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Abstract—The complexity of multicellular organisms requires both an increase in genetic information and fine tuning in reg-
ulation of gene expression. One of the mechanisms responsible for these functions is RNA editing. RNA editing is a com-
plex process affecting the mechanism of changes in transcriptome sequences. The best studied example of this process is A-
to-1 RNA editing. On the organism’s level, RNA editing plays a key role during ontogenesis and in the defense against
pathogens. Disorders in A-to-1 RNA editing lead to serious abnormalities. The importance of RNA editing increases with
an increase in the organism’s complexity. Correct RNA editing is an indispensable factor of an organism’s development and

probably determines the lifespan of higher eukaryotes.
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Many authors characterize the current state of
molecular biology as a “postgenomic era” and thus
emphasize that the enormous amount of information
obtained as a result of the genome sequencing is insuffi-
cient for understanding the activities of living systems. Up
to now, the central dogma of molecular biology (DNA —
RNA — protein) is a subject of more precise corrections
and gradually forms an extremely elaborated picture of
gene expression. The discovery of post-transcriptional
modification was an impressive example of “correcting”
the basic postulate. Main processes of post-transcription-
al modification in eukaryotes are alternative splicing,
capping, polyadenylation, and also RNA editing [1, 2].

The best studied process of specific RNA editing is
adenosine (A) deamination leading to its conversion into
inosine (I), which is recognized by the cell as guanosine
(G) (Fig. 1). A-to-I RNA editing is catalyzed by proteins
of the adenosine deaminase family acting on RNA
(ADAR family), and it occurs only on double-stranded

Abbreviations: ADAR, dsRNA adenosine deaminase; ADAT,
tRNA adenosine deaminase; dsSRNA, double-stranded RNA;
HDYV, hepatitis delta virus; HIV, human immunodeficiency
virus; DSH, dyschromatosis symmetrica hereditaria; IP6, inos-
itol hexaphosphate; TENR, testes-specific nuclear RNA-bind-
ing protein; UTR, untranslated region.

* To whom correspondence should be addressed.

regions of RNA. Thus, adenosine deaminases can cause
point replacements in RNA converting A to an analog of
G. In contrast to point mutations in DNA, which are
irreversible for the cell genome, RNA editing mediated
nucleotide replacements are really reversible [3, 4].
Functional and genetic studies have revealed that
mutations in the ADAR genes or disturbances in the reg-
ulation of enzymatic activities of the ADAR proteins lead
to some human diseases and also to various disorders dur-
ing viral infections [5]. The correlation between the pres-
ence of single-nucleotide polymorphisms in human
ADARI and ADARZ2 genes and lifespan suggests a func-
tional role of A-to-I RNA editing in aging process [6].

FAMILY OF dsRNA ADENOSINE DEAMINASES

The ADAR family proteins are thought to arise at the
stage of appearance of multicellular animals. Adenosine
deaminases modifying tRNA (ADAT), which are widely
distributed in Profozoa, seem to be ancestors of these
enzymes. The gene ADAR1 duplication gave rise to ADAR2
gene. Then, at the stage of appearance of chordates two
more genes of this family evolved: ADAR3 and TENR
(testes-specific nuclear RNA-binding protein) [7].

In mammals there are two forms of the ADARI pro-
tein: p150 and p110. They are produced due to the use of
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Fig. 1. Deamination reaction performed by ADAR family pro-
teins. a) Deamination with adenosine converting to inosine; b)
complementary interaction of inosine with cytidine.

two different promoters and alternative initiator codons.
The protein p110 lacks the N-terminal 296 amino acid
residues of protein pl150. The promoter for pl150 is
induced only by interferon, whereas the promoter for
pl10 is constitutive. ADAR2 is also a constitutively
expressed protein [3]. ADAR1 and ADAR?2 are synthe-
sized in all tissues of the organism. The expression of both

z-DNA-binding dsRBD
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ADAR3 and TENR is highly tissue-specific (in neurons
and testes, respectively) [7].

All proteins of the ADAR family have similar struc-
ture (Fig. 2). The adenosine deaminase domain
(Deaminase) is located close to the C-terminal region and
is preceded by one, two, or three dsSRNA binding motifs
(dsRBD). In addition, ADAR1 and ADAR?2 have an N-
terminal z-DNA-binding domain, whereas ADAR3 has
ssRNA-binding domain enriched with arginine on its N-
terminus (R). A-to-I RNA editing activity was shown
only for ADAR1 p150, ADARI1 p110, and ADAR?2 [4]. In
vitro experiments have shown that enzymatic activity of
ADARI and ADAR?2 requires protein homodimerization
[8]. Unexpectedly, it was found that inositol hexaphos-
phate (IP6) is required for the enzymatic activity of
ADAR?2 [9]. It remains unclear whether the protein
ADAR3 can function as adenosine deaminase, whereas
the main function of TENR is only the binding with dou-
ble-stranded regions of RNA [4, 10, 11].

The interferon-induced form ADARI1 p150 is locat-
ed in both the nucleus and cytoplasm, whereas ADARI1
pl110, ADAR2, ADAR3, and TENR are nuclear proteins
[4, 11, 12].

ACTION OF A-TO-1 DEAMINASES
IN BIOGENESIS OF mRNA and miRNA

It has been theoretically predicted that >85% of
mRNA precursors (pre-mRNA) can be A-to-I edited.
The main targets of the editing are located in sequences of
introns and also within untranslatable regions (UTR) [13].

It has been shown that A-to-1 pre-mRNA editing
can occur in all regions: in the region of exons, introns,

Deaminase
I  ADAR1 p150
I ADAR1p110
D ADAR2
D ADARS
I TENR

Fig. 2. Domain organization of proteins of the human dsRNA adenosine deaminase family.

BIOCHEMISTRY (Moscow) Vol. 75 No. 11 2010



1318

Table 1. Influence of A-to-I editing in biogenesis of

mRNA
Stages of mRNA Possible results of A-to-I editing
biogenesis
Splicing Production of alternative sites

of splicing [14]

Repression of mRNA export
into cytoplasm [15, 16]

Export from nucleus

Regulation of transla-
tion through miRNA

mRNA—-miRNA interactions [30]

Translation Replacements within codon
triplets [4]
Degradation Specific degradation

of I-containing RNAs [17]

and also within the 5'- and 3'-UTRs. Such editing can
change the subsequent maturation of mRNA and/or
functions of a protein product encoded by mRNA (Table
1).

Upon transcription and editing, pre-mRNA is sub-
jected to splicing. The AA dinucleotide sequence can be
edited into Al, which is equivalent to AG for the splicing
machinery. AG in the 3'-region of the intron is a canoni-
cal splicing site. It was shown recently that Al site can
function as a splicing site. This results in an additional
exon in the mRNA sequence [14].

The next stage of mRINA biogenesis that can be cor-
rected by A-to-I editing is the process of mRNA export
from the nucleus. Recently it was shown that RNA-bind-
ing protein p54™ interacts with inosine-enriched areas of
3’-UTR in mRNA and inhibits mRNA export from the
nucleus [15, 16]. On entrance into the cytoplasm mRNA
subjected to excessive A-to-I editing can be degraded by
the cytoplasmic endonuclease specifically recognizing
and hydrolyzing hyper-edited regions of RNA [17].

A-to-I editing is most strikingly exemplified by point
replacements in the coding region of mRNA that are
responsible for changes in functional properties of the
final protein product [4, 18]. The available data present
knowledge on functional consequences of the editing of
mRNA coding regions that cause significant replace-
ments in proteins of the glutamate receptor (GluR-B),
serotonin receptor (5-HT,cR), and ion channels: K*-
channel of mammals (Kv1.1), squid (Kv1.1A), and Na*-
channel of Drosophila melanogaster [4]. In all these cases
the editing results in the synthesis of new protein isoforms
with different functional properties. Thus, in the case of
GluR-B subunit editing, the glutamine codon CAG is
converted to the arginine codon CIG (Q/R-site).
Incorporation of the GIluR-B subunit containing the
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Q/R-replacement into the ion channel tetramer causes
changes in the GluR permeability: the channel becomes
impermeable for Ca?" [19, 20]. Another example is the
serotonin receptor 5-HT,.R mRNA that contains a num-
ber of coding regions subjected to editing: the codon of
isoleucine AUA, of asparagine AAU, and of isoleucine
AUU. Twenty four isoforms of the final protein product
are known possessing different affinities to serotonin [21,
22]. All these examples concern functions of neurons,
which are the most highly specialized cells.

Besides mRNA precursors, ~16% of noncoding
RNA precursors (pri-miRNA) undergo A-to-I editing
[23]. This can influence the subsequent biogenesis of pri-
miRNA (Table 2). Upon the transcription and a possible
editing, pri-miRNAs are processed by endonuclease
Drosha. The editing effect can be revealed even at this
stage: the mouse pri-miRNA-142 containing I cannot be
processed by Drosha but it is degraded under the influ-
ence of endonuclease Tudor-sn [24], which is highly spe-
cific to I-containing dsRNA substrates [25]. The opposite
effect is also possible when the editing stimulates the pro-
cessing of pri-miRNA [23]. In some cases deamination
activity is not required to inhibit the pri-miRNA process-
ing, only the RNA-binding properties of ADAR2 being
sufficient [26].

Upon pri-miRNA processing, the produced precur-
sor of microRNA (pre-miRNA) is exported from the
nucleus. Up to now there is no experimental data on the
influence of A-to-I editing of pre-miRNA on its export
from the nucleus. Upon the entrance into the cytoplasm,
pre-miRNA undergoes processing by endonuclease

Table 2. Influence of A-to-I editing in miRNA biogene-
sis

Possible results
of A-to-I editing

Stages of miRNA biogenesis

Processing of pri-miRNA
by endonuclease Drosha,
production of pre-miRNA

Export of pre-miRNA
from nucleus

Processing of pre-miRNA
by endonuclease Dicer,
production of mature
miRNA

Translation regulation due
to production of
mRNA—miRNA complex

Degradation

Repression of processing

by endonuclease Drosha [24],
or, by contrast, stimulation

of processing by endonuclease
Drosha [23]

Repression of processing
by endonuclease Dicer [27]

miRNA—mRNA interactions
[30]

Specific degradation of I-con-
taining pri-miRNAs [24]
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Dicer. In the case of human pre-miRNA-151 the editing
was shown to inhibit the pre-miRNA-151 processing by
endonuclease Dicer [27].

Thus, A-to-I RNA editing regulates maturation of
both mRNA and miRNA. These molecules are involved
in RNA interference, which is based on formation of
Watson—Crick pairs between miRNA and 3'-UTR of the
target mRNA. Such interactions are regulated by rather
strict rules: close to 100% complementarity leads to
degradation of the target mRNA through mechanisms of
RNA interference, whereas formation of complementary
pairs between 3'-UTR of mRNA and nucleotides 2-8 of
the 5'-terminal region of miRNA (seed-matched site)
leads to repression of translation of the target mRNA [28,
29]. RNA editing can change sequences of both miRNA
and 3'-UTR of mRNA, which influences the possibility
of the miRNA—mRNA pair formation. The edited
miRNA miR-376 interacts with mRNA of pyrophosphate
synthase repressing translation of this enzyme and as a
result influences the amount of synthesized uric acid [30].

It was predicted more than 3000 known sites of A-to-
I editing in 3'-UTR of mRNA complementary to position
2-8 of 5'-terminal regions of miRNA [31], but their func-
tional significance still needs experimental verification.

ANIMALS WITH ADAR GENE KNOCKOUT

During recent years many reports have been pub-
lished describing phenotypes of animals with deletions in
genes encoding proteins of the ADAR family.

Deletion mutants of Caenorhabditis elegans in the
ADARI and ADAR2 genes and also the double mutant
ADARI1/ADAR?2 are viable but unable to display chemo-
taxis. This suggests a dysfunction of the nervous system of
mutants [32]. Moreover, the lifespan of the double
mutant ADARI/ADAR?2 was about twofold shorter com-
pared to the wild type [33]. Chemotaxis function and the
lifespan were recovered by a deletion of another gene
(RDET) encoding a protein product, which is involved in
RNA interference. RDE deletion mutant is lacking RNA
interference. The recovery of the lifespan and chemotaxis
in the triple mutant RDE1/ADAR1/ADARZ2 as compared to
the mutant ADARI1/ADAR2 was explained by the authors
as proof of intersection between the functional pathways
of RNA deamination and RNA interference [33, 34].

Drosophila melanogaster mutants in the dADAR gene
displayed some behavioral defects notwithstanding the
development of morphologically normal adults [35]. The
authors emphasize a strong degeneration of the retina and
age-related progress in brain damage, which becomes
noticeable by the 30th day of the life of dADAR™~ flies.

In contrast to mutant worms and flies, mammalian
mutants in genes ADARI or ADAR?2 usually died before
birth. Mutant mice ADARI~~ or mutant mice ADARI"/~
in which the mRNA expression for ADARI was
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decreased up to 50-60%, displayed lethal phenotype dur-
ing embryogenesis. The embryos died on the 12th or 14th
day of the embryogenesis, respectively. The mutant
embryos ADARI"~ died due to abnormal proliferation
and differentiation of blood cells during hemopoiesis
[36]. In the mutant ADAR 1/~ the authors observed a pro-
nounced apoptosis in virtually all tissues [37]. As discrim-
inated from the mutant ADAR 1"/~ the phenotype of adult
heterozygous mice ADAR2"/~ did not vary from that of the
wild type, whereas homozygous ADAR2/~ mice died on
the 15-20th day after birth. It is interesting that the lethal
phenotype ADAR2™/~ of mice disappeared on replacement
of both GluR- B alleles of the wild type (encoding o.-amino-
3-hydroxy-5-methyl-4-isoxazol propionate (AMPA)
receptor) by GluR-B with the edited replacement of the
arginine codon [38]. Thus, it is concluded that the main
function of ADAR?2 is the editing of pre-mRNA of GluR-
B. The absence of editing of other ADAR2 substrates is
not so dramatic and probably is compensated by the
activity of ADAR1. Homozygous ADAR3~~ mice did not
display lethal phenotype; therefore, the function of
ADAR3 was supposed to be compensated by other mem-
bers of the ADAR family [4]. Mice with the genotype
TENR™/~ also survived, but the number of spermatozoa
was lower than in wild type mice. Multiple morphological
disorders were also found in the structure of their sperma-
tozoa. Spermatozoa of the TENR™~ mice were unable to
fertilize the oocyte [39].

RNA EDITING AND HUMAN DISEASES

Disorders in A-to-I RNA editing can cause some
human diseases [5]. Independent genetic studies on
patients with dyschromatosis symmetrica hereditaria
(DSH) revealed genetic loci associated with this disease.
Now >60 mutations in the gene ADARI are known to be
associated with DSH [40, 41]. Disorders associated with
DSH begin early in childhood as pigment spots on the
backs of hands and feet. This disease is supposed to be
caused by disorders in RNA editing resulting in differen-
tiation of melanoblasts into hyper- or hypoactive
melanocytes, which are unequally distributed and pro-
duce pigment inclusions [41]. But this hypothesis has not
been confirmed experimentally.

In some patients with amyotrophic lateral sclerosis
the level of Q/R-site editing in GluR-B mRNA was
decreased in motor neurons of spinal marrow leading to
the death of the cells [5].

In mice with editing deficiency of the Q/R-site in
mRNA of GluR-B, a phenotype similar to human tem-
poral epilepsy was observed. Nevertheless there are no
data on the relation of the deficient editing of GluR-B
mRNA with this human disease [5, 42]. An affected edit-
ing of mRNA of the serotonin receptor 5-HT,cR result-
ing in imbalance of its isoforms can cause various forms of
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schizophrenia and depression [43]. Thus, RNA editing is
necessary for the most important functions of the highest
nervous activity.

Changes in A-to-I editing were also found in various
tumors [44]. Thus, editing was shown of pre-mRNA of a
tumor-suppressing factor tyrosine phosphatase. The edit-
ing results in formation of new sites of splicing and, as a
consequence, of alternative forms of mRNA. The authors
suppose that the final protein product loses its functional
activity thus promoting the development of neoplasms
[45]. A decreased level of Q/R-site editing in GluR-B
mRNA was found in patients with multiform glioblastoma
or with astrocytoma, which are very aggressive tumors. In
this case the activity of ADAR?2 editing the Q/R-site leads
to suppression of proliferation and migration of tumor
cells and finally to arresting the tumor growth [46, 47].

ADARI p150 is a protein with expression induced by
type I interferons [48]. These interferons are synthesized
by the cell in response to viral infection and significantly
change the expression profile of the cell’s genes. Thus,
expression of protein kinase PKR, which phosphorylates
the translation factor el F-2a, is induced leading to trans-
lational inhibition; expression of various RNases cleaving
viral and cellular mRNAs is also promoted. It is rather
difficult to experimentally show the functional role of
ADARI1 pl150 because of abundance of the factors
induced [49]. It is not always obvious whether the func-
tional properties of ADAR1 pl150 can contribute to
antiviral protection of the cell, or, by contrast, the virus
uses the enzymatic activity of ADARI1 p150 for its own
purpose. The combination of both ways is also possible.
RNA editing of genomes of hepatitis delta virus (HDV),
human herpes virus 8 (HHVS), and of human immuno-
deficiency virus (HIV) is very important for development
of the viral infection. The large delta antigen is produced
in HDV in the case of editing the Amber-stop-codon gene
of the small delta antigen. This results in formation of
UIG-triplet recognized by the ribosome as an UGG-
codon encoding tryptophan [50, 51]. In the case of
HHVS8, ADARI pl150 can edit the caposine transcript
leading to virus multiplication by the lytic pathway [52].
A specific editing by ADARI1 p150 of the gene ENV'site is
shown to increase the production of HIVI [53].

By contrast, some viruses use inhibitors of the deam-
inase activity of ADAR p150 because the hyper-editing
the viral RNA leads to multiple mutations and appear-
ance of unviable viral progeny. Such inhibitors include, in
particular, adenoviral noncoding RNA VAI and the pro-
tein E3L of the vaccinia virus [54, 55].

It is now clear that adenosine deaminases are also
actively involved in inflammatory processes. Acute
inflammation is accompanied by a excessive deamination
in many tissues of the organism of a wide spectrum of cel-
lular RNAs, and the amount of inosine in the total RNA
raises up to 5% [56]. The importance of ADARI in innate
immunity and inflammatory response was confirmed by
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further studies. The necessity of ADARI for viability of
hemopoietic stem cells was shown [57]. In the absence of
this enzyme the expression of genes induced by type I
interferons is greatly induced leading to rapid apoptosis.
Thus, ADAR1 was shown to be necessary for defense of
the organism against destructive effects associated with
interferon pathway activation accompanied by some
pathologic processes, such as chronic inflammation,
autoimmune diseases, and tumorigenesis. Moreover,
RNA editing is an important participant of processes
related to damage of the spinal marrow and its subsequent
recovery [58].

Studies on markers of exceptional longevity in
humans revealed a correlation between lifespan and some
genes. Products of these genes are mainly involved in lipid
metabolism and are connected with proteins of the FOXO
family and also with signaling pathways of insulin and
IGF1 [59]. It is quite possible that the genetic predisposi-
tion for longevity is determined by a much larger number
of genes. Recent studies in this field revealed a positive
correlation between single nucleotide polymorphism in
the ADARI and ADAR?2 genes and the lifespan in humans
[33]. This confirms a significant role of A-to-1 RNA edit-
ing during aging.

ROLE OF DEAMINATION
DURING ONTOGENESIS

For a long time it was thought that the complexity of
multicellular organisms can be reached first of all due to
increase in the number of genes. However, results of
genome sequencing revealed just another picture: C. ele-
gans has ~20,000 genes and D. melanogaster has ~14,000
genes. The genome of mammals also contains ~20,000
genes [60]. Nevertheless, it is evident that mammals are
much more complicated living organisms than flies and
worms. Thus, with the same number of genes the nervous
system of nematodes consists of few hundred cells while
human nervous system includes several billion cells. How
can such an obvious discrepancy be explained? It can be
explained by the increase of the genome capacity due to
specific mechanisms utilizing alternative promoters,
transcriptome editing, splicing, alternative start- and
stop-codons, post-translational modifications, and pro-
teolytic processing.

The more complicated is an organism the more com-
plicated are these mechanisms. The simplest way to
increase genome capacity is using alternative promoters
and alternative initiatory codons leading to expression of
alternative transcripts and protein products from a single
gene. These mechanisms are widely distributed even in
prokaryotes.

Splicing is now the best studied mechanism of
increase of genome capacity in eukaryotes [60]. The
extent of this phenomenon can be exemplified by D.
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melanogaster. during splicing of the Dscam transcript up
to 38,016 different isoforms of mRNA can be produced
[61]. This is about three times greater than the number of
all genes of the fruit fly! However, the splicing and other
known mechanisms of genome capacity increase, such as
post-translational modifications and processing, is not
the subject of this review.

Genome diversity can also be increased by correcting
RNA sequences on the post-translational level by editing.
The RNA editing can lead to deletions and insertions of
single or multiple nucleotides as well as nucleotide substi-
tutions [62]. Examples of A-to-1 RNA editing by ADAR
proteins and some known functional consequences of
these processes have been considered above. We believe
these examples are only the tip of the iceberg of various
processes of editing of genetic information on the tran-
scriptome level. It seems that the RNA editing mecha-
nism can partially answer the question how the human
genome consisting of 20,000 genes can express hundreds
of thousands of different proteins.

A-to-I editing concerns another basic process that is
necessary for functioning of complex multicellular organ-
isms: the miRNA-mediated regulation of gene expres-
sion. The post-transcriptional regulation of mRNA bio-
genesis through miRNA is responsible for the well-timed
“setting on” or “setting off” translation of a certain
mRNA or for triggering its degradation. The regulation of
at least 30% of expressed human genes is thought to be
mediated through miRNA [63]. This regulation is based
on production of canonical Watson—Crick interactions
between miRNA and target mRNA. A-to-I editing of
both miRNA and the site of interaction with miRNA in
3'-UTR of the target mRNA can change the character of
interactions of miRNA with mRNA and thus fully change
the expression of an individual gene or a group of genes
[64, 65]. At present the only example of changing mRNA
target of miRNA due to RNA editing is known. The edit-
ing of miR-376 miRNA results in changing of target
mRNAs that in turn results in a decrease in the expression
of pyrophosphate synthase-1 and finally influences the
production of uric acid [30]. The potential of gene
expression regulation via editing regions responsible for
miRNA interactions with mRNA is supposed to be very
high. It may occur due to editing of both 3’-terminal
mRNA sequences and miRNA [65].

The origin of multicellular organisms required the
cells to be specialized for performing various functions.
The more complex the organism, the more specialized
cell types it contains raising need for the coordinated reg-
ulation of differentiation processes and normal function-
ing. Both miRNA and programmed cell death mecha-
nisms were recently found to be involved in all basic
processes of regulation of organogenesis and differentia-
tion in higher organisms. Disorders in the regulation of
miRNA lead to severe diseases [66]. In turn, the caspase
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activity specific for apoptosis is detected during differen-
tiation of many types of mammalian cells and is necessary
for the process [67, 68]. Expression of virtually all mem-
bers of the apoptotic cascades is regulated through
miRNA [69]. The inverse regulation also exists: endonu-
clease Dicer, an inevitable member of miRNA biogenesis,
is a substrate for caspases, and moreover, upon proteoly-
sis becomes a deoxyribonuclease that continues apoptot-
ic degradation [70]. Furthermore, at least two partici-
pants of A-to-1 editing-connected cascades, ADARI
p150 and endonuclease Tudor-sn, are cleaved by caspas-
es in vivo [71, 72]. We believe that A-to-1 editing is
involved in control of gene expression for apoptotic cas-
cade members that contribute to the cell differentiation.

We have mentioned above that A-to-I editing is nec-
essary during ontogenesis of higher organisms for devel-
opment of normal animals. Mutants with disturbed
deamination of RNA can develop with disorders in the
nervous system in worms and fruit flies, whereas similar
mutants in mice die before birth [4]. Note that in inverte-
brates these disorders were found in the nervous system,
i.e. the most differentiated cells, while mice died at the
stage of active cell differentiation. The hypothesis about
the increasing role of A-to-I editing along with develop-
ment the organisms’ complexity is also supported by an
extremely high level of A-to-I editing in the human brain
as compared to other primates [73, 74].

During ontogenesis of mammals many tissues need
constant renewal. The involvement of programmed cell
death apparatus in cell differentiation requires a very fine
regulation of this process. The smallest disorders can
switch differentiation into apoptosis. A-to-I editing may
be a mechanism of such a fine tuning.

Disorders in A-to-I editing cause some human dis-
eases [5, 44]. Possibly, correct RNA editing is necessary
not only for differentiation and functioning of specialized
cells but also for the whole ontogenesis process, including
the organism’s aging as the final stage of ontogenesis [75].
This hypothesis is supported by the correlation between
the human lifespan and the polymorphism of the ADAR
genes [33].
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