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ABSTRACT
Adenosine-to-inosine (A-to-I) editing is one of the most prevalent post-transcriptional RNA modifications 
in metazoan. This reaction is catalysed by enzymes called adenosine deaminases acting on RNA (ADARs). 
RNA editing is involved in the regulation of protein function and gene expression. The numerous A-to-I 
editing sites have been identified in both coding and non-coding RNA transcripts. These editing sites are 
also found in various genes expressed in the central nervous system (CNS) and play an important role in 
neurological development and brain function. Aberrant regulation of RNA editing has been associated 
with the pathogenesis of neurological and psychiatric disorders, suggesting the physiological signifi
cance of RNA editing in the CNS. In this review, we discuss the current knowledge of editing on 
neurological disease and development.
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1. Introduction

Eukaryotic RNA transcripts are frequently subjected to 
various types of post-transcriptional RNA modifications, 
contributing to the complex regulation of gene expression 
involved in various biological processes. Increasing evi
dence proposes that these post-transcriptional RNA mod
ifications play important roles in complex functions of the 
central nervous system (CNS) [1]. Adenosine (A) is con
verted to inosine (I) through hydrolytic deamination of 
the amino group at the C6 position of adenosine, which is 
catalysed by enzymes termed adenosine deaminases acting 
on RNA (ADARs) [2] (Fig. 1A). This reaction requires the 
formation of a double-stranded RNA (dsRNA) structure in 
the nucleus. Since inosine contains a similar chemical 
structure with guanosine (G), inosine base pairs with 
cytidine instead of uridine. Inosines in RNA transcripts 
are interpreted as guanosines through mRNA-splicing and 
translation for protein synthesis. As a result, A-to-I mod
ification causes editing of genetic sequences, called A-to-I 
RNA editing [2]. Up to date, many A-to-I RNA editing 
sites have been identified in not only protein-coding but 
also non-coding transcripts expressed in neuronal cells of 
different organisms. Various studies have demonstrated 
that these RNA editing sites have important functions 
and biological significance in neurological development. 
It has been reported that dysregulation of A-to-I RNA 
editing is associated with the pathogenesis of various neu
rological and psychiatric disorders. These findings high
light the biological importance of A-to-I RNA editing in 
the physiology of the CNS. In this review, we present 
current knowledge about A-to-I RNA editing in the CNS.

1.1. A-to-I RNA editing and ADAR enzymes

The ADAR gene family is widely conserved in metazoans. In 
vertebrates, three ADAR gene family members have been 
identified so far: ADAR1 [3], ADAR2 [4], and ADAR3 [5] 
(Fig. 1B). They share common domain structures. In the 
N-terminal region, they contain several tandemly repeated 
double-stranded RNA binding domains (dsRBD) that enable 
direct binding with dsRNA structures [6]. In the C-terminal 
region, there is a deaminase domain that catalyzes A-to-I 
editing.

On the other hand, distinct domains are found between 
ADARs. ADAR1 has two isoforms derived from alternative 
transcription promoters: a full-length, interferon-inducible 150- 
kDa isoform (p150), which is mainly present in the cytoplasm, 
and a shorter, constitutively expressed 110-kDa isoform (p110), 
which is localized in the nucleus [7]. While ADAR1 p110 has one 
full Zβ-domain and trimmed latter part of Zα-domain, ADAR1 
p150 has entire the Zβ and Zα-domains. Both ADAR1 p110 and 
p150 have three dsRBDs. ADAR1p110 is ubiquitously expressed 
in most of all tissues, while ADAR1 p150 predominantly 
expressed in the lymph node and spleen [8]. ADAR2 has two 
dsRBDs, and expresses relatively highly in the brain and testis 
[9]. ADAR3 has two dsRBDs and Arg-rich single-stranded RNA 
binding domain. ADAR3 shows brain-specific expression.

The enzymatic activities of ADAR1 and ADAR2 have been 
verified, while the editing activity of ADAR3 is not shown yet 
[10,11]. ADAR1 is known to be primarily responsible for 
RNA editing in repeat elements in non-coding regions of 
mRNAs. However, ADAR2 is mainly involved in recoding 
editing in protein-coding genes, most of which are expressed 
in the CNS.
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ADAR1 and ADAR2 are essential genes in mammals. 
Adar1 null mice show embryonic lethality at E11.5 stage, 
accompanied by massive apoptosis, defective erythropoi
esis, and aberrant innate immune response [12]. Adar2 
null mutant mice exhibit postnatal death at several weeks 
of age following repeated epileptic seizures, caused by 
neuronal cell death due to the excessive influx of calcium 
ions through glutamate receptors [13]. Although ADAR3 
lacks editing activity, the functional role and its biological 
importance have been recently characterized. Several 
papers reported that ADAR3 functions as a negative reg
ulator for RNA editing by competing with ADAR1 or 
ADAR2 for binding to editing substrates [10]. Mladenova 
et al. recently reported that Adar3-deficient mice show 
increased levels of anxiety and deficits in hippocampus- 
dependent short- and long-term memory formation, sug
gesting that ADAR3 plays an important role in cognitive 
processes in mammals [11].

1.2. A-to-I RNA editing sites

In protein-coding regions of mRNA transcripts, RNA editing 
can occasionally lead to specific changes in codon code that 
translate mRNA sequences into amino-acids, which generates 
the multiple, functionally distinct protein variants from 
a single genetic locus. Therefore, A-to-I RNA editing of 
mRNA contributes to an increase of proteomic diversity in 
cells and tissues. In particular, amino-acid alteration causing 
RNA editing tends to be found and well characterized in the 
CNS, such as transcripts of voltage- or ligand-gated ion chan
nels and neurotransmitter receptors [14]. Most of the editing 
sites within protein-coding sequences (CDS) in neuronal gene 
transcripts are highly conserved in mammals, suggesting the 
essential their roles in mammalian CNS [15].

On the other hand, A-to-I RNA editing sites are found in 
non-coding regions of mRNAs far more than those in mRNA 
CDS regions. It is reported that parts of them are involved in 

Figure 1. Deamination of adenosine to inosine and ADAR family. (A) The schematic of adenosine-to-inosine deamination reaction catalysed by ADARs. (B) Domain 
structures of ADAR family genes in the vertebrate. There are three ADAR family members (ADAR1, ADAR2, and ADAR3), and ADAR1 contains two isoforms (p110 and 
p150). All the enzymes contain a conserved deaminase domain, shown in green, and the double-stranded RNA (dsRNA)-binding domain (dsRBD) that determines 
substrate specificity, shown in orange. ADAR1 p110 and p150 isoforms are different in their Z-DNA-binding domains, shown in blue. The only ADAR3 contains an 
arginine-rich domain, shown in purple.
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the regulation of gene expression. RNA editing in intronic 
regions of mRNAs creates or abolishes splicing sites to reg
ulate alternative mRNA spicing [16,17]. In 3ʹ untranslated 
regions (3ʹ UTRs) of protein-coding transcripts, RNA editing 
can alter target sequences of micro RNA (miRNA)-mediated 
translational regulation [18,19] or increase the accessibility to 
cis-elements for mRNA stability [20], leading to alteration of 
expression levels of mRNAs or synthesized proteins.

The recent rapid improvement of the next-generation 
sequencing (NGS) technologies and bioinformatics enables 
high-throughput transcriptome-wide identification of A-to-I 
RNA editing in various cultured cell lines or tissues. Up to 
date, more than hundred thousands of RNA editing sites have 
been identified in humans [21,22] and more than a few thou
sands in mice [23,24]. In contrast to the editing sites in CDS 
regions of mRNAs, most editing sites in non-CDS regions 
reside in species-specific retrotransposon-originated elements, 
i.e. SINE-Alu repeats in humans and mainly SINE-B1/B2 
repeats in mice. Such repetitive retrotransposon elements are 
frequently located in intronic or 3ʹ UTRs of transcripts as the 
forward or inverted orientations. The proximal pair of repeats 
locates in inverted directions with each other on the same 
transcript form a long dsRNA structure, which is preferen
tially recognized and edited by ADAR1 [25,26]. Only a subset 
of these editing sites in repetitive sequences are functionally 
annotated: modulation of miRNA-mediated translational sup
pression [18,19], mRNA stability [20], and regulation of cir
cular RNA production [27]. The functions of the numerous 
editing sites in repetitive elements are mostly unknown.

2. Neurological and neurodegenerative disease 
caused by dysregulated RNA editing

2.1. Q/R editing of AMPA glutamate receptor subunit 
GluA2

An α-amino-3-hydroxy-5-methyl-4-isoxazole- propionic acid 
(AMPA) receptor is a subtype of ionotropic glutamate recep
tors, which is involved in the establishment and maintenance 
of synaptic plasticity in the CNS [28]. The neurotransmitter 
glutamate released from pre-synaptic densities activates 
AMPA receptors to allow the influx of Na+ or Ca2+ ions to 
the post-synaptic densities. Mammalian AMPA receptors con
sist of a combination of GluA1, GluA2, GluA3, and GluA4 
subunits (also known as GluR1 to GluR4 or GluR-A to GluR- 
D) [29]. The mRNA transcripts encoding the GluA2 subunit 
are subjected to ADAR2-mediated A-to-I RNA editing that 
alters a glutamine codon (Q) to an arginine codon (R) (Fig. 
2A). This replacement from the neutral amino acid residue to 
the positively charged one results in significantly reduced Ca2 

+ permeability of the receptor (Fig. 2A).
In human and mouse brain tissue, almost all GluA2 mRNA 

is edited at the Q/R site; therefore, the AMPA receptors 
containing a GluA2 subunit are essentially Ca2+ impermeable. 
The GluA2 Q/R site editing plays critical physiological roles in 
the mammalian CNS. Initially, it was reported that mutant 
mice harbouring a Q/R-site editing-deficient GluA2 allele, in 
which complementary genomic sequences required for 
dsRNA are deleted, leads to postnatal death accompanied by 

an increase of Ca2+ permeability and neuronal degeneration 
[30]. Subsequent to this analysis, it was found that Adar2- 
deficient mice also exhibit death after birth, followed by 
phenotypes quite similar to those observed in mice with Q/ 
R-site editing-depleted GluA2 [13]. Moreover, this lethal phe
notype of ADAR2 null mice was rescued by a genomic point- 
mutation to alter a glutamine codon to an arginine codon at 
the GluA2 Q/R site [13]. These studies in mouse models 
highlight the physiological importance of GluA2 Q/R site 
editing in brain function and demonstrate that this editing 
site is the most critical target of the ADAR2 enzyme. These 
earlier in vivo studies suggest that the deficiency of GluA2 Q/ 
R site editing generates Ca2+ permeable AMPA receptors, 
leading to excitotoxic neuronal cell death. Some studies 
showed that this defect of GluA2 RNA editing is observed in 
neurological neurodegenerative disorders, suggesting this 
change contributes to the pathogenesis of the diseases 
(Table 1).

2.1.1. Amyotrophic lateral sclerosis (ALS)
Amyotrophic lateral sclerosis (ALS) is a foetal and progressive 
adult-onset neurodegenerative disorder [31]. The rapid pro
gressive death of both the upper and lower motor neurons 
leads to terminal atrophy of skeletal muscle and eventually 
death due to a severe failure of the respiratory system. The 
genetic annotations of ALS pathology are very limited; only 
5 ~ 10% of ALS cases are perceived as familial ALS. More than 
90% of ALS cases are with no apparent genetic basis, classified 
as sporadic ALS.

One proposed model for motor neuron cell death is the 
excitotoxicity of the AMPA receptor-meditated Ca2+ perme
ability. Several lines of evidence showed that GluA2 Q/R site 
editing is remarkably reduced in the spinal motor neurons of 
sporadic ALS patients compared to control subjects, while the 
expression level of GluA2 mRNA remains unchanged [32,33]. 
It is likely that GluA2 RNA editing deficiencies occur in ALS 
patients due to down-regulation of ADAR2, which was 
observed in the spinal motor neurons of sporadic ALS 
patients [34]. To further elucidate the role of ADAR2- 
mediated GluA2 RNA editing in motor neuron death, 
ADAR2 was ablated specifically in motor neurons of mice 
[35]. As a result, the mutant mice developed ALS-like pro
gressive loss of motor neuron function, accompanied by the 
denervation of skeletal muscles [35]. Furthermore, these mice 
were shown to exhibit the abnormal activation of calpain, 
a protease dependent of excessive Ca2+ influx through une
dited GluA2-containing AMPA receptors, resulting in clea
vage and consequent cytoplasmic mislocalization of TAR 
DNA-binding protein (TDP-43), which is the reliable patho
logical hallmark of ALS [36,37]. Moreover, the activated cal
pain cleaves nucleoporins, which comprise the 
nucleocytoplasmic transport, leading to defects of the nucleo
cytoplasmic transport machinery and gene expression [38]. 
Thus, these studies strongly support the hypothesis that the 
excitotoxicity of the exaggerated Ca2+ influx by unedited 
GluA2 causes motor neuron death in patients with sporadic 
ALS (Fig. 3A).

Recently, repairment of dying motor neurons from sporadic 
ALS by reactivating ADAR2 or suppressing excessive Ca2+ influx 
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by AMPA receptors has become a therapeutic strategy for ALS 
patients [39,40]. To restore the activity of ADAR2 in non- 
ADAR2-expressing motor neurons, a study used an adeno- 
associated virus serotype 9 (AAV9) vector modified to promote 
the cross-blood brain barrier (BBB) to deliver human ADAR2 
cDNA to motor neurons of Adar2 knockout mice to restore 
ADAR2 activity. After injecting the AAV9-ADAR2 vector into 
the tail vein of Adar2 knockout mice, it was observed that the 
vector-based ADAR2 gene delivery prevented the progression of 
the ALS phenotype, including progressive motor dysfunction, 
and the role of ADAR2 gene transmission was also observed 
[40]. In addition, AMPA receptor antagonists are a potential 
treatment for neurological disorders including ALS, but their 
side effects hinder clinical use [41]. Based on this, a non- 
competitive AMPA receptor antagonist, perampanel, has been 
approved as an antiepileptic drug. A study showed that oral 
administration of perampanel in Adar2 knockout mice can 
inhibit the progression of ALS phenotype, including progressive 
motor dysfunction (assessed by stationary time and grip) [39]. In 
addition, the cytoplasmic mislocalization of TDP-43 was signifi
cantly corrected in the treated mice compared to that in the 

untreated mice. These results suggest that this antiepileptic drug 
is also a promising medication for ALS treatment.

2.1.2. Epilepsy
Epilepsy is a common neurological disorder characterized by 
unprovoked recurrent seizures. The causes for epilepsy are 
multifaceted, resulting from genetic predispositions, CNS 
injuries and altered epigenetic status. All epileptic manifesta
tions share the common feature of abnormal neuronal hyper
excitability in a subpopulation of neuronal cells, which leads 
to markedly elevated levels of intracellular Ca2+ ions. 
Neuronal cells that are exposed to prolonged and non-lethal 
levels of increased Ca2 ion concentration undergo plastic 
changes, resulting in epileptogenesis. AMPA glutamate recep
tors play a pivotal role in the fast excitability neurotransmis
sion and thus have been supposed to contribute to the 
generation of seizures. Several studies using mouse models 
mentioned earlier suggest that a deficit of GluA2 Q/R RNA 
editing is linked to seizure vulnerability [13,30]. This hypoth
esis is strengthened by the study that the extent of Ca2+ 

permeability is directly correlated with varying degrees of 

Figure 2. Functional roles of A-to-I RNA editing in the neurotransmitter receptor and the ion channel. (A) The A-to-I editing site (Q/R) in the secondary structure of 
the GluA2 pre-mRNA regions (top). The schematic of the GluA2 subunit structure and the functional difference in edited and unedited forms (middle and bottom, 
respectively). RNA editing alters the glutamate residue (Q) (middle left) at the 607th position to a positively charged arginine residue (R) (middle right), which can 
dramatically reduce calcium permeability (bottom). (B) The five editing sites (A-E) in the secondary structure of the 5HT2CR pre-mRNA regions where exon 5 base- 
pairs with the intron 5 (top). The schematic drawing of 5-HT2c receptor structure the functional difference in edited and unedited forms (middle and bottom, 
respectively). RNA editing of 5HT2C receptor converts amino acid isoleucine (I) at 156th position to valine (V), or methionine (M), asparagine (N) at 158th position to 
aspartic acid (D), serine (S), or glycine (G), and isoleucine (I) at 160th position to valine (V) (middle). Edited 5HT2CR isoforms exhibit reduced G protein coupling 
efficiency (bottom left) in comparison to the unedited isoform (bottom right). (C) The A-to-I editing site (I/V) in the secondary structure of Kv1.1 mRNAs (top). The 
schematic drawing of Kv1.1 channel structure and the functional difference in edited and unedited forms (middle and bottom, respectively) The transmembrane 
voltage sensor (S4), the K+ ion selectivity filter (S5–S6) are indicated in the middle and bottom figure. Editing of Kv1.1 changes the isoleucine (I) (middle) to valine (V) 
(bottom). which reduces the affinity for the binding of Kv β1.1 and enhances recovery from inactivation.
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impairment of GluA2 Q/R RNA editing [42]. Moreover, 
a conditional mouse mutant where GluA2 editing was inacti
vated postnatally in selected forebrain regions showed synap
tic changes that implied susceptibility to seizure manifestation 
[43]. These lines of evidence demonstrate that the epileptic 
phenotype of GluA2 Q/R editing-deficient mouse models 
could be a direct consequence of altered AMPA-receptor 
properties in adult brains, but not a result of neurodevelop
mental defects.

The molecular mechanism of epileptogenesis arising 
from the defect of GluA2 Q/R site editing has been 
unclear. Although AMPA receptors lacking GluA2 subu
nits are also highly permeable to Ca2+ ions, GluA2 knock
out mice exhibit almost normal viability and manifest no 
phenotype of seizures [44]. This discrepancy is likely 
attributed to the fact that the nature of the Q/R residue 
in the GluA2 subunit affects not only Ca2+ permeability 
but also gating kinetics, channel conductance, channel 
assembly, and trafficking. In contrast to abundant evi
dence for the causative relationship between GluA2 Q/R 
RNA editing and epilepsy in mouse models, the results 
from studies on GluA2 Q/R editing in clinical specimens 
of epilepsy patients are inconsistent. A study using needle 
biopsy samples obtained from hypothalamic hamartoma 
tissue, which is supposed to be an intrinsic aspect of 
epilepsy, found loss of nuclear immunostaining of 
ADAR2 concomitant with decreased RNA editing effi
ciency at the GluA2 Q/R site [45]. However, several stu
dies reported that down-regulation of GluA2 Q/R site 
editing was not observed in the surgically excised hippo
campus and temporal cortex tissues of epilepsy patients 
[46,47]. Further studies are needed to truly understand the 
pathological role of GluA2 Q/R site editing in epilepsy 
(Fig. 3A).

2.1.3. Developmental epileptic encephalopathy (DEE)
Developmental and epileptic encephalopathy (DEE) is 
a neurodevelopmental disorder characterized by intractable 
epileptic seizures, intellectual disability, microcephaly, and 
developmental delay. Recently, two studies have identified 

the bi-allelic variants in ADAR2 that are associated with 
DEE [48,49]. Currently, seven variants are identified, five of 
which are shown to cause non-synonymous amino acid 
changes leading to the impairment of RNA-editing activity 
of ADAR2, strengthening the importance of ADAR2- 
mediated RNA editing in brain development and function.

As described above, ADAR2 deficient mice exhibit post
natal death due to epileptic seizures caused by under-editing 
at GluA2 Q/R site [13]. A recent study has identified the de 
novo heterozygous variants in GRIA2 among individuals with 
intellectual disability and neurodevelopmental abnormalities 
[50]. One of the most profound variants, Q607E, occurred at 
the Q/R site in an individual with a severe DEE. These find
ings suggest that the epilepsy phenotypes observed in DEE 
patients arising from bi-allelic ADAR2 variants may be attri
butable in part to under-editing of the GluA2 Q/R site 
(Fig. 3A).

2.1.4. Astrocytoma
Astrocytoma is a brain cancer of the astrocytes, which are 
star-shaped glial cells [51]. Glioblastoma multiforme (GBM) 
is a grade IV astrocytoma, the most severe grade of malig
nancy, and a particularly invasive tumour reported to be 
usually fatal within 18 months [52]. Analysis of GBM tissue 
samples revealed that the GluA2 Q/R site was significantly 
under-edited compared to that of control samples [53]. 
Ozawa et al. clearly demonstrated the causative relationship 
between under-editing of the Q/R site and astrocytoma 
malignancy. They showed that GBMs mainly express Ca2+ 

permeable AMPA receptor subunits (GluA2 and GluA4), 
suggesting that an alteration of Ca2+ influx has a crucial 
role in tumour growth. Indeed, they showed that transfec
tion of GBM cells with a GluA2 edited version (GluA2 R) 
suppressed cell migration and induced apoptosis, whilst the 
GluA2 unedited version (GluA2 Q) enhanced cell malig
nant features [54]. Further studies demonstrated that the 
excessive influx of Ca2+ mediated by AMPA receptors has 
been shown to activate Akt by phosphorylation, thereby 
promoting proliferation and mobility [55]. The upregula
tion of the Akt pathway is reversed when the edited GluA2 

Table 1. Dysregulated A-to-I editing associated with neurological or neurodegenerative diseases.

Gene Editing site
Responsible ADAR1/ 

2 Editing function Associated disease

GRIA2 GluA2 Q→R 2 Change in Ca2+ permeability Amyotrophic lateral sclerosis (ALS) [32,34,39] 
Epilepsy [30,45] 
Developmental epileptic encephalopathy (DEE) 

[48–50] 
Astrocytoma [55,56]

HT2CR 5-HT2cR A, B, D sites 1 Decrease in 5-HT potency 
Reduction in G protein-coupling efficiency

Depression [68,70] 
Suicide Schizophrenia [69,70] 
Bipolar disorder [70,71]

5-HT2cR C, E sites 1, 2

KCNA1 Kv1.1 I→V 2 Reduction in the deactivation rate Episodic Ataxia Type 1 (EA1) [81], Epilepsy [77]
MIR21 pri-miR-21 

8 sites
2 Inhibit Drosha processing Astrocytoma [137]

MIR221 pri-miR-221 − 1, +1, 
+64

2 Inhibit Drosha processing Astrocytoma [137]

MIR222 pri-miR-222 − 21, +53 2 Inhibit Drosha processing Astrocytoma [137]
MIR376A pri-miR-376a +9 2 Redirection of target recognition of mature 

miRNA
Astrocytoma [138]
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R is expressed [55]. These studies suggest that the decrease 
of RNA editing levels at the GluA2 Q/R site greatly con
tributes to brain cancer progression (Fig. 3A).

2.2. RNA editing of serotonin receptor (5-HT2CR)

Members of the serotonin (5-hydroxytryptamine or 5-HT) 
receptor gene family are G-protein coupled receptors that 
are considered to primarily contribute to physiological and 
behavioural processes such as circadian rhythms, emotion, 

appetite, and sexual behaviour. 5-HT 2 C receptor (5-HT2C 
R), one subtype in the 5-HT receptor family, is predominantly 
detected in the CNS and the only serotonin receptor that 
undergoes A-to-I RNA editing [56]. Five editing sites 
(referred to as A, B, C, D, and E site) are identified in 5- 
HT2CR pre-mRNAs [57]. Sites A and B are edited by ADAR1, 
whereas the editing of site D is mediated specifically by 
ADAR2. Sites C and E are edited by both ADAR1 and 
ADAR2 (Table 1) [58]. Editing of the five sites located in 
the second intracellular loop of the receptor would change 
three amino acids consisting of Ile, Asp, and Ile (INI) at 

Figure 3. Neurological or neurodegenerative diseases associated with dysregulated A-to-I RNA editing in the neurotransmitter receptor and the ion channel. In each 
editing gene, the human brain areas affected by dysregulated RNA (including speculated areas) are shown in the left schematic drawing of the human brain, and 
associated diseases are shown in the right boxes. Each box includes the related brain area, alteration pattern of RNA editing, cell phenotype, tissue phenotype (only 
for GluA2 Q/R editing), and the associated disease. The colours of the outside line in each box corresponds to those of brain areas, respectively. (A) GluA2 Q/R editing 
(B) 5-HT2cR editing (C) Kv1.1 I/V editing.
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positions 156, 158, and 160, respectively (Fig. 2B) [57]. 
Theoretically, 24 protein variants can be produced as 
a result of different combinations of RNA editing sites. 
Sequencing analysis of cDNA in the 5-HT2CR editing region 
isolated from rat, mouse, human brain tissues showed that 
different serotonin receptor isoforms are expressed dependent 
of specific brain regions, suggesting that differentially edited 
5-HT2CR may exert distinct physiological roles in individual 
brain regions [57,59,60]. The edited mRNA transcripts encod
ing isoforms with Val-Ser-Val (VSV) or Val-Asn-Val (VNV) 
are the most highly expressed in the majority of brain regions 
[57]. Functional comparisons between non-edited (INI) and 
the fully-edited (VGV) 5-HT2CR isoforms revealed a 40-fold 
decrease in 5-HT potency as well as reductions in G-protein 
coupling efficiency and agonist binding [57,59,61]. Moreover, 
5-HT2CR RNA editing regulates cell surface expression of the 
receptors by intracellular trafficking efficacy. The fully edited 
VGV isoform displays sufficient cell surface expression, 
whereas the unedited INI isoform is internalized and accu
mulated in endosomes [62]. Interestingly, the editing efficien
cies of these five sites of 5-HT2CR exhibit differential levels 
during brain development. In the embryonic stage, the pre
dominant isoforms are non-edited INI and D-site-edited INV, 
while in the adult brain, highly edited isoforms VNV, VNI, 
and VSV are the most common [63].

To understand the significance of 5-HT2CR RNA editing 
in vivo, Kawahara et al. generated mutant mice engineered 
with the expression of one of two significantly different edit
ing isoforms, INI (non-edited) or VGV (fully edited) [64]. 
Although the unedited model mice (INI) grew naturally, fully 
edited model mice (VGV) exhibited the abnormal reduction 
of fat mass, despite the hyperphagia phenotype, due to hyper
activation of the sympathetic nervous system and increased 
energy expenditure, which led to growth retardation. These 
results highlight the physiological importance of 5-HT2C 
R editing in energy metabolism [64]. The accumulating evi
dence suggests that alteration of editing patterns of 5-HT2C 
R mRNA may be associated with several psychiatric disorders, 
including anxiety, depression, bipolar disorder, and schizo
phrenia [65] (Table 1).

2.2.1. Depression and Schizophrenia
Serotonin signalling has been implicated widely in the aetiol
ogy of behavioural and psychiatric disorders and several 5HT 
receptors, including the 5-HT2CR, are thought to be impor
tant targets for pharmacologic treatment. In fact, some anti
depressant drugs have been shown to interact with 5-HT2C 
R [66], and thus it is hypothesized that the 5-HT2CR plays 
a prominent role in the pathophysiology of several psychiatric 
disorders including anxiety, depression, bipolar disorder, and 
schizophrenia. This notion raises an intriguing question on 
whether different editing patterns at five sites of 5-HT2C 
R mRNAs are involved in the development of psychological 
abnormalities. Multiple investigations provide evidence for 
the alteration of the editing patterns of 5-HT2CR in patients 
affected by psychiatric disorders; however, there is an appar
ent discrepancy between these results. This is likely due to 
problems and confounding variables in studies using post- 
mortem brain tissues, including a small sample size, a subtle 

difference in dissected brain regions, and a medication history 
of subjects. Furthermore, different methods used for analysis 
and their technical bias contribute to inconsistent results on 
editing patterns.

Multiple studies reported that no alteration of editing 
efficiencies in 5-HT2CR transcripts was detected in the frontal 
cortex regions from individuals diagnosed with major depres
sion [67], schizophrenia, or bipolar disorder compared to that 
in control subjects [68–70], except for one report that showed 
a trend for increased RNA editing at the D site in depressive 
patients [70]. However, individuals who committed suicide 
exhibited significant changes in editing patterns of 5-HT2c 
R mRNAs. Two groups reported that there was a significant 
increase of RNA editing level at the A site of 5-HT2CR in 
suicide victims regardless of psychiatric diagnosis [68,70]. In 
contrast, another study that examined suicide victims with 
a history of major depression showed that elevated levels at 
the C and E site editing were observed, whereas decreased 
level at the D site editing was detected [67]. Interestingly, this 
study also found that mice treated chronically with the anti
depressant drug fluoxetine exhibited the editing patterns pre
cisely opposite to those observed in the suicide victims. 
A different study reported a significant increase in editing 
levels at the A, C, and D sites in suicide victims diagnosed 
with major depression, resulting in increased VSV isoform 
bearing decreased G-protein coupling efficacy (Fig. 3B) [69]. 
Although the studies mentioned above primarily focus on the 
dorsolateral prefrontal cortex region of the human brain, an 
analysis on the anterior cingulate cortex region revealed the 
region-specific changes in the editing patterns of depressive 
suicide victims. This study showed a remarkable increase of 
ABDE editing pattern, which generates VDV isoform com
pared with non-psychiatric controls, implicating this cortical 
area in suicide risk (Fig. 3B) [71]. Although there is 
a discrepancy in editing changes of 5-HT2CR mRNAs in 
suicide victims, there appears to be a trend of increased 
editing levels, which is associated with decreased sensitivity 
of the serotonin receptor. Suicide commitment results from 
extreme severity of psychiatric disorders; thus, increased 5- 
HT2CR editing may contribute to the pathology of psycholo
gical diseases.

2.3. I/V editing of Kv1.1 channel

Voltage-gated K+ (Kv) channels are critical regulators of neu
ronal membrane excitability [72]. The KCNA1 gene encodes 
a voltage-gated delayed potassium channel (Kv1.1) that is 
phylogenetically related to the Drosophila Shaker channel 
[73,74]. Kv1.1 channels are composed of four α-subunits, 
each consisting six transmembrane segments (S1–S6). The 
transcript encoding Kv1.1 is subjected to the conversion of 
the codon ATT to ITT through RNA editing in a region 
encoding the sixth transmembrane domain (S6), resulting in 
a change of isoleucine to valine (I/V) (Fig. 2C) [75]. The 
degree of editing was related to the regions of the brain. 
After editing, the deactivation rate of Kv1.1 channel at nega
tive membrane potential was reduced by 20 times, which may 
be caused by the reduced affinity for the binding of the 
inactivating particle of the β-subunits (Fig. 2C) [75]. Editing 
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of KCNA1 mRNAs also reduces the blocking of the Kv1.1 
channel by endogenous, highly unsaturated signal lipids that 
reduce the affinity of the pore residues of these sealers [76]. 
A four-fold increase in the Kv1.1 editing level was observed in 
the entorhinal cortex of chronic epileptic animals, and 
a reduction in the potency of the Kv open channel blocker 
4-aminopyridine (4-AP) that induces seizures was observed 
(Fig. 3C) [77], suggesting that the addition of Kv1.1 transcript 
editing helped suppress seizures (Table 1). Some studies imply 
that dysregulation of Kv1.1 transcript editing may be related 
to Episodic ataxia type 1 symptoms (Table 1).

2.3.1. Episodic ataxia type 1 (EA1)
There is a sporadic neurological disorder called episodic 
ataxia type 1 (EA1), which can occur concurrently with sei
zures. Many Kv1.1 mutations are associated with EA1 [78]. 
Three EA1-related mutations (V404I, I407M, and V408A) 
have been identified in the RNA duplex region required for 
Kv1.1RNA editing [79,80]. A study from in vitro and in vivo 
model systems showed that EA1 mutations lead to 
a significant reduction of Kv1.1 transcript editing, indicating 
that these mutations have both direct and indirect influences 
on EA1 symptoms (Fig. 3C) [81].

3. ADAR1-mediated editing in homoeostasis of 
innate immunity and related disease caused by 
ADAR1 mutation

3.1. ADAR1 vs MDA5 for interferon trigger by dsRNA

Although ADAR1 conducts site-selective RNA editing as 
ADAR2, ADAR1 is known to be predominantly responsible 
for A-to-I editing in repeat sequences of non-coding mRNA 
regions that form long RNA duplex structures. Although the 
functions of these editing sites mostly remain unclear, the 
primary role of these editing is assumed to suppress the 
activation of innate immune responses to self-derived 
dsRNA structures. In RNA viral infection, the presence of 
cytosolic viral dsRNAs can be sensed as exogenous non-self 
dsRNA through the innate immune system, leading to trig
gering the type I interferon signalling as an antiviral defence 
mechanism. The primary sensing of viral-derived non-self 
dsRNAs is carried out by pattern recognition receptors 
known as retinoic acid-inducible I (RIG-I)-like receptors 
(RLRs) [82]. These include melanoma differentiation- 
associated protein 5 (MDA5) and RIG-I. Upon viral RNA 
detection, both MDA5 and RIG-I activate innate immune 
interferon responses via interaction with mitochondrial anti
viral signalling (MAVS) adaptors localized on the mitochon
drial membrane.

Mouse models of ADAR1 deficiency provide a clear 
insight into the importance of ADAR1-mediated A-to-I edit
ing in suppressing sensing of cytosolic self-dsRNAs and sub
sequent interferon signalling. The deletion of Adar1 (both 
p110 and p150 isoforms), specifically the deletion of the 
p150 isoform, or the specific inactivation of the editing activ
ity (E861A mutant, both p110 and p150 are editing deficient) 
resulted in embryonic lethality between E11.5 and E13.5 
[12,83]. The phenotypes in these animals are characterized 

by defective haematopoiesis, liver disintegration, widespread 
apoptosis, and profound upregulation of type-I interferon 
responses. The embryonic lethality and interferon signature 
phenotypes of Adar1 mutant mice can be rescued by concur
rent deletion of either the MDA5 receptor or the MAVS 
adaptor but not the RIG-I receptor [8,83,84]. Adar1 or p150- 
specific deficient mice with concurrent deletion of MAVS are 
recovered until live birth but die after birth. In contrast, 
Adar1 E861A mutant mice with concurrent depletion of 
MDA5 are strikingly normal, including their life spans. 
These results strongly suggest that RNA editing mediated by 
ADAR1 plays a key role in suppressing MDA5-dependent 
aberrant dsRNA sensing against cytosolic self-dsRNA 
structures.

3.2. Aicardi-Goutières syndrome (AGS)

Aicardi-Goutières syndrome (AGS) is a fatal childhood ence
phalopathy characterized by chronic lymphocytosis in the 
cerebrospinal fluid and elevated interferon-α, as well as by 
the main neuroradiological features: cerebral calcification, 
leukoencephalopathy, and cerebral atrophy [85,86]. Seven dif
ferent pathogenic genes (AGS1-7) have been identified, with 
clustering of genes involved in cytosolic DNA metabolism 
(TREX1, RNASEH2B, RNASEH2C, RNASEH2A, and 
SAMHD1) and those regulating cytosolic RNA metabolism 
(ADAR1, classified as AGS6, and IFIH1, also known as 
MDA5) [86]. The impaired function of any of these proteins 
ultimately leads to chronic overproduction of type-I inter
feron. In the case of ADAR1, homozygous or compound 
heterozygous mutations have been identified in patients with 
AGS. To date, ten ADAR1 mutations were reported as poten
tial causes of AGS [87,88]. The missense mutations are pre
dominantly found on the surface of the deaminase domain, 
and some of them are shown to impair editing activity to 
different extents [84]. Of note, the G1007R mutation in the 
middle of the deaminase domain leads to almost complete 
abolishment of editing activity, possibly due to conferring 
more tight binding to dsRNA substrates and preventing base 
flipping of target adenosine [87]. One missense mutation 
outside the deaminase domain is P193A, identified in the 
first Z-DNA binding domain at the N-terminus of the p150 
isoform. This mutation is also shown to reduce the editing 
activity of ADAR1 p150 [84]. These findings implicate the 
p150 isoform in the pathogenesis of AGS.

A recent study provides the mechanistic model on the 
pathogenesis of AGS arising from ADAR1 and MDA5 muta
tions [89]. This study demonstrated that in ADAR1-deficient 
293 T cells, unmodified Alu: Alu dsRNAs formed by inverted 
Alu repeat elements can be ligands of wild-type MDA5, lead
ing to filament formation on Alu: Alu dsRNAs and thereby 
activation of an interferon signalling. In contrast, AGS- 
associated gain-of-function (GOF) MDA5 mutants can recog
nize Alu: Alu dsRNAs even in the presence of A-to-I editing. 
These results suggest that ADAR1-mediated RNA editing 
renders Alu: Alu dsRNAs immunologically inactive against 
cytosolic dsRNA sensing by MDA5 through disruption of 
dsRNA structural integrity by introducing mismatches and 
bulges. In contrast, this shielding effect by editing sites on 
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Alu: Alu dsRNA structures can be accepted by GOF MDA5 
mutants, leading to breaching immune tolerance to self- 
dsRNAs and triggering aberrant antiviral interferon 
responses.

3.3. Dyschromatosis symmetrica hereditaria (DSH)

DSH is a hereditary pigmentation disorder caused by 
a heterozygous mutation of ADAR1. More than 180 different 
mutations in the ADAR1 gene have been identified in patients 
with DSH [90]. Noticeably, the ethnicity of DSH patients is 
exclusively clustered in East Asian people. Neurological phe
notypes are not observed in most DSH patients, while the case 
carrying the mutation G1007R, which is also identified in 
AGS, exhibits intracranial calcification [91]. There is a case 
that harbours mutations in the coding region included in the 
p150 transcript only, raising the hypothesis that DSH is 
caused by abnormalities in ADAR1 p150 isoform [92].

3.4. Bilateral striatal necrosis (BSN) and spastic 
paraplegia

Bilateral striatal necrosis (BSN), a dystonic or rigid movement 
disorder arising from abnormalities in the brain, is known to 
be associated with ADAR1 mutations. The BSN originating 
from ADAR1 mutations is characterized by the presence of 
interferon signals [93]. Another hereditary disease associated 
with an ADAR1 mutation is spastic paraplegia, 
a neurodegenerative disorder characterized by axonal degen
eration and lower limb spasticity [94]. Some mutations of 
these two diseases, including G1007R and P193A, are over
lapped with AGS-associated ADAR1 mutations. Patients in 
both BSN and spastic paraplegia due to ADAR1 mutations 
exhibited an up-regulated interferon signature, contributing 
to the presentation of disease phenotypes.

3.5. Brain disease caused by RNA editing in viral RNA

Exogenous viral RNAs can be recognized by cytosolic dsRNA 
sensors, leading to the activation of type I interferon response. 
This interferon signalling pathway promotes the transcription 
of interferon-stimulated genes (ISGs) to defend the viral 
infection. ISGs include the interferon-induced long isoform 
of ADAR1, ADAR1p150. Early observations show that 
ADAR1 could be expected to serve a protective antiviral 
function and can edit and unwind dsRNA produced by 
many types of viruses, such as hepatitis C virus, lymphocytic 
choriomeningitis virus, and polyomavirus [95]. Indeed, for 
many viral pathogens, such as the influenza virus, measles 
virus, and human immunodeficiency virus 1, ADAR1 has 
been implicated as a proviral factor [95]. The proviral func
tion of ADAR1 has been shown to enhance viral replication 
and proliferation by either direct editing of viral RNA or 
inhibiting RNA-activated protein kinase (PKR) [96].

RNA editing appears to be responsible for measles virus 
hypermutation during persistent infections in humans that 
cause severe brain disease. Measles virus is an enveloped 
virus that is usually transmitted through the respiratory tract 

and causes typical acute childhood infections [97]. Its rare 
complication is the persistent infection of the CNS, leading to 
a fatal degenerative neurological disease, subacute sclerosing 
panencephalitis (SSPE) [98], where measles virus infection is 
localized in the brain. Viral genomes isolated from patients 
diagnosed with SSPE were analysed, and it was found that the 
viral genome contains biased mutations of A-G and 
U-C. Nearly half of the adenosines were mutated to guanosine 
due to high levels of A-to-I editing [99]. These mutations 
inhibit the production of matrix proteins and prolong viral 
infection of the CNS [100]. A study shows that ADAR1- 
deficient Hela cells infected with the measles virus exhibit 
enhanced apoptosis [101]. Increased apoptosis is associated 
with increased activation of PKR and interferon regulatory 
transcription factor 3 (proapoptotic protein associated with 
innate antiviral response). This study demonstrates that 
ADAR1 is a proviral, antiapoptotic host factor in the case of 
measles virus infection. Another study found that defective 
interfering RNA in the measles virus that can form during 
a negative-stranded RNA virus infection and generate dsRNA 
hybrids with the template genome [102]. Unedited defective 
interfering RNA may induce an innate immune response in 
negative-stranded RNA virus infection, while ADAR1 editing 
can disrupt the defective interfering RNA with dsRNA struc
ture so that the measles virus cannot be immunodetected 
[102]. Taken together, these findings suggest that ADAR1 
plays a proviral role in the brain disease SSPE by prolonging 
measles virus infection.

Measles virus infection can trigger innate immune 
responses by activating the dsRNA binding molecule MDA5 
[103], and hypermutations are found in the measles virus due 
to high levels of A-to-I editing [104]. Combined with evidence 
that ADAR1-dependent RNA editing inhibits the innate 
immune system from recognizing endogenous dsRNA by 
inhibiting the MDA5 pathway, it can be hypothesized that 
ADAR1 may inhibit measles virus sensing via suppression of 
MDA5-mediated innate immune response. However, current 
studies on the proviral role of ADAR1 in the measles virus 
mainly show an antagonistic effect on PKR activation, and 
further studies will be required to elucidate the relationship 
between ADAR1 and MDA5 in measles virus infection.

4. A-to-I RNA editing in normal brain development

4.1. Q/R and R/G editing of AMPA receptor

In addition to Q/R site in the GluA2 subunit. other important 
recoding sites in AMPA receptors are a substitution of an 
arginine codon (R) to a glycine codon (G) observed in GluA2, 
GluA3, and GluA4 subunits. This R/G editing event confers 
rapid recovery from desensitization, resulting in enhanced 
synaptic response [105]. Immediately downstream of the R/ 
G editing site, alternative splicing occurs to incorporate one of 
the mutually-exclusive cassette exons referred to as ‘flip’ and 
‘flop’ that encode a portion of ligand-binding domain [105]. It 
is proposed that the R/G site editing affects flip-flop alterna
tive splicing [106]. This combination of RNA editing and 
splicing generates a variety of receptors with different kinetics. 
Both ADAR1 and ADAR2 enzymes are responsible for this R/ 
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G editing. The editing levels at the GluA2 Q/R and R/G sites 
show dynamic changes during brain development from 
embryos to adults. The presence of an unedited GluA2 has 
been described early in pig brain embryogenesis [107]. Then 
the GluA2 Q/R site recoding editing event increases rapidly 
and efficiently, close to 100% [107]. Similar changes were 
observed in the maturation of mouse brains [63,108]. In 
contrast to Q/R site editing, R/G site editing level is increased 
gradually during brain development [63,108].

4.2. Kainate receptor

Similar to the AMPA-type glutamate receptor, the kainate- 
type glutamate receptor also undergoes A-to-I RNA edit
ing. Kainate receptor subunits GluK1 and GluK2 encoded 
by GRIK1 and GRIK2 are subjected to RNA editing. GluK1 
can be edited only at the Q/R site, whereas GluK2 can be 
edited at Q/R, I/V, and Y/C sites [109]. They are targets of 
both ADAR1 and ADAR2 [110]. The defects of Q/R site 
editing in GluK1 and GluK2 subunits are demonstrated to 
increase Ca2+ permeability [110,111]. Interestingly, editing 
ratios at Q/R sites of GluK1 and GluK2 exhibit a low level 
in embryonic brains, and then increase to ~ 40% and 80% 
after birth in most regions of the brain, respectively 
[112,113]. To investigate the functional significance of 
GluK2 Q/R editing site in vivo, engineered mice deficient 
in GluK2 Q/R site editing were studied, and the results 
suggest that unedited GluK2 may modulate synaptic plas
ticity and increase vulnerability to seizures [114]. In con
trast, GluK1 Q/R site mutant mice do not show 
developmental alteration or abnormal behaviour, which 
indicates that editing of the GluK1 subunit is unlikely to 
play an important role [115]. For I/V and Y/C editing 
sites, both are located in the first transmembrane domain 
and also are implicated in the regulation of ionic perme
ability [111,116]. Electrophysiological data are further 
required to support this functional hypothesis.

4.3. GABRA3

The GABAA receptors are ligand-gated chloride ion channels 
that can be constituted from at least 16 subunits. GABAA 
receptor subunit α3 (GABRA3) is the predominant subunit 
in the embryonic brain [117]. A-to-I editing on the GABRA3 
transcript results in a single amino acid change of the α3 
protein at the I/M site [118], which has been shown to alter 
gating kinetics of the receptor. GABRA3 editing increases 
during neuron development with the decrease of α3 protein 
[118]. The ratio of I/M site editing is low (~9%) in mouse 
embryos, but increases with age, approaching 100% in adult 
brains [63,118], indicating that I/M site editing plays a vital 
role in brain development.

4.4. NOVA1

The NOVA1 gene encodes a neuron-specific RNA-binding 
protein, which is a critical brain-specific regulator of alter
native splicing and participates in neuronal activity in the 
CNS [119]. A-to-I RNA editing in the coding sequence of 

NOVA1 produces a change in the codon 383 from a serine 
to a glycine (S/G) [120]. NOVA1 editing levels increase 
during the embryonic development of mouse and chicken 
brains, and significant differences are observed between 
brain regions [120]. Edited and unedited NOVA1 show 
no difference in splicing regulation activity. Instead, S/G 
editing affects the stability of NOVA1 proteins by prevent
ing specific degradation by the proteasome, almost dou
bling the half-life of NOVA1 [120].

5. Other RNA editing associated with neurological 
functions

5.1. CACNA1D

Voltage-dependent calcium channels (Cav1.3), which is 
encoded by the CACNA1D gene, mediate the entry of calcium 
ions into excitable cells and are involved in a variety of calcium- 
dependent processes [121]. The isoleucine-glutamine (IQ) 
domain in the Cav1.3 plays a critical role in a robust regulatory 
function on inhibitory Ca2+-feedback (CDI) on channels. One 
study found that RNA editing the CACNA1D gene can cause 
three types of amino acid alterations (I/M, Q/R, and Y/C) in the 
IQ domain in the Cav1.3. It was demonstrated that ADAR2 is 
responsible for this RNA editing [122]. Proteomic analysis 
confirm the presence of the Cav1.3 channel edited in natural 
brain tissue [122]. Edited Cav1.3 channels exhibit a substantial 
reduction of Ca2+-feedback [122]. Editing of the Cav1.3 Ca2+ 

channel is an ideal method for low-pressure Ca2+ inflow and 
neuronal pacing [122]. This study reveals a mechanism to fine- 
tune the Cav1.3 channel properties in the CNS.

5.2. CADPS1

Calcium-dependent activator protein for secretion 1 (CAPS1), 
which is encoded by CADPS1 gene, facilitates the docking and 
priming of synaptic and dense core vesicles (DCV). A-to-I RNA 
editing is known to occur in the coding region of CAPS1 
mRNA, which results in glutamate at residue 1250 (E1250) to 
glycine (G) (E/G) in its C-terminal region [123]. Recently, two 
groups have reported the physiological role of CAPS1 editing. 
One group generated mutant mice that expressed only edited 
CAPS1, they found that these mice exhibited leanness due to 
excessive physical activity and increased energy expenditure, 
and the dense core vesicle (DCV) exocytosis was increased in 
chromaffin cells and neurons of these mice [124]. This suggests 
that RNA editing can regulate in vivo DCV exocytosis to influ
ence physical activity. Another group compared the CAPS1 
protein isoforms in primary hippocampal neurons. Their 
study shows that the increase of the edited CAPS1 isoforms 
promotes the aggregation and turnover of presynaptic vesicles 
[125]. In contrast, the unedited CAPS1 isoforms slow the 
induced release and the increase of spontaneous fusion, and 
relax the aggregation of synaptic vesicles. Taken together, RNA 
editing of CAPS1 is a mechanism for fine-tuning the release of 
neurotransmitters [125]. The CAPS family has been suggested 
to be involved in developmental disorders that affect physical 
activity, and CAPS1 RNA editing abnormalities may contribute 
to the occurrence of some diseases [124].
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5.3. Circadian rhythm

A recent study demonstrates that ADAR2-dependent A-to-I 
editing is involved in circadian rhythm, regulating the rhyth
mic oscillation of mRNA expression levels [126]. This study 
shows that Adar2 null mice exhibit complete loss of the RNA 
editing rhythms, short-period free-running, and gene expres
sion oscillation, suggesting that RNA editing play a key role in 
post-transcriptional regulation in the circadian clockwork, 
and ADAR2-mediated rhythms could be important for 
diverse aspects of physiology including neurological activities.

6. A-to-I editing of miRNA in neurological diseases 
and normal brain development

A-to-I RNA editing occurs in non-coding transcripts as well 
as protein-coding ones. miRNAs are small non-coding RNAs 
with about 22 nucleotides that regulate gene expression 
through RNAi [127]. The miRNA loaded onto the RNA- 
induced silencing complex (RISC) binds to semi- 
complementary sequences in 3ʹ UTRs of target mRNAs, 
resulting in translation repression and/or mRNA decay. 
miRNA biogenesis originates from primary miRNA tran
scripts (pri-miRNA) which fold to form dsRNA structures. 
They are subjected to processing by the Drosha-DGCR8 com
plex into precursor miRNAs (pre-miRNA) in the nucleus. 
Subsequently, they are exported to the cytoplasm and further 
processed by the Dicer-TRBP complex into mature miRNAs, 
followed by loading onto the RISC. It is known that some pri- 
mRNAs can undergo RNA editing. RNA editing can affect 
various steps of miRNA biogenesis. It is reported that RNA 
editing blocks pri-miRNA and pre-miRNA cleavage by the 
Drosha-DGCR8 and Dicer-TRBP complexes, respectively, 
leading to inhibition of miRNA maturation [128–131]. In 
addition, A-to-I editing can affect recognition of target 
mRNAs cases where editing occurs in miRNA seed sequences 
(+2 to +7 position from the 5ʹend of the miRNA) that are 
primary determinants for target selectivity [129,130,132]. It is 
estimated that ~ 16% of pri-mRNAs is edited in the human 
brain [129]. The biochemical analysis and in silico prediction 
of editing functions suggest that these RNA editing events 
may modulate miRNA biogenesis or target recognition of 
miRNAs. High-throughput sequencing analysis of mature 
miRNAs across 13 different human tissues found the highest 
level of RNA editing in the prefrontal cortex, followed by the 
whole brain. Notably, the same study showed that RNA edit
ing in mature miRNAs is enriched in seed sequences 
(approximately 70%) [133]. This trend is also confirmed in 
the mouse brain [134].

One of the representative miRNAs bearing A-to-I editing 
in seed regions is miR-376a, which is a member of the miR- 
376 cluster [135]. Members of the miR-376 cluster are tran
scribed as one transcript bearing multiple hairpin structures 
that undergo RNA editing at multiple sites prior to processed 
into individual pre-miRNAs. miR-376a has two major editing 
sites located at +4 in 5p seed sequence and +44 in 3p seed 
sequence [135]. These editing sites show high levels of mod
ification frequencies in specific regions of the brain compared 
to other tissues. Interestingly, edited miR-376a-5p targets an 

almost entirely different set of genes than unedited miR- 
376a-5p.

RNA editing of some miRNAs can be altered during brain 
maturation. In the miR-376 cluster, only a low level of mature 
mmu-miR-376b editing is detected at E15, but increases dra
matically after birth and remains at a constant high level later 
[132]. There is no editing in mature mmu-miR-376 c, another 
miR-376 family member, before birth, but around 40%-50% 
editing is detected at the postnatal stage [132]. Inversely, pri- 
miRNA-376 c is highly edited at E15 and remains highly 
edited during development. This indicates that editing may 
interfere with pri-miRNA-376 c maturation before birth 
[132]. In the miR379-410 cluster, the editing levels of mature 
mmu-miR-379 are only detected at the adult stage [132]. 
Mature mmu-miR-381 shows no editing at E15, but two 
stages (P2 and P21) show an increase in editing. Moreover, 
pri-miR-381, which has a low editing level at E15, shows 
a steady increase in the rest stages up to a level higher than 
its mature miRNA [132]. Although the targets of miR-381 
have not been confirmed, unedited miR-381 has at least two 
predicted target sites in the 3ʹ UTRs of Pumillio-2 (Pum2), 
which is important for the regulation of dendritic growth by 
acting as a translation repressor [136]. As editing of miR-381 
increases during development, the expression of Pum2 
increases, indicating that increased miR-381 editing abolishes 
the silencing effect against Pum2 mRNA [132].

Dysregulation of A-to-I RNA editing in miRNAs is impli
cated in the progression and invasion of astrocytoma. Small 
RNA sequencing of glioblastoma multiforme samples found 
that miRNAs were significantly hypo-edited, which was posi
tively correlated with the downregulation of ADAR2 [133]. 
Impairment of ADAR2-mediated RNA editing that inhibits 
oncogenic miR-222, miR-221, and miR-21 maturation leads 
to a proliferation and migration of glioblastoma cells [137]. 
Attenuation of RNA editing in miR-376a-5p promotes glio
blastoma invasiveness in vivo [138]. The pro-invasive effect of 
unedited miR-376a-5p can be attributed to gain the ability to 
suppress RAP2A, which is demonstrated to be an anti- 
invasion factor, and loss of the ability to silence AMFR, 
which is shown to be a pro-invasion factor. Combined with 
the fact that the decrease of ADAR2-dependent GluA2 Q/R 
editing contributes to tumour progression as mentioned ear
lier, these findings support that ADAR2-mediated RNA edit
ing has a tumour-suppressive role in brain cancers.

7. Concluding remarks and outlook

In this review, we summarized the role of A-to-I editing in the 
CNS. Increasing evidence strengthens the model that RNA 
editing plays a pivotal role in the CNS and demonstrates that 
aberrant regulation of RNA editing is associated with the 
pathogenesis of neurological diseases. However, the molecular 
mechanisms that change editing levels are still unclear. 
Recently, many studies reported that RNA binding proteins 
and RNA helicases act as regulatory factors for RNA editing 
[139]. Some of these proteins might be involved in the CNS- 
specific editing profile.

The levels of RNA editing in neurological genes dynami
cally change in the process of neural differentiation and 
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maturation during brain development from the embryo to the 
adult. A recent RNA-seq analysis of human brain tissues from 
39 foetuses to elderly individuals revealed the systematic and 
dynamic aspects of RNA editing in brain development [140]. 
These lines of evidence imply the advantage of post- 
transcriptional RNA editing over A-to-G gene mutation in 
organisms because RNA editing can be temporally regulated 
to precisely control functions or expression levels of neuronal 
genes during brain development. These multiple layers of 
regulations mediated by RNA editing might be required to 
construct a complex organ system such as the brain. At pre
sent, the number of identified editing sites has increased 
significantly through deep sequencing, but the functional 
effect of these editing events is poorly understood [141]. 
Among the identified editing sites, only a few have been 
confirmed to be associated with neurological diseases. In 
addition to the representative editing sites mentioned in this 
review, it remains to be elucidated whether the rest of the 
editing sites are functional and responsible for the pathogen
esis of neurological diseases. Further research on the regula
tory mechanisms or factors of these editing events can help to 
develop treatment strategies.

Recently, site-directed A-to-I RNA editing technologies 
have emerged and can be considered as therapeutic techni
ques to correct G-to-A mutations associated with various 
genetic diseases or recover reduced editing levels linked to 
the pathogenesis of diseases or cancers [142]. Although there 
are limitations in these tools, the application of site-directed 
RNA editing in neurological disease has great potential.

Research on differential levels of A-to-I editing in rele
vance to neurological diseases mainly focuses on the whole 
brain tissue and specific brain regions. Differences in editing 
levels between brain regions and cell types, such as neuronal 
cells and glial cells, are still unclear. In recent years, single-cell 
RNA sequencing methods have been proven to be an effective 
method for studying the complexity of RNA editing with 
single-cell resolution, providing a new direction for exploring 
the novel physiological role of RNA editing in various neuro
logical diseases [143]. Distinct patterns of RNA editing at the 
single-cell level may contribute to the identification of novel 
therapeutic targets and improve our understanding of the 
pathogenesis of neurological diseases.
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