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Abstract Adenosine deaminases acting on RNA (ADARs)
are the enzymes that are responsible for the A to I RNA
editing process in mammals, which is an important
mechanism that increases molecular diversity. A to I RNA
editing consists of an enzymatic conversion of specific
adenosine in pre-mRNA, leading to alteration of the
properties of both the RNA itself and the translated protein.
Currently, the importance of this phenomenon is increas-
ingly recognized as it affects a diverse set of cellular
pathways. ADAR function within the cell, especially in the
neurons, is to diversify the features of a limited set of
unique transcripts, mostly neurotransmitter receptors; how-
ever, a growing set of target is going to be discovered,
increasing the importance of the RNA editing event in the
proper physiology of the cell. Despite the functional
relevance of these enzymes, there is a gap of knowledge
in the mechanisms that regulate ADAR activity and
consequently about the modulation of RNA editing process.
This review summarizes ongoing investigations of ADAR
regulation at the transcriptional, post-transcriptional and
post-translational level and addresses new hypothetical
mechanisms that are capable of modulating ADAR activity,
including subcellular localization, dimerization and interac-
tion with trans-acting factors.

Keywords ADAR1 . ADAR2 . ADAR3 . RNA editing .

Post-transcriptional regulation . Post-translational regulation

Introduction

In mammals, A to I RNA editing is a post-transcriptional
process that consists of an enzymatic deamination of either
adenosines (A) or cytidines (C) that transforms these
nucleosides to either inosines (I) or uridines (U), respec-
tively [1]. Currently, the conversion of A to I is thought to
be the most common RNA editing process in higher
eukaryotic cells, especially in neurons [2, 3]. This RNA
editing process is mediated by adenosine deaminase acting
on RNA (ADAR) enzymes [4, 5] that specifically recognize
partially double-stranded RNA structures and modify
individual adenosines depending on the local structure and
sequence environment [5–7]. How ADARs select specific
adenosine moieties for deamination is a current matter of
research. An NMR-based model of the protein/RNA
complex has recently been reported for ADAR2 and the
R/G site of GluA2 where the first double-stranded RNA
binding motif (dsRBM) recognizes a conserved pentaloop,
whereas dsRBM2 recognizes two bulged bases adjacent to
the editing site, demonstrating RNA structure-dependent
recognition by the ADAR2 dsRBMs [8].

The RNA editing process aids in the diversification of
the information that is encoded in the genome of an
organism and thereby allows for greater complexity [2].
Because inosine is read as guanosine by the translation
machinery [9], editing often leads to codon changes that
alter the amino acid sequence of the encoded protein; these
changes in codon composition then lead to specific changes
in the amino acids that were originally predicted by the
genomic DNA sequence. The majority of RNA editing sites
are located within intragenic non-coding sequences: the 5′
UTR, 3′UTR and intronic retrotransposon elements, such as
Alu and long interspersed elements [6, 10, 11]. Moreover,
RNA editing seems to play a role in the control of non-
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coding RNA, such us endogenous short interfering RNA
(esiRNA) [12, 13], and in the biogenesis and function of
certain microRNAs (miRNAs) by editing their precursors
[14–18]. A to I RNA editing in mammalian cells has been
described for a limited number of protein-coding RNA
sequences, including ionotropic glutamate α-amino-3-hy-
droxy-5-methyl-4-isoxazole propionic acid (AMPA) recep-
tors (GluA2-4) [5, 7] and kainate receptors (GluK1-2) [5,
19–21], the serotonin receptor 2c (5HT-2cR) [22, 23], the
Kv1.1 potassium channel [24], the GABAA-α3 receptor
subunit [25, 26] and ADAR2 itself [11]; in all cases, this
editing results in dramatic alterations in protein function. In
mammalian cells, three highly conserved ADAR genes,
ADAR1 [27–29], ADAR2 [30–32] and ADAR3 [33, 34],
with common functional domains have been identified
(Fig. 1). Improper ADAR functioning has been correlated
with several important human diseases [35] such as
amyotrophic lateral sclerosis [36–38], depression [39–43]
and epilepsy [44, 45]. In addition, the development of a
genetic linkage map of the human pigmentation disease
called dyschromatosis symmetrica hereditaria has led to the
identification of ADAR1 as the responsible gene [46, 47].

Because these enzymes are important for proper cellular
function, this review summarizes ongoing investigations of
the transcriptional, post-transcriptional and post-
translational regulation of ADAR and explores the newly
hypothesized mechanisms that are thought to be capable of
modulating ADAR activity.

Functional ADAR Protein Domains

The three ADAR enzymes share common structural
features, such as their C-terminal deaminase domain and
their two or three N-terminal dsRBMs, and contain several
subcellular localization signals that allow them to shuttle
between different compartments, such as the nucleoli,
nucleoplasm and cytoplasm (Fig. 1). At the same time,
these enzymes have also specific structural features that are
not shared. ADAR1 is characterized by the following
properties: (1) It has an N-terminus domain that is longer
than that of ADAR2 and ADAR3, (2) it has a Z-DNA/RNA
binding domain (Zβ) [48], and (3) it exists in an interferon-
inducible form that also contains an arginine–glycine repeat
region, another Z-DNA/RNA binding domain (Zα) [49]
and a tandem-repeated sequence that is adjacent to the Zβ
domain [50]. The ability of ADAR1 enzymes to bind to
DNA may serve to localize it to sites of active transcription,
which are places where the DNA is in a Z-conformation
behind the active polymerase. In this way, ADAR1 can edit
its substrates before splicing occurs [51]. ADAR3 and a
specific isoform of ADAR2 (ADAR2R) both contain an
arginine-rich sequence at the N-terminus that acts as a

single-stranded RNA binding motif (ssRBM). This specific
domain might operate in combination with the two
dsRBMs to target a very selected set of RNA substrates
that are yet unknown [33].

Genomic Organization and Post-transcriptional
Regulation of ADARs

Transcriptional and post-transcriptional processes are the first
steps of ADAR regulation. Therefore, these processes must be
explored in great detail when investigating changes in the
editing levels of ADAR targets either during development
[52–54], under pathological conditions [55, 56] and in
response to specific pharmacological treatments [57–60].

ADAR1 Has Different Promoters and Undergoes
Alternative Splicing

The human ADAR1 gene contains 17 exons [61, 62]. Three
different promoters drive transcription of the ADAR1 gene;
this diversity leads to the production of multiple protein
variants (Fig. 2) [63, 64]. Two of these promoters (1B and
1C) are constitutive promoters that drive the expression of
transcripts that encode a short version (931 aa) of the
ADAR1 protein (ADAR1S, cADAR1 or p110), while the
third (1A) is an interferon-induced promoter that drives the
expression of transcripts that encode an N-terminally
extended form (1226 aa) of ADAR1 (ADAR1L, iADAR1
or p150) [48, 61, 63, 65]. Only the interferon-inducible
ADAR1 transcript contains a translation initiation codon in
exon 1, [63], while the two constitutively expressed forms
of ADAR1 start at the downstream AUG296 codon that is
present in exon 2 [48, 61]. The relative expression of the
three promoter-specific ADAR1 transcripts is tissue specif-
ic [65]. In the human brain, a constitutively high expression
of ADAR1 is driven by promoter 1B, and a negligible
expression results from promoter 1C. In contrast, the
inducible-promoter 1A is preferentially expressed in other
tissues, including the liver, lungs, cecum, heart, spleen,
Peyer’s patches and kidney [66, 67].

Two additional ADAR1 splicing variants that involve
exons 6 and 7 have also been identified [61, 66]. In contrast
to the full length ADAR1a transcript, the ADAR1b variant
has a 78 nt in-frame deletion that occurs because the last
portion of exon 7 encoding 26 aa in the linker region
between the third dsRBM and the catalytic domain is
spliced. The ADAR1c variant is characterized by an in-
frame deletion of 57 nt (19 aa) that is located between the
second and third dsRBMs and derives from the loss of the
first part of exon 6. It has been hypothesized that shortening
the distance between the functional domains of ADAR1
could consequently change the way in which ADAR1
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interacts with dsRNA substrates and their position at the
catalytic deamination domain [61]. Therefore, ADAR1
splice variants could contribute to mediating the required
site selectivity in the editing process of natural substrates.
In addition, ADAR1 splice variants differ in their editing
efficiency in vitro because ADAR1b and ADAR1c display
a greater activity than ADAR1a on the R/G editing site of
GluA2 [68]. All three variants have also exhibited a low
level of editing activity at the Q/R editing site of this gene
[68]. Additionally, these results have been observed with in
vitro tests of ADAR1b and ADAR1c enzymatic activity on
the 5HT-2cR pre-mRNA. While these two variants have a
higher editing efficiency at the A- and C-sites, ADAR1a
has higher activity at the B-site [69]. The relative

expression of the alternatively spliced ADAR1a and
ADAR1b mRNA isoforms correlates with the observed
changes at the level of 5HT-2cR RNA editing [70].

Finally, an additional ADAR1 splice variant is generated
by the selective exclusion of exon 2 [71]. This leads to the
translation of a shorter version of ADAR1 protein (p80)
which starts at a methionine 519 (M519) and lacks the
putative NLS, the Z-DNA binding domain and the first
dsRBM.

ADAR2 Alternative Splicing and Self-editing

The mammalian ADAR2 gene is composed of 15 exons
[72, 73]. The main splice variants are defined as ADAR2a,

Fig. 1 Functional ADAR pro-
tein domains. Schematic repre-
sentation of ADAR functional
domains. Zα/β DNA BD Zα/β
DNA binding domain, NES
nuclear exporting signal, NLS
nuclear localization signal,
dsRBM double-stranded RNA
binding motif, M296 methionine
296, R-domain arginine rich
domain
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ADAR2b, ADAR2e and ADAR2f and are produced as a
result of two distinct alternative splicing events [11]. A
shorter C-terminal sequence has also been characterized,
which gives rise to isoforms ADAR2c and ADAR2d that
are specific to humans [31].

The first splicing event involves the 5′ end of the coding
sequence and generates the ADAR2e and ADAR2f iso-
forms due to a specific RNA editing event. A self-editing
process of ADAR2 that acts on its own pre-mRNA
introduces an alternative proximal 3′ acceptor site and
converts an intronic AA dinucleotide to an AI dinucleotide,
which mimics the highly conserved AG sequence that is
normally found at 3′ splice junctions. This new acceptor
site adds 47 nt to the ADAR2 coding region [11, 74], which
gives rise to a frameshift that codes for a truncated form of
ADAR2 protein consisting of only 82 aa in rats and mice
and 31 aa in humans [73]. Unexpectedly, ADAR2e and

ADAR2f transcripts in rats might encode functionally
active proteins using an alternative translation initiation
site at methionine 25, which would produce a protein that
lacks the 24 aa that are present at the N-terminus of the rat
ADAR2a and ADAR2b isoforms [11]. However, this
internal translation initiation site is inefficient in the rat
brain. Previous studies have found that only 5% of the
ADAR2 protein corresponded to the functional N-terminal-
truncated isoform, although 80% of the total ADAR2
transcripts contained the 47 nt insertion (ADAR2e and
ADAR2f) [11]. Interestingly, the mRNA expression levels
of ADAR2e and ADAR2f in human brain are significantly
lower and make up only 11% of the total ADAR2 mRNA
[11, 73].

Transgenic mice lacking ADAR2 self-editing activity
express a significantly higher ADAR2 protein level; this
correlates with an increased editing level of ADAR2

Fig. 2 Genomic organization of human ADAR genes. Exons are
represented to scale by boxes; introns, not to scale, by lines. Filled
boxes are coding, and open boxes are non-coding; alternative
promoters are depicted as striped boxes in front of their corresponding
first exons. Gray boxes can be expressed alternately as exons or
introns. Alternatively, spliced exons are indicated. Genomic sizes
spanning 5′UTRs, coding regions and 3′UTRs are indicated in
kilobases. ADAR1 exon 1a is under control of an interferon-
inducible promoter and generates the longest isoform of ADAR1,

while exon 1b and exon 1c are under control of constitutive promoters
generating shorter versions of the protein. ADAR2 exons and introns
are numbered according to Slavov and Gardiner [73], with the
addition of the latest identified exon 0 [72]. The gray box before
exon 2 indicates the 47 nucleotide cassette, and A/G denotes the site of
self-editing that produces the AG splice site. ADAR3 is the largest of
the three genes, spanning approximately 550 kb; no alternative
splicing has been identified

64 Mol Neurobiol (2012) 45:61–75



substrates [75]. In summary, ADAR2 self-editing regulates
the alternative splicing of the 47 nt cassette and thereby
reduces the expression levels of functional ADAR2 protein
by decreasing its translation efficiency [76]. This negative
feedback mechanism could be responsible for a down-
regulation of ADAR2 at the protein level that does not
correspond to a change in its total mRNA levels [11, 75, 77].

The second alternative splicing site is located within the
region near the 3′ end of the coding sequence that encodes
the deaminase catalytic domain. Splicing at this site results
in the inclusion of 30 nt in the rat and mouse (or 120 nt in
the human isoform) between the second and third putative
zinc-coordination motifs that generate the ADAR2b iso-
form [30, 31]. Both ADAR2a and ADAR2b show an
almost identical activity level in the rat when measured in
vitro [11, 31], although human ADAR2b has been found to
be 50% less active than ADAR2a [30].

The last alternative splicing involves the C-terminus and
occurs only in humans to create the hADAR2c and
hADAR2d isoforms [30, 31, 78]. This event leads to the
insertion of a shorter C-terminus and generates a protein
that displays essentially no RNA editing activity [31].

Two additional ADAR2 splice variants have been
identified in the human brain. The first variant skips all of
exon 2, which encodes two dsRBMs; this deletion results in
a frameshift that introduces a premature stop codon in the
next exon. This variant represents 13–20% of total
hADAR2 mRNA in the brain, but it has not been found
at the protein level. The second splicing event generates
two alternative 3′UTRs that might regulate the translational
efficiency and mRNA stability of ADAR2 in vivo [79].

Finally, a novel exon (exon 0) of ADAR2 has been
discovered; it is located upstream of exon 1, and it extends
the open reading frame at the N-terminal by 49 aa (Fig. 2).
Interestingly, this exon contains an R-rich domain that is
closely related to the ssRBM of ADAR3; therefore, it has
been designated as ADAR2R [72]; however, this isoform
seems not to be highly expressed.

Concerning ADAR2 gene expression, it has been
reported that it can be induced by activated cAMP response
element binding [80].

ADAR3

The editing activity of ADAR3 has not yet been demon-
strated [33, 34]. The expression profile of ADAR3 in rat
brain has been characterized by northern blot and
oligonucleotide-mediated in situ hybridization [34]. The
ADAR3 sequence is closely related to ADAR2, but
ADAR3 appears to be expressed exclusively in the brain
[33] and has a coding region of 2.2 Kb, a 5′UTR of 0.3 Kb
and a 3′UTR that is 7 Kb. Among the functional domains
encoded by ADAR3 gene is an N-terminal arginine-rich

motif that seems to mediate the recognition of specific
stem-loop structures that are present in single-stranded
RNA substrates; this domain might also be involved in
DNA binding [33]. No transcripts arising from alternative
splicing have been identified.

Temporal and Spatial Regulation of ADAR Expression

ADAR enzymatic activity is crucial for embryonic develop-
ment. The deletion of ADAR1 inmice is lethal before E12; the
mice develop severe liver defects, impaired hematopoiesis and
widespread apoptosis [81, 82]. In addition, ADAR2−/− mice
develop normally but are prone to early onset of epilepsy and
die within 3 weeks of birth [83, 84]. Interestingly, the lethal
phenotype of mice that lack ADAR2 could be rescued by
introducing a point mutation in the GluA2 Q/R editing site
(ADAR2−/−/Gria2R/R) that inserts an arginine that encodes
directly in the genome [83] showing that this site is the main
editing target of ADAR2. However, a very recent analysis of
the ADAR2−/−/Gria2R/R mice revealed several specific
mutant phenotypes providing a rationale for the identification
of new functional ADAR2 targets [85].

The developmental and regional expression of ADARs
and the editing levels of their targets have been previously
analyzed [30, 32, 52–54, 76, 86, 87]. ADAR1 and ADAR2
are expressed in many tissues [28–30, 52], and their
enzymatic substrates have been identified mainly, but not
exclusively, in the nervous system; in contrast, ADAR3
expression is entirely brain specific [33, 34].

Northern blot analyses of human ADAR1 [28, 29, 33] and
ADAR2 [30, 33] mRNAs have shown that both are highly
expressed in the brain, heart, placenta, lung, liver, pancreas
and skeletal muscle; these data have also been confirmed at
the protein level [30, 32, 86]. Because most previously
identified ADAR mRNA substrates are primarily expressed
in the brain, detailed studies have been performed to analyze
its distribution among various brain regions.

Concerning ADAR2, Paupard and collaborator [53]
reported that its mRNA expression was first detectable in
the thalamic nuclei formation at embryonic day (E) 19;
during the first week of post-natal life, ADAR2 mRNA
expression increased gradually in several brain regions,
with the higher expression in the thalamus until post-natal
day 7 [53]; high levels of RNA editing for several ADAR2-
specific substrates have been observed in this brain area
[26, 88, 89]. By the third post-natal week, ADAR2
transcripts are more widely distributed throughout the
olfactory bulb, the CA3 region and the dentate gyrus of
the hippocampus, the thalamus, the inferior colliculus and
the molecular cell layer of the cerebellum [53]. Surprisingly,
in this work, ADAR2 mRNA has not been detected prior to
E19, while AMPA receptor GluA2 pre-mRNA has been 99%
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edited by E14 [22, 90]; these data need to be further
investigated.

The highest expression of ADAR1 transcripts occur in
the hypothalamus and the thalamus [52]. A northern blot
analysis of human ADAR3 revealed that the highest levels
of expression are in the thalamus, the amygdala and the
cerebral cortex [33]. In situ hybridization in the rat brain
revealed a differential expression of ADAR3 mRNAwith a
distribution similar to that of ADAR2, in addition to high
levels of expression in the globus pallidus and the thalamus
[34]. Another study performed in three post-mortem human
brain regions (the cerebellum, the cerebral cortex and the
cerebral white matter), at three developmental stages (fetal,
neonatal and adult), revealed an increase in the expression
of ADAR1-3 mRNA between the neonatal and adult stages
in the gray matter areas. In contrast, both ADAR1 and
ADAR2 are expressed at a lower level in the white matter,
but ADAR3 expression is increased in this region [87].
These discrepancies probably reveal a different subcellular
distribution of the ADAR transcripts between tissues where
either neurons or oligodendrocytes are the predominant cell
type [87]. Finally, two studies failed to establish a close
correlation between ADAR mRNA expression levels and
the editing frequency of two ADAR substrates, namely, the
5HT-2c and GluA2 receptors [53, 86].

Several studies on brain development found changes in
the RNA editing levels in the mRNAs of known ADAR
substrates such as GluA subunits [91], the 5HT-2cR [86]
and GABAA receptors [25, 26], and ADAR2 itself [11].
For example, the editing of ADAR2 pre-mRNA at six
positions does not occur during the embryonic period, but it
increases during post-natal development. In addition, the
extent of editing in cultured cortical neurons tends to
increase with cell maturation from 3 days in vitro (DIV3) to
DIV15 [86]. Therefore, although ADAR levels may play a
critical physiological role in the brain and other peripheral
tissues, changes in their expression alone could not explain
the developmental regulation of RNA editing that has been
observed in the brain. Therefore, it is clear that looking
only at changes in ADAR mRNA expression levels is not
an adequate parameter for evaluating the cause of modifi-
cation in editing frequency [76], and an additional
regulatory step may exist at the post-transcriptional or
translational level.

Subcellular Distribution of ADARs

The subcellular localization of ADAR proteins is crucial to
their regulation of editing efficiency. Most of the RNA
editing events occur in the nucleus, which is where the
RNA substrates of ADARs are primarily localized. How-
ever, the large form of ADAR1 (ADAR1L) is found both in

the cytoplasm and in the nucleus [48], while the small
nuclear form of ADAR1 (ADAR1S) moves to the cyto-
plasm in the absence of transcription and displays the
hallmarks of a shuttling protein [92, 93]. Furthermore,
ADAR2 and ADAR3 are always retained in the nucleus
due to the presence of a nuclear localization signal (NLS)
[94]. ADAR1 and ADAR2 also have a nucleolar localiza-
tion that is dependent on RNA binding [95, 96]. There are
currently no studies regarding the subnuclear distribution of
ADAR3.

The subcellular distribution of ADAR proteins is
influenced by the presence of specific functional domains
(Fig. 1). A nuclear localization signal (NLS), which
overlaps with the third dsRBM, has been described for
ADAR1 [92, 97], whereas a nuclear export signal (NES)
has been identified only in the N-terminal Zα-domain of
ADAR1L, which causes it to act as a nucleocytoplasmic
shuttling protein [95, 98]. Transportin-1 is able to bind the
third dsRBM-NLS of ADAR1, which interferes with
dsRNA binding and acts as its import receptor [99]. An
alternative model of ADAR1 nuclear export involves the
binding of the first and second dsRBMs with exportin-5,
which would allow it to be transported to the cytoplasm
even without an NES such as in ADAR1S [93, 99]. In
addition, evidence exists for the involvement of the
deaminase domain in the regulation of ADAR1 nuclear
localization [93]. Generally, the editing process takes place
in the nucleus next to sites of active transcription; however,
rapid and efficient RNA editing has also been observed in
the cytoplasm [100]. The potential cytoplasmic substrates
of RNA editing could be viral RNA, which could induce
both proviral and antiviral effects [101], or mRNAs in
which the editing site is retained after processing.

In contrast, the nuclear localization of ADAR2 and
ADAR3 appears to be controlled bymembers of NLS receptor
α importin family. Deletion studies showed that ADAR2 is
devoid of any NES, contains a non-canonical NLS within the
first 64 amino acid residues and harbors a region between
residues 75 and 132 that is necessary but not sufficient for
nucleolar targeting [95]. Two-hybrid interaction analysis
suggests that ADAR2 has a single NLS in its N-terminal
domain and is transported by importin α4 and α5, while an
arginine-rich domain (R-domain) in the N-terminus of the
ADAR3 protein acts as a NLS and mediates a specific
interaction with importin α1 [94].

It has been hypothesized that ADARs may accumulate
transiently in the nucleolus, but once a specific dsRNA
substrate is present for editing, they relocate to the
nucleoplasm [96, 98]. The nucleolar association of ADAR2
is dependent on the dsRBMs and is considered to be related
to an interaction with the ribosomal RNA that is present in
the nucleolus [96]. ADARs shuttle constantly and rapidly in
and out of the nucleolus [95, 96], which suggests the
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presence of a dynamic regulation process for RNA editing.
The nucleolus might represent a site of enzyme storage in a
less active environment of the cell where only ADAR2-
mediated—but not ADAR1-mediated—RNA editing
occurs [102]. An increasing body of evidence suggests that
the nucleolus might operate as a “molecular safe” by
sequestering the ADAR2 enzyme, thereby reducing its
activity [103], which would prevent any accidental editing
activity in the nucleoplasm [104].

The level of accessibility of the RNAs for binding and
modification by ADARs is a major issue in RNA editing
studies [3]. An intriguing option is the possible physical
separation of the enzyme from its substrate, which involves
the hypothesis that a concomitant modulation of the
distribution of ADARs and their substrates may modulate
RNA editing levels.

Dimerization

The dimerization of ADARs is required for their enzymatic
activity [105–107]. Both ADAR1 and ADAR2 can form
stable, enzymatically active, homodimer complexes [106];
in contrast, ADAR3 does not dimerize in vitro, although
dimerization of ADAR3 has been observed in the mouse
brain [106]. In Drosophila, the minimal region of ADAR
required to form a stable dimer consists of the N-terminus
and the first dsRBM (aa 1–133) [108].

The possibility of heterodimerization among ADAR
family members has long been debated. A FRET analysis
of in vivo dimerization that was performed in HeLa cells
has demonstrated for the first time that ADAR1 and
ADAR2 heterodimerize [105]. Moreover, the heterodime-
rization of ADAR1 and ADAR2 has been observed in
astrocytes, and the overexpression of ADAR1 in pediatric
astrocytomas inhibits the editing activity of ADAR2. These
results suggest a possible mechanism for ADAR2 inhibition
in which it is sequestered by ADAR1 [109]. However, the
association of the heterodimers is likely weaker than the
association of the homodimers, and post-translational
modifications might be required [106].

Another controversial issue concerns the dependence of
ADAR dimerization on RNA binding. RNase treatments do
not affect ADAR homo- and heterodimerization, which
supports the hypothesis of an RNA-independent dimeriza-
tion process [105, 106]. In contrast, other studies have
suggested that ADAR dimerization could be RNA depen-
dent [107, 108, 110, 111]. Nonetheless, specific amino acid
substitutions within the dsRBMs of ADAR1 and ADAR2
result in the total loss of RNA binding properties, whereas
the dimerization capability of these enzymes is retained
[112]. In summary, ADAR homo- and heterodimerization
both occur at an amino acid interface that is formed through

protein–protein interactions of the two monomers, and this
process appears to be closely related to the enzyme’s RNA
editing efficiency.

The formation of heterodimers between different ADAR
family members has been shown to affect the overall
editing efficiency of ADARs. Both in vitro [33] and in vivo
analyses [74, 75, 109] have indicated that different
combinations of ADARs can attenuate or modulate their
editing activity. These observations suggest that ADAR
heterodimerization could be a key mechanism in generating
a larger spectrum of enzymatic variability, which could, in
turn, regulate the efficiency and specificity of RNA editing
in the cell [111].

A new idea about the functional regulation of ADAR
activity comes from the suggestion that ADAR1 and
ADAR2 could heterodimerize with ADAR3, which is a
non-functional enzyme. ADAR3 is brain specific and is
mainly restricted to the amygdala and the thalamus. It is
catalytically inactive on both synthetic dsRNAs and known
pre-mRNA substrates in vitro, although it can bind to either
double-stranded or single-stranded RNA [33, 34]. Thus, it
has been suggested that ADAR3 could either act on
unknown RNA targets or could interfere with the activity of
ADAR1 and ADAR2 through competitive inhibition [33]. To
date, a conceivable hypothesis, based on the results
summarized here, is that the ADAR catalytic site would
require two deaminase domains of the same ADAR member
to be completely active. A combination of different family
members at the active site might be responsible for the
reduction and/or modulation of ADAR efficiency [30, 108].

ADAR1 SUMOylation

SUMOylation is a highly dynamic post-translational mod-
ification where a small ubiquitin-like modifier (SUMO) is
covalently linked to a protein; this modification is revers-
ible and is modulated by SUMO-specific proteases.
SUMOylation is involved in various cellular processes
such as nuclear-cytosolic transport, transcriptional regula-
tion, apoptosis, protein stability, stress response and
progression through the cell cycle [113]. SUMOylation
appears to alter the long-term fate of the modified protein
even though the SUMO modification may be rapidly
removed. Thus, a protein that has a history of SUMO
modification might have different properties than an
identical but unmodified protein [114].

Human ADAR1, but not ADAR2, is modified with
SUMO-1 on Lys418 (Fig. 3), which reduces the RNA
editing activity of the ADAR1 enzyme without interfering
with its proper localization [104]. Both ADAR2 and
ADAR3 lack the N-terminal region that contains the
consensus sequence for SUMO-1 conjugation. ADAR1
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colocalizes with SUMO-1 in subnucleolar regions that are
not involved in ribosomal biogenesis [115]. Because the
lysine residue in ADAR1 that acts as a SUMO-1 acceptor
lies between the Z-DNA binding domain and the first
dsRBM, it has been hypothesized that SUMO-1 acts as a
stereochemical obstacle for both the binding to dsRNA and
the dimerization of ADAR1 [104]. In summary, SUMOy-
lation of ADAR1 may be part of the process that sequesters
ADAR1 in the nucleolus in an inactive form [104].

Inositol Hexakisphosphate in the Catalytic Site
of ADAR2

The crystal structure of the catalytic domain of human
ADAR2 revealed an unusual feature. A zinc ion was found
in the active site, and one molecule of inositol hexaki-
sphosphate (IP6) was buried within the enzyme core; both
characteristics are thought to contribute to protein folding.
The crystal structure suggests that IP6 is required for proper
ADAR2 activity because it binds and fills an extremely
basic hole located in a deep pocket under the protein
surface, which stabilizes the folding of ADAR2 [116]. IP6
is one of the most abundant inositol phosphates within cells
and is implicated in many cellular functions [117],
including RNA export [118], endocytosis [119], chromatin
remodeling [120], vesicle trafficking and receptor compart-
mentalization [121]. Interestingly, IP6 has been reported to
affect glutamatergic AMPA receptors [122] whose mRNAs
are well-known substrates of ADAR2 [32].

Several recent studies have emphasized the importance
of IP6 in cellular ADAR activity. In one study, negative
feedback on RNA editing was shown to occur through the
activation of phospholipase C (PLC) in response to
serotonin stimulation [70]. PLC activation leads to the
cleavage of phosphatidyl inositol 4,5-bisphosphate to form
the second messengers diacylglycerol and inositol 1,4,5-
triphosphate, whose successive phosphorylation ultimately
leads to the formation of IP6. 5HT-2c receptor mRNA is
edited at five distinct sites by ADAR1, ADAR2 or both.
The edited isoforms exhibit a reduction in G-protein
coupling and a reduced affinity for serotonin [22, 89, 123,
124]. Therefore, the serotonin-induced production of IP6
would cause increased production of active ADAR2,
which, in turn, edits 5HT-2cR RNA to attenuate serotonin
signaling [70]. An increase in IP6 levels may be relevant
only for newly synthesized ADAR protein because it
cannot move inside and outside of the protein [70]. Further
investigation is needed to directly link PLC activation to the
regulation of ADAR2 activity. However, if this were
demonstrated, it would imply that cellular levels of IP6
are a rate-limiting step in the expression of properly folded
and catalytically active ADAR2 [70].

Proteolytic Cleavage of ADAR2

One very recent study has revealed a new mechanism of
ADAR2 regulation [125]. Excitotoxic levels of glutamate
have been shown to induce the specific proteolytic cleavage
of ADAR2. This cleavage is triggered via the activation of
the NMDA receptor and through a cascade of events that
lead to the activation of calpain protease. It has been
demonstrated that cleaved ADAR2 leads to a decrease in
GluA2 Q/R editing, which results in high Ca2+ influx and
excitotoxic neuronal death. Interestingly, the site of
ADAR2 cleavage is between the two dsRBMs, thereby
leaving the catalytic domain intact; however, the inability to
bind the RNA target with both of the dsRBMs prevents the
RNA editing activity of ADAR2 [125].

Phosphorylation

Protein phosphorylation is one of the most well-studied
post-translational modifications that is used by the cell to
dynamically modulate the activity of a single enzyme [126].
However, a detailed characterization of the ADAR phos-
phorylation pattern and its influence on RNA editing
activity has not yet been accomplished.

By using bioinformatic tools such as PhosphoSitePlus®
[127] and Phospho.ELM [128], we have explored the
phosphorylation pattern of human ADAR1 and ADAR2
obtained by high-throughput phosphoproteomic analyses
[129–141]. Data related to human ADAR1 have revealed a
clear pattern of ten phosphorylation sites (P-sites) that are
concentrated in two specific regions (Table 1). These two
regions encompass amino acids 599–614 (6 P-sites) and amino
acids 808–825 (4 P-sites). It is conceivable that these two
regions represent a crucial regulatory domain of the enzyme.
The first region is positioned between the first and second
dsRBMs, while the second region is located between the third
dsRBM and the catalytic ADAR1 domain (Fig. 3). Two
additional phosphorylation sites have been found near the
first region at Thr567 and Ser 629; the latter was indentified
during the unique mouse phosphoproteomic analysis [135],
and the sequence in this region has 100% homology with the
human protein.

Another bioinformatic tool that is used to explore
phosphorylation patterns is the phosphorylation site data-
base (PHOSIDA) [142, 143] that has been constructed from
high-resolution mass spectrometry data [133, 137, 138,
144]. Phosphorylation site analysis of human ADAR1 with
PHOSIDA distinguishes between splicing variants and
predicts which kinase might be responsible for each single
phosphorylation event; data about the accessibility of the
phosphorylation sites are also given. After aligning the
sequences of the five ADAR1 isoforms that are reported by
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PHOSIDA, we found that the second region containing four
phosphorylated amino acids (aa 808–825) is deleted in

ADAR1 isoforms ADAR1b and ADAR1c because of the
alternative splicing of exon 7. This process gives rise to the

Fig. 3 ADAR1 post-translational modifications. To-scale representa-
tion of constitutive ADAR1 (ADAR1S) functional domains with
spliced regions and post-translational modifications. Green Zβ DNA
binding domain, red double-stranded RNA binding motifs, blue
deaminase catalytic domain; dashed lines represent alternative spliced
exons. Amino acid sequences highlight the SUMO-1 conjugation site

(K418) (blue character) and the phosphorylation sites obtained from
PhosphoSitePlus® (red characters) of specific ADAR1 splicing
variants. The second phosphorylated sequence coincides with a
spliced region that originates ADAR1 variants b and c bearing four
new phosphorylation sites (PHOSIDA)

Table 1 Phosphorylation sites and kinase recognition matching motifs

Amino acid sequence Kinase recognition matching motifs References

hADAR1

T567 DAAMKAMTILLEEAK FHA2 Rad53p [138]

S599 ESEKTAESQtPtPSA DNA damage response kinase (S/T-Q) [141]

T601 EKTAEsQTPtPSATs No matching [130, 132, 134, 136,
138–141]

T603 TAEsQtPTPSATsFF No matching [136]

S608 tPtPSATSFFsGKsP CK1 (S-X-X-S/T) [134, 136]

S611 PSATsFFSGKsPVTT CK1 (S-X-X-S/T; S/T-X-X-X-S) [132, 134]

S614 TsFFsGKSPVTTLLE CK1 (S-X-X-S/T) [132, 134, 138]

S629a CMHKLGNSCEFRLLS NEK6 (L-X-X-S/T) [135]

T786b KAERMGFTELPLtGs No matching [138]

T791b GFtELPLTGstFHDQ NEK6 (L-X-X-S/T) [138]

T793b tELPLtGStFHDQIA NEK6 (L-X-X-S/T) [138]

T794b ELPLtGsTFHDQIAM No matching [138]

T808 RMGFTEVTPVTGASL No matching [130, 131, 138, 141]

T818 TGASLRRTMLLLsRs NEK6 (L-X-X-S/T); PKA (R-X-S/T);
NIMA (F/L/M-R/K-R/K-S/T)

[134, 137, 138]

S823 RRtMLLLSRSPEAQP NEK6 (L-X-X-S/T) [134, 138]

S825 TMLLLSRSPEAQPKT NEK6 (L-X-X-S/T) [132–134, 138]

hADAR2

S26 NRNLDNVSPKDGSTP CDK1 (S/T-P-K/R) [129, 134, 138]

S31 NVsPKDGSTPGPGEG No matching [147]

S59 KRPLEEGSNGHSKyR GSK3 (S-X-X-X-S) [138]

Y65 GsNGHSKYRLKKRRK No matching [138]

T304 FNLHLDQTPSRQPIP NEK6 (L-X-X-S/T); CDK1 (S/T-P-X-K/R);
CDK2 (S/T-P-X-K/R)

[138]

T740 EQDQFSLTP______ No matching [136]

hADAR3

S63 TEDDDTLSTSsAEVK No matching [138]

S66 DDTLsTSSAEVKENR CK1 (S-X-X-S/T) [138]

a Phosphosite identified in mouse, Ser582 (100% sequence homology with human)
b Phosphosites identified in ADAR1 isoforms b and c (see Fig. 3)
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formation of four new phosphorylation sites that replace the
skipped ones (Fig. 3) and is likely related to the exposure of
a new region that is accessible to kinase activity. This
observation strengthens the idea that these phosphorylation
sites could be crucial for proper ADAR1 enzymatic activity.
The PHOSIDA database also identifies an additional
phosphorylation site at Ser112 that should be present only
in the interferon-inducible full-length ADAR1 isoform. The
main kinase involved in the phosphorylation of ADAR1 is
likely never in mitosis gene A (NIMA)-related kinase 6
(NEK6), which is a serine/threonine protein kinase that is
implicated in cell cycle regulation [145, 146].

When human ADAR2 was analyzed with PhosphoSite-
Plus® [129, 134, 136], only two phosphorylation sites, Ser26
and Thr740, were found; Ser26 is located in the N-terminal,
while Thr740 is located in the C-terminal domain, and both
are not present in the ADAR2 isoforms ADAR2c and
ADAR2d (Table 1). PHOSIDA predicts that Ser26 may be
phosphorylated by cyclin-dependent kinase 1 (CDK1),
which is a key player in cell cycle regulation, and reports
three additional phosphorylation sites, namely, Ser59, Tyr65
and Thr304. Again, the functional significance of phosphor-
ylation at these sites remains to be elucidated.

A recent paper revealed for the first time the effect of
ADAR2 phosphorylation at Ser26 and at the novel phosphor-
ylation site Ser31 [147]. Peptidyl-prolyl isomerase NIMA
interacting protein 1 (Pin1) interacts with ADAR2 when the
deaminase is phosphorylated at Ser26 or Ser31. Pin1 acts as
a positive regulator of RNA editing efficiency influencing
nuclear localization and stability of ADAR2. In the absence
of interaction between Pin1 and ADAR2 in the nucleus,

ADAR2 mislocalizes to the cytoplasm, where it interacts
with NEDD4-like E3 ubiquitin ligase (WWP2). WWP2
plays a negative role by binding ADAR2 at conserved motifs
located both at the N-terminal and C-terminal and catalyzing
its poly-ubiquitination and subsequent degradation.

Finally, the ADAR3 phosphorylation pattern has been
derived only by the PHOSIDA database and includes two
serine residues at positions 63 and 66. The latter is predicted to
be phosphorylated by casein kinase 1 (CK1) (Table 1).

In summary, phosphorylation may play a central role in
the regulation of ADAR enzymatic activity, and the
localization of phosphorylation sites near the dsRBMs
may suggest that these sites might also regulate substrate
selectivity. The data summarized here should encourage a
systematic study of ADAR phosphorylation sites and their
role in the enzymatic activity of ADARs.

Inhibitors and Trans-acting Factors

The access of ADAR enzymes to RNA editing sites may be
negatively controlled by competitive inhibitors. This is the
case for the brain-specific C/D small nucleolar RNAMBII-52,
which contains a sequence that is complementary to the 5HT-
2cR mRNA. As a result, it induces a snoRNA-directed 2′-O-
methylation at the C editing site, which seems to be
physiologically involved in the regulation of editing at this
site [148, 149]. The snoRNA MBII-52 specifically inhibits
nucleolar editing [102], and modulations of its expression
may shift the balance of RNA editing by trafficking or
sequestering transcripts to specific compartments [150].

Fig. 4 Mechanisms that can
modulate ADAR activity and
RNA editing
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Moreover, virus-associated RNA I (VAI), a highly structured
RNA inhibitor from adenoviruses, may act as an inhibitor
and demonstrates a high affinity for the dsRBMs of ADARs
[151]. Finally, it has been suggested that ADAR2 exists in a
self-inhibited conformation until it binds to a dsRNA that is
capable of covering both of its dsRBMs [152], but a detailed
analysis of this process has not yet been undertaken.

Conclusion

RNA editing is a process that can alter a critical amino acid
residue in proteins and therefore must be tightly regulated.
Previous studies have provided data about changes in the
editing level of ADAR substrates, but the mechanism that
leads to these changes remains unclear. In this review, we
have summarized the current state of knowledge about the
regulation of ADAR activity and have identified areas
where further investigation is needed. Because of the wide
variety and physiological significance of ADAR substrates,
especially in the brain, a deeper understanding of these
mechanisms would further our insight into the molecular
basis of neurotransmission.

It is clear that the extent of RNA editing does not
always correlate with the expression levels of ADAR1
and ADAR2, which suggest the presence of post-
transcriptional or post-translational regulatory mechanisms
[31, 54, 56]. Moreover, the subcellular distribution of
ADARs and their interaction with inhibitors and activator
molecules have also been shown to influence ADAR activity
(Fig. 4). Nevertheless, the mechanisms by which ADAR
activity is regulated are still largely unclear. It has been
demonstrated that phosphorylation events have a role in the
regulation of ADAR enzymatic activity modulating their
interaction with different intracellular partners, thus deter-
mining subcellular localization and stability of ADAR
enzymes [147]. Because phosphorylation sites have been
found next to dsRBMs, it is possible that phosphorylation
might also intervene in the process of ADAR-substrate
recognition. Furthermore, an analysis of protein kinases that
are responsible for the phosphorylation of ADARs could
provide new information about unknown links that correlate
ADAR function with a diverse set of cellular pathways.

Another issue to consider is the role of ADAR3 in RNA
editing because it is an RNA deaminase with unique
features that warrant further investigation. In contrast to
the ubiquitous expression of ADAR1 and ADAR2 [28–30],
ADAR3 is brain specific [33, 34]. This specific localization
suggests two hypotheses: (1) ADAR3 could interact with
ADAR1 or ADAR2 to become a negative regulator of RNA
editing (these inhibitory properties have already been
observed in vitro) [33], and the heterodimerization could
prevent the formation of a complete and active catalytic

site, or 2) ADAR3 could edit RNA substrates that are
different from those edited by ADAR1 and ADAR2. This
second hypothesis is supported by the unique properties of
ADAR3, such as its capability to bind both ssRNA and
dsRNA; nevertheless, ADAR3 might lack enzymatic
activity altogether since zinc coordinating amino acids in
the catalytic domain are not entirely conserved. All of these
events should be further investigated because they might be
key points in understanding the regulation of ADAR
enzymes.

Acknowledgement This work was supported by Grants from MIUR
(PRIN 2009BRMW4W) and by NEDD project Regione Lombardia
(ID 14546-A SAL7). We would like to thank the “Nature Publishing
Group Language Editing” for revising the manuscript.

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Gerber AP, Keller W (2001) RNA editing by base deamination:
more enzymes, more targets, new mysteries. Trends Biochem Sci
26(6):376–384

2. Bass BL (2002) RNA editing by adenosine deaminases that act
on RNA. Annu Rev Biochem 71:817–846

3. Maas S, Rich A, Nishikura K (2003) A-to-I RNA editing: recent
news and residual mysteries. J Biol Chem 278(3):1391–1394

4. Bass BL, Nishikura K, Keller W, Seeburg PH, Emeson RB,
O’Connell MA, Samuel CE, Herbert A (1997) A standardized
nomenclature for adenosine deaminases that act on RNA. RNA 3
(9):947–949

5. Sommer B, Kohler M, Sprengel R, Seeburg PH (1991) RNA
editing in brain controls a determinant of ion flow in glutamate-
gated channels. Cell 67(1):11–19

6. Higuchi M, Single FN, Kohler M, Sommer B, Sprengel R,
Seeburg PH (1993) RNA editing of AMPA receptor subunit
GluR-B: a base-paired intron–exon structure determines position
and efficiency. Cell 75(7):1361–1370

7. Lomeli H, Mosbacher J, Melcher T, Hoger T, Geiger JR, Kuner
T, Monyer H, Higuchi M, Bach A, Seeburg PH (1994) Control
of kinetic properties of AMPA receptor channels by nuclear
RNA editing. Science 266(5191):1709–1713

8. Stefl R, Xu M, Skrisovska L, Emeson RB, Allain FH (2006)
Structure and specific RNA binding of ADAR2 double-stranded
RNA binding motifs. Structure 14(2):345–355. doi:10.1016/j.
str.2005.11.013

9. Basilio C, Wahba AJ, Lengyel P, Speyer JF, Ochoa S (1962)
Synthetic polynucleotides and the amino acid code. V Proc Natl
Acad Sci U S A 48:613–616

10. Rosenberg BR, Hamilton CE, Mwangi MM, Dewell S,
Papavasiliou FN (2011) Transcriptome-wide sequencing reveals
numerous APOBEC1 mRNA-editing targets in transcript 3′ UTRs.
Nat Struct Mol Biol

11. Rueter SM, Dawson TR, Emeson RB (1999) Regulation of
alternative splicing by RNA editing. Nature 399(6731):75–80

12. Nishikura K (2010) Functions and regulation of RNA editing by
ADAR deaminases. Annu Rev Biochem 79:321–349

13. Wu T, Zhao Y, Hao Z, Zhao H, Wang W (2009) Involvement of
PU.1 in mouse ADAR-1 gene transcription induced by high-dose
esiRNA. Int J Biol Macromol 45(2):157–162

Mol Neurobiol (2012) 45:61–75 71

http://dx.doi.org/10.1016/j.str.2005.11.013
http://dx.doi.org/10.1016/j.str.2005.11.013


14. Dupuis DE, Maas S (2010) MiRNA editing. Methods Mol Biol
667:267–279

15. George CX, Gan Z, Liu Y, Samuel CE (2011) Adenosine
deaminases acting on RNA, RNA editing, and interferon action.
J Interferon Cytokine Res 31(1):99–117

16. Habig JW, Dale T, Bass BL (2007) miRNA editing—we should
have inosine this coming. Mol Cell 25(6):792–793

17. Heale BS, Keegan LP, O’Connell MA (2009) ADARs have
effects beyond RNA editing. Cell Cycle 8(24):4011–4012

18. Yang W, Chendrimada TP, Wang Q, Higuchi M, Seeburg PH,
Shiekhattar R, Nishikura K (2006) Modulation of microRNA
processing and expression through RNA editing by ADAR
deaminases. Nat Struct Mol Biol 13(1):13–21

19. Barbon A, Barlati S (2000) Genomic organization, proposed
alternative splicing mechanisms, and RNA editing structure of
GRIK1. Cytogenet Cell Genet 88(3–4):236–239

20. Herb A, Higuchi M, Sprengel R, Seeburg PH (1996) Q/R site
editing in kainate receptor GluR5 and GluR6 pre-mRNAs
requires distant intronic sequences. Proc Natl Acad Sci U S A
93(5):1875–1880

21. Kohler M, Burnashev N, Sakmann B, Seeburg PH (1993)
Determinants of Ca2+ permeability in both TM1 and TM2 of
high affinity kainate receptor channels: diversity by RNA
editing. Neuron 10(3):491–500

22. Burns CM, Chu H, Rueter SM, Hutchinson LK, Canton H,
Sanders-Bush E, Emeson RB (1997) Regulation of serotonin-2C
receptor G-protein coupling by RNA editing. Nature 387
(6630):303–308

23. Niswender CM, Sanders-Bush E, Emeson RB (1998) Identifica-
tion and characterization of RNA editing events within the 5-HT2C
receptor. Ann N YAcad Sci 861:38–48

24. Bhalla T, Rosenthal JJ, Holmgren M, Reenan R (2004) Control
of human potassium channel inactivation by editing of a small
mRNA hairpin. Nat Struct Mol Biol 11(10):950–956

25. Ohlson J, Pedersen JS, Haussler D, Ohman M (2007) Editing
modifies the GABA(A) receptor subunit alpha3. RNA 13
(5):698–703

26. Rula EY, Lagrange AH, Jacobs MM, Hu N, Macdonald RL,
Emeson RB (2008) Developmental modulation of GABA(A)
receptor function by RNA editing. J Neurosci 28(24):6196–6201

27. Kim U, Garner TL, Sanford T, Speicher D, Murray JM,
Nishikura K (1994) Purification and characterization of double-
stranded RNA adenosine deaminase from bovine nuclear
extracts. J Biol Chem 269(18):13480–13489

28. Kim U, Wang Y, Sanford T, Zeng Y, Nishikura K (1994)
Molecular cloning of cDNA for double-stranded RNA adenosine
deaminase, a candidate enzyme for nuclear RNA editing. Proc
Natl Acad Sci U S A 91(24):11457–11461

29. O’Connell MA, Krause S, Higuchi M, Hsuan JJ, Totty NF, Jenny
A, Keller W (1995) Cloning of cDNAs encoding mammalian
double-stranded RNA-specific adenosine deaminase. Mol Cell
Biol 15(3):1389–1397

30. Gerber A, O’Connell MA, Keller W (1997) Two forms of human
double-stranded RNA-specific editase 1 (hRED1) generated by
the insertion of an Alu cassette. RNA 3(5):453–463

31. Lai F, Chen CX, Carter KC, Nishikura K (1997) Editing of
glutamate receptor B subunit ion channel RNAs by four
alternatively spliced DRADA2 double-stranded RNA adenosine
deaminases. Mol Cell Biol 17(5):2413–2424

32. Melcher T, Maas S, Herb A, Sprengel R, Seeburg PH, Higuchi
M (1996) A mammalian RNA editing enzyme. Nature 379
(6564):460–464

33. Chen CX, Cho DS, Wang Q, Lai F, Carter KC, Nishikura K
(2000) A third member of the RNA-specific adenosine deaminase
gene family, ADAR3, contains both single- and double-stranded
RNA binding domains. RNA 6(5):755–767

34. Melcher T, Maas S, Herb A, Sprengel R, Higuchi M, Seeburg
PH (1996) RED2, a brain-specific member of the RNA-specific
adenosine deaminase family. J Biol Chem 271(50):31795–31798

35. Maas S, Kawahara Y, Tamburro KM, Nishikura K (2006) A-to-I
RNA editing and human disease. RNA Biol 3(1):1–9

36. Hideyama T, Yamashita T, Nishimoto Y, Suzuki T, Kwak S (2010)
Novel etiological and therapeutic strategies for neurodiseases: RNA
editing enzyme abnormality in sporadic amyotrophic lateral
sclerosis. J Pharmacol Sci 113(1):9–13

37. Hideyama T, Yamashita T, Suzuki T, Tsuji S, Higuchi M,
Seeburg PH, Takahashi R, Misawa H, Kwak S (2010) Induced
loss of ADAR2 engenders slow death of motor neurons from Q/R
site-unedited GluR2. J Neurosci 30(36):11917–11925

38. Kwak S, Kawahara Y (2005) Deficient RNA editing of GluR2
and neuronal death in amyotropic lateral sclerosis. J Mol Med 83
(2):110–120

39. Gurevich I, Tamir H, Arango V, Dwork AJ, Mann JJ, Schmauss
C (2002) Altered editing of serotonin 2C receptor pre-mRNA in
the prefrontal cortex of depressed suicide victims. Neuron 34
(3):349–356

40. Iwamoto K, Kato T (2003) RNA editing of serotonin 2C receptor
in human postmortem brains of major mental disorders. Neurosci
Lett 346(3):169–172

41. Iwamoto K, Nakatani N, Bundo M, Yoshikawa T, Kato T (2005)
Altered RNA editing of serotonin 2C receptor in a rat model of
depression. Neurosci Res 53(1):69–76

42. Niswender CM, Herrick-Davis K, Dilley GE, Meltzer HY,
Overholser JC, Stockmeier CA, Emeson RB, Sanders-Bush E
(2001) RNA editing of the human serotonin 5-HT2C receptor.
Alterations in suicide and implications for serotonergic pharma-
cotherapy. Neuropsychopharmacology 24(5):478–491

43. Simmons M, Meador-Woodruff JH, Sodhi MS (2010) Increased
cortical expression of an RNA editing enzyme occurs in major
depressive suicide victims. Neuroreport 21(15):993–997

44. Kortenbruck G, Berger E, Speckmann EJ, Musshoff U (2001)
RNA editing at the Q/R site for the glutamate receptor subunits
GluR2, GluR5, and GluR6 in hippocampus and temporal cortex
from epileptic patients. Neurobiol Dis 8(3):459–468

45. Vollmar W, Gloger J, Berger E, Kortenbruck G, Kohling R,
Speckmann EJ, Musshoff U (2004) RNA editing (R/G site) and
flip-flop splicing of the AMPA receptor subunit GluR2 in
nervous tissue of epilepsy patients. Neurobiol Dis 15(2):371–379

46. Miyamura Y, Suzuki T, Kono M, Inagaki K, Ito S, Suzuki N,
Tomita Y (2003) Mutations of the RNA-specific adenosine
deaminase gene (DSRAD) are involved in dyschromatosis
symmetrica hereditaria. Am J Hum Genet 73(3):693–699

47. Zhang XJ, He PP, Li M, He CD, Yan KL, Cui Y, Yang S, Zhang
KY, Gao M, Chen JJ, Li CR, Jin L, Chen HD, Xu SJ, Huang W
(2004) Seven novel mutations of the ADAR gene in Chinese
families and sporadic patients with dyschromatosis symmetrica
hereditaria (DSH). Hum Mutat 23(6):629–630

48. Patterson JB, Samuel CE (1995) Expression and regulation by
interferon of a double-stranded-RNA-specific adenosine deami-
nase from human cells: evidence for two forms of the deaminase.
Mol Cell Biol 15(10):5376–5388

49. Brown BA 2nd, Lowenhaupt K, Wilbert CM, Hanlon EB, Rich
A (2000) The zalpha domain of the editing enzyme dsRNA
adenosine deaminase binds left-handed Z-RNA as well as Z-DNA.
Proc Natl Acad Sci U S A 97(25):13532–13536

50. Herbert A, Lowenhaupt K, Spitzner J, Rich A (1995) Chicken
double-stranded RNA adenosine deaminase has apparent specificity
for Z-DNA. Proc Natl Acad Sci U S A 92(16):7550–7554

51. Herbert A, Alfken J, Kim YG, Mian IS, Nishikura K, Rich A
(1997) A Z-DNA binding domain present in the human editing
enzyme, double-stranded RNA adenosine deaminase. Proc Natl
Acad Sci U S A 94(16):8421–8426

72 Mol Neurobiol (2012) 45:61–75



52. Jacobs MM, Fogg RL, Emeson RB, Stanwood GD (2009)
ADAR1 and ADAR2 expression and editing activity during
forebrain development. Dev Neurosci 31(3):223–237

53. Paupard MC, O’Connell MA, Gerber AP, Zukin RS (2000)
Patterns of developmental expression of the RNA editing
enzyme rADAR2. Neuroscience 95(3):869–879

54. Wahlstedt H, Daniel C, Enstero M, Ohman M (2009) Large-scale
mRNA sequencing determines global regulation of RNA editing
during brain development. Genome Res 19(6):978–986

55. Barbon A, Fumagalli F, Caracciolo L, Madaschi L, Lesma E,
Mora C, Carelli S, Slotkin TA, Racagni G, Di Giulio AM, Gorio
A, Barlati S (2010) Acute spinal cord injury persistently reduces
R/G RNA editing of AMPA receptors. J Neurochem 114(2):397–
407

56. Maas S, Patt S, Schrey M, Rich A (2001) Underediting of
glutamate receptor GluR-B mRNA in malignant gliomas. Proc
Natl Acad Sci U S A 98(25):14687–14692

57. Barbon A, Orlandi C, La Via L, Caracciolo L, Tardito D,
Musazzi L, Mallei A, Gennarelli M, Racagni G, Popoli M,
Barlati S (2011) Antidepressant treatments change 5-HT2C
receptor mRNA expression in rat prefrontal/frontal cortex and
hippocampus. Neuropsychobiology 63(3):160–168

58. Barbon A, Popoli M, La Via L, Moraschi S, Vallini I, Tardito D,
Tiraboschi E, Musazzi L, Giambelli R, Gennarelli M, Racagni G,
Barlati S (2006) Regulation of editing and expression of
glutamate alpha-amino-propionic-acid (AMPA)/kainate receptors
by antidepressant drugs. Biol Psychiatry 59(8):713–720

59. Englander MT, Dulawa SC, Bhansali P, Schmauss C (2005) How
stress and fluoxetine modulate serotonin 2C receptor pre-mRNA
editing. J Neurosci 25(3):648–651

60. Li B, Zhang S, Zhang H, Hertz L (2011) Fluoxetine affects
GluK2 editing, glutamate-evoked Ca(2+) influx and extracellular
signal-regulated kinase phosphorylation in mouse astrocytes. J
Psychiatry Neurosci 36(1):100094

61. Liu Y, George CX, Patterson JB, Samuel CE (1997) Functionally
distinct double-stranded RNA-binding domains associated with
alternative splice site variants of the interferon-inducible double-
stranded RNA-specific adenosine deaminase. J Biol Chem 272
(7):4419–4428

62. Wang Y, Zeng Y, Murray JM, Nishikura K (1995) Genomic
organization and chromosomal location of the human dsRNA
adenosine deaminase gene: the enzyme for glutamate-activated
ion channel RNA editing. J Mol Biol 254(2):184–195

63. George CX, Samuel CE (1999) Human RNA-specific adenosine
deaminase ADAR1 transcripts possess alternative exon 1
structures that initiate from different promoters, one constitutively
active and the other interferon inducible. Proc Natl Acad Sci U S A
96(8):4621–4626

64. Kawakubo K, Samuel CE (2000) Human RNA-specific adeno-
sine deaminase (ADAR1) gene specifies transcripts that initiate
from a constitutively active alternative promoter. Gene 258(1–
2):165–172

65. Lykke-Andersen S, Pinol-Roma S, Kjems J (2007) Alternative
splicing of the ADAR1 transcript in a region that functions either
as a 5′-UTR or an ORF. RNA 13(10):1732–1744

66. George CX, Wagner MV, Samuel CE (2005) Expression of
interferon-inducible RNA adenosine deaminase ADAR1 during
pathogen infection and mouse embryo development involves
tissue-selective promoter utilization and alternative splicing. J
Biol Chem 280(15):15020–15028

67. Shtrichman R, Heithoff DM, Mahan MJ, Samuel CE (2002)
Tissue selectivity of interferon-stimulated gene expression in
mice infected with Dam(+) versus Dam(−) Salmonella enterica
serovar Typhimurium strains. Infect Immun 70(10):5579–5588

68. Liu Y, Samuel CE (1999) Editing of glutamate receptor subunit
B pre-mRNA by splice-site variants of interferon-inducible

double-stranded RNA-specific adenosine deaminase ADAR1. J
Biol Chem 274(8):5070–5077

69. Liu Y, Emeson RB, Samuel CE (1999) Serotonin-2C receptor
pre-mRNA editing in rat brain and in vitro by splice site variants
of the interferon-inducible double-stranded RNA-specific adeno-
sine deaminase ADAR1. J Biol Chem 274(26):18351–18358

70. Schmauss C, Zimnisky R, Mehta M, Shapiro LP (2010) The
roles of phospholipase C activation and alternative ADAR1 and
ADAR2 pre-mRNA splicing in modulating serotonin 2C-
receptor editing in vivo. RNA 16(9):1779–1785

71. Yang JH, Nie Y, Zhao Q, Su Y, Pypaert M, Su H, Rabinovici R
(2003) Intracellular localization of differentially regulated RNA-
specific adenosine deaminase isoforms in inflammation. J Biol
Chem 278(46):45833–45842. doi:10.1074/jbc.M308612200

72. Maas S, Gommans WM (2009) Novel exon of mammalian
ADAR2 extends open reading frame. PLoS One 4(1):e4225

73. Slavov D, Gardiner K (2002) Phylogenetic comparison of the
pre-mRNA adenosine deaminase ADAR2 genes and transcripts:
conservation and diversity in editing site sequence and alterna-
tive splicing patterns. Gene 299(1–2):83–94

74. Singh M, Kesterson RA, Jacobs MM, Joers JM, Gore JC,
Emeson RB (2007) Hyperphagia-mediated obesity in transgenic
mice misexpressing the RNA-editing enzyme ADAR2. J Biol
Chem 282(31):22448–22459

75. Feng Y, Sansam CL, Singh M, Emeson RB (2006) Altered RNA
editing in mice lacking ADAR2 autoregulation. Mol Cell Biol 26
(2):480–488

76. Tan BZ, Huang H, Lam R, Soong TW (2009) Dynamic
regulation of RNA editing of ion channels and receptors in the
mammalian nervous system. Mol Brain 2(1):13

77. Dawson TR, Sansam CL, Emeson RB (2004) Structure and
sequence determinants required for the RNA editing of ADAR2
substrates. J Biol Chem 279(6):4941–4951

78. Villard L, Tassone F, Haymowicz M, Welborn R, Gardiner K
(1997) Map location, genomic organization and expression
patterns of the human RED1 RNA editase. Somat Cell Mol
Genet 23(2):135–145

79. Kawahara Y, Ito K, Ito M, Tsuji S, Kwak S (2005) Novel splice
variants of human ADAR2 mRNA: skipping of the exon
encoding the dsRNA-binding domains, and multiple C-terminal
splice sites. Gene 363:193–201

80. Peng PL, Zhong X, Tu W, Soundarapandian MM, Molner P, Zhu
D, Lau L, Liu S, Liu F, Lu Y (2006) ADAR2-dependent RNA
editing of AMPA receptor subunit GluR2 determines vulnerabil-
ity of neurons in forebrain ischemia. Neuron 49(5):719–733.
doi:10.1016/j.neuron.2006.01.025

81. Hartner JC, Schmittwolf C, Kispert A, Muller AM, Higuchi M,
Seeburg PH (2004) Liver disintegration in the mouse embryo
caused by deficiency in the RNA-editing enzyme ADAR1. J
Biol Chem 279(6):4894–4902

82. Wang Q, Khillan J, Gadue P, Nishikura K (2000) Requirement of
the RNA editing deaminase ADAR1 gene for embryonic
erythropoiesis. Science 290(5497):1765–1768

83. Higuchi M, Maas S, Single FN, Hartner J, Rozov A, Burnashev
N, Feldmeyer D, Sprengel R, Seeburg PH (2000) Point mutation
in an AMPA receptor gene rescues lethality in mice deficient in
the RNA-editing enzyme ADAR2. Nature 406(6791):78–81

84. Keegan LP, Gallo A, O’Connell MA (2000) Development.
Survival is impossible without an editor. Science 290
(5497):1707–1709

85. Horsch M, Seeburg PH, Adler T, Aguilar-Pimentel JA, Becker L,
Calzada-Wack J, Garrett L, Gotz A, Hans W, Higuchi M, Holter
SM, Naton B, Prehn C, Puk O, Racz I, Rathkolb B, Rozman J,
Schrewe A, Adamski J, Busch DH, Esposito I, Graw J, Ivandic
B, Klingenspor M, Klopstock T, Mempel M, Ollert M, Schulz H,
Wolf E, Wurst W, Zimmer A, Gailus-Durner V, Fuchs H, Hrabe

Mol Neurobiol (2012) 45:61–75 73

http://dx.doi.org/10.1074/jbc.M308612200
http://dx.doi.org/10.1016/j.neuron.2006.01.025


de Angelis M, Beckers J (2011) Requirement of the RNA editing
enzyme ADAR2 for normal physiology in mice. J Biol Chem

86. Hang PN, Tohda M, Matsumoto K (2008) Developmental
changes in expression and self-editing of adenosine deaminase
type 2 pre-mRNA and mRNA in rat brain and cultured cortical
neurons. Neurosci Res 61(4):398–403

87. Kawahara Y, Ito K, Sun H, Ito M, Kanazawa I, Kwak S (2004)
Regulation of glutamate receptor RNA editing and ADAR
mRNA expression in developing human normal and Down’s
syndrome brains. Brain Res Dev Brain Res 148(1):151–155

88. Paschen W, Dux E, Djuricic B (1994) Developmental changes in
the extent of RNA editing of glutamate receptor subunit GluR5
in rat brain. Neurosci Lett 174(1):109–112

89. Wang Q, O’Brien PJ, Chen CX, Cho DS, Murray JM, Nishikura
K (2000) Altered G protein-coupling functions of RNA editing
isoform and splicing variant serotonin 2C receptors. J Neurochem
74(3):1290–1300

90. Melcher T, Maas S, Higuchi M, Keller W, Seeburg PH (1995)
Editing of alpha-amino-3-hydroxy-5-methylisoxazole-4-pro-
pionic acid receptor GluR-B pre-mRNA in vitro reveals site-
selective adenosine to inosine conversion. J Biol Chem 270
(15):8566–8570

91. Lai F, Chen CX, Lee VM, Nishikura K (1997) Dramatic increase
of the RNA editing for glutamate receptor subunits during
terminal differentiation of clonal human neurons. J Neurochem
69(1):43–52

92. Eckmann CR, Neunteufl A, Pfaffstetter L, Jantsch MF (2001)
The human but not the Xenopus RNA-editing enzyme ADAR1
has an atypical nuclear localization signal and displays the
characteristics of a shuttling protein. Mol Biol Cell 12(7):1911–
1924

93. Strehblow A, Hallegger M, Jantsch MF (2002) Nucleocytoplas-
mic distribution of human RNA-editing enzyme ADAR1 is
modulated by double-stranded RNA-binding domains, a leucine-
rich export signal, and a putative dimerization domain. Mol Biol
Cell 13(11):3822–3835

94. Maas S, Gommans WM (2009) Identification of a selective
nuclear import signal in adenosine deaminases acting on RNA.
Nucleic Acids Res 37(17):5822–5829

95. Desterro JM, Keegan LP, Lafarga M, Berciano MT, O’Connell
M, Carmo-Fonseca M (2003) Dynamic association of RNA-
editing enzymes with the nucleolus. J Cell Sci 116(Pt 9):1805–
1818

96. Sansam CL, Wells KS, Emeson RB (2003) Modulation of RNA
editing by functional nucleolar sequestration of ADAR2. Proc
Natl Acad Sci U S A 100(24):14018–14023

97. Hough RF, Bass BL (1997) Analysis of Xenopus dsRNA
adenosine deaminase cDNAs reveals similarities to DNA
methyltransferases. RNA 3(4):356–370

98. Poulsen H, Nilsson J, Damgaard CK, Egebjerg J, Kjems J (2001)
CRM1 mediates the export of ADAR1 through a nuclear export
signal within the Z-DNA binding domain. Mol Cell Biol 21
(22):7862–7871

99. Fritz J, Strehblow A, Taschner A, Schopoff S, Pasierbek P,
Jantsch MF (2009) RNA-regulated interaction of transportin-1
and exportin-5 with the double-stranded RNA-binding domain
regulates nucleocytoplasmic shuttling of ADAR1. Mol Cell Biol
29(6):1487–1497

100. Wong SK, Sato S, Lazinski DW (2003) Elevated activity of the
large form of ADAR1 in vivo: very efficient RNA editing occurs
in the cytoplasm. RNA 9(5):586–598

101. Samuel CE (2011) Adenosine deaminases acting on RNA
(ADARs) are both antiviral and proviral. Virology 411(2):180–
193

102. Vitali P, Basyuk E, Le Meur E, Bertrand E, Muscatelli F,
Cavaille J, Huttenhofer A (2005) ADAR2-mediated editing of

RNA substrates in the nucleolus is inhibited by C/D small
nucleolar RNAs. J Cell Biol 169(5):745–753

103. Leung AK, Andersen JS, Mann M, Lamond AI (2003)
Bioinformatic analysis of the nucleolus. Biochem J 376(Pt
3):553–569

104. Desterro JM, Keegan LP, Jaffray E, Hay RT, O’Connell MA,
Carmo-Fonseca M (2005) SUMO-1 modification alters ADAR1
editing activity. Mol Biol Cell 16(11):5115–5126

105. Chilibeck KA, Wu T, Liang C, Schellenberg MJ, Gesner EM,
Lynch JM, MacMillan AM (2006) FRET analysis of in vivo
dimerization by RNA-editing enzymes. J Biol Chem 281
(24):16530–16535

106. Cho DS, Yang W, Lee JT, Shiekhattar R, Murray JM, Nishikura
K (2003) Requirement of dimerization for RNA editing activity
of adenosine deaminases acting on RNA. J Biol Chem 278
(19):17093–17102

107. Jaikaran DC, Collins CH, MacMillan AM (2002) Adenosine to
inosine editing by ADAR2 requires formation of a ternary
complex on the GluR-B R/G site. J Biol Chem 277(40):37624–
37629

108. Gallo A, Keegan LP, Ring GM, O’Connell MA (2003) An
ADAR that edits transcripts encoding ion channel subunits
functions as a dimer. EMBO J 22(13):3421–3430

109. Cenci C, Barzotti R, Galeano F, Corbelli S, Rota R, Massimi L,
Di Rocco C, O’Connell MA, Gallo A (2008) Down-regulation of
RNA editing in pediatric astrocytomas: ADAR2 editing activity
inhibits cell migration and proliferation. J Biol Chem 283
(11):7251–7260

110. Ohman M, Kallman AM, Bass BL (2000) In vitro analysis of the
binding of ADAR2 to the pre-mRNA encoding the GluR-B R/G
site. RNA 6(5):687–697

111. Poulsen H, Jorgensen R, Heding A, Nielsen FC, Bonven B,
Egebjerg J (2006) Dimerization of ADAR2 is mediated by the
double-stranded RNA binding domain. RNA 12(7):1350–1360

112. Valente L, Nishikura K (2007) RNA binding-independent
dimerization of adenosine deaminases acting on RNA and
dominant negative effects of nonfunctional subunits on dimer
functions. J Biol Chem 282(22):16054–16061

113. Gareau JR, Lima CD (2010) The SUMO pathway: emerging
mechanisms that shape specificity, conjugation and recognition.
Nat Rev Mol Cell Biol 11(12):861–871

114. Hay RT (2005) SUMO: a history of modification. Mol Cell 18
(1):1–12

115. Carmo-Fonseca M, Mendes-Soares L, Campos I (2000) To be or
not to be in the nucleolus. Nat Cell Biol 2(6):E107–E112

116. Macbeth MR, Schubert HL, Vandemark AP, Lingam AT, Hill CP,
Bass BL (2005) Inositol hexakisphosphate is bound in the
ADAR2 core and required for RNA editing. Science 309
(5740):1534–1539

117. Shears SB (2001) Assessing the omnipotence of inositol hexaki-
sphosphate. Cell Signal 13(3):151–158

118. York JD, Odom AR, Murphy R, Ives EB, Wente SR (1999) A
phospholipase C-dependent inositol polyphosphate kinase path-
way required for efficient messenger RNA export. Science 285
(5424):96–100

119. Hoy M, Efanov AM, Bertorello AM, Zaitsev SV, Olsen HL,
Bokvist K, Leibiger B, Leibiger IB, Zwiller J, Berggren PO,
Gromada J (2002) Inositol hexakisphosphate promotes dynamin
I-mediated endocytosis. Proc Natl Acad Sci U S A 99(10):6773–
6777

120. Steger DJ, Haswell ES, Miller AL, Wente SR, O’Shea EK (2003)
Regulation of chromatin remodeling by inositol polyphosphates.
Science 299(5603):114–116

121. Sasakawa N, Sharif M, Hanley MR (1995) Metabolism and
biological activities of inositol pentakisphosphate and inositol
hexakisphosphate. Biochem Pharmacol 50(2):137–146

74 Mol Neurobiol (2012) 45:61–75



122. Valastro B, Girard M, Gagne J, Martin F, Parent AT, Baudry M,
Massicotte G (2001) Inositol hexakisphosphate-mediated regu-
lation of glutamate receptors in rat brain sections. Hippocampus
11(6):673–682

123. Fitzgerald LW, Iyer G, Conklin DS, Krause CM, Marshall A,
Patterson JP, Tran DP, Jonak GJ, Hartig PR (1999) Messenger
RNA editing of the human serotonin 5-HT2C receptor. Neuro-
psychopharmacology 21(2 Suppl):82S–90S

124. Niswender CM, Copeland SC, Herrick-Davis K, Emeson RB,
Sanders-Bush E (1999) RNA editing of the human serotonin 5-
hydroxytryptamine 2C receptor silences constitutive activity. J
Biol Chem 274(14):9472–9478

125. Mahajan SS, Thai KH, Chen K, Ziff E (2011) Exposure of
neurons to excitotoxic levels of glutamate induces cleavage of
the RNS editing enzyme, adenosine deaminase acting on RNA 2,
and loss of GluR2 editing. Neuroscience

126. Burnett G, Kennedy EP (1954) The enzymatic phosphorylation
of proteins. J Biol Chem 211(2):969–980

127. Hornbeck PV, Chabra I, Kornhauser JM, Skrzypek E, Zhang B
(2004) PhosphoSite: a bioinformatics resource dedicated to
physiological protein phosphorylation. Proteomics 4(6):1551–
1561

128. Dinkel H, Chica C, Via A, Gould CM, Jensen LJ, Gibson TJ,
Diella F (2011) Phospho.ELM: a database of phosphorylation
sites—update 2011. Nucleic Acids Res 39(Database issue):
D261–D267

129. Beausoleil SA, Jedrychowski M, Schwartz D, Elias JE, Villen J,
Li J, Cohn MA, Cantley LC, Gygi SP (2004) Large-scale
characterization of HeLa cell nuclear phosphoproteins. Proc Natl
Acad Sci U S A 101(33):12130–12135

130. Beausoleil SA, Villen J, Gerber SA, Rush J, Gygi SP (2006) A
probability-based approach for high-throughput protein phos-
phorylation analysis and site localization. Nat Biotechnol 24
(10):1285–1292

131. Cantin GT, Yi W, Lu B, Park SK, Xu T, Lee JD, Yates JR 3rd
(2008) Combining protein-based IMAC, peptide-based IMAC,
and MudPIT for efficient phosphoproteomic analysis. J Proteome
Res 7(3):1346–1351

132. Chen RQ, Yang QK, Lu BW, Yi W, Cantin G, Chen YL, Fearns
C, Yates JR 3rd, Lee JD (2009) CDC25B mediates rapamycin-
induced oncogenic responses in cancer cells. Cancer Res 69
(6):2663–2668

133. Daub H, Olsen JV, Bairlein M, Gnad F, Oppermann FS, Korner
R, Greff Z, Keri G, Stemmann O, Mann M (2008) Kinase-
selective enrichment enables quantitative phosphoproteomics of
the kinome across the cell cycle. Mol Cell 31(3):438–448

134. Dephoure N, Zhou C, Villen J, Beausoleil SA, Bakalarski CE,
Elledge SJ, Gygi SP (2008) A quantitative atlas of mitotic
phosphorylation. Proc Natl Acad Sci U S A 105(31):10762–10767

135. Huttlin EL, Jedrychowski MP, Elias JE, Goswami T, Rad R,
Beausoleil SA, Villen J, Haas W, Sowa ME, Gygi SP (2010) A
tissue-specific atlas of mouse protein phosphorylation and
expression. Cell 143(7):1174–1189

136. Mayya V, Lundgren DH, Hwang SI, Rezaul K, Wu L, Eng JK,
Rodionov V, Han DK (2009) Quantitative phosphoproteomic
analysis of T cell receptor signaling reveals system-wide
modulation of protein–protein interactions. Sci Signal 2(84):ra46

137. Olsen JV, Blagoev B, Gnad F, Macek B, Kumar C, Mortensen P,
Mann M (2006) Global, in vivo, and site-specific phosphoryla-
tion dynamics in signaling networks. Cell 127(3):635–648

138. Olsen JV, Vermeulen M, Santamaria A, Kumar C, Miller ML,
Jensen LJ, Gnad F, Cox J, Jensen TS, Nigg EA, Brunak S, Mann
M (2010) Quantitative phosphoproteomics reveals widespread
full phosphorylation site occupancy during mitosis. Sci Signal 3
(104):ra3

139. Raijmakers R, Kraiczek K, de Jong AP, Mohammed S, Heck AJ
(2010) Exploring the human leukocyte phosphoproteome using a
microfluidic reversed-phase-TiO2-reversed-phase high-
performance liquid chromatography phosphochip coupled to a
quadrupole time-of-flight mass spectrometer. Anal Chem 82
(3):824–832

140. Tsai CF, Wang YT, Chen YR, Lai CY, Lin PY, Pan KT, Chen JY,
Khoo KH, Chen YJ (2008) Immobilized metal affinity chroma-
tography revisited: pH/acid control toward high selectivity in
phosphoproteomics. J Proteome Res 7(9):4058–4069

141. Van Hoof D, Munoz J, Braam SR, Pinkse MW, Linding R, Heck
AJ, Mummery CL, Krijgsveld J (2009) Phosphorylation dynamics
during early differentiation of human embryonic stem cells. Cell
Stem Cell 5(2):214–226

142. Gnad F, Gunawardena J, Mann M (2011) PHOSIDA 2011: the
posttranslational modification database. Nucleic Acids Res 39
(Database issue):D253–D260

143. Gnad F, Ren S, Cox J, Olsen JV, Macek B, Oroshi M, Mann M
(2007) PHOSIDA (phosphorylation site database): management,
structural and evolutionary investigation, and prediction of
phosphosites. Genome Biol 8(11):R250

144. Oppermann FS, Gnad F, Olsen JV, Hornberger R, Greff Z, Keri
G, Mann M, Daub H (2009) Large-scale proteomics analysis of
the human kinome. Mol Cell Proteomics 8(7):1751–1764

145. Hashimoto Y, Akita H, Hibino M, Kohri K, Nakanishi M (2002)
Identification and characterization of Nek6 protein kinase, a
potential human homolog of NIMA histone H3 kinase. Biochem
Biophys Res Commun 293(2):753–758

146. Yin MJ, Shao L, Voehringer D, Smeal T, Jallal B (2003) The
serine/threonine kinase Nek6 is required for cell cycle progres-
sion through mitosis. J Biol Chem 278(52):52454–52460

147. Marcucci R, Brindle J, Paro S, Casadio A, Hempel S, Morrice N,
Bisso A, Keegan LP, Del Sal G, O’Connell MA (2011) Pin1 and
WWP2 regulate GluR2 Q/R site RNA editing by ADAR2 with
opposing effects. Embo J

148. Cavaille J, Buiting K, Kiefmann M, Lalande M, Brannan CI,
Horsthemke B, Bachellerie JP, Brosius J, Huttenhofer A (2000)
Identification of brain-specific and imprinted small nucleolar
RNA genes exhibiting an unusual genomic organization. Proc
Natl Acad Sci U S A 97(26):14311–14316

149. Doe CM, Relkovic D, Garfield AS, Dalley JW, Theobald DE,
Humby T, Wilkinson LS, Isles AR (2009) Loss of the imprinted
snoRNA MBII-52 leads to increased 5htr2c pre-RNA editing and
altered 5HT2CR-mediated behaviour. Hum Mol Genet 18
(12):2140–2148

150. Werry TD, Loiacono R, Sexton PM, Christopoulos A (2008)
RNA editing of the serotonin 5HT2C receptor and its effects on
cell signalling, pharmacology and brain function. Pharmacol
Ther 119(1):7–23

151. Lei M, Liu Y, Samuel CE (1998) Adenovirus VAI RNA
antagonizes the RNA-editing activity of the ADAR adenosine
deaminase. Virology 245(2):188–196

152. Macbeth MR, Lingam AT, Bass BL (2004) Evidence for auto-
inhibition by the N terminus of hADAR2 and activation by
dsRNA binding. RNA 10(10):1563–1571

Mol Neurobiol (2012) 45:61–75 75


	Activity Regulation of Adenosine Deaminases Acting on RNA (ADARs)
	Abstract
	Introduction
	Functional ADAR Protein Domains
	Genomic Organization and Post-transcriptional Regulation of ADARs
	ADAR1 Has Different Promoters and Undergoes Alternative Splicing
	ADAR2 Alternative Splicing and Self-editing
	ADAR3

	Temporal and Spatial Regulation of ADAR Expression
	Subcellular Distribution of ADARs
	Dimerization
	ADAR1 SUMOylation
	Inositol Hexakisphosphate in the Catalytic Site of ADAR2
	Proteolytic Cleavage of ADAR2
	Phosphorylation
	Inhibitors and Trans-acting Factors
	Conclusion
	References


