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THE PREDICTION OF miRNAS BINDING SITES
IN CDS mRNA GENES HAVING TRINUCLEOTIDE REPEATS

In human diseases and physiology, the function of miRNAs is expanding; however, especially nu-
cleotide repeats disorder the majority of miRNA — driven regulatory structure is remaining uncertain.
The aim of this work is to reveal which candidate genes of nucleotide repeat diseases and in which de-
grees can interact with miRNA. We present results on the interaction of 2567 miRNAs with mRNA 102
candidate genes of having nucleotide repeats using the MirTarget program. miRNAs binding sites in the
CDS mRNAs of 36 genes from 102 candidate genes with nucleotide repeats have been shown. Among
miRNAs that bind with high energy to mRNA genes with nucleotide repeats, we choose five miRNAs
that have binding sites for two or more genes: miR-3656 (ARX, EP400, HTT, NCOR2); miR-3960 (ARX,
CACNAT1I, HTT); miR-1322 (ATN, EP400, GIGYF2, HTT, NCOR2); miR-1281 (CACNAT1I, HRC, HTT);
miR-4279 (CACNATI, NCOR2). It was determined that considering miRNAs binding sites are located
mainly in regions with CAG, GCG, GAG repeats. Neurological disorders are known to be caused by an
increased number of CAG, GCG, GAG repeats, typically in coding regions of otherwise unrelated pro-
teins. Better understanding of interaction specificity of miRNAs and genes promises to offer further in
sights into the pathogenic pathways of trinucleotide repeats expansion disorders.
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TPUHYKAEOTUATIK KaliTaAbIMAAPbI 6Ap reHAEpAiH,
mRNA-MEH miRNA-HbiH, CDS-Te 6aiiAaHbICYbIHbIH, 00AXKaMblI

AAAMHbIH aypyAapblHAQ >kaHe dmsnonormgacbiHaa MiIRNA — HbiH (DyHYUMSICbl KeHele TycyAge,
AEreHMeH oacipece HYKAEOTMATIK KanTaAbiIMAApPAbIH  Oy3biAbicbl MIRNA  HerisiHaeri  peTTeyi
KYPbIABIMHbIH KOTMLLIAIr aHblkTaAMaraH OGOAbIN KaAaAbl. HyKAEOTMATI KanTaAaHy Oy3blAbICTapbIHbIH,
KEHEI0I EMABAMENTIH XKOHE aKblPbIHAQ BAIMIe 9KEeAiN CofaTblH, 6ACbIM KOMWIAIT TYKbIM KyaAalTbiH
HEBPOAOTMSIABIK, aypyAapAbiH TOObIH Kypanabl. COHAbIKTaH HYKAEOTUATI KalTaAaHaTbiH aypyAapAbiH
KaHAMAQT reHAEpiH XeHe KaHAal aeHreriae miRNA-MeH e3apa apekeTTece aAaTbIHAbIFbIH aHbIKTay
KaxkeT. OcbiraH 6arAaHbICTbl MirTarget 6araapAamachbiHbiH KOMEriMeH HYKAEOTUATI KarmTaAaHaTbiH 102
KaHAMAQTTbI reHaepaiH MRNA- MeH 2567 miRNA- AblH ©3apa epekeTTecy HoTMXKeAepi KOpCeTIiAAI.
HyKAeOTUMATIK KarTaabiMaapbl 6ap 102 KaHAMAQT reHAEpAiH 36 reHaepiHii MRNA — meH miRNA —
HbiH CDS — Te 6aiiAaHbICYbl aHbIKTaAAbl. HYKAEOTMATIK KaniTaAbiMaapbl 6ap resHaepaiin mMRNA-meH
>KOFapFbl aHEprusiaa GanaarbicatbiH 5 MIRNA — Aap TaHAan aAbiHAbI: MiR-3656 (ARX, EP400, HTT,
NCOR2); miR-3960 (ARX, CACNAT1I, HTT); miR-1322 (ATN, EP400, GIGYF2, HTT, NCOR2); miR-1281
(CACNATI, HRC, HTT); miR-4279 (CACNAT1I, NCOR2). miRNA — aapAblH 6aiAaHbICaTbiH aliMakTapbl
HerisiHeH CAG, GCG, GAG kanTaAaHaTblH aymMakTapAQ OPHaAaCKaHbl aHblKTaAAbl. HEBPOAOTUSAbIK,
6y3biabicTap CAG, GCG, GAG kainTaAaHy CaHblHbIH apTybIMEH, SAETTE KOATAy aimakTapbliHAA 6acka
Aa 6aiAaHbICCbI3 GEAOKTapAbIH Naiaa 60AybiMeH 6arAaHbICTbl. MIRNA — AbIH >keHe reHAepAiH e3apa
SpEKeTTeCy epeKLIEeAIKTEePIH XKaKCbl TYCIHY TPMHYKAEOTUATIK KarnTaAaHaTbiH OY3bIAyAAPAbIH MaTOreHAIK
>KOAAQPbIMEH TaHbICYFa MyMKIHAIK Gepeai.

Tyiin cesaep: mMiRNA, mRNA, koatanatbiH Ti3bek, OGaiAaHbICaTbiH CaNT, TPUHYKAEOTUATI
KaMTaAbIM.
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lNpeacka3biBaHMe caifTOB CcBsA3biBaHMA MiRNA
B CDS mRNA reHOB MmeloLMX TPUHYKACOTUAHDIE MOBTOPDI

B msyueHnn GoaesHern n umamnosormm veaoseka yHkums miRNA paclumpsietcs, 0AHakoO POAb
MiRNA npy HapyLleHnsX, CBSI3aHHbIX C HYKAEOTMAHBIMW MOBTOPaMM, OCTAeTCS HeornpeAeAeHHOMN.
HapylueHus: HyKAEOTMAHBIX MOBTOPOB MPEACTABASIOT COGOM rpynny AOMMHAHTHO HACAEAYEeMbIX
HEBPOAOTMYECKMX 3a60AEBAHMI, KOTOPbIE HEM3AEUMMbI 1 B KOHEUHOM UTOrE MPUBOAST K AETAAbHOMY
ncxoAy. Caepa0BaTeAbHO, HEOOXOAMMO BbISIBUTb, KaKMe reHbl-KaHAMAAQTbI 3a60AEBaHWI, CBSI3aHHbIX
C HYKAEOTMAHBIMM MOBTOPAMM M B KAKOW CTEerNeHW MOryT B3ammoAencTBoBaTb ¢ MIRNA. B cBsi3un ¢
3TWM, Mbl MPEACTABASIEM PE3YAbTATbl MO MPeANoAaraeMbiM B3auMoAencTBmam 2567 miRNA ¢ mRNA
102 reHOB-KAHAMAQTOB, WMEIOWMX HYKAEOTUAHbIE TMOBTOPbI, MOAYUYEHHble C WCMNOAb30BaHMEM
nporpammbl Mirlarget. Noka3aHbl caitbl cBg3biBaHMsg MIRNA B mRNA CDS 36 reHos n3 102 reHoB-
KaHAMAQTOB C HYKAEOTMAHbIMM noBTopamu. Cpean mMIiRNA, CBS3bIBAIOLLMXCS C BbICOKOM 3Hepruen
B3aMMOAEIMCTBUS C Ff€HaMU, UMEIOLLIMX HYKAEOTUAHbIE MOBTOPbI, Mbl Bbibpaan nsitb MiIRNA, koTopble
MMEIOT CaiTbl CBSA3bIBAHUS AAS ABYX MAM OoAee reHos: miR-3656 (ARX, EP400, HTT, NCOR2); miR-
3960 (ARX, CACNATI, HTT); miR-1322 (ATN, EP400, GIGYF2, HTT, NCOR2); miR-1281 (CACNATI,
HRC, HTT); miR-4279 (CACNATI, NCOR2). YcTaHOBA€HO, UTO paccCMaTpUBAEMble CalTbl CBSI3bIBaHUS
miRNA pacrnoAo>keHbl B OCHOBHOM B 06Aactsx, umetowmx nostopbl CAG, GCG, GAG. M3eecTHO,
YTO HEBPOAOrMYeckMe PacCTPOMCTBA BbI3BaHbl MOBbIWEHHbIM KoAMYecTBoM noBTopoB CAG, GCG,
GAG, 00bluHO B KOAMPYIOLMX OOAACTIX APYrMX HEPOACTBEHHbIX OEAKOB. Ayulllee MOHUMaHKe
cneumpuuHocTV B3anmoaencTers miRNA v retos obelaet 60Aee AeTaAbHO PACCMOTPETH NMATOreHHbIE

nyTn HaprJeHVIVI 3KCMaHC1N TPUHYKAEOTUAHDBIX NMOBTOPOB.

KatoueBble caoBa: mMiRNA, mRNA,
TPUHYKAEOTUAHDIV MOBTOP.

Abbreviations

mRNA — messenger ribonucleic acids; CDS —
coding sequence; UTR —untranslated region; TRED
— triplet repeat expansion diseases; FXTAS — fragile
X-associated tremor/ataxia syndrome; SCA —several
spinocerebellar ataxias; FRDA — Friedreich’s ataxia;
DMI1 — dystrophy Myotonic 1; HD — Huntington
disease

1. Introduction

About half of the human genome is composed
of repeated sequences of various types; of these,
short tandem repeats, such as trinucleotide repeats,
represent a substantial portion [1]. Of these, specific
trinucleotide repeats located in non-coding and
coding regions of individual genes implicated
in these disorders are strongly over-represented
[2]. Short tandem repeats act as a trigger in over
20 neurodegenerative and neuromuscular human
disorders collectively known as triplet repeat
expansion diseases (TREDs). These disorders
include  fragile  X-associated  tremor/ataxia
syndrome (FXTAS), several spinocerebellar ataxias
(SCA), Huntington disease (HD), dentatorubral-
pallidoluysian atrophy (DRPLA), Friedreich’s ataxia
(FRDA) and dystrophy Myotonic 1 (DM1) [3, 4].
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KoAMpylowaa MOoCAEAOBATEAbHOCTDb,

canT CB43bIBaHWN4,

FXTAS is a neurodegenerative disorder
characterized by progressive intention tremor
(parkinsonism), gait ataxia and cognitive decline.
An expansion of CGG trinucleotide repeats in the
5'-UTR of FMRI causes different neuropathological
conditions based on the number of CGG repeats
[5,6].

Specific links between miRNA (mRNA-
inhibitory RNA) regulation and SCAs have been
described in several studies. Specifically, the
research on SCA1 has revealed that some miRNAs
can regulate the level of ATXNI protein. It has been
reported that miR-19a, miR-101, and miR-130a
may bind to the 3'UTR of 4TXN1I and suppress the
translation of ATXNI [7,8]. SCAL1 is a dominantly
inherited and fatal neurodegenerative disease
resulting from an over expansion of CAG repeats
within the Ataxin-1 (ATXNI) gene [9].

HD is a dominantly inherited progressive
neurodegenerative disorder that results from a
mutation that expands the polymorphic trinucleotide
(CAGQG) tract in HTT. The average control CAG tract
size in the general population is 17-20 repeats.
However, in HD patients, one of the two copies
of the gene has a CAG tract that has expanded
to 36 repeats or more [10]. All these diseases
have a predominantly hereditary component and
are characterized by the expansion of existing
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trinucleotide repeats upon transmission from parent
to off-spring [11].

The profile of miRNAs in CAG trinucleotide
repeat disorders is scarcely described. However,
miRNA dysregulation has been identified in these
diseases, and miRNA-related interference with gene
expression is considered to be involved in their
pathogenesis. A better understanding of microRNAs
functions and means of manipulation promises to
offer further insights into the pathogenic pathways
of CAG repeat expansion disorders, to point out new
potential targets for drug intervention and to provide
some of the much needed etiopathogenic therapeutic
agents [12,13].

Recent studies have demonstrated that interest
in miRNA biogenesis and function is growing
rapidly and that deep-sequencing technologies in
combination with various micro array analyses
have become routinely used in the investigation
of short RNAs, including studies on miRNA
deregulation in trinucleotide repeat expansion
disorders [14].

Regulatory miRNAs play a fundamental role
in the majority of biological processes, such as
cell development, proliferation, differentiation,
apoptosis and signal transduction. However, the
biological function of most miRNAs remains to be
uncovered [15]. Both the altered miRNA expression
and the deregulation of genes controlled by miRNAs
have been linked to many disorders, such as cancer
and cardiovascular, metabolic, and neurological
disorders, including trinucleotide repeat expansion
disorders [16].

Neurons exhibit considerable sensitivity to mu-
tations in huntingtin containing an elongated polyQ
chain. Global changes in gene expression induced by
the presence of the mutations in huntingtin as well
as the widespread changes in neuronal miRNAs lev-
els have been described in HD patients [17]. There-
fore, miRNA deregulation has been recognized as
a hallmark of HD and other polyQ diseases. These
candidate genes may be targets for miRNA (mRNA-
inhibiting RNA) that regulate their expression. It is
impossible to experimentally identify how a well-
known miRNA can interact with more than 20,000
genes and their isoforms. Therefore, it is required
with the help of computational technologies to pre-
dict the target genes of certain miRNAs and then to
test them experimentally. The purpose of this work
is to establish the characteristics of the interaction
of miRNAs included in the miRBase with mRNA
of genes having nucleotide repeats in the coding se-
quence (CDS).

2. Materials and Methods

The nucleotide sequences of mRNAs of 102 hu-
man genes were taken from the GenBank database
(http://www.ncbi.nlm.nih.gov), and 2567 miRNAs
were taken from miRBase (http://mirbase.org). The
search for target genes for miRNA was performed
using the MirTarget program [18]. This program
defines the features of binding: a) the localization
of miRNA binding sites in the 5’UTRs, the CDSs
and the 3’UTRs of the mRNAs; b) the free energy
of hybridization (AG, kJ/mole). The ratio AG/AGm
(%) was determined for each site (A Gm equals
the free energy of miRNA binding with its perfect
complementary nucleotide sequence). For analyz-
ing and formatting sequences of genes, we used
the sequence manipulation suite program (https://
bioinformatics.org/sms). The miRNA binding sites
located on the mRNAs had AG/AGm ratios of 85%
and more. The MirTarget program takes account
of hydrogen bonds between adenine (A) and uracil
(U), guanine (G) and cytosine (C), G and U, and A
and C. The distances between A and C were equal to
those between G and C, A and U, and G and U [19].
To prediction the secondary structure of RNA, the
software RNA fold was used (http://rna.tbi.univie.
ac.at).

3. Results and Discussion

The search of 2567 human miRNAs binding
with 102 mRNAs of human genes having nucleotide
repeats in the coding region (CDS) using the Mir-
Target program has been completed. miRNAs bind-
ing sites in the CDS mRNAs of 36 genes from 102
candidate genes with nucleotide repeats have been
shown. Out of human miRNAs, only 1023 miRNAs
interacted with mRNAs of 36 genes. Based on the
results, 3189 miRNAs binding sites are predicted in
the CDS with AG/AGm values equal to 85 % and
more.

Of the 102 genes with nucleotide repeats, we se-
lect eight genes that are targets of three or more miR-
NAs: ARX (miR-3656, miR-3960, miR-4258, miR-
4274); ATNI (miR-1322, miR-4271, miR-4281,
miR-7150); CACNAII (miR-1268a, miR-1281,
miR-3960, miR-4279, miR-6784-5p); EP400 (miR-
1322, miR-1587, miR-3656, miR-4463, miR-4478,
miR-4505, miR-4651, miR-6763-5p, miR-8071);
GIGYF2 (miR-1322, miR-483-3p, miR-6894-3p);
HRC (miR-1281, miR-6891-3p, miR-877-3p); HIT
(miR-1281, miR-1322, miR-3656, miR-3665, miR-
3960, miR-7704); NCOR2 (miR-1322, miR-3656,
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miR-4279, miR-4297, miR-4481, miR-4486, miR-
4516). Data given in table 1 show the characteristics
of miRNA binding with mRNA of target genes in
the CDS.

According to the table miRNA binding sites in
mRNA of ARX, ATNI1, CACNAII, EP400, GIGYF?2,
HRC, HTT, NCOR?2 genes are located in the CDS.

One or two of the miRNAs bind with each gene in
repeat nucleotide sequences: miR-3960 and miR-
4258 with ARX (GCC)ACGG), miR-1322 with
ATNI (CAG), miR-1281 with CACNAII (AGG),
miR-1322 with EP400 (CAG) and GIGYF2 (CAG),
miR-1281 with HRC (AGG), miR-1322 and miR-
3665 with HTT (CAG)/ACGC) and NCOR2 (CAQG).

Table 1 — Characteristics of miRNAs binding sites in CDS mRNA genes with nucleotide repeats

Gene Characteristics of binding sites
ARX miR-3656,125,85,-89,17; miR-3960, 1511, 91, -114, 20; miR-4258, 513, 85, -87, 17; miR-4274, 925,85, -89, 18
miR-1322, 1693, 87, -89, 19; miR-4271, 1461, 85, -91, 19; miR-4281, 1146, 86, -95, 18; miR-7150, 1139, 85,
ATNI
-87,18
CACNAIL miR-1268a, 91, 86, -93, 18; miR-1281, 1820, 86, -84, 17; miR-3960, 6179, 96, -121, 20; miR-4279, 5321, 90,
-82, 16; miR-6784-5p, 1436, 87, -101, 20
miR-1322, 8313, 85, -87, 19; miR-1587, 4736, 85, -97, 20; miR-3656, 252, 89, -93, 17; miR-4463, 4727, 87, -87,
EP400 17; miR-4478, 438, 86, -82, 17; miR-4505, 4748, 87, -91, 18; miR-4651, 240, 85, -101, 20; miR-6763-5p, 426,
86, -95, 19; miR-8071, 237, 85, -97, 20
GIGYF2 |miR-1322, 3383, 87, -89, 19; miR-483-3p, 813, 87, -99, 21; miR-6894-3p, 3352, 89, -104, 21
HRC miR-1281, 768, 87, -85, 17; miR-6891-3p, 762, 85, -97, 21; miR-877-3p, 777, 85, -109, 21
HTT miR-1281, 8052, 86, -84, 17; miR-1322, 197, 87, -89, 19; miR-3656, 344, 87, -91, 17; miR-3665, 267, 86, -93,
18; miR-3960, 268, 92, -115, 20; miR-7704, 264, 88, -101, 19
NCOR? miR-1322, 1813, 87, -89, 19; miR-3656, 4744, 85, -89, 17; miR-4279, 1240, 88, -80, 16; miR-4297, 347, 90, -78;
miR-4481, 442, 86, -82, 17; miR-4486, 5854, 87, -87, 17; miR-4516, 3496, 87, -87, 17

Note: miRNA; the beginning of binding site; the AG/AGm (%); the free energy change (AG, kJ/mole); length of miRNA (nt)

From this results in miR-3960 and miR-4258
bind with (GCC)/(GCT), and (CGG),/(CAG),
repeats of ARX gene. The binding sites of miR-3960
in mRNA of the ARX gene are located between 1505
and 1532 nucleotide sequences with a start in 1511
nt. The miR-4258 binds in the region with (CGG),/
(CAG), repeats.

mir-1322 and mir-3665 bind with CDS mRNA
of the HTT gene. mir-1322 binding sites are located
in a region with (CAG), and (CAA), repeats
between 197 — 259 nt. mir-3665 binds in the region
with (CGC), repeat located from 267 to 288 nt.
Obtained data indicate that ATN1, EP400, GIGYF?2,
HTT, NCOR?2 genes are targets for miR-1322, and
ARX, HTT,CACNAII and HRC genes are targets for
miR-3656, miR-3960 and miR-1281.

Among miRNAs that bind with high energy to
mRNA genes with nucleotide repeats, we choose
five miRNAs that have binding sites for two or more
genes: miR-3656 (ARX, EP400, HTT, NCOR2);,
miR-3960 (ARX, CACNAIlI, HTT); miR-1322
(ATN, EP400, GIGYF2, HTT, NCOR2); miR-1281
(CACNAIll, HRC, HTT), miR-4279 (CACNAlI,
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NCOR?2). As can be seen from the above data, miR-
3656, miR-1322 can interact with a lot of genes
compared to miR-4279.

Depicted below table 2 shows the compliance of
miRNAs binding in the nucleotide repeats located
regions in CDS mRNA genes. It was determined
that considering miRNAs binding sites are located
mainly in regions with CAG, GCG, GAG repeats.
Oligonucleotides of binding sites located in
CDSs can encode polyglutamine and polyalanine
depending on the open reading frame.

Expansions of CAG trinucleotide repeats
(CAG repeats) in coding regions of human genes
cause neurodegenerative disorders by generating
proteins with elongated polyglutamine (polyQ)
stretches. This group of disorders includes
Huntington’s disease, dentatorubral — pallidoluysian
atrophy, spinal bulbar muscular atrophy, and the
spinocerebellar ataxia types 1, 2, 3, 6 and 7 [20, 21].
For instance, the HD (/T15) gene, which encodes
huntingtin, a 350 kDa protein of unknown function,
is located on the human chromosome 4 and consists
of 67 exons. The disease — causing mutation is a
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CAG repeat expansion located within exon 1 of the
HD gene (HD exon 1). The CAG repeat is translated
into a polyQ stretch. The disease manifests itself
when the polyQ stretch exceeds the critical length
of 37 glutamines (pathological threshold), whereas
8-35 glutamine residues in huntingtin are tolerated
by neuronal cells [22, 23].

mRNAs genes of ATNI, ATXNI, ATXN2,
BRD4 CELF3, EP400, FOXP2, GIGYF2, HIT,
MAML3, MNI, MEF24, NCOR2, SMARCA?2,
TNRC6B, TOX3, TNRC6A, RUNX2, ZNF384 and
MLL?2 interact with miR-1322. It was previously

shown that miR-1322 had arranged binding sites
in the CDSs of orthologous MAMLDI, MAML?2
and MAML3 genes. Binding sites encode a
polyglutamine oligopeptide ranging from six
to 47 amino acids in length. Data indicated the
importance of conserved nucleotide sequences of
miR-1322 binding sites and not only the amino acid
sequence corresponding to oligopeptides of the
encoded protein [24]. miR-1281 binds in mRNA
of CACNAII PVRLI and EGRI, genes. Moreover,
mRNAs genes of ARX and PHOX2B interact with
miR-4258 (Table 2).

Table 2 — Accordance of binding sites to nucleotide repeats of genes

miRNA Gene Position Nucleotidesequence Codon number
ATN1 1693 0000000000000 CAG,,CAA,
ATXN1 1578 000QQ00000QQHOHOOQQOO000QQQQ0 CAG,,CAT,
ATXN2 658 0000000000Q0O00000QOO00 CAG,,CAA,
BRD4 2533 PQQPPPPPQQPPPPPPPQQQQQPPPPPPPP CAG,CCG,,
CELF3 1893 0000000000000 CAG,,CAA,
EP400 8313 00000000000000000 CAG,,CAA,
FOXP2 912 000000000000000000 CAG,,CAA,
GIGYF2 3068 Q00000000 CAG,CAR,
HTT 197 [016]0/6]6/6/6]0/6]0/6]6]6/6]0/6]6]0/6]0/0) CAG,,CAA,
MmiR-1322 MAML3 2220 Q000000000000Q000000Q000000K CAG,, CAA AAA
MN1 2534 (o[e]0[e]0]0]0]0[0]0]0]0]0 0]0[0]0]0]0]0[0]0]0]6]0[0]6[6} CAG,, CAA,
MEF2A 1852 Q000000000QQQPPP CAG,,CCG,
NCOR2 1813 00000000000000000 CAR,CAG
SMARCAZ2 766 Q0000000000000 Q000Q CAG,,CAA,
TNRC6B 4172 Q000000Q0OMM CAG,ATG,
TOX3 1509 000000000000000 CAG, ,CAR,
TNRC6A 400 0000000000000 CAG,,CCA,
RUNX2 512 Q00000000Q000Q000Q CAG, ,CAA,
ZNF384 1780 00000000000000000 CAG,,CCA,
MLL2 9820 Q0000000 CAG,CAA,
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Continuation of table 2

miRNA Gene Position Nucleotidesequence Codon number
CACNAIT 1820 RRRRRR AGG6
miR-1281 PVRLI1 1482 RRRRRRRR AGG8
EGRI1 474 RRRRRGGWRQQ00000000000000 CGG,GGG,TGG,AGG,CAG, ,CAA,
ARX 513 RRRRRRRRRRRRQQ CGGl 2CAG2
miR-4258
PHOX2B 1100 QOO0QQOORRRRRRRRRRRP CAG6CGGMCCG1
miR-1273f ANK3 12230 TTTTTTATTTTTTTTTTTT ACT,GCC ACC ,
miR-1181 ATXN7 593 RRAAAAAA CGC,GCG,
miR-6833-5p DIP2B 837 FFLLLIT TTC,CTC,ATC,
miR-3960 HOXA13 405 AAAAAAAAAAAAASSS GCA GCC,GCG,GCT, TCG,TCC,
miR-7110 IRS1 3654 LLPPPHH CTC,CCC,CAC,
miR-1910-5p MAPKI1 254 GGAAAAAAAMMPP GGC,GCG,ATG,CCG,
miR-877-3p HRC 777 RRRRRRR AGG,
miR-1260a PABPNI 1284 WRRRRRRQQOQ TGG,CGG,CAG,
miR-1908-3p ZI1c2 1787 RRRRRRRRGG CGGgGGchGGl
miR-574-5p NGFR 186 LLLLLL CTG,CTT,
miR-8083 SOX3 1047 AAAAARAQQ GCG,GCA,GCU CAG,

From indicated in Table 2 genes, especially
ATNI, ATXNI, ATXN2 plays an important role in
diseases associated with trinucleotide repeats. In ad-
dition, EGRI has thus been revealed as a major me-
diator and regulator of synaptic plasticity and neu-
ronal activity in both physiological and pathological
conditions [25]. The obtained results indicate that
the mRNA genes of ATNI, ATXN1, ATXN2 interact-
ed with miR-1322 with CAG and EGR/! binds with
miR-1281 escorted by GGC AGC repeats. As above
we said that in the overwhelming majority of cases,
neurological diseases are caused by nucleotide re-
peats.

As can be seen in Table 2, the binding sites of
miR-1322 in mRNA of ATNI, ATXNI, ATXN2,
EP400, HTT, MAML3, MNI, NCOR2, SMARCA?2,
TNRC6A, RUNX2 and ZNF384 genes are located
in regions with CAG repeats (14-27 times in cod-
ing sequence). The (CAG),, and (CAA), repeats lo-
cated between 1687 and 1744 nucleotidesin ATNI
gene and miR-1322 bind in this region with a start
at 1693 nt. There are a lot of repetitions of (CAG),,
(CAT), codons in ATXNI gene and miR-1322 binds
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in regions with these repeats with a start in 1578
nt. mRNA of MAML3 gene has (CAG),,, (CAA),,
(AAA), repeats between 2199 to 2282 nt and miR-
1322 binding sites located from 2220 nt. In mRNA
of MNI and SMARCA2 genes codons (CAG),,
(CAA), repeated from 2519 to 2605 and 745-813,
respectively, and miR-1322 binds in regions with
these repeats from 2534 and 766 nt.

mRNAs of ANK3, ATNI, ATXNI, ATXN2,
ATXN7, BRD4, CELF3, FOXP2, MAML3, GIGYF?2,
DIP2B, EGRI, HOXAI3, IRSI, HTT, EP400,
MAPKI, HRC, RUNX2, PABPNI, ZIC2, MNI, TN-
RC6B, PVRLI, MLL2, MEF24, ZNF384, TOX3,
NGFR, TNRC64, SOX3, SMARCA2, PHOX2B,
ARX, CACNAII and NCOR2 genes have miRNA
binding sites with AG/AGm value more than 85%
(Table 3). From this results, obviously visible that
miR-1322 binding sites mainly located in regions
with CAG repeats of mRNA of ATNI, ATXNI,
ATXN2, BRD4, CELF3, EP400,FOXP2, GIGYF2,
HTT, MAML3, MNI,MEF2A4, NCOR2, SMARCA?2,
TNRC6B, TOX3, TNRC6A4, RUNX2, ZNF384, MLL2
and PHOX2B genes.
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Table 3 — Schemes of miRNA binding with mRNA genes having nucleotide repeats

ANK3; miR-1273£;12230;CDS;-89;85;19
5’ - CACUGCCACCACCACCACC - 37

PEEEEE b rerrr 1l
3’ - GUGACGUUGGAGGUAGAGG - 5’

MAML3; miR-1322;2220;CDS;-89;87;19
5’ - CAGCAGCAGCAGCAGCAGC - 3’

FEEEE Trrrrrer e
3’ - GUCGUAGUCGUCGUAGUAG - 5’

ATN1; miR-1322;1693;CDS;-89;87;19
5’ - CAGCAGCAGCAGCAGCAGC - 3’

FEEEE Trrrreer el
3’ - GUCGUAGUCGUCGUAGUAG - 5’

MAPK1; miR-1910-5p;254;CDS;-104;85;21
5’ - CGGCGGCGGGCGCGGGCCCGG - 37

PEETEEErrrrrrrr e
3’ - UCCGCCGUCCGUGUCCUGACC - 5’

ATXN1; miR-1322;1569;CDS;-89;87;19
5’ - CAGCAGCAGCAGCAGCAGC - 3’

PEEEE Trrrrrer el
3’ - GUCGUAGUCGUCGUAGUAG - 5’

MN1; miR-1322;2534;CDS;-89;87;19
5’ - CAGCAGCAGCAGCAGCAGC - 3’

FEEEE Trrrrrer e
3’ - GUCGUAGUCGUCGUAGUAG - 5’

ATXN2; miR-1322;658;CDS;-89;87;19
5’ - CAGCAGCAGCAGCAGCAGC - 3’

PEEEE Trrrrrer el
3’ - GUCGUAGUCGUCGUAGUAG - 5’

MLL2; miR-1322;9820;CDS;-89;87;19
5’ - CAGCAGCAGCAGCAACAGC - 3’

FEEEE Trrrrrer e
3’ - GUCGUAGUCGUCGUAGUAG - 5’

ATXN7; miR-1181;593;CDS;-112;88;21
5’ - CGCCGCGCGGCGGCGGCGGCGG - 3’

LE B rrrr e
3’ - GCCGAGC-CCACCGCCcGCuGCCe - 57

MEF2A; miR-1322;1852;CDS;-91;89;19
5’ - CAGCAGCAGCAGCAGCAGCC - 3’

PEEEE Trrrrrer e
3’ - GUCGUAGUCGUCGUAGU-AG- 5’

ARX,; miR-4258;513;CDS; -87;85;17
5’ - CAGCGGCGGCGGCGGCGG - 3’

Lt
3’ - GGUUCCGCCACCGCC-CC - 57

NGFR; miR-4302;667;CDS;-87;85;18
5’ - CACGCUGGGCCGACGCCGA - 3’

Frrrrrrrrr rrrrrnl
3’ - GAGCGACUCGG-UGUGACC - 57

BRD4; miR-1322;2533; CDS;-87;85;19
5’ - CAGCAGCAACAGCAGCCGCC - 37

FEETE Frrrrrrr rrinl
3’ - GUCGUAGUCGUCGU-AGUAG - 5’

NCOR2; miR-1322; 1813; CDS;-89;87;19
5’ - CAGCAGCAGCAGCAGCAGC - 3’

FEEEE Trrrrrer e
3’ - GUCGUAGUCGUCGUAGUAG - 5’

CACNAl1I; miR-1281; 1820;CDS;-84;86;17
5’ - AGGAGGAGGAGGAGGAGG - 3’

FEEEE trrrrrrrer
3’ - CCCUuC-UccuccuccGCu - 57

PABPN1,; miR-1260a;1284;CDS;-84;85;18
5’ - UGGCGGCGGCGGCGGCGGC - 3’

FEETEEErE trrrr rd
37 - ACCACCGUCUCCACC-CUA - 5’

CELF3; miR-1322; 1872; CDS; -89;87;19
5’ - CAGCAGCAGCAGCAGCAGC - 3’

PEEEE Trrrrrer e
3’ - GUCGUAGUCGUCGUAGUAG - 5’

PVRL1; miR-1281;1482;CDS;-84;86;17
5’ - AGGAGGAGGAGGAGGAGG - 3’

CEErr rrrrrrrrr
3’ - CCcucC-UccuccucceCcu - 57

DIP2B; miR-6833-5p;837; CDS;-99;85;22
5’ - UUCCUCCUCAUCAUCUUCCUCAA - 3’

FEETEEEEE Trrrrrert
3’7 - AAAGAGGAG-GGUAGAAGGUGUG - 5’

PHOX2B; miR-4258; 1100;CDS; -89;87;17
5" — CCGCGGCAGCGGCGGCGG - 3’

LEE e
3’ - GGUUCCGCCACCGCC-CC - 5

EGR1; miR-1281;474;CDS;-84;86;17
5’ - GGGCGGUGGAGGCGGCGG - 3’

Lt el
3’ - CCCUCU-CCucCuCCcGCU - 57

RUNX2; miR-1322;512;CDS;-89;87;19
5’ - CAGCAACAGCAGCAGCAGC - 3’

FEEEE Trrrrrer e |
3’ - GUCGUAGUCGUCGUAGUAG - 5’

EP400;miR-1322;8313;CDS;-89;87;19
5’ - CAGCAGCAGCAGCAGCAAC - 37
FIEEE T et e
3’ - GUCGUAGUCGUCGUAGUAG - 57

SOX3; miR-8083;1080;CDS;-97;85;21
5’ - GGCCGCAGCCGCCAUGAGCCUG - 3’

FEEEEEErrrrrer i
3’ - UCAACGUCGGCAGUUCA-GGAC - 5’

70 Xab6aprisl. buonorus cepuscer. Ne2 (79). 2019




Belkozhayev A.M. et al.

Continuation of table 3

5’ - AGGAGGAGGAGGAGGAAGAGGA - 3’
ittt

3’ - GAC-CCuUcCcucccucuucuccu - 57

FOXP2; miR-1322;912;CDS;-89;87;19 SMARCA2; miR-1322;766;CDS;-89;87;19
5’ - CAGCAACAGCAGCAGCAGC - 3’ 5’ - CAGCAGCAGCAGCAGCAGC - 3’
T I T O O O FEEEE rrrrerrr
3’ - GUCGUAGUCGUCGUAGUAG - 5’ 3’ - GUCGUAGUCGUCGUAGUAG - 5’
GIGYF2; miR-1322;3068;CDS;-89;87;19 TOX3; miR-1322;1509;CDS;-89;87;19
5’ — CAGCAGCAGCAGCAACAAC - 3’ 5’ - CAGCAGCAGCAGCAGCAGC - 3’

[ T e O O I O O O O FEEEE rrrrerrr
3’ - GUCGUAGUCGUCGUAGUAG - 5’ 3’ - GUCGUAGUCGUCGUAGUAG - 5’
HTT,; miR-1322; 197; CDS;-89;87;19 TNRC6A; miR-1322;400;CDS;-89;87;19
5’ - CAGCAGCAGCAGCAGCAGC - 3’ 5’ - CAGCAGCAGCAGCAACAGC - 3’
T T I T O O FEEEE rrrrerrr
3’ - GUCGUAGUCGUCGUAGUAG - 5’ 3’ - GUCGUAGUCGUCGUAGUAG- 5’
HRC; miR-877-3p; 777; CDS; -99; 85;21 TNRC6B; miR-1322; 4172;CDS;-89;87;19

5’ - CAGCAGCAGCAGCAGCAGC - 3’
FEEEE rrrrrrer e

3’ - GUCGUAGUCGUCGUAGUAG - 5’

HOXA13; miR-3960;405;CDS;-108;86;20
5’ - GCAGCCGCCGCCGCCGCCGCC- 37
e rrrrrrrrrnd

37 - GGG-GGCGGAGGCGGCGGCGG - 57

ZIC2; miR-1908-3p;
5’

1787; CDS;-116;88;23
— CGGCGGCGGGGCGGGCGGCGGG — 3

3’ - GCC-CCGCCuCGGCeGCeaGee - 57

IRS1; miR-4458;3654; CDS;-84;85;19

ZNF384; miR-1322;1780;CDS;-89;87;19

mole); the AG/AGm (%

5’ — CUCCCCCACCCCCACCCCCU - 37 5’ — CAGCAGCAGCAGCAGCAGC - 3’
FEEEEEEEE rrrreer 1 L B B
1. 3’ - AAGAAGGUGUGGAUGGA-GA - 57 3’ - GUCGUAGUCGUCGUAGUAG- 5’
Note: Gene; miRNA; the beginning of binding site; the free energy change (AG, kJ/

) ;

(nt)

length of miRNA

The average free energy of miRNA binding sites
in mRNA of all targets genes is equal to -113 kJ/
mole. Only miR-1181 and miR-1908-3p interact
with free energy more than -112 kJ/mole with
mRNA of ATXN7 and ZIC2 genes, respectively.
The (CGQG), repeats located between 599 and 670
nucleotides in the ATXN7 gene and miR-1181 bind
in this region with a start at 593 nt. In addition,
mRNA of the ZIC2 gene has (CGG), repeat between
1786 to 1816 nt and miR-1908-3p binding sites
located from 1787 nt.

Two miRNAs (miR-1181, miR-1908-3p) have
free binding energy more than -112 kJ/mole, which
gives the reason anticipate to use their interaction
with the corresponding target genes as biomarkers
for the development of the neurological diseases.

By these genes taking into account that they
contained CAG repeats in their coding regions and
excessive recurrence of these dysfunctions may lead
to the emergence of hereditary neurodegenerative
disease, detected these associations of miRNA and
genes could be used as markers for the diagnosis of
hereditary neurodegenerative disease.

ISSN 1563-0218; eISSN 2617-7498
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Cytosine — adenine-guanine (CAG) repeat ex-
pansions in the coding regions of 19 polyglutamine
(polyQ) genes (ATNI, ATXNI, ATXN2, BRDA4,
GIGYF2, CELF3, MAML3, HTT, EP400, RUNX2,
MLL2, MEF24, ZNF384, TOX3, TNRC6A, TN-
RC6B, TOX3, SMARCA2,NCOR2, PHOX2B) inter-
act with miR-1322. By using the software of RNA
fold web server (http://rna.tbi.univie.ac.at), we de-
termined the secondary structures of a fragment of
single-stranded RNA sequences with miRNAs bind-
ing sites (Figure 1).

The figure 1 show the formation of bonds
between complementary base pairs in sites
with the binding sites of miR-1322 in mRNA
of ATXN?2 gene, miR-1273f in mRNA of ANK3
gene, miR-3960 in mRNA of HOXAI3 gene
and miR-4258 in mRNA genes of ARX gene.
The binding sites contain nucleotide repeats
CAG, ACC, and CGG, which correspond to
oligopeptides polyglutamine, polythreonine and
polyalanine, respectively. The figures clearly
show the preferential formation of bonds with
corresponding miRNAs.
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F— mir—-1322

— miR-396&0

C — miR-3960 binding sitein mRNA HOXA13 gene

— miR-4258

D — miR-4258 binding site in mRNA ARX gene

Figure 1 — Binding sites of miR-1322, miR-1273f, miR-3960, miR-4258 in
CDS mRNA genes of ATXN2, ANK3, HOXA13 and ARX

Conclusion

Thus, the article presents the results of the pre-
diction of binding sites in mRNA genes having
trinucleotide repeats. Binding sites for consider-
ing miRNAs are located in the CDS and encoded
oligopeptides with glutamine, threonine, alanine,
proline, arginine and leucine repeats. Binding sites
have AG/AGm values from 85% to 92%. The sec-

ondary structures of a fragment of single — stranded
RNA and miRNAs sequences demonstrate binding
of miRNAs in predicted binding site. The binding
sites of miRNAs and their targets have been identi-
fied for a set of candidate genes for nucleotide repeat
disorders.

The results indicate that these binding sites
have a large free energy of miRNA interaction
with  mRNA genes having nucleotide repeats.
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Moreover, there is a several number of miRNAs
that bind with mRNA genes having nucleotide
repeats and includes miRNAs have more target
genes. The studies highlighted above demonstrate
that spinocerebellar ataxias plays an important role
in diseases associated with trinucleotide repeats.
Given the above mentioned data, binding sites of
miRNAs and genes anticipated for using as markers
for the diagnosis of hereditary neurodegenerative
disease. Taking into account that these genes
contain nucleotide repeats in their coding regions,
excessive recurrence of these dysfunctions may lead
to the emergence of hereditary neurodegenerative
disease.
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