 inclusion. Thus, by
modulating alternative splicing of target genes, ADARs
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can direct cancer-specific gene expression changes and
aid tumor progression.

ADAR expression and cancer

Since alterations in tumor editomes are cancer specific,
dysregulation could in part be attributed to differential
ADAR expression. In fact, when compared to respective
normal tissues, bladder, breast, head & neck, liver, lung,
prostate and thyroid carcinoma exhibit elevated ADAR1
mRNA expression (Paz-Yaacov et al. 2015). ADAR1
mRNA levels also positively correlate to hyperediting in
many cancers (Han et al. 2015). One plausible reason
behind elevated ADAR1 expression is that the ADAR1
gene is located in a chromosomal region (Chromosome
1 Arm q) which undergoes amplification in a wide var-
iety of tumors (Knuutila et al. 1998; Qin et al. 2014).
Secondly, the ADAR1 p150 isoform is interferon-indu-
cible (Patterson and Samuel 1995). Thus, the elevated
ADAR1 expression and associated hyperediting
observed in many cancers could simply be a passenger
effect of chronic inflammation that occurs in cancer
(Ganem et al. 2017). Speculation about the oncogenic
potential of ADAR1 is further fueled by independent
reports where ectopic ADAR1 expression and/or
ADAR1-mediated changes in editing promotes malig-
nancy (Tables 2 and 3) (Chen et al. 2013; Chan et al.
2014; Qin et al. 2014; Gumireddy et al. 2016). On the
contrary, ADAR1 has also been shown to inhibit cell
proliferation and metastasis in glioblastoma and breast
cancer, respectively (Paz et al. 2007; Gumireddy et al.
2016). Thus, ADAR1 plays a highly context-specific role
in regulating tumorigenesis.

Unlike ADAR1, no significant correlations between
ADAR2 mRNA expression and alterations in global edit-
ing profiles have been reported to date. ADAR2 can act
as a tumor suppressor, as ADAR2 expression inhibits
cell proliferation in glioblastomas and esophageal, gas-
tric and hepatocellular carcinoma (Cenci et al. 2008;
Galeano et al. 2013; Chan et al. 2014, 2016; Chen et al.
2017). In 2013, ADAR2 was shown to exert this inhibi-
tory role in an editing-dependent manner by restricting
cells in the G1 phase (Galeano et al. 2013).
Glioblastomas often have elevated levels of S-Phase
Kinase Associated Protein 2 (Skp2), an oncogene
responsible for targeting the p21 and p27 cyclin
dependent kinase inhibitors for degradation. ADAR2
regulates Skp2 activity indirectly by editing and activat-
ing a phosphatase, CDC14B. CDC14B promotes Skp2
degradation and restricts cells in the G1 phase by mod-
ulating p21 and p27 activity. However, decreased
ADAR2 activity in glioblastomas results in decreased

CDC14B activity. The consequent increase in Skp2
expression promotes cell proliferation (Galeano et al.
2013). On the contrary, editing activity of ADAR2 also
promotes tumorigenesis in a cancer-specific manner
(refer to Tables 2 and 3 for details).

Despite lacking any known deaminase activity, a
negative correlation has been reported for ADAR3
mRNA levels and grades of brain tumors (Chen et al.
2000; Paz et al. 2007; Zang, Wang et al. 2018).
Kaplan–Meier survival analysis indicates that high
ADAR3 mRNA expression parallels better progression-
free survival in lower grade gliomas, suggesting that
ADAR3 could function as a tumor suppressor (Zang,
Wang et al. 2018). However, a major caveat of these
previous studies is that it was recently shown that
ADAR3 mRNA levels do not directly correlate with pro-
tein expression (Wang, Zhang et al. 2018). Additionally,
multiple independent studies have shown that despite
having low mRNA, glioblastomas have elevated ADAR3
protein expression when compared to paired normal
tissues (Oakes et al. 2017; Wang, Zhang et al. 2018).
However, whether ADAR3 is a driver promoting tumor
progression or elevated ADAR3 is simply a consequence
of genomic alterations in glioblastomas remains elusive.

ADARs position on tumor immunity

In tumor cells, somatic mutations can lead to
generation of novel, tumor-specific peptides that
can be processed and presented on tumor cell surfa-
ces by major histocompatibility complexes. These
tumor-specific antigens or neoantigens are not
expressed in normal cells and recognition of neoanti-
gens by the immune system can lead to destruction
of the cancerous cell (Jiang et al. 2019). Thus,
neoantigens serve as ideal candidates for cancer
immunotherapy.

In addition to increasing proteomic diversity, A-to-I
edited RNAs can also contribute to the neoantigen rep-
ertoire (Peng et al. 2018). For example, tumor infiltrat-
ing lymphocytes (TILs) elicit a strong cytotoxic immune
response against melanoma tumor cells presenting
edited Cyclin I (CCNI) peptide (Zhang, Fritsche et al.
2018). Triple negative breast cancer tissues having high
ADAR1 expression are also associated with increased
TIL expression (Song et al. 2017). Moreover, contribu-
tions of ADARs toward tumor immunity are not
restricted to generating neoantigens. In certain cancers,
specific subsets of cells contribute to IFN production
per se and are hence associated with elevated IFN-
stimulated gene expression (ISG) (Liu et al. 2019).
Studies indicate that cells with elevated ISG signature
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are rendered sensitive to ADAR1 loss in several cancers
including hepatocellular carcinoma (HCC) and triple
negative breast cancer (TNBC) (Gannon et al. 2018; Liu
et al. 2019; Kung et al. 2020). Recently, ADAR1 null mice
were also found to evade resistance to immune check-
point blockade (Ishizuka et al. 2019), a common theme
for failure of cancer immunotherapies. In this study,
ADAR1 null mice were found to have an inflamed
tumor microenvironment, which conferred tumors with
increased sensitivity toward immunotherapies promot-
ing IFN production including anti-PD1 treatment. These
studies not only highlight how an elevated ISG signa-
ture could serve as a prognostic marker but also sup-
port the therapeutic potential of ADAR1.

Thus, despite being nascent in the field, ADARs and
associated edited peptides exhibit potential to serve as
important targets for cancer immunotherapy. However,
one thing to note is that unlike DNA mutations, RNA
editing events are often not specific to tumors. Instead,
ADAR expression and editing levels are deregulated in
tumors. Thus, as true for most available cancer thera-
peutics, selection of editing-derived neoantigens and/or
ADARs as novel therapeutic targets requires factoring
in the possibility that healthy cells might also be
affected.

Concluding remarks

ADARs impact RNA through both RNA binding and
A-to-I editing, thereby regulating gene expression and
affecting the cellular dsRNA pools. The importance of
these functions is made clear by the neural and
developmental defects, autoimmune disorders, and
malignancies that arise when ADAR expression and
activity are altered. Site-directed RNA editing could be
a promising therapeutic strategy to rectify clinical muta-
tions, making the study of ADARs even more beneficial
to the field of medicine. Since ADAR activity is dynamic
and changes both between tissues and across develop-
mental time, future studies aimed at dissecting how
binding and editing by ADARs is spatiotemporally regu-
lated in vivo are critical for understanding not only the
fundamentals of these enzymes, but also how best to
approach treatment options.
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