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Abstract Adenosine to inosine editing (A to I editing) is a
cotranscriptional process that contributes to transcriptome
complexity by deamination of adenosines to inosines. Initial-
ly, the impact of A to I editing has been described for coding
targets in the nervous system. Here, A to I editing leads to
recoding and changes of single amino acids since inosine is
normally interpreted as guanosine by cellular machines. How-
ever, more recently, new roles for A to I editing have emerged:
Editing was shown to influence splicing and is found massive-
ly in Alu elements. Moreover, A to I editing is required to
modulate innate immunity. We summarize the multiple ways
in which A to I editing generates transcriptome variability and
highlight recent findings in the field.

Introduction

The burst in genome sequencing has led to the surprising
insight that genomic complexity does not reflect biological
complexity. Instead, a similar number of genes can be found
in organisms as different as nematodes, insects, or mammals
(Szathmary et al. 2001). However, proteomic complexity may
well correlate with biological complexity and, therefore, may
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solve this paradox of modern biology (Licatalosi and Darnell
2010; Sabin Leah et al. 2013; Sie and Kuchka 2011). Proteo-
mic complexity can be generated by protein modifications and
transcript variations. Main mechanisms to introduce transcript
variation are alternative splicing and RNA-editing. Indeed,
alternative splicing is most abundant in mammalian neuronal
tissues consistent with its role in generating transcript diversi-
ty (Barbosa-Morais et al. 2012). Similarly, the number of iden-
tified RNA-editing sites is highest in neuronal tissues both in
mammals and invertebrates (Alon et al. 2015; Tariq and
Jantsch 2012). While the impact of alternative splicing on
transcriptome complexity is established since many years,
the contribution of RNA-editing to transcriptome variation
has only been studied systematically since the advent of
deep-sequencing technologies.

In mammals, primarily two types of nucleotide deamina-
tion drive RNA-editing. Cytidine deamination by APOBECs
leads to the conversion of cytidines to uridines (Blanc and
Davidson 2003; Blanc and Davidson 2010). This type of
RNA-editing was first believed to be rare but was recently
shown to be abundant in noncoding parts of the transcriptome
(Rosenberg et al. 2011). Adenosine to inosine deamination (A
to I editing), on the other hand, is accomplished by adenosine
deaminases acting on RNAs (ADARs). Two catalytically ac-
tive ADARs, ADARI1 and ADAR2, are found in mammals
(Kim et al. 1994; Maas et al. 1996; Melcher et al. 1996). Both
enzymes bind double-stranded RNAs and have overlapping,
yet distinct substrate specificities (Melcher et al. 1996). A
third protein (ADAR3) apparently lacks enzymatic activity
(Chen et al. 2000; Schneider et al. 2014).

In early bioinformatic approaches aimed at comparing
transcriptomic and genomic data, about 100,000 A to I editing
events have been discovered (Athanasiadis et al. 2004; Blow
et al. 2004; Kim et al. 2004; Levanon et al. 2004; Levanon
et al. 2005; Morse et al. 2002). With the advent of deep-
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sequencing technologies, the number of identified A to I
editing events rapidly expanded to over two million edited
sites in the human transcriptome (Li et al. 2009; Peng et al.
2012; Porath et al. 2014; Ramaswami et al. 2012; Ramaswami
et al. 2013). The majority of these sites have been collected
in two public databases: DARNED (http://darned.ucc.ie/) and
RADAR (http://maedit.com/) (Kiran et al. 2013; Ramaswami
and Li 2014). The most recent deep-sequencing study even
suggests that over 100 million sites in the human tran-
scriptome might be subjected to A to I editing, albeit many
sites may only be targeted at very low levels (Bazak et al.
2014a). In mammals, a few hundred A to I editing events
can recode mRNAs resulting in the translation of proteins that
differ from their genomically encoded versions (Li et al.
2009). In contrast, the above-mentioned millions of editing
events are largely located in the noncoding parts of mRNAs
(Athanasiadis et al. 2004; Levanon et al. 2004). However, the
biological consequences of editing events in noncoding parts
of'the transcriptome are only partly understood (Fig. 1). These
range from RNA destabilization via inosine-specific cleavage,
over changes in the folding of RNA, to inosine-dependent
suppression of immune responses (Mannion et al. 2014; Vitali
and Scadden 2010).

In this review, we will focus on different aspects of A to I
editing and its impact on mammalian transcriptomes. Starting
with a brief overview of the different editing enzymes, we
continue with a comparison of specific and promiscuous
editing as well as editing in coding substrates and repetitive
elements. We will also focus on the conservation of editing,
the coupling of editing and splicing, the regulation of A to I
editing, and finally we briefly highlight quite recent findings
on the involvement of A to I editing in the innate immune
signaling and the antagonistic role of ADARI in circular
RNA generation. For the impact of A to I editing on small
RNA s such as miRNAs, we would like to direct the reader to
the following reviews: Hundley and Bass (2010), Nigita et al.
(2015), and Nishikura (2010).

The ADAR class of enzymes

In mammals, two catalytically active ADAR enzymes are
known: ADAR1 and ADAR2 (ADARBI1). ADARI is ubig-
uitously expressed. Mice deficient of ADARI1 die between
embryonic days 11.5 and 12.5, apparently due to hematopoi-
etic defects and widespread apoptosis presumably induced by
massive interferon signaling (Hartner et al. 2004; Hartner et al.
2009; Vitali and Scadden 2010; Wang et al. 2004). Mice lack-
ing ADAR?2 die from seizures within 3 weeks after birth
(Higuchi et al. 2000). Interestingly, this dramatic phenotype
can be rescued by the expression of a pre-edited allele
encoding glutamate receptor subunit 2 (Gria2), suggesting
that Gria2 RNA may be the major substrate of ADAR2.
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Fig. 1 Adenosine to inosine RNA-editing affects the transcriptome in
multiple ways. Effects of A to I editing range from recoding of amino
acids, consequences for alternative splicing, and links to the innate
immune response. For details, please refer to the text

For ADARS3, a third ADAR protein, no catalytic activity has
been detected to date, and expression was only seen in the brain
(Chen et al. 2000; Schneider et al. 2014). In contrast, ADAR1
and ADAR?2 are expressed in a wide range of tissues. Two
isoforms of ADARI1 are known: ADARI1-p150 (150 kDa in
size) has an interferon inducible promoter, whereas ADAR1-
p110 (110 kDa) is constitutively expressed (George and Samuel
1999; Patterson and Samuel 1995; Patterson et al. 1995).

All ADAR family members are structurally similar (Fig. 2).
They contain two (ADAR2) or three (ADAR1) double-
stranded RNA binding domains (dsRBDs) in the N-terminal
part and a deaminase domain at the C-terminus (Nishikura
2010). In addition, ADAR1-p150 harbors two Z-DNA bind-
ing domains at the N-terminal end, whereas ADAR1-p110
only harbors one Z-DNA domain (Athanasiadis et al. 2005;
Schade et al. 1999). ADAR2 shows no N-terminal extension
while ADAR3 contains an arginine-rich domain at the N-
terminal end (Chen et al. 2000). It has been proposed that
ADARI1 and ADAR2 act as homodimers but also
heterodimer-formation has been observed (Chilibeck et al.
2006; Cho et al. 2003). For an in-depth review of the ADAR
enzyme family, domain organization, and protein function, we
would like to point the reader to the review by George et al.
(2011).

Site-specific versus promiscuous editing
and conservation of editing

With about two million identified editing sites, it is a challenge
to focus on sites that are exclusively relevant to a specific
phenomenon. For instance, several studies have suggested
that certain repetitive structures (Alu elements) act as binding
platforms or baits for ADARs, increase the local concentration
of the proteins, and thereby ultimately increase the editing
frequency of sites in the vicinity of the repetitive element
(Daniel et al. 2014; Daniel et al. 2012). Thus, in this case,
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Fig. 2 The ADAR protein family. Four different ADAR proteins have
been identified in mammals. Here, the domain organization is shown. All
ADAR proteins contain a deaminase domain (/ight blue) at the C-terminal
end and a variable number of double-stranded RNA binding domains
(dsRBDs, green). Z-DNA binding domains (red) are specific for ADAR1
isoforms, whereas the single-stranded RNA-binding R-domain (purple)
is unique for ADAR3

editing within the repetitive sequence might only be a side
effect of ADAR binding, but itself not be of physiological
relevance. Therefore, it may be useful to classify A to I editing
sites in order to focus on subsets of sites. Here, one can follow
different criteria: For instance, a distinction between site-
selective and promiscuously or hyperedited sites appears very
useful (Wahlstedt and Ohman 2011). Site-selective sites often
lie within coding regions whereas promiscuous sites are typ-
ically found in repeat-rich regions that primarily reside in non-
coding parts of a given transcript. Site-selective events are
typically located at highly conserved positions within tran-
scripts and edited with higher frequencies. Moreover, it has
been shown that at least the ADAR2 protein binds site-
selective sites with higher affinity compared to promiscuously
edited sites (Klaue et al. 2003). Promiscuously edited sites, in
contrast, typically occur in clusters and frequently represent
the length of a repetitive element that folds back on itself. In
most cases, editing frequencies are lower at promiscuously
edited sites versus site-selective sites. Nevertheless, promiscu-
ous editing events might be still conserved, but conservation is
typically much lower compared to site-selective sites (Pinto
et al. 2014).

Obviously, conservation is another category to classify
editing sites. Many editing sites cluster into species-specific
repeat regions. For instance, the majority of human RNA-
editing sites is located in Alu elements (Ramaswami et al.
2012). Therefore, mice do not share these editing sites with
humans since Alu-elements are primate specific. Instead, the
mouse genome contains other classes of repetitive elements
like B1 and B2 SINEs (short interspersed nuclear elements),
which are not found in humans. Consequently, most editing
sites in mice cluster in B1 or B2 elements (Danecek et al.
2012). Only a small number of sites—mostly located in
protein-coding regions—are conserved between mouse and
human (Li et al. 2009). Pinto and colleagues have thoroughly
addressed mammalian editing sites and defined a set of

conserved sites throughout the mammalian clade (Pinto et al.
2014). They identify a set of 59 sites conserved between mice
and humans. Moreover, almost all of these sites conserved
between mouse and human are also edited in cattle and rat.
Generally, conserved sites have higher editing levels, fre-
quently locate to exonic sequences, and lie mostly within
genes associated with the central nervous system. Interesting-
ly, the authors also identify 17 sites that are highly conserved
but locate to introns (Pinto et al. 2014). These might be inter-
esting sites for further studies as an obvious reason for their
conservation is lacking. Finally, most conserved sites exhibit
similar editing levels in mouse and human, arguing for phys-
iological importance of this tight regulation.

A to I editing and its impact on coding targets

The work of several laboratories has allowed identification of
a few hundred editing sites in protein-coding regions. How-
ever, as A to I editing has been first established for transcripts
expressed in the central nervous system, we will first highlight
recoding events in two well-studied, brain-specific targets: the
Gria2 (GluR-B) substrate coding for the glutamate receptor
subunit B and the transcript coding for serotonin 2C receptor
(HTR2C). In the Gria2 substrate, A to I editing leads to
recoding at two different sites that either affect desensitization
kinetics of the receptor (R/G site) (Lomeli et al. 1994) or
regulate permeability of the ion channel (Q/R site) (Hume
et al. 1991; Verdoorn et al. 1991). Lack of editing at the Q/R
site leads to epileptic seizures and death in mice (Higuchi et al.
2000) and has been associated with human diseases like
amyotrophic lateral sclerosis (ALS) or malignant gliomas
(Kawahara et al. 2004; Kwak and Kawahara 2005; Maas
et al. 2001; Takuma et al. 1999). When a Gria2 pre-mRNA,
constitutively edited at the Q/R site is expressed in ADAR2
null mice, lethality is rescued, suggesting that the Gria2 Q/R
site is the major substrate for ADAR2 (Higuchi et al. 2000).
HTR2C encodes the serotonin receptor. Here, editing takes
place at five sites in exon 5, which yields up to 24 different
protein isoforms and modulates protein interaction, desensiti-
zation, and trafficking of HTR2C isoforms (Burns et al. 1997;
Marion et al. 2004). Interestingly, mice with altered editing of
the serotonin 2C receptor mRNA exhibit characteristics of the
Prader-Willi syndrome, suggesting that editing of the pre-
mRNA is crucial (Morabito et al. 2010). Besides the Gria2
and HTR2C genes, A to I editing events leading to amino acid
exchanges have been characterized for a number of protein-
coding genes: Editing of the NEILI pre-mRNA, for instance,
leads to an arginine to lysine exchange and modulates the
lesion specificity of the NEIL1 DNA repair enzyme (Yeo
etal. 2010). AZIN1 editing, on the other hand, has been linked
to hepatocellular carcinoma (Chen et al. 2013). Editing of the
voltage-gated potassium channel Ky/1.1 affects recovery from
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inactivation (Bhalla et al. 2004). For a more thorough review
regarding protein-coding targets, we would like to redirect the
reader to two review articles from our group: (Pullirsch and
Jantsch 2010; Tariq and Jantsch 2012).

Clearly, A to I editing plays a crucial role in recoding brain-
specific transcripts. This might potentially reflect the need for
increased diversity of neuronal ion channels and receptors.
However, comparison of editing levels in the FinA transcript
in different mouse tissues has shown very high editing levels
in the stomach, lung, or large intestine. In contrast, editing
levels in brain regions like cortex or cerebellum are only mod-
erate (Stulic and Jantsch 2013). In accordance with previous
data (Wahlstedt et al. 2009), the editing levels of FInA were
also found to increase during development and reach highest
levels in adult tissues. Therefore, these data suggest that A to I
editing in coding regions might not only affect brain-specific
targets, but also have a previously unappreciated impact out-
side the nervous system.

When comparing the occurrence of A to I editing sites in
invertebrates and vertebrates, a strong shift of editing sites
from protein-coding regions to nonprotein-coding regions of
the transcriptome becomes evident. St Laurent et al. identified
several hundred conserved editing sites leading to amino acid
exchanges suggesting a widespread role of editing in
Drosophila (St Laurent et al. 2013). In comparison, the num-
ber of conserved nonsynonymous editing sites is strongly de-
creased in mammals where only about 50 conserved editing
sites are known (Pinto et al. 2014). Moreover, a very recent
deep-sequencing study revealed 57,108 recoding sites in the
squid nervous system (Alon et al. 2015). This clearly demon-
strates the importance of mRNA-recoding by A to I editing in
Drosophila and squid, suggesting that nonsynonymous A to I
editing may be more important for invertebrate species com-
pared to mammals, where editing is more dominant in non-
coding parts of the transcriptome (Peng et al. 2012;
Ramaswami et al. 2012).

A to I RNA-editing in Alu elements

More than 90 % of editing in the human transcriptome occurs
in Alu elements (Athanasiadis et al. 2004; Bazak et al. 2014a,
b; Levanon et al. 2004). Alu elements are conserved, ~300
nucleotide long repeats that belong to the SINE family of
retrotransposons found abundantly in primate genomes. Alu
elements are not distributed randomly in the genome
(Cordaux and Batzer 2009). They are enriched in gene-rich
regions, where they are located within noncoding segments of
transcripts, such as introns and untranslated regions (Versteeg
etal. 2003). It was shown that editing is favored when two Alu
elements in genes are located in inverted orientation and their
distance is shorter than 2 kb (Fig. 3a). This observation sug-
gests that these Alu elements can form double-stranded
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structures and therefore are a substrate for ADAR editing
(Athanasiadis et al. 2004). In a recent study, Bazak and col-
leagues studied the features that contribute to the “editability”
of Alu elements on a genome-wide scale (Bazak et al. 2014b).
They confirm that the distance between two adjacent inverted
Alu elements is the most important feature: short distances
between two Alu elements increase the editability, and the
distance alone accounts for about 30 % of the variability in
Alu editing. Other factors such as the length of Alu elements,
Alu subfamiliy, and sequence identity only add minor vari-
ability. Moreover, editability is higher if both Alu elements
reside in the same exon or intron. However, all investigated
factors only contribute to about 1/3 of editing variability. This
indicates that other features specific to the context of individ-
ual Alus are important as well.

The role of widespread Alu RNA-editing is not well under-
stood. However, a number of studies have been conducted to
shed light on this aspect of A to I editing. It has been proposed
that edited Alu elements can regulate mRNA expression. Sev-
eral independent studies have shown that inverted Alu ele-
ments in the 3'UTRs of mRNAs strongly repress gene expres-
sion. However, the underlying molecular mechanisms seem
not fully elucidated, and different pathways have been pro-
posed to explain the reduction (Capshew et al. 2012; Chen
et al. 2008). For instance, it was proposed that highly edited
Alu elements bind to p54nrb, an RNA-binding protein show-
ing high preference for inosine-containing RNAs. Binding of
p54nrb, in turn, would prevent mRNA export to the cytoplasm
(Chen and Carmichael 2008; Chen et al. 2008; Hu et al. 2015).
Also, inverted Alu elements, highly edited in this case, may
present a platform for the recruitment of RNA binding pro-
teins. Therefore, inverted Alu elements in mRNAs - edited or
nonedited - might serve as a platform for dsSRNA binding
proteins that modulate mRNA localization, translation, pro-
cessing, or modification (Prasanth et al. 2005).

A major effect of Alu elements on the primate tran-
scriptome is the introduction of new exons in existing mRNAs
(Schmitz and Brosius 2011). Alu elements consist of two arms
separated by poly(A) sequences. When they are inserted in
the gene in antisense orientation, the poly(A) sequence is
transcribed as a poly(U) tract that potentially acts as a
polypyrimidine tract and might change splice patterns
(Deininger 2011). Moreover, there are 9 potential 5’ splice
sites and 14 potential 3’ splice sites located within the consen-
sus sequence of Alu elements. A few mutations within the
potential 3’ or 5’ splice sites are sufficient to create a new exon.
Similarly, editing in inverted Alu sequences can promote the
exonization of Alu elements in the transcriptome. Indeed, it
has been shown that editing can create new splice sites (Sela
et al. 2007; Sorek et al. 2002). For example, nuclear prelamin
A recognition factor (NARF) has an Alu-exon which is regu-
lated by editing (Lev-Maor et al. 2007). Here, RNA-editing
can create a 3’ splice site (Fig. 3b) and also eliminates a
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Fig. 3 Alu elements and their role in A to I editing. a Alu elements
frequently reside in noncoding regions of genes (e.g., 3’ UTRs). If two
Alu elements (depicted in blue and red) are located in inverted
orientation, they can form double-stranded structures and therefore be
targeted by ADAR proteins. CDS = protein coding sequence. b Alu

premature stop codon within the Alu-exon. It has been sug-
gested that 5 % of all alternatively spliced exons were origi-
nally derived from Alu elements (Sorek et al. 2002). There-
fore, Alu elements and RNA-editing within them may in-
crease transcriptome variation and accelerate primate evolu-
tion. However, in most cases, Alu exonization disrupts the
transcript structure and affects protein function (Varon et al.
2003). Recently, a protection mechanism against Alu
exonization and the production of aberrant mRNAs was pro-
posed (Zarnack et al. 2013). It was shown that the RNA bind-
ing protein hnRNP C can bind cryptic splice sites in Alus and
thereby prevent recognition of Alu elements by the splicing
factor U2AF65.

In sum, editing in Alu elements clearly contributes to tran-
scriptome diversity. Most importantly, Alu elements are pri-
mate specific, and many of the editing sites in Alu elements
only occurred very recently in the evolution of the great ape
lineage (Ramaswami et al. 2013). Thus, it is tempting to spec-
ulate that Alu elements themselves and editing in Alu ele-
ments are major driving forces for human evolution (Levanon
and Eisenberg 2015).

Two intrinsically coupled RNA processing events:
pre-mRNA splicing and A to I editing

Both adenosine to inosine editing and alternative splicing con-
tribute to diversification of mammalian transcriptomes and
dramatically increase the number of transcript isoforms that
can be generated from a given gene. Interestingly, ADARI1
and ADAR?2 have been found associated with spliceosomal

: Exon 9 |3'

elements may also integrate into intronic regions. As shown for the
NARF pre-mRNA, two Alus form double-stranded structures and
therefore are edited. Editing leads to creation of an additional 3’ splice
site (3'ss) and thereby an alternative exon (AluEx) is created using an
already existing 5" splice site (5'ss)

proteins (Raitskin et al. 2001). Similar to other posttranscrip-
tional processes, mRNA-splicing is coordinated with tran-
scription via the C-terminal domain of RNA-polymerase 11
(pol-IT CTD) (Maniatis and Reed 2002). Therefore, it seems
likely that A to I editing—per definition a nuclear, posttran-
scriptional mMRNA processing step—might be integrated with
other processing steps following transcription in a similar way.
Indeed, it has been shown that the CTD is essential for effi-
cient auto-editing of the ADAR2 pre-mRNA (Laurencikiene
et al. 2006). The observation that both exonic editing sites in
the Gria2 transcript lie close to 5’ splice sites has risen the
notion that editing at these sites might be linked to splicing.
The so-called R/G editing site in Gria2 is located at position
—2 (relative to the next downstream exon-intron boundary).
Editing is directed to this site by base-pairing of the region
surrounding the editing site with a base-complementary re-
gion, located in the next downstream intron, called the editing
complementary site (ECS). Binding of ADARs but also the
base-pairing of the ECS with the site surrounding the edited
adenosine might therefore interfere with base-pairing of the
spliceosomal U1 snRNA which needs to access the 5’ splice
site. Moreover, once edited, the inosine located at position —2
may also interfere with the base-pairing of U1 snRNA (Schoft
et al. 2007). In all cases where the double-stranded structure
required to define the editing site is generated by the
basepairing of intronic and exonic sequences, editing must
happen prior to splicing since the ECS required for ADAR
targeting is located within the intron (Higuchi et al. 1993).
Thus, removal of intronic ECSs by splicing will prevent
editing and thus control the extent of editing. Consistently,
an RNA-seq approach to determine editing levels in nascent
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RNA suggested that editing occurs cotranscriptionally before
the bulk of introns has been removed (Rodriguez et al. 2012).

Initial evidence that editing can indeed influence splicing
comes from two observations: In the ADAR2 knockout
mouse, the ratio of the stubstrate Gria2 pre-mRNA versus
mature RNA is shifted. Levels of Gria2 pre-mRNA increase
in the knockout mouse whereas mRNA levels drop (Higuchi
et al. 2000). In addition, it has been reported that aberrant
editing in Drosophila leads to exon skipping in the para tran-
script (Reenan et al. 2000). Consequently, Bratt and Ohman
determined how editing and splicing interact at the Gria2 R/G
site. They show clear interference of both processes. Appar-
ently, the stem required for ADAR2 binding reduces splicing
efficiency in vitro, but does not affect splicing in vivo (Bratt
and Ohman 2003). More recent data even suggest that editing
itself can reduce splicing of intron 13 in Gria2 and thereby
affect a downstream alternative splicing event (Penn and
Greger 2009; Schoft et al. 2007). Here, it was proposed that
the pol-II CTD enhances editing at the R/G site by inhibiting
splicing of the adjacent intron in order to ensure that the
editing competent stem formed between exon and intron is
preserved (Ryman et al. 2007).

Still, events at the second editing site in the Gria2 transcript
are most interesting. As mentioned, Q/R site editing in Gria2
is essential for viability (Higuchi et al. 2000). In adult mice,
editing at this site reaches almost 100 % in the mature mRNA.
Editing at the Q/R site in exon 11 is also accompanied by
editing events in the adjacent intron 11, clustering at positions
+60 and +262-264 relative to the Q/R site, called hotspot 1
and hotspot 2 (Fig. 4a) (Higuchi et al. 1993). Editing at these
hotspots in intron 11 of the Gria2 pre-mRNA is required for
efficient intron removal and thus export of the mRNA to the
cytoplasm (Fig. 4b) (Penn et al. 2013; Schoft et al. 2007).
Editing at the intronic hotspots 1 and 2 might therefore be a
control mechanism for efficient Q/R site editing in the mature
mRNA. Intronic (and exonic) editing events ensure that only
edited pre-mRNA is subjected to splicing, underlining the
importance of this particular editing event (Penn et al. 2013;
Schoft et al. 2007). Consistently, Penn and colleagues show
that after knockdown of ADAR?2 in cultured neurons, Gria?2
Q/R site editing remains unaffected, suggesting that the “safe-
guard” mechanism can efficiently compensate for varying
ADAR?2 levels (Penn et al. 2013). In addition, the pol-II
CTD apparently inhibits excision of intron 11 downstream
of the Q/R site and thereby helps to ensure that editing pre-
cedes splicing (Ryman et al. 2007).

Base-pairing between exonic and intronic sequences also
has been shown to regulate alternative splicing and editing of
the HTR2C pre-mRNA (Flomen et al. 2004; Grohmann et al.
2010) (Fig. 5a). Moreover, in the ADAR2 pre-mRNA, an
intronic AA dinucleotide can be subjected to editing and con-
verted to A(I), and subsequently recognized by the splicing
machinery as the terminal AG dinucleotide of a 3’ splice site
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(Rueter et al. 1999). Ultimately, this alternative splicing event
results in the inclusion of another 47 nucleotides into the
mRNA that leads to a frame shift causing premature termina-
tion of translation. This, in turn, autoregulates the levels of
active ADAR2 in the cell (Rueter et al. 1999). Editing may
not only influence splicing events in close proximity. Indeed,
Agrawal and Stormo provide evidence that editing efficiency
correlates with a distant downstream alternative splicing event
in Drosophila (Agrawal and Stormo 2005).

Finally, a series of studies aimed at unravelling global in-
teractions between editing and splicing. Solomon et al. ob-
served changes in alternative splicing upon knockdown of
ADARUI in human cell lines (Solomon et al. 2013). However,
many changes in splicing could not be linked to nearby editing
events. Instead, it appeared that A to I editing was modulating
trans-acting factors involved in the splicing process (Solomon
et al. 2013). Similarly, a comprehensive analysis of A to I
editing in Drosophila suggests that editing might promote
alternative splicing by targeting transcripts that code for
RNA binding proteins (St Laurent et al. 2013). Interestingly,
Noval—a brain-specific alternative splicing factor—can be
edited, and evidence suggests that editing leads to increased
protein half-life (Irimia et al. 2012). Additionally, Noval itself
affects alternative splicing of several edited transcripts (Irimia
et al. 2012) thus supporting the Drosophila data (St Laurent
et al. 2013). Still, St Laurent et al. show that edited transcripts
exhibit more complex alternative splicing patterns compared
to transcripts that are not edited. However, when comparing
wild-type and Drosophila ADAR null flies, this ratio did not
change. Thus, the increase in editing in transcripts undergoing
complex alternative splicing might rather be the consequence
of alternative splicing and not the cause for alternative splic-
ing. An earlier study supports this result and suggests that
alternatively spliced exons are edited with higher frequency
(Rodriguez et al. 2012). In sum, the global approaches that
addressed the connection between editing and splicing sup-
port the general view that editing can lead to recoding in RNA
binding proteins and thereby indirectly cause alternative splic-
ing events. Vice versa, changes in (alternative) splicing might
also lead to changes in editing frequencies.

Regulation of A to I editing activity and factors that
determine editing efficiency

Editing levels in coding and noncoding regions of mRNAs
range from barely detectable to almost 100 % (Li et al.
2009). Moreover, editing frequencies substantially differ in
various tissues and generally increase during development
(Stulic and Jantsch 2013; Wahlstedt et al. 2009). Interestingly,
ADAR protein levels are not increased accordingly and stay
relatively constant during development as seen by immuno-
blotting (Wahlstedt et al. 2009). Thus, differences in
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Fig. 4 Tight regulation of A to | A
editing and mRNA splicing at the
Gria2 Q/R site. a The Q/R editing
site in exon 11 (blue) forms an
editing competent stem with the
downstream intron 11 (gray).
Two additional editing hotspots
are located in the intron. Editing
sites are marked by red dots. ECS
= editing complementary site. b
Editing at hotspots 1 and 2 has to
take place in order to allow
efficient removal of intron 11 by
splicing. Apparently, intronic
editing acts as a safe-guard to
ensure efficient editing at the Q/R B
site in exon 11. For details, please

refer to the text. Editing sites are

marked by red dots. Green arrows

indicate that editing enhances
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expression of the deaminase cannot explain the increase of
editing during development (Wahlstedt et al. 2009). Instead,
these findings argue for a tight control of editing levels and
suggest that other factors might regulate A to I editing (Fig. 6).
Still, autoregulation of ADAR?2 in mice, where editing of the
ADAR?2 pre-mRNA leads to a novel splice site that in turn
generates a nonfunctional mRNA, represents a major mecha-
nism to keep ADAR2 protein levels constant (Rueter et al.
1999). Loss of ADAR2 autoregulation leads to altered

A Exon 2
ECS
I
_I_——)
Exon 1 AS|
B Exon 2
I
Exon 1 AS|

Fig. 5 A double-stranded RNA structure is required for ADAR binding.
a The double-stranded structure is frequently formed between exons (first
exon depicted in blue, second in red) and introns, b but can also be
formed within exons. ECS = editing complementary site

355: Exon 12 I

editing hotspots

ADAR?2 protein expression and significant changes in editing
of several ADAR?2 editing substrates (Feng et al. 2006).
ADARI1 and ADAR2 enzymes are dynamically associated
with the nucleolus (Desterro et al. 2003; Sansam et al.
2003). Both enzymes constantly shuttle between nucleolus
and nucleoplasm. Upon expression of editing substrates,
ADARI and ADAR?2 delocalize from the nucleolus to the
nucleoplasm (Desterro et al. 2003). This suggests that editing
activity is regulated by shuttling of the proteins between nu-
cleolus and nucleoplasm. Enhanced translocation of ADAR2
to the nucleoplasm results in increased editing of ADAR2
substrates (Sansam et al. 2003). The default localization to
the nucleolus might also prevent ADAR enzymes from
editing the “wrong” substrate. Interestingly, several lines of
evidence suggest that small nucleolar RNAs (snoRNAs) play
a role in regulating editing activity. The snoRNA MBII-52
matches a nucleotide tract in the HTR2C pre-mRNA and ap-
pears to specifically inhibit editing efficiency in the HTR2C
transcript (Vitali et al. 2005). Moreover, in a mouse model that
lacks expression of MBII-52, editing levels of the HTR2C
transcript are significantly elevated, clearly demonstrating
the contribution of MBII-52 to editing (Doe et al. 2009).
ADARI isoforms do not only shuttle between nucleolus
and nucleoplasm but do also shuttle between nucleus and
cytoplasm (Nie et al. 2004; Strehblow et al. 2002; Yang
et al. 2003a, 2003b). Since ADAR enzymes primarily act on
nuclear pre-mRNA, this phenomenon might also control nu-
clear editing activity. Moreover, a couple of protein factors
have been implicated in regulating editing activity. The
phosphorylation-dependent prolyl-isomerase Pinl is a
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Fig. 6 Factors that determine or
regulate adenosine to inosine
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positive regulator of ADAR?2 editing activity by enforcing its
stabilization and localization to the nucleus (Marcucci et al.
2011). In Pinl-deficient mouse embryonic fibroblasts,
ADAR2 mislocalizes to the cytoplasm resulting in
underediting of Gria2. The E3 ubiquitin ligase WWP2 is a
negative regulator of ADAR2 (Marcucci et al. 2011). It pro-
motes ubiquitination and subsequent degradation of ADAR?2.
The proteins RPS14, SFRS9, and DDX15 act as site-specific
repressors of editing (Tariq et al. 2013). For instance, RPS14
and SFRS9 negatively affect editing of the cyFIP2 transcript.
Expression of RPS14, SFRS9, and DDX15 decreases during
brain development. This observation might—at least in part—
explain the increase of editing levels during development.
DSS1/SHFM1 and hnRNP A2/B1 are additional regulators
of editing (Garncarz et al. 2013). Moreover, at the transcrip-
tional level, CREB1 enhances ADAR2 expression (Peng et al.
2006). Protein factors can also act indirectly via adding pro-
tein modifications: ADARI is a target of SUMO-1 modifica-
tion, which reduces the editing activity in vitro (Desterro et al.
2005). A particularly interesting modulator of editing activity
might be ADAR3. ADARS3 is believed to be catalytically in-
active, but contains an RNA binding domain as well as a
deaminase domain. ADAR3 has been tested on various
editing substrates, and deamination activity has not been
found (Chen et al. 2000; Schneider et al. 2014). Since ADAR3
is highly expressed in the brain and strongly binds double-
stranded as well as single-stranded RNA, it may compete with
ADAR?2 and ADARI for substrate binding (Chen et al. 2000).

@ Springer

Since binding of ADAR proteins is determined by the
RNA structure, differences in secondary structures can be an
important factor for editing efficiency (Enstero et al. 2009;
Tian et al. 2011). In the mRNA encoding Gabra3, the editing
site is located within a stem exclusively formed by exon 9
(Ohlson et al. 2007). Nevertheless, an adjacent intronic stem
structure has been reported to increase editing efficiency at the
exonic site (Daniel et al. 2012). The authors suggest that the
intronic stem acts as bait for ADAR2 and thereby increases
the local concentration of the editing enzyme. Thereby, the
editing efficiency of the nearby exonic site is increased. Since
many similar intronic stem structures close to coding editing
sites exist throughout the transcriptome, the authors speculate
that this might be a general mode of action. A follow-up study
supports this assumption and shows that Alu elements up-
stream of the Neill editing site stimulate editing of the exonic
site. Similarly, other site-selective editing events are signifi-
cantly enriched in the vicinity of Alu elements. Taken togeth-
er, these findings suggest that Alu elments are an important
driver for site-selective editing in primates (Daniel et al.
2014).

New roles for ADAR1: modulation of innate
immunity and circular RNA biogenesis

During the last couple of years, a fascinating new role for
ADARI1 became evident. It appears that ADARI1 protects
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double-stranded parts of the transcriptome from being recog-
nized as foreign/viral double-stranded RNA. Apparently, the
innate immune system can distinguish viral RNA from cellu-
lar RNA by sensing inosine residues.

As mentioned, ADAR1-p150 localizes to the cytoplasm,
and its expression is induced by interferon alpha and gamma
linking this enzyme to inflammation (Patterson et al. 1995;
Rabinovici et al. 2001). Consistently, the ratio of inosine con-
taining mRNAs markedly increases upon systemic inflamma-
tion (Yang et al. 2003a, b). Using an induced deletion of
ADARI, it was shown that the enzyme is required in embry-
onic and adult hematopoietic stem cells (Hartner et al. 2009).
Loss of ADARI leads to upregulation of type I and type II
interferon-inducible transcripts. Thus, ADARI acts as a sup-
pressor of interferon signaling and potentially protects the
organism from interferon-induced damage. Interestingly, spe-
cific deletion of only the ADAR1-p150 isoform is sufficient to
cause embryonic lethality and increased interferon signaling
(Ward et al. 2011).

Vitali and Scadden could show that double-stranded RNA
containing I-U base pairs suppresses the induction of
interferon-stimulated genes (Vitali and Scadden 2010). In ad-
dition, I-U containing dsRNAs suppress the induction of
IRF3, which is essential for the activation of interferon-
stimulated genes and apoptosis. Finally, Mannion and col-
leagues could rescue the embryonic lethality of ADARI by
a homozygous deletion of MAVS (Mannion et al. 2014).
MAVS is an essential player in a cellular pathway that senses
viral RNA and stimulates interferon signaling. This suggests
that in the absence of A to I editing, endogenous substrates
may stimulate the antiviral sensing machinery (Fig. 7). Con-
sistently, transfection of inosine-containing dsRNA oligonu-
cleotides into mouse embryonic fibroblasts derived from
ADARI1 knockout mice reduces the interferon response
(Mannion et al. 2014). Thus, ADARI is an essential player
in the innate immune system that helps to discriminate cellular
from viral dsRNA. Consistently, ADAR1 has been shown to
act as both an antiviral as well as proviral factor. Seemingly,
editing of viral RNAs may also mask them from the immune
system (Samuel 2011).

An emerging role for ADARI is its antagonistic effect on
the biogenesis of circular RNAs. Circular RNAs can be pro-
duced by “backsplicing,” ligation of 5" and 3’ ends, or as
intermediates of RNA processing reactions (Lasda and Parker
2014). Recently, the number of identified circular RNAs
increased to a couple of thousands due to the combined efforts
of several groups using tailored RNA-seq methods and
bioinformatics (Ivanov et al. 2015; Jeck et al. 2013; Memczak
etal. 2013; Rybak-Wolfet al. 2015; You et al. 2015). Circular
RNAs have been found associated with intronic Alu ele-
ments, which can promote the circularization process
when flanking circular RNA precursors in an inverted
orientation (Jeck et al. 2013; Liang and Wilusz 2014,

ADAR1
ADAR1 mutated or ADARI1
lacking
]
1
1
\ 1
unedited dsRNA edited dsRNA
A A A A I O
T ===
A A A |

@C WibAs

N\

(MAVS

N/

Type | IFN

Fig. 7 A to I editing and the innate immune response. The role of
ADARI during the innate immune response is shown as proposed by
Mannion and colleagues (Mannion et al. 2014). Loss of editing (for
instance by mutations in ADAR1) leads to increased levels of unedited
double-stranded RNA. The unedited RNA enhances the inflammatory
response and acts via RIG-I or MDAS and MAVS. Adapted from
Mannion et al. (2014)

Zhang et al. 2014). Interestingly, a knockdown of ADARI1
specifically increases expression of circular RNAs, suggesting
that ADARI antagonizes the process of circular RNA forma-
tion potentially by editing and destabilizing the dSRNA struc-
tures required for Alu-mediated circular RNA generation
(Ivanov et al. 2015; Rybak-Wolf et al. 2015). Since A to 1
editing is particularly prominent in the brain and circular
RNA expression is elevated in neuronal tissues as well, it is
tempting to speculate that both processes regulate neuronal
gene expression in a competitive manner (Rybak-Wolf et al.
2015; You et al. 2015). Clearly, the antagonistic effect of
ADARI in circular RNA biogenesis but also the biology of
circular RNAs itself needs to be explored more intensively
and thus opens up interesting avenues for further research.

Final remarks

A to I RNA-editing has been originally identified as a nonspe-
cific unwinding activity of double-stranded RNAs (Bass and
Weintraub 1987). Later, the protein was shown to target
mRNAs encoding several brain-specific receptor proteins.
About 25 years after these findings, the transcriptome-wide
impact of A to I editing on transcriptome diversification and
functional adaptation are firmly established with millions of
identified editing sites. The consequences of A to I editing are
diverse: They include recoding events, effects on splicing, and
roles in the innate immune response. However, the functional
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consequences and the regulation of most of these sites remain
dark matter. Therefore, genome-wide screens for function and
regulation are necessary to elucidate the biological implication
of the bulk of A to I editing.
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