Non-coding RNAs
RNA transcripts that are not
translated into proteins but

may have a regulatory function.

MicroRNAs

Short non-coding RNAs that
regulate gene expression
post-transcriptionally, mainly
by binding to the 3’
untranslated region of mRNA.

Circular RNAs

RNA molecules that form a
covalently closed continuous
loop. They were found only
recently, and the function of
most of them is not known.
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A-to-I RNA editing — immune
protector and transcriptome diversifier

Eli Eisenberg ®'* and Erez Y. Levanon®?*

The transcriptome is defined as the total set of RNAs
expressed in a cell, tissue or organism and comprises
protein-coding mRNAs and a variety of non-coding RNAs,
including microRNAs (miRNAs) and circular RNAs
(circRNAs). The composition and complexity of the
transcriptome are believed to account for the increased
cellular and functional sophistication of higher eukar-
yotes' and are determined in part by RNA processing
events, including alternative splicing', alternative pol-
yadenylation’ and RNA modifications. More than 100 dis-
tinct types of RNA modifications have been identified’,
and for some, their effects on the fate of the RNA molecule
have been determined; for example, nRNA methylation
is involved in transcription, nuclear export, translation
and degradation of mRNA". However, our understand-
ing of most modifications is limited by the inability of
standard sequencing technologies to distinguish between
modified and unmodified RNA molecules’, which makes
them difficult to detect and map. An important exception
is RNA editing, a common RNA modification that alters
the RNA sequence itself; edited sites can then be detected
as mismatches between the RNA sequence and the DNA
sequence from which it originated.

Several types of RNA editing have been characterized
so far (FIG. 1a). For example, mitochondrial transcripts in
Trypanosoma brucei undergo extensive insertions and
deletions of uracils®. Transcripts in plant chloroplasts and
mitochondria exhibit multiple cytosine-to-uracil editing
events’. In mammals, cytosines are deaminated to ura-
cils by members of the apolipoprotein B mRNA editing

Abstract | Modifications of RNA affect its function and stability. RNA editing is unique among
these modifications because it not only alters the cellular fate of RNA molecules but also alters
their sequence relative to the genome. The most common type of RNA editing is A-to-1 editing by
double-stranded RNA-specific adenosine deaminase (ADAR) enzymes. Recent transcriptomic
studies have identified a number of ‘recoding’ sites at which A-to-I editing results in
non-synonymous substitutions in protein-coding sequences. Many of these recoding sites are
conserved within (but not usually across) lineages, are under positive selection and have
functional and evolutionary importance. However, systematic mapping of the editome across the
animal kingdom has revealed that most A-to-l editing sites are located within mobile elementsin
non-coding parts of the genome. Editing of these non-coding sites is thought to have a critical
role in protecting against activation of innate immunity by self-transcripts. Both recoding and
non-coding events have implications for genome evolution and, when deregulated, may lead to
disease. Finally, ADARs are now being adapted for RNA engineering purposes.

enzyme catalytic subunit (APOBEC) protein family®.
This Review focuses on the most abundant form of RNA
editing in Metazoans, adenosine-to-inosine (A-to-I)
editing, in which enzymes encoded by the adenosine
deaminase acting on RNA (ADAR) gene family catalyse
deamination of adenosine nucleotides to inosines’
(FIG. 1b,c). Three members of this family are encoded in
the mammalian genome: double-stranded RNA-specific
adenosine deaminase (ADARI), double-stranded RNA
(dsRNA)-specific editase 1 (ADAR2; also known as
ADARBI1) and ADAR3 (also known as ADARB2)
(FIC. 1b). Both ADARI1 and ADAR?2 are expressed ubiq-
uitously, but ADARI is expressed more strongly and is
responsible for the majority of editing activity'>. The cata-
Iytically inactive ADAR3 is expressed primarily in the
brain at a relatively low level'”.

ADAR proteins bind a specific dsRNA structure;
thus, ADAR-mediated A-to-I editing occurs only on
RNAs that adopt this structure (FIG. 2a). There is also an
RNA sequence motif associated with editing sites'*~"°.
However, our understanding of the features controlling
ADAR target recognition is incomplete and does not
allow prediction of editing sites. Identification of editing
sites is therefore dependent on sequencing data. During
RNA sequencing (RNA-seq), reverse transcriptase incor-
porates guanosines into the cDNA molecule at positions
where inosines occur in the RNA; the equivalent posi-
tions in the genomic DNA sequence contain adenosines.
Thus, A-to-I RNA editing sites can be systematically and
directly detected as adenosine-to-guanosine (A — G)
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RNA modifications

Changes to the chemical
composition of RNA molecules
that have the potential to alter
their function or stability.

Editome
The entire set of RNA editing
events in a genome.

Non-synonymous
substitutions

Replacement of one base by
another within a coding region
of a gene, which results in an
amino acid change in the
protein sequence.

mismatches in RNA-seq data aligned to a reference
genome'*" (FIC. 2b). In practice, there are many other
sources of DNA-RNA sequence mismatches, includ-
ing sequence polymorphisms and sequencing errors,
which can make it difficult to identify true editing sites.
Various algorithmic approaches that have been devised
to overcome this difficulty (BOX 1; FIC. 2c—¢), in tandem
with rapid advances in sequencing technologies, have
allowed for systematic transcriptome-wide identifica-
tion and quantification of editing sites across multiple
species® (FIC. 1¢). They have enabled the detection of
millions of human A-to-I editing sites*"*”, making it the
best-mapped modification to date and fundamentally
changing our understanding of RNA editing.

In this Review, we outline the current view of the
A-to-I editome. We summarize the different classes of
editing sites and their biological importance, discuss
how evolution shapes the editome and how the editome
influences evolution and briefly address the implications
of RNA editing for pathologies and future genome engi-
neering technologies. The biochemistry of the ADAR
enzymes, the role of specific RNA editing sites in disease
and the function of recoding of specific targets have been
extensively reviewed previously'*'>'>***” and are beyond
the scope of this Review.

A new view of the editome

When edited RNAs are processed, the ribosomes and
splicing machinery interpret inosines as guanosines™
instead of the adenosines encoded in the genome.
Editing is classified as ‘recoding’ if these A — G mis-
matches occur in protein-coding sequences and lead
to non-synonymous substitutions that generate novel pro-
tein variants. By contrast, ‘non-coding’ editing occurs
in non-coding RNAs or non-coding parts of mRNAs
and does not alter the protein sequence. Systematic
transcriptome-wide analyses of editomes from multiple
species have provided new insights into the prevalence,
distribution and functional importance of recoding and
non-coding editing.

Recoding sites. The first discoveries of A-to-I RNA
editing were serendipitous® and identified a handful of
mammalian recoding sites in glutamate receptors™ and
the serotonin 5-hydroxytryptamine, (5-HT, ) receptor’'.
Understanding the functional consequences of these
recoding events has been the main focus of research
for many years, largely owing to interest in their ability
to diversify the proteome by introducing novel protein
isoforms. The introduction of algorithmic approaches,
supplemented by deep sequencing of multiple DNA
and RNA samples originating from different tissues and
individuals, has greatly increased the variety of known
recoding sites. For example, reports have documented
more than a thousand recoding sites in humans**> and
several Drosophila species’~, and tens of thousands in
various coleoid cephalopod species®*. These studies
confirm that recoding is enriched in neural tissues and
show that recoding sites are over-represented in tran-
scripts that encode proteins with functions in the nerv-
ous system, such as ion channels and neuroreceptors®.
Notable examples include the mammalian recoding

Fig. 1| A-to-1 RNA editing is catalysed by ADAR
enzymes and is the most common type of RNA editing
in Metazoa. a | Four main types of mRNA editing have been
studied in recent decades. A-to-I RNA editing is the most
common in terms of the range of organisms affected, the
breadth of tissues edited and the number of editing sites.

b | A-to-l editing is catalysed by double-stranded RNA
(dsRNA)-specific adenosine deaminase (ADAR) enzymes.
Three members of this highly conserved family are
encoded in the mammalian genome: ADAR1, ADAR2 and
ADAR3. The enzymes contain a catalytic deaminase
domain and two or three dsRNA binding domains and bind
to specific dsRNA structures. In addition to the constitutive
110kDa isoform of ADAR1 (p110), which localizes primarily
to the nucleus, the mammalian ADAR gene expresses a
longer, interferon-inducible isoform, p150 (REF.**). ADAR1
p110 and ADAR?2 are expressed ubiquitously; however,
ADART1 is more strongly expressed and is responsible for
most of the editing activity in mammals'’. ADAR3 is
expressed primarily in the brain at a relatively low level*’.
Itis believed to be catalytically inactive'’° and to inhibit
editing at specific sites"***. Insects have lost ADAR1, and
the ADAR found in Drosophila spp. is more similar to
mammalian ADAR?2 (REF.'""). Cephalopods have an ADAR1
protein and two variants of ADAR2 (REF.'’%). ADAR2a
contains an additional exon that encodes an extra dsRNA
binding domain, which increases its in vitro editing activity
and confers resistance to the high salt levels found in squid
neurons'”, and ADAR2b mimics the conventional

ADAR?2 family members. Both variants are expressed at
comparable levels and are extensively edited, each in a
unique pattern. ¢ | A-to-l editing has been detected in all
Metazoan species screened so far, from coral to
mammals!®o303842737495.174119. APOBEC, apolipoprotein B
mRNA editing enzyme catalytic subunit; PPR,
pentatricopeptide repeat proteins; RECC, RNA editing
core complex. Part b is adapted with permission from
REF.', PLOS, CC-BY-4.0 (https://creativecommons.org/
licenses/by/4.0/).

sites in the serotonin 5-HT),_ receptor, in which editing
reduces the affinity of the receptor for its G protein’’,
and the Shaker voltage-dependent potassium channels”
in mammals, Drosophila and cephalopods, in which
editing affects the kinetics and voltage dependence of
activation®**",

Nevertheless, recoding also occurs in non-neural
transcripts, such as the mammalian FLNA (REF.*),
AZINI REF*) and NEILI (REF.*) sites. These recoding
targets are ubiquitously expressed, are edited in multi-
ple tissues and have functions seemingly unrelated to
the brain. Filamin A (FLNA) is an actin crosslinker that
is widely expressed in most tissues. Its transcript is tar-
geted mainly by ADAR2 (REF*), and its editing levels are
significantly and consistently altered in various types of
cancer*. Recoding of antizyme inhibitor 1 (AZIN1) by
ADARLI causes it to translocate from the cytoplasm to
the nucleus, increases its affinity to antizyme and pro-
motes cell proliferation through the neutralization of
antizyme-mediated degradation of ornithine decarbox-
ylase (ODC) and G1/S-specific cyclin D1 (CCND1)*.
Endonuclease 8-like 1 (NEIL1) is a DNA repair enzyme,
and its recoding by ADARI results in a 30-fold reduc-
tion in the rate at which it removes thymine glycol from
duplex DNA*.
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a
Year Editing type Mediated by Number of Targeted Organisms
discovered editing sites transcripts
1986 Insertion and RECC 1,000s Mitochondrial mRNAs; Kinetoplastids
deletion of U recoding
1987 C-to-U APOBECs 100s Mostly non-coding; Mammals
in a few tissues
1989 C-to-U PPR proteins 100s Chloroplast and mitochondrial ~ Plants
mRNA; mostly recoding
1991 A-to-I ADAR proteins 1,000,000s Mostly non-coding Metazoa
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Fig. 2 | A-to-1 RNA editing and how it is detected. a | Pre-mRNA molecules transcribed from the genome may fold to
form double-stranded RNA (dsRNA) secondary structures. dsRNA-specific adenosine deaminase (ADAR) enzymes bind
these structures and deaminate some adenosines to inosines. If these inosines are located in an exon, they will be present
in the mature mRNA. b | Reverse transcription replaces inosines in mRNA with guanosines in the cDNA. Thus, the hallmark
of RNA editing is a consistent A— G mismatch between RNA sequencing (RNA-seq) data and the reference genomic
sequence to which it is aligned. However, most of these mismatches arise from sequencing errors and genomic
polymorphisms, including somatic mutations and incorrect alignment'*~*°. Matched DNA sequencing (DNA-seq) data
may be utilized to distinguish between editing events and genomic polymorphisms. At an editing site, the DNA reads
agree with the genome reference (left), while a genomically polymorphic site exhibits mismatches in both DNA-seq and
RNA-seq data (right). ¢ | In the absence of matching DNA data, genomic polymorphisms may be filtered based on their
allelic linkage pattern (haplotype), which is distinctive from the correlation observed between neighbouring editing sites.
d | The majority of editing sites reside within repetitive elements, such as the primate-specific Alu element. Searching for
mismatches confined to repetitive genomic loci helps identify editing sites, which may cause mismatches in these regions
more frequently than biological noise. e | RNA-seq reads harbouring a large number of mismatches of the same type (for
instance, hyper-edited reads) almost always result from a cluster of editing events. Identifying these highly edited reads
allows for high-accuracy detection of clusters of editing sites in the absence of matching DNA data. SNP, single nucleotide
polymorphism; UTR, untranslated region.

In mammals, recoding of editing sites is the main  transcripts®. GRIA2 encodes the main subunit of gluta-
function of the ADAR?2 protein”. This enzyme edits the  mate receptor 2 (GRIA2), an a-amino-3-hydroxy-5-
majority of neural recoding sites. However, gene knock-  methyl-4-isoxazole propionic acid (AMPA) receptor that
out studies in mice* suggest that the only essential tar- mediates most fast excitatory synaptic transmission.
get of ADAR? is the Q/R recoding site within GRIA2  Mice lacking the Adar2 gene suffer from progressive
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Box 1| Detection and quantification of RNA editing sites

Accurate identification of editing sites is a challenging task. Technical
noise (such as sequencing errors and incorrect alignment) and biological
noise (such as genomic polymorphisms, including somatic mutations)
vastly outweigh the editing signal**>""*". Furthermore, most sites are edited
infrequently, making them difficult to detect from low-coverage RNA
sequencing (RNA-seq) data. Over recent years, various statistical models,
filtering approaches and clustering schemes have been devised to
determine which A — G mismatches in a data set represent bona fide
editing sites'' %%,

Sequencing errors are usually curated by focusing on high-quality reads
and bases and retaining only events supported by multiple reads**’. Given
a known a priori error rate, a statistical model (for example, a binomial
model for statistically independent errors) can filter out those
mismatches that are likely to be caused by sequencing errors. This
method becomes more effective with increasing coverage and
sequencing accuracy. A DNA sequencing (DNA-seq) sample from the
same individual greatly facilitates identification and removal of genomic
polymorphisms®***1>> (FIG. 2b). However, advances in sequencing
technologies have increased the availability of high coverage
multi-sample data sets, which allows most polymorphisms and somatic
mutations to be identified and removed even in the absence of matched
DNA-seq data. Mismatches that recur in RNA data originating from
multiple individuals are unlikely to result from rare genomic
polymorphisms or somatic mutations’*®. In addition, neighbouring
genomic polymorphisms exhibit a distinct correlation pattern (haplotype)
that differs from the partial correlation typical of editing sites (FIC. 2¢) and
can be used to filter them out'’. Systematic alignment errors are
particularly challenging, as they are consistent across samples and may
be supported by a large number of reads'****°. They often occur near
exon—intron junctions when short overhangs of a few nucleotides are
misattributed to an incorrect exon—exon junction'*® or in duplicated
genomic regions (mainly pseudogenes) when alignment programmes
map the read to the wrong copy. In order to tackle this problem, regions
that are prone to systematic alignment errors can be masked, discarding
all mismatches in these regions.

Different computational approaches have been devised and optimized
for specific sets of editing sites. For example, many editing events, such
as those in Alu sequences, occur in clusters (FIC. 2d), but mismatches
resulting from noise usually do not. This feature may be used to

Tool URL
Databases
RADAR* http://rnaedit.com/

REDIportal* http://srv00.recas.ba.infn.it/atlas/

DARNED! ¢ http://darned.ucc.ie/about/
RNA editing detection packages

JACUSA™’ https://github.com/dieterich-lab/JACUSA

RNAEditor***

RES-Scanner!®

http://rnaeditoruni-frankfurt.de/
https://github.com/ZhanglLabSZ/RES-Scanner

SNP, single nucleotide polymorphism.

GIREMI*8 https://www.ibp.ucla.edu/research/xiao/GIREMIL.html
REDItools'* http://reditools.sourceforge.net/
SPRINT** https://github.com/jumphone/SPRINT

substantially improve the signal-to-noise ratio!*7276157.15 | ooking at
the accumulated distribution of mismatches in a given locus, instead of
testing each position separately’’, allows for the additive signal of
multiple editing events in a cluster to be clearly detected. A notable
example is the case of hyper-edited reads (FIC. 2¢), where individual
RNA reads contain so many editing-induced mismatches that they
cannot be mapped by standard alignment tools. These reads are usually
discarded, leaving this class of editing events completely overlooked.
However, a designated alignment scheme has been developed that
allows these reads to be mapped correctly by ignoring A— G
mismatches™*'®, yielding a very low false-positive rate for clusters of
editing sites and providing a powerful tool for high-accuracy detection
of clusters of editing sites in the absence of matching DNA data.
Another example of an approach that is specific to a subset of the
editome is the detection of conserved recoding sites. Recoding sites are
often few in number and dispersed, making them challenging to identify
with confidence. In fact, newly developed all-purpose detection
schemes often show an impressive performance, which mostly
represents the large number of Alu sites that can be readily detected but
do not perform well at detecting the challenging recoding sites.
However, conserved recoding sites can be located using a cross-genome
approach?3%41%> These examples emphasize the need for dedicated
approaches for identifying different classes of editing sites with
different characteristics.

Accurate quantification of editing levels and detection of differential
editing across the transcriptome are even more challenging. Typical
coverage of 100 reads per site results in an absolute error of up to 10%
owing to statistical noise. Ultra-deep sequencing of a targeted
pre-determined subset of editing sites'?* or enrichment approaches®*~%*
can be used for high-precision studies of differential editing levels.
However, quantification of sites that are edited at a very low frequency is
inaccurate even with reasonably high-coverage sequencing data. In these
cases, an editing index can be used’®, which is an averaged measure that
aggregates the accumulated data from multiple sites. Such indices, if used
consistently and with proper normalization, could allow systematic global
comparison of editing activity across the increasingly growing volume of
publicly available RNA-seq data.

Some useful resources for investigating A-to-l editing are listed in the
table below.

Description

Database of RNA editing sites in humans, mice
and flies

Database of RNA editing sites in humans; Includes information
about editing in various tissues

First RNA editing database on the web

Tool for site-specific identification of RNA editing events from
replicate sequencing data

Atool to detect editing sites from deep sequencing data

A software package for genome-wide identification of RNA
editing sites

Genome-independent identification of RNA editing by mutual
information

Suites of python scripts developed to study RNA
editing at a genomic scale by next-generation sequencing
data

An integrated tool to detect RNA editing and hyper-edited
reads in the absence of SNP database
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Low-coverage

Arises when the number of
reads that include a given
nucleotide is insufficient to
provide reliable variant calling
at that position in the
reconstructed sequence.

Ultra-deep sequencing

The application of massively
parallel sequencing methods to
a small set of targets, yielding
much higher read coverage
than that obtained from
standard whole-transcriptome
RNA sequencing data.

Purifying selection
Selective removal of
deleterious alleles from the
general population.

Retro-elements

Mobile elements that move
around the genome through
transcription into RNA followed
by reverse transcription.

Mobile elements

DNA fragments that can move
around within the genome.
Most of the mammalian
genome is composed of
sequences derived from mobile
genetic elements.

seizures and die within 3 weeks of birth, but this severe
phenotype is completely rescued by altering their
genome to encode an arginine instead of a glutamine
at the GRIA2 Q/R recoding site***. It thus follows that
editing of other ADAR? targets is not essential in mice.

Overall, only a small proportion of recoding sites
have been characterized?**"+#°->¢ and the functional
implications of recoding remain largely unknown.
Furthermore, the functional importance of many recod-
ing sites is doubtful. Of the more than 1,000 recoding
sites reported in humans, only a few dozen are conserved
across mammals™ — that is, editing occurs at the same
location in multiple species. The vast majority of human
recoding sites seems to be restricted to human or the
primate lineage. These non-conserved recoding sites do
not show signs of selection — that is, they are less abun-
dant and more-weakly edited compared with editing at
synonymous sites, and they are under-represented in
essential genes, highly expressed genes and genes that
are under purifying selection. These observations imply
that most non-conserved recoding sites are unlikely to
be of functional importance™. By contrast, comparative
studies of editomes in other lineages show a different
picture: hundreds of sites are conserved across the
Drosophila lineage***, and more than 10,000 conserved
sites are documented in cephalopods®, which implies
that functional recoding is abundant, both in terms of
the actual number of sites and their proportion of total
recoding sites.

Non-coding sites. Another important outcome of the
systematic searches for editing sites was the under-
standing that the vast majority of RNA editing activ-
ity occurs in non-coding parts of the transcriptome.
Although non-coding editing does not directly alter
the protein-coding capacity of an mRNA like editing
at recoding sites (FIC. 3a), it has a number of functional
implications. Editing can generate new protein isoforms
by altering the splicing pattern of the pre-mRNA®
(FIG. 3b). Furthermore, the cellular fate of an mRNA
and/or its likelihood of being translated can be affected
by editing of miRNA binding sites in its 3’ untranslated
region (UTR)™ or by editing of the cognate miRNAs
themselves™ (FIG. 3c,d). Indeed, large-scale screens have
revealed that there are dozens of editing sites within
miRNAs and, if these sites occur within the seed region,
editing can alter the set of target mRNAs recognized by
them®***. Furthermore, it was recently suggested that
RNA editing affects the biogenesis of circRNA, a newly
discovered type of long-lived RNA molecule; the biolog-
ical function of most circRNAs is still unclear (FIG. 3e).
Editing disrupts annealing between the introns that
flank the circRNA, thus antagonizing its formation and
expression®’. However, these roles are unlikely to be the
main purpose of the abundant non-coding editing activ-
ity, which takes place mostly in non-conserved, probably
non-functional, parts of the transcriptome.

It has recently been shown that ADARI1-mediated
editing of endogenous dsRNA is required to prevent
activation of the cytosolic innate immune system and
that this is, most probably, the essential function of
ADARL1 editing®=°. Endogenous (or ‘self’) dsRNAs

resemble structures commonly formed by viruses® and
trigger the innate immune system by activating mela-
noma differentiation-associated protein 5 (MDAS5; also
known as IFIH1), a dsRNA sensor. MDA5 binds long
(hundreds of bps)®’, near-perfect dsRNAs (FIC. 3. Upon
activation, MDAS5 interacts with the mitochondrial anti-
viral signalling protein (MAVS), leading to an interferon
response that severely damages the host cells®. In human
cells, alack of ADARI results in translational shutdown
and cell death owing to hyperactivation of protein
kinase RNA-activated (PKR; also known as EIF2AK2),
a dsRNA sensor®. ADARI-mediated editing of the
offending self dsRNAs disrupts their base pairing to the
extent that they are no longer recognized by MDA5, and
thereby prevents inappropriate activation of the antivi-
ral cellular immune system®°. Indeed, deletion of the
Mda5 gene in mice that have editing-deficient ADAR1
enzymes rescues their lethal phenotype and results in a
normal lifespan and normal behaviour, suggesting that
protection against autoimmunity is the only essential
role of ADARI editing®”*”".

A typical ADAR target consists of a long dsRNA
duplex, usually formed by paired inverted copies of
genomic retro-elements in introns or UTRs of the tran-
script (FIG. 4). For instance, >99% of the millions of edit-
ing sites detected in the human genome’ are located
in the primate-specific Alu repeats'*""". Alu repeats
are typically clustered in gene-rich genomic regions,
especially in introns. Pairs of inverted copies of the Alu
repeat residing within the same pre-mRNA transcript
may bind together to form dsRNA structures within
the pre-mRNA. These dsRNAs are the ideal target for
ADAR enzymes. All multicellular Metazoans screened
so far”, including corals™ (belonging to Cnidaria, an
early-branching Metazoan phylum), exhibit extensive
editing of non-coding sequences (FIC. 1c). The extent of
non-coding editing varies considerably across organ-
isms and strongly depends on the properties of the
mobile elements present in the genome™” (FIG. 4A): high
numbers of repetitive elements from lowly diverged fam-
ilies will generate large numbers of dsRNA structures
that may be potential ADAR targets. However, in all
cases studied to date, non-coding editing substantially
outweighs recoding activity, even in cephalopods, in
which recoding is extraordinarily abundant”.

It remains unclear what proportion of non-coding
editing is involved in this immune-protective func-
tion or which transcripts are likely to be recognized by
MDAS (RER®). Pairing of neighbouring inverted repeti-
tive elements results in long dsRNA duplexes, typically
hundreds of nucleotides long, which are usually stable
to a single nucleotide change. Assuming that ADARI-
mediated immune protection is achieved by destabiliz-
ing the dsRNA structure, multiple editing events would
be required in virtually every copy of a given target’s
pre-mRNA to unwind it sufficiently so that it is not rec-
ognized by MDA5. However, the majority of ADARI
targets in repetitive elements are only weakly edited;
that is, the number of inosines per RNA molecule is
often very low. For instance, human Alu editing sites are
typically edited at levels <1%, and even though dozens
of sites exist in any given Alu, the average number of
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Fig. 3 | Editing can modify protein function, generate new protein products, alter gene regulation and provide
immune protection against endogenous dsRNAs. a| If editing occurs within the coding part of a transcript, it can result
in an amino acid substitution (recoding) and a novel protein isoform. b | Editing can also generate novel protein isoforms by
disrupting splicing signals or creating new splice sites. ¢ | Editing in non-coding RNA may have regulatory implications. It
can create or destroy microRNA (miRNA) recognition sites in the untranslated region (UTR) of the transcript that may be
involved in either translational repression or mMRNA degradation. d | Editing of the miRNA sequence itself could
reprogramme the set of targets that it recognizes. e | Circular RNA (circRNA) processing could also be affected and
disrupted by editing of the parent sequence. f | However, the main and probably ancestral role of double-stranded RNA
(dsRNA)-specific adenosine deaminase (ADAR) editing is to prevent dsRNA triggering an innate immune response
mediated by melanoma differentiation-associated protein 5 (MDADb). Editing tends to unwind the secondary structure of
dsRNAs, which prevents their misrecognition as non-self by MDA5 and false activation of the innate immune system.

SINE, short interspersed nuclear element.

inosines per transcribed Alu is less than one in some
tissues’. This level of editing is unlikely to have a sub-
stantial effect on secondary structure. Moreover, the
majority of individual RNA molecules harbouring edit-
able Alu elements are not edited at all”>’*. It follows that
most of the dsRNA structures targeted and edited by
ADARI do not pose a real risk of activating the innate

immune system, presumably reflecting the require-
ment of MDAS for longer, more strongly paired dsRNA
structures. Pinpointing the critical ADARI targets that
do pose such a risk is still an unmet challenge, but the
prime candidates are those targets that are edited mul-
tiple times per copy and that are expressed only in an
extensively edited form.
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Exonization

Recruitment of a new exon
from non-protein-coding
intronic DNA, mostly from
mobile elements.

RNA editing and evolution

Editing of invading mobile elements: genome evolution
and novel recoding sites. RNA editing does not change
the genome sequence itself. Yet the editing process has
an important effect on genome evolution. In addition
to preventing an immune response to transcripts con-
taining repeat elements that have been long established
in the genome, RNA editing also facilitates the intro-
duction of new repeat elements to the genome. When a
new active mobile element integrates into a genome, it
can quickly replicate over an evolutionarily short period
of time and generate nearly identical copies at multiple
genomic locations that are often quite close together.
Unlike their more established counterparts that have
accumulated multiple mutations and diverged, these
new nearly identical repeat elements can form extremely
stable dsRNA structures when expressed as inverted
repeats; these structures are more likely to elicit a strong
MDA5-mediated immune response, resulting in severe
damage to the host cells. Thus, integration of new mobile
elements would be expected to be subject to a strong
negative selection pressure. However, these dsSRNA
structures are recognized and extensively edited by
ADARI, thereby avoiding an immune response. Thus,
RNA editing allows host organisms to tolerate the inte-
gration of new mobile elements™. The rapid turnover of
mobile elements in the genome contributes to genomic
plasticity and accelerates evolution by introducing novel
sequences, triggering recombination events and alter-
ing the function of insertion sites’”””’. RNA editing,
therefore, facilitates global genome evolution.

The extensive ADARI response to invasion of a
genome by a new active mobile element not only pro-
motes genome evolution but also presents an oppor-
tunity to introduce novel recoding sites (FIG. 4B). These
new sites are created when the mobile element is incor-
porated into protein-coding sequences by exonization or
when paired mobile elements create a duplex that acts
as an editing enhancer or inducer. It has been shown
recently that introducing inverted Alu repeats into a
transcript can induce site-selective editing at novel
recoding sites several hundred nucleotides away on the
same transcript; conversely, deletion of inverted repeats
can virtually abolish editing at nearby known recoding
sites®*2. For example, editing of a recoding site in NEIL1
depends on a primate-specific Alu-derived inducer in
an adjacent intron. Addition of this primate-specific
Alu sequence induces editing in a mouse construct®.
Furthermore, many of the most efficiently edited (>50%
editing) recoding sites conserved across mammals are
located in proximity to a nearby editing-inducing ele-
ment®. Presumably, these long duplex RNAs promote
editing by acting as ADAR recruitment elements. Thus, a
pair of inverted mobile elements newly introduced near
a coding exon could form a dsRNA structure that would
enhance editing of a neighbouring pre-existing recoding
site or even initiate recoding at a site that was not edited
before insertion of the repetitive element™ (FIC. 4Bd).

Alternatively, repetitive elements — and the editing
sites within them — may be incorporated into coding
sequences as novel exons’”*. Indeed, hundreds of Alu
elements have been exonized into coding regions of the

Fig. 4| Extent and consequences of editing in repetitive
elements. A | The extent of editing in repetitive elements
strongly depends on the repeat repertoire. In most
organisms, pairing of inverted repeats is a major source of
endogenous double-stranded RNAs (dsRNAs). However,
the number of these structures and the scope of editing
within them vary considerably across animals, with frogs
showing an order of magnitude more editing than mice’’.
This variability could be traced back to the properties of the
repeats. In mice, there are many families of abundant but
diverse repeats, including short interspersed nuclear
elements (SINEs), and the typical length of a repeat is rather
short, roughly 100 bp. Thus, pairing of similar, reversely
oriented repeats of the same family is less likely, and the
resulting structures are less stable’. By contrast, there is
only one dominant repeat family in the human genome, the
Alu SINE. Low divergence between Alu copies and the
300-bp length result in more abundant and more stable
editing targets. Finally, the frog Harbinger repeat has a
palindromic structure, enabling it to fold to a dsRNA
structure even in the absence of a neighbouring repeat,
leading to an even stronger signal’*'”*. Data in the table are
adapted from REF.”*. B | Double-stranded RNA-specific
adenosine deaminase (ADAR) activity in genomic repeats
may introduce novel proteins: Ba-Bb | Editing of a dsRNA
structure formed by repetitive elements residing within an
intron may have no effect on the resulting protein.

Bc | However, in some cases, it may create an
editing-dependent splicing site. For example, in the
appropriate sequence context, the genomic dinucleotide
AA edited to Al may be interpreted by the splicing
machinery as an acceptor splice site, resulting in a novel
exon being introduced into the protein. Bd | Alternatively,
long dsRNA structure within the intron may serve as an
editing enhancer, promoting recoding in the neighbouring
exons. Be | In addition, retroposed mobile elements are
often exonized, and, if an inverted repeat is present in the
adjacent intron, the exonized repeat is likely to include
multiple editing sites that may become recoding sites.

Bf | Finally, an exonized repeat may contain a premature
stop codon, editing of which may be necessary to prevent
nonsense-mediated decay of the transcript and enable its
translation, as is the case with the human NARF gene®.

human transcriptome®, and they are likely to have created
novel recoding sites (FIC. 4Be). A notable example is the
NARF gene. It contains a pair of inverted Alu repeats in one
of its exons, which are extensively edited in NARF tran-
scripts. In primates, editing of NARF pre-mRNA creates a
novel splicing site and recodes a stop codon, resulting in
a novel primate-specific alternatively spliced exon, which
itself contains additional recoding sites™ (FIG. 4Bf). If novel
recoding sites introduced by exonization or insertion of an
editing-inducing element result in a beneficial phenotype,
they may be selected for and maintained in the genome.

Functional recoding in different lineages. The most
probable ancestral function of ADARI is to protect
against an innate immune response to self dsRNAs.
It is therefore possible that all existing recoding sites
originated as satellites of this ancestral ADARI activ-
ity through the mechanisms described above and that
fixation of a few of these beneficial satellites allowed
recoding, which in mammals is mediated mainly by a
distinct protein, ADAR?2, to evolve as a secondary ADAR
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Synonymous substitutions
Replacement of one base by
another within a coding region
of a gene, which does not result
in an amino acid change in the
protein sequence.

Exapted

A trait, a gene or a cellular
process that has changed
function during evolution.

Adaptation

The evolutionary process by
which the genetic information
carried by a population of
organisms is adjusted to
improve their fitness to the
environment.

function. If this is the case, it would be expected that at a
sufficiently short evolutionary timescale after the crea-
tion of the new recoding sites, most would be evolution-
arily neutral or possibly mildly deleterious: only a tiny
fraction would be expected to give rise to beneficial phe-
notypes and be subject to positive selection. Indeed, a
bioinformatic analysis of human recoding sites supports
this idea®. Only a few dozen coding sites in humans are
conserved across mammalian species™, and these highly
conserved sites are believed to be functional. By con-
trast, the thousands of human-specific editing sites in
protein-coding sequences are generally non-adaptive
and slightly deleterious™. Nevertheless, a small fraction
of these species-specific sites may be beneficial. Indeed,
because of the ever-changing landscape of Alu elements
in primate genomes, there are likely to be numerous
functional recoding sites that are specific to primates and
possibly specific to humans®. Given the extremely high
similarity between the human genome and the chim-
panzee genome, identification and characterization of
even a few human-specific functional sites could be an
important contribution to our understanding of primate
evolution. However, reliable identification of such sites
is currently an unmet challenge.

In contrast to humans, hundreds of editing sites in
coding sequence have been identified that are conserved
across Drosophila spp. spanning ~60 million years of
evolution®~**, and more than 10,000 are conserved
across cephalopod species that diverged from each other
~120-220 Myr ago”. These sites show signs of positive
selection, including enrichment for non-synonymous
substitutions over synonymous substitutions. Interestingly,
virtually all recoding sites in mammals, Drosophila and
cephalopods are lineage-specific, with only a single tar-
get (the Shaker potassium channel) known to be shared
by all®. This observation is consistent with the view
that recoding sites were not part of the ancestral set of
ADAR targets but rather were exapted into the genomes
of the different lineages subsequent to their divergence,
possibly following a lineage-specific large-scale genome
invasion of mobile elements. If this is the case, screening
of more lineages is expected to reveal completely inde-
pendent sets of recoding sites of widely varying size.

The adaptive potential of recoding. Importantly, recod-
ing has the capacity to create a range of proteins from a
single DNA sequence, which provides the organism with
a new means for adaptation and the rapid development
of new traits. Unlike genomic mutations, RNA edits are
not directly transmitted to the next generation of cells.
However, editing relies on the target RNA adopting a
specific sequence-dependent secondary structure and
possibly adjacent editing-enhancing dsRNA structures,
which are determined by the genomic sequence sur-
rounding the editing sites™** %, Genomic mutations
within these regions can create novel editing sites or
fine-tune the editing levels of existing ones, and these
genomically encoded changes are heritable.

RNA editing creates a much greater level of transcript
(and therefore proteome) complexity than do genomic
mutations. A genomic mutation will be present in all
pre-mRNAs transcribed from that allele, in all cells of

the organism and under all conditions. By contrast, not
every recoding site in a given pre-mRNA molecule will
be edited, and the balance between edited and unedited
transcript versions, as well as the repertoire of different
combinations of editing in neighbouring sites, is often
dependent on the tissue”, the developmental stage® or
external conditions (FIG. 5). Thus, recoding facilitates a
much wider range of possibilities for adjusting the tran-
scriptome than do genomic mutations. RNA editing is
therefore a mechanism for heritable proteome diversi-
fication and has the potential to lead to adaptation in
response to external pressures™.

One interesting example of how RNA editing might
contribute to adaptation occurs in corals. ADAR and
editing levels in corals peak during spawning at the
time of gamete release, resulting in over a thousand
recoding events’'. Without affecting the genome, RNA
editing generates an increased tissue-specific and
condition-specific post-transcriptional diversity in the
numerous gametes being released, which can increase
the probability that at least some gametes will survive
the dynamic and varied environmental conditions
they encounter while in the early developmental stages
(FIC. 6a). However, despite the advantages of this seem-
ingly large potential for adaptation, recoding is believed
to be rather limited in the animal kingdom, except for in
cephalopods, as mentioned above. This observation sug-
gests that there are underlying mechanisms that prevent
recoding from becoming as widespread as other means
of generating transcriptome and proteome diversity,
such as alternative splicing.

Constraints on recoding as a means of adaptation. It
has recently been suggested”” that maintaining a fixed
recoding site within the genome imposes an evolu-
tionary constraint on the genomic region that encodes
the dsRNA structure recognized by ADAR proteins.
Mutations that affect the stability of this secondary struc-
ture might modify the level of editing or abolish editing
altogether®”’!. Such mutations will undergo purifying
selection so that the delicate balance between the edited
and unedited versions of the protein is maintained. If
numerous functional recoding sites exist throughout
the genome, this constraint would result in a global
slow-down of proteome evolution. In cephalopods, it
was estimated that 3-15% of the interspecies mutations
and 10-26% of the intraspecies polymorphisms were
purified owing to constraints associated with mainte-
nance of editing”’. Conversely, creation of a new editing
site requires a structure to evolve, imposing evolutionary
constraints on the surrounding sequence. This trade-off
between the transcriptome plasticity provided by RNA
editing and the genomic variation required to drive
adaptation and evolution might explain why extensive
recoding is disfavoured in most Metazoan lineages.
Another possible explanation for recoding not being
used more widely is related to its regulation. As far as
is known, editing levels are mainly regulated by two
factors: first, the local RNA sequence and structural
motifs surrounding each specific editing site; and
second, the expression level of ADAR proteins and their
regulators. The surrounding sequence is hard wired
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A-to-I RNA editing

Acclimation

The process by which an
individual organism adjusts to
a short-term change in its
environment (as opposed to
genomic changes on
evolutionary timescales, called
adaptation).
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Fig. 5| RNA editing generates transcriptomic diversity. Unlike genomic mutations, which usually affect either half or all
the transcripts expressed from a gene, editing levels vary between 0 and 100%. Moreover, RNA edits, which can be viewed
as RNA mutations, may lead to a different balance of edited and non-edited protein isoforms in different cells or tissues or
under different conditions. Newly introduced edits can therefore have a more subtle effect on phenotype than do genomic
mutations. Furthermore, while genomic variability introduced by a mutation is typically limited to two isoforms
(haplotypes), multiple editing events in a given transcript can lead to combinatorial diversity. SNP, single nucleotide

polymorphism.

because it is encoded in the genome, and its effects
are the same regardless of the cell type or tissue type,
developmental stage or external conditions. Indeed,
editing levels at specific mammalian sites are largely
consistent across tissue-matched samples from differ-
ent individuals”. Such hard-wired regulation has little
or no added adaptive value over genomic mutations. By
contrast, changes in ADAR levels might allow intricate
tissue-dependent or condition-dependent regulation”,
but all editing sites would be affected (FIC. 6b). It is pos-
sible that there are trans-regulators of RNA editing that
would allow for more complex regulation. For exam-
ple, ADAR3 serves as an editing inhibitor, probably by
competing for dsRNA substrates’””'. NEDD4-like E3
ubiquitin-protein ligase WWP2 (REF.””) and aminoacyl
tRNA synthase complex-interacting multifunctional
protein 2 (AIMP2) (REF.") also act as negative regulators
of ADAR activity, while peptidyl-prolyl cis-trans isomer-
ase NIMA-interacting 1 (PIN1) (REF.”), importin-a4
(REF.”%), 26S proteasome complex subunit SEM1
(REF.”) and heterogeneous nuclear ribonucleoproteins

A2/B1 (HNRNP A2/B1) (REF”) are positive regulators.
However, these ADAR regulators mainly affect editing
globally and probably do not allow for site-specific con-
trol of editing levels. If indeed editing regulation, by and
large, does not provide site-specific resolution, this sets
a major limitation on the use of recoding for adaptation
and acclimation. The higher the number of functional
recoding sites, the more constraints there will be on
adjusting global regulators of recoding.

Nevertheless, global regulation of recoding may
still be useful for adaptation in cases where all sites,
or many of them, are affected equally by a change in
external conditions, such as temperature or acid-
ity. Indeed, editing has been shown to be involved in
temperature responses in both Drosophila and ceph-
alopods®-'%. Presumably, a decrease in the external
temperature perturbs the energy-entropy balance
controlling protein-folding and might be mitigated
by a global increase in editing, which tends to recode
to smaller, less stabilizing amino acids'”'. Similarly,
changes in RNA editing have been associated with
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Fig. 6 | Capacity and limitations of RNA editing as a means for adaptation. a | Extensive recoding, such as that
observed in coral gametes during spawning, can increase diversity and adaptability without manipulating the underlying
genome. Numerous gametes (represented by small circles) are produced, with many different patterns of recoding
(denoted by different colours). The proteomic diversity in this population may contribute to the probability that at least
some gametes will overcome the challenges they encounter in their early developmental stages (represented by large
coloured circles) when they face dynamic and varied environmental conditions (represented by zones A-D), such as ocean
temperature and salinity. These proteomic changes are all temporal and are not present in surviving adults. b | Dynamic
regulation of editing is achieved mainly by changes in double-stranded RNA-specific adenosine deaminase (ADAR) levels.
Altered ADAR expression may lead to global changes in the editing levels, or even tissue-specific control, but do not allow
for editing regulation at single-site resolution. If indeed editing regulation does not allow for site-specific control of the
editing level, this may constrain the number of functional recoding sites.

other changes in organism-level conditions, such as
sleep'” and circadian changes'”. However, it is not yet
clear to what extent the large numbers of conserved
recoding sites in Drosophila and cephalopods play a
part in adaptation®'*1%,

Altered RNA editing as RNA mutations

Just as RNA editing events might act like genomic
mutations to drive adaptation, deregulated RNA editing
might have an effect similar to that of disease-related
genomic mutations. Altered editing could manifest as
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Somatic mutation

An alteration in DNA that
occurs after conception.
Somatic mutations are not
shared by all cells of the body.

Passenger mutations
Mutations that are caused by
genomic instability, which is
common in cancer cells, but do
not promote malignancy.

Driver mutations

Mutations that provide cancer
cells with a selective advantage
and promote malignancy.

changes in the level of recoding at known sites; crea-
tion of novel disease-specific recoding events; creation
of novel editing-assisted splicing events; or modified
editing patterns of circRNAs, miRNAs and their targets.
These aberrant editing events could be viewed as a new
class of non-heritable RNA mutation that can only be
detected by sequencing the transcriptome. However,
unlike genomic mutations, which are present in every
cell and detectable by DNA sequencing (DNA-seq),
the phenotypes associated with RNA mutations will
be dependent on a fine balance between mutant and
non-mutant transcripts, where mutant transcripts may
be expressed (and detectable by RNA-seq) only under
certain conditions, at a specific stage of a disease or in
certain cells or tissues (FIC. 5).

RNA mutations and cancer. The heterogeneity intro-
duced by editing may be exploited by tumour cells
to promote cancer progression'’. For instance, the
DNA-editing cytidine deaminase APOBEC3B has
recently been shown to increase the rate of tumour
genome evolution by introducing large numbers
of C-to-U edits into the DNA of cancer cells'"”'%,
Compared with DNA editing, A-to-I RNA editing
could provide additional variability that might depend
on tumour stage and the genomic mutation background.
For example, stage-dependent and condition-dependent
editing could be utilized to confer resistance to treat-
ment. Indeed, analysis of hundreds of cancer samples
has shown that RNA editing levels in most tumour
types are significantly higher than those in matched
normal tissue*'**''"?. The number of cancer-specific
RNA editing events is much higher than the reported
levels of APOBEC3B DNA editing and is comparable
to the total number of somatic mutation events in cancer
DNA™. These editing events are mostly concentrated in
the non-coding Alu elements, but significant differences
between editing levels in cancerous and non-cancerous
states have also been demonstrated at dozens of specific
recoding sites and miRNA editing sites***%¢%10%110,

As is the case with somatic genomic mutations,
most newly introduced RNA mutations are likely
to be passenger mutations, but a few may serve as
driver mutations and represent novel candidates with
therapeutic and diagnostic potential. A few examples
of specific RNA mutations suggested to drive cancer
have been recently studied. One occurs in the recoding
site in AZIN1 transcripts, whose editing is elevated in
hepatocellular carcinoma. The edited version of AZIN1
neutralizes the antizyme-mediated degradation of ODC
and CCND1, thus promoting cell proliferation and
contributing to cancer progression®. Driver mutations
are not limited to recoding sites. Hypo-editing of a site
within miR-455-5p has been shown to enhance mela-
noma growth and metastasis, as the unedited version
(but not the edited one) inhibits the tumour suppressor
gene CPEBI (REF.'"). Further evidence of the importance
of editing in cancer comes from the observation that
there is a significant negative correlation between the
global A-to-I RNA editing level and patient survival*-'*’.
More examples of driver RNA mutations are starting
to emerge''>'",

REVIEWS

RNA mutations and autoimmune disorders. The recent
appreciation of the connection between RNA editing
and autoimmunity has led to an increased interest in the
part editing plays in autoimmune disorders. Maintaining
precise editing levels is essential to prevent autoimmune
reactions. On one hand, ADARI editing is required to
prevent endogenous dsRNA from being mistakenly
identified as non-self by the immune system®-%>'".
Accordingly, too little ADAR activity presents a risk of
an undesired autoimmune response. In fact, mutations in
ADARI cause Aicardi-Goutiéres syndrome’’, an autoim-
mune disorder. On the other hand, the proteomic diver-
sity created by RNA editing also poses a challenge for
the immune system because it introduces novel antigenic
determinants. In order to meet this challenge, recoding
activity is very high in the thymus, the guardian of cen-
tral tolerance, where developing T cells are rendered
non-reactive to self. This strong recoding is presumably
required to train T cells to recognize the edited version
as self'”. Yet elevated or misdirected ADAR activity may
result in recoding of additional sites that were not edited
in the thymus, leading to unrecognized antigens that may
stimulate an undesired autoimmune response. Taken
together, these observations suggest that altered edit-
ing has a role in autoimmune disorders. We expect the
potential link between editing and autoimmune disease
to become an active field of study, including screening
the editomes of individuals with autoimmune disorders.

RNA mutations and other human disorders. Global alter-
ations in RNA editing might have an effect in pathologies
other than cancer and autoimmune disorders. In the few
recoding sites that have been extensively studied so far,
aberrant editing has been correlated with a number of dif-
ferent human disorders, most of which are neurological
or brain-related, including amyotrophic lateral sclerosis''¢,
epilepsy'”, depression-related suicide''®, schizophrenia
and bipolar disorder'"”. Altered editing was also observed
in fragile X models, presumably owing to the lack of a
functional FMRP protein; the interaction of FMRP protein
with ADAR has been shown to affect editing activity'*-'>%.
We expect that advances in editing screening technologies
will help to reveal more associations between the patho-
logical effects observed in a variety of disorders and RNA
mutations, which are likely to be mainly caused by misreg-
ulation of ADAR or ADAR-interacting proteins. Recently
developed computational and experimental approaches'”
are already being used to screen for altered editing in neu-
rological and brain disorders, and initial results show that
editing alterations occur in the central nervous system
after injuries'”*'?*, Alzheimer disease'”* and autism'?’.

Finally, arteries were recently shown to exhibit the
highest editing levels in human'’. Consistent with this
observation, emerging large-scale expression data have
revealed that ADAR? is highly expressed in arteries'**.
A recent study has connected atherosclerosis with aber-
rant RNA editing of a specific editing site located in the
3" UTR of the CATHEPSIN S mRNA. Editing at this site
controls mRNA stability and expression by recruiting a
stabilizing RNA-binding protein (RBP)'%. These find-
ings are likely to lead to an increased interest in the role
of RNA editing in vascular diseases.
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Nanopore sequencing
platforms

Emerging sequencing methods
by which a single molecule of
DNA or RNA can be
sequenced without the need
for PCR amplification.

Future perspectives

Recent advances in both sequencing technologies and
computational methods for detecting editing have helped
to reveal the full extent of the editome, but many ques-
tions remain to be answered and many challenges remain
to be tackled if we are to gain a fuller understanding of
RNA editing and its biological functions.

Identifying and characterizing important editing sites.
Detection methods still perform rather poorly for iso-
lated recoding sites (BOX 1), especially where interspecies
conservation cannot be utilized. Examples of such sites
include species-specific recoding sites and novel recod-
ing sites that act as disease-associated RNA mutations.
The latter are anticipated to become a major focus of
research in the near future, particularly in cancer and
inflammatory and/or autoimmune diseases. Thus,
development of better approaches for identifying novel
isolated recoding sites is an important open challenge.
In addition, emerging computational and experimental
methods for the global quantification of editing levels
have opened the door to the systematic profiling of
RNA editing changes in pathologies and are expected
to be widely used for editome screening**!0%10%117:124-127,
Technology holds the key to further improving the
identification and quantification of editing events. For
example, the nanopore sequencing platforms'* could allow
direct detection of inosines in full-length RNA mole-
cules, which would overcome many technical issues that
currently hinder editing detection''. Finally, another
challenge will be to determine which ADARI target
sites are located in dsRNAs that elicit an autoimmune
response; these are likely to be the key functional tar-
gets of ADARI, and their defining features are currently
poorly understood.

Understanding the mechanisms and functions of
editing. An increasing number of recoding sites that
are conserved within lineages are being reported. These
are likely adaptive; however, our understanding of the
implications and functions of editing at these sites
is outpaced by their rate of discovery, particularly for
non-mammalian species. The phenotype associated
with editing is often mild, potentially tissue-specific
or condition-specific, and is therefore difficult to pin-
point and characterize®. Similarly, despite many recent
advances, ADAR specificity and regulation are also only
partially understood in terms of what determines which
sites are edited, which additional proteins interact with
ADAR and affect editing, and how individual recod-
ing sites are regulated. A better understanding of these
points would facilitate improved methods for editing
detection and control of editing levels at a single-site
resolution, as well as utilization of the editing machinery
for RNA engineering.

Single-cell analysis of editome heterogeneity. Virtually
all editome screens performed so far have provided
tissue-averaged information. However, a number of
recent works have used cell-type sorted samples to
study the heterogeneity of RNA editing within tissues
and indicated that editing levels could vary substantially

between cell populations'** and even between single cells

of the same subtype'*>'*’. These results highlight the
potential of editing to contribute to intercellular diver-
sity even within the same tissue. Importantly, sites that
appear to be weakly edited when averaged across whole
tissues may be strongly edited in some individual cells.
Improvements in the achievable coverage of single-cell
sequencing methods will allow a better understanding of
the intercellular diversity created by editing.

Understanding the evolutionary history and impli-
cations of editing. Editing has been observed in all
Metazoans that have been tested to date, but species vary
considerably in terms of the general scope of editing and
the degree to which it is used for functional recoding.
Why this should be the case remains unclear and merits
further study. As discussed above, we hypothesize that
the introduction of new recoding sites is connected to
an invasion of repetitive elements into the genome; addi-
tional investigations are required to determine if the data
support this theory. The role of recoding in adaptation
is particularly interesting and requires detailed analyses
of the evolutionary route leading to fixation of a new
recoding site, the functional impact of recoding on the
target proteins and the relationship to external pressures.
Another key question is whether human-specific or
primate-specific adaptive recoding sites exist and if and
how they have contributed to the evolution of our line-
age. At the level of the individual organism, an impor-
tant advantage of recoding over hard-wired genomic
mutations is the capacity to respond to external con-
ditions over short timescales; however, it has yet to be
shown whether editing is actually used for acclimation.
Finally, A-to-I editing was recently reported in species
of bacteria and fungi lacking ADAR proteins'**~*°. It is
of interest to find out how prevalent A-to-I editing is
outside the animal kingdom, identify the responsible
enzymes and understand their evolutionary relation-
ship to the Metazoan ADARs. Revealing the mechanism
and function of editing in these species might contri-
bute to our understanding of the early evolution of the
editing world.

Utilizing ADARs for RNA engineering. Recently, the
capacity of ADAR enzymes to alter RNA sequences
at specific positions has been harnessed to probe
and manipulate RNA. For instance, in targets of
RNA-binding proteins identified by editing (TRIBE),
the deaminase domain of ADAR is fused to an RBP
of interest in order to detect its RNA targets; when the
ADAR-RBP fusion protein binds to an RNA molecule,
it converts nearby adenosines to inosines, which can be
identified using RNA-seq'”” (FIG. 7a). More excitingly,
ADAR is now being used for RNA engineering (FIG. 7b).
Using a specific guide RNA, ADAR enzymes are tar-
geted to edit a specific adenosine of choice. Successful
in vivo targeting of specific locations was demonstrated
to correct genetic mutations associated with several
diseases'**'* or to control protein localization by tar-
geting an editing switch introduced into the transcript
of choice'*. Currently, these approaches are not sensi-
tive enough to rely on endogenous ADAR expression

www.nature.com/nrg

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



REVIEWS

a b ) )
Genomic mutation
[ EEENEYY —
I » I A
I Mutated transcript

[ ] A AA
-RBP . QeDaAn’l}inase Chimaeric ADAR-based Endogenous ADAR-based
d . targeted RNA editing targeted RNA editing
iR Nt omain "

binding site for RBP

ADAR
N ST a—— deaminase
domain

CRISPR-Cas-based

I targeted RNA editing
I B
———
[ ] I I1 deaminase

domain

Detection of RBP targets
by RNA-seq analysis

RNA-level reversion
1

—> —

Fig. 7 | Utilizing ADARs for RNA probing and engineering. a| Targets of RNA-binding proteins identified by editing
(TRIBE)**” is a method that enables identification of the targets of an RNA-binding protein (RBP) of interest. It involves fusing
the RBP of choice with the deaminase domain of double-stranded RNA (dsRNA)-specific adenosine deaminase (ADAR).
The fusion protein leaves an inosine trace on the RNA targets of the RBP, which can be readily detected by sequencing the
RNA and looking for A— G mismatches. b | ADARs can be directed to specific nucleotides within the transcriptome to
manipulate the RNA sequence without affecting the genome. Three main approaches for ADAR-based RNA engineering
have been considered. The first approach (left) uses an engineered version of ADAR that consists of the deaminase domain
fused to an antisense RNA oligonucleotide. The antisense RNA guides the complex to its target and serves as a template for
the dsRNA structure required for ADAR function'****. An alternative approach (right) delivers only the guide RNA, which
forms a dsRNA that recruits endogenous ADARs. The dsRNA structure was designed to mimic that of the mammalian Q/R
site of the glutamate receptor 2 (GRIA2), the classic fully edited ADAR? target'**'*!. This method might have an advantage
in terms of specificity, avoiding promiscuous unintended edits that currently accompany ADAR transfections. However, so
far, the expression levels of the endogenous ADAR enzyme are insufficient for effective editing and ectopic expression of
ADAR?2 is needed. A third approach (middle) increased the efficacy of targeted editing by engineering a catalytically
inactive Cas13 protein fused with the deaminase domain of ADAR2 (REF.*’). RNA-seq, RNA sequencing.

and suffer from extensive off-target editing'*'. Future
progress in understanding the rules determining the
selectivity of ADARs may make these approaches more
attractive and possibly even allow them to be applied in
clinical settings.

Conclusions

Three decades ago, ADARs were first reported as
enzymes that unwind dsRNA structures'**-**“. Shortly
thereafter, their capacity to recode mRNA to create
novel protein isoforms was discovered®, and the hand-
ful of identified recoding sites became the main focus of
research. Now it is clear that recoding, though impor-
tant, represents only a tiny fraction of ADAR target

RNAs. Furthermore, the recent observation that deletion
of MDAS5 rescues the lethal phenotype of mice lacking
ADARI function™ has challenged the notion that recod-
ing is the major biological function of ADARs. Instead,
it now seems that the primordial function of the widely
expressed ADARI protein is to unwind endogenous
dsRNA structures that would otherwise elicit an innate
immune response®-*° — the very function that was first
assigned to the enzyme in the early pioneering works.
Recoding events are merely a side effect of this RNA
processing activity and are mostly non-adaptive and
non-functional®®”’. New computational methods and the
availability of much larger data sets have helped to show
that adaptive, conserved recoding occurs in mammals
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