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ADENOSINE-TO-INOSINE RNA EDITING MAY BE IMPLICATED IN HUMAN PATHOGENESIS
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Adenosine-to-inosine (A-to-1) RNA editing is a common mechanism of post-transcriptional modification in many metazoans including vertebrates; the process
is catalyzed by adenosine deaminases acting on RNA (ADARs). Using high-throughput sequencing technologies resulted in finding thousands of RNA editing
sites throughout the human transcriptome however, their functions are still poorly understood. The aim of this brief review is to draw attention of clinicians
and biomedical researchers to ADAR-mediated RNA editing phenomenon and its possible implication in development of neuropathologies, antiviral immune
responses and cancer.
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MPUPOOHOE PEOAKTUPOBAHUE PHK C 3SAMEHOW AJEHO3VHA HA UHO3UH MOXKET YHYACTBOBATb
B NMATOIEHE3E BOJIESHEN YEJIOBEKA

A. A. Kntodnnkosa B2, C. A. MoLLKOBCKMIA

Hay4Ho-vccnenoBaTenbCKuin IHCTUTYT GromMeanUMHCKo xummn venn B. H. Opexosuida, Mocksa, Poccus
Poccuiickinii HaumoHanbHbIN CCNeaoBaTENbCKNA MeANUMHCKNIA YHUBepcuTeT nvenn H. W. Muporosa, Mockea, Poccus

Pepaktposarue PHK ¢ 3amMeHoi aieHnHa Ha MHO3WH SBRSeTcs Havibonee pacnpoCTPaHeHHbIM MPUPOAHBIM MEXaHM3MOM MOCTTPaHCKPUMLIMOHHOM MOAVMMKaLMM
Y PasHbIX MHOMOKIETOYHbIX OPraHM3MOB, BKIIOHYas MO3BOHOYHbIX, Y KaTanmampyetca epmeHTamm cemenctea PHK-3aBncrMbix ageHodvHaesammnHad ADAR.
HenasHvie nccnefoBaHms ¢ MCNoNb30BaHNEM BbICOKOMPOU3BOAUTENBHOMO CEKBEHMPOBAHUS HYKNEVHOBBIX KUCNOT MNO3BONMAM BbISIBUTb ThICAHM Y4ACTKOB Takoro
pefakTUPOBaHNS 1 Yy YenoBeka, OAHaKO (OYHKLMS MHOMVX U3 HUX OCTaeTCH He A0 KOHLIA ACHOM. Mbl XOTUM MprBAeYb BHYMAaHWE KITMHULIMCTOB W CMeLyanmcToB
no 6uomeuumHe kK ADAR-onocpenoBaHHOMY pefakTpoBaHnio MPHK 1 ero BO3MOXXHOMY y4acTuio B pa3BuTUv 60ne3Hen HEPBHOM CUCTEMbI, MPOTVBOBUPYCHbIX
VIMMYHHBIX PEaKLIMI 11 3/10Ka4ECTBEHHbIX ONyXOmnein.

KnioueBble cnoa: PHK-3aBucrmas ageHodnHaesammnHasa (ADAR), pepakTupoBarie PHK, MMYHUTET, 3f10kaqecTBEHHAs Onyxosb, HempoaereHepaTBHble
3aboneBaHnst
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RNA editing is one of mechanisms of post-transcriptional
modification of nucleotide chemical structure. Here we review
RNA editing as a natural phenomenon distinguished from
programmable genome editing tools such as RNA editing with
CRISPR-Cas systems in bacteria. The most common type of
natural RNA editing is adenosine to inosine (A-to-1) deamination
catalyzed by RNA-specific adenosine deaminases (ADARS).
The process is called “editing” as such modifications in many
cases lead to changing the informational content of the RNA.

In humans, three genes encoding ADAR proteins are
found; ADAR1 (encoded by adar gene) and ADAR2 (encoded
by adarb1 gene) proteins have enzymatic activity while ADAR3
(encoded by adarb?2) acts as an inhibitor of editing [1]. Active
ADAR enzymes are binding to dsRNA and converting adenosine
(A) to inosine (1) by deamination. Codon changes can arise from
such editing. Deamination in coding regions of RNA may result
in recoding of proteins as inosine typically mimicks guanosine
during translation [2].

ADAR-mediated RNA editing was unknown till 1987;
recently, the process was shown to be widespread in genomes
of most animals and associated with different functions. Thus,
RNA editing was reported to be particularly common in some
Protostomia — cephalopods, in particular — as compared to
other invertebrates and was supposed to sustain molecular
plasticity under changing environmental conditions and the
evolutionary conservatism at the same time [3].

In mammals, RNA editing occurs as well. In a recent large-
scale transcriptome research, the process was investigated
comprehensively and more than 20,000 editing sites in human
and mouse were identified. More than two thousand human
editing sites were reported to lead to amino acid substitutions
in the encoded proteins [1]. A variety of transcriptome editing
sites is called "RNA editome" similarly to other molecular "-omes".

Until recently, RNA editing role was unclear. However, using
knockout rodent models allowed to demonstrate that ADAR1
was mainly associated with control of innate immune responses

BULLETIN OF RSMU | 2, 2019 | VESTNIKRGMU.RU



while ADAR2 regulated signal transmission and excitability in
the central nervous system [4]. ADARs edit various substrates
including matrix RNA, short and long non-coding RNA as well
as viral RNA, that have only one thing in common: double
stranded RNA. The scale of the phenomenon was estimated
only recently, and due to its complexity the data on RNA editing
functions in different objects are accumulated slowly.

Let us consider the significance of phenomenon of natural
editing RNA observed at the proteome level in humans and
laboratory animals as a process possibly contributing to
development of antiviral immune responses, nervous system
diseases and cancer.

RNA editing in the central nervous system

RNA editing occurs actively in the central nervous system (CNS).
It is associated mainly with ADAR2 enzyme [1]. Such editing
is known to make point substitutions in related sequences of
voltage-gated ion channels and G protein-coupled receptors
of the nervous system. RNA editing events in GluK and GIuA
glutamate receptors are well studied. Normally, RNA editing
results in an amino acid substitution of glutamine for arginine
in one of the glutamate receptor subunits during development
of the nervous system. The receptors containing the edited
subunit become Ca?*-impermeable while channels containing
unedited subunits are Ca*-permeable. Neurons with such
subunits are subject to a "physiological' excitotoxicity due
to an increase of glutamate content in synapses. It is known
to result in neuronal death and be an important factor of
development of some neurodegenerative disorders, a spinal
neurodegeneration at amyotrophic lateral sclerosis (ALS), in
particular [5]. Mutations in adarb1 could contribute to epilepsy
and diseases involving neuronal plasticity defects such as autism
and Martin-Bell syndrome [4]. In mice, the ADAR2 knockout
resulting in appearance of unedited glutamate receptors is lethal
as it causes overexcitement in brain cells with strong epileptic
seizures.

RNA editing and virus-induced immunity

Some findings point to ADAR1 implication in immunity
including immune responses to infection with RNA viruses. It
was shown that ADAR1 enzyme can play a role in mechanisms
of protection against viral infections and inflammation. Thus,
ADAR1 can edit the hepatitis C virus RNA limiting its replication
[6]. The adenosinedeaminase was shown to edit influenza virus
to a greater extent compared to measles virus — on the one
hand, this can make influenza virus nonfunctional, while on the other
hand, can promote mutagenesis and evasion from immunity [7].

Type | interferon is known to induce ADART increasing
synthesis of its long p150 form however, such activity interferes
with formation of stress granules against measles virus. Thus,
ADART1 is considered to be a suppressor of innate immune
responses in this case [8].

Missens mutations leading to amino acid substitutions
in ADART reduce activity of RNA editing and cause Aicardi-
Goutieres syndrome (AGS). AGS is characterized by progressing
encephalopathy and interferonopathy mimicking a viral infection
[9] that demonstrates the involvement of ADART into immune
response.

RNA editing and cancer

The results of the recent research performed within The Cancer
Genome Atlas (TCGA) project facilitated systematization of
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data on genomes and transcriptomes in different tumor
types [10]. The use of available sequencing data made it
possible to obtain RNA editing libraries. Significant RNA
editing differences have been observed between cancerous
and normal tissues. For most of the tested cancer types
including head and neck cancer, breast cancer and thyroid
carcinoma, the increased RNA editing levels were reported
that was associated with high ADAR1 expression levels in
tumors [11].

Occurrence of RNA editing events in brain cells becomes
higher with age however, may decrease in glioblastoma [12].
Similar to cancer driver somatic mutations, RNA editing events
can promote tumor progression. Thus, both in vitro and in vivo
experiments provided data on a protein playing an important
role in cell growth and proliferation due to maintaining the
homeostasis of polyamine in cells. RNA editing of AZIN1
(encoding antizyme inhibitor 1) by ADAR1 results in a serine-to-
glycine substitution at residue 367 of AZIN1. The edited form
has a stronger affinity to antizyme and induces a cytoplasmic-
to-nuclear AZIN1 translocation resulting in a more aggressive
behavior of tumor [13]. Thus, the edited protein can be
considered a potential therapeutic target.

Some RNA editing events can be used as predictive
markers and have an effect on tissue response in cancer
therapy. For example, a glycine-to-arginine substitution at
position 764 (R764G) in glutamate receptor GRIA2 and an
isoleucine to valine substitution (1635V) at COG3 protein
responsible for vesicle-mediated transport between the Golgi
complex and endoplasmic reticulum, increase sensitivity of
mitogen-activated protein kinase kinase (MAPKK) to kinase
inhibitors [14]. ADAR2 onco-supressing properties are of particular
interest in studying glioblastoma. ADAR2-mediated editing
the CDC14B phosphatase responsible for DNA damage can
modulate a cell cycle pathway involving the Skp2/p21/p27
proteins and inhibit growth of glioblastoma [12].

Although a large amount of information on ADARs and
RNA editing has been already accumulated, the biological
significance of RNA editing remains largely unknown. In most
cases it is not clear whether the editing events are implicated
in transcriptome regulation or provide proteome functional
plasticity or perhaps related to molecular noise. ADARs are
known to edit a variety of dsRNA substrates such as matrix
RNA, short and long non-coding RNA as well as viral RNA.
The scale of this phenomenon becomes recently clear with
a progress in studying RNA modifications at a genome-
wide scale [1] that however require further functional
confirmation.

Thus, ADART activity is known to be connected with antiviral
immune responses as well as regulation of cellular responses
to Type | interferon. The general opinion is that ADAR1 activity
has a proviral impact and in case of viral absence it suppresses
undesirable cellular immune responses (for example, mutations
in adar gene cause Aicardi-Goutieres syndrome with a
childhood encephalitis and interferonopathy). The activity of
ADAR2 was reported to be involved in regulation of the central
nervous system, for example, in the form of excitatory stimuli
(Fig. 1).

It was also reported that RNA editing events can play a
crucial role in development of cancer. The activity of ADART is
likely to have oncogenic effect. The edited AZIN1 protein can
be considered a potential therapeutic target. The edited form
of COG3 protein can serve as a predictive marker and have
an effect on cellular response in cancer therapy [15]. In case
of CDC14B, PODXL, GABRAS3 and IGFBP7 proteins, ADAR2
editing may probably have oncosupressing effects [4].
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Fig. 1. ADAR effects associated with human diseases. Changes in ADART activities are assiciated with immune protection against viral infections and inflammation and
with certain types of cancer; RNA editing in glutamate receptors normally occurs in CNS. ADAR?2 effects are associated with both positive and negative impacts on

tumor progression while its deficiency may cause various CNS disorders

CONCLUSIONS

Based on the above-referenced examples, ADAR-mediated
RNA editing is an evolutionarily ancient mechanism having
various, yet understudied, functions in embryonic development
of the central nervous system in particular. In pathological
conditions such as neurodegenerative diseases and malignant
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