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Transcription factor gene ZFHX3 is one of the candidate genes
involved in stroke development. The ZFHX3 protein contains
oligopeptides encoded by trinucleotide repeats (TNRs). TNR
variability is considered to be one of the causes of the disease,
but their biological function has not yet been established. We
assume that TNRs are the binding sites of miRNA to mRNA
and are involved in regulation of ZFHX3 gene expression. The
characteristics of miRNA-mRNA interaction were determined
using MirTarget software. It has been shown that the first

TNR in mRNA of the human ZFHX3 gene consists of the seven
consecutive miR-12-32603-3p binding encoding polyGlu. The
ZFHX3 protein of human polyGlu contains 30 Glu. In the or-
thologous proteins of 36 animal species the length of polyGlu
varied from 27 Glu to 33 Glu. Negatively charged polyGlu of
the ZFHX3 transcription factor probably interacted with posi-
tive DNA-binding proteins. The following mRNA region of the
ZFHX3 gene contained the binding sites for miR-17-39416-3p,
miR-5-15733-3p, miR-9-20317-3 encoding polyAla by 15 Ala
lengths. In the 33 ZFHX3 orthologous proteins polyAla had the
same length. The mRNA region of the human ZFHX3 gene with
binding polysite of miR-1322-3p encoded polyGIn consisting
of 19 GIn. In the 41 orthologs of the ZFHX3 protein the length
of polyGIn varied from seven GIn to 23 GIn. The binding sites
of miR-2-6184-3p, miR-5-14114-5p and miR-19-43437-5p were
located with overlapping nucleotides sequences, and encode
polyPro. In ZFHX3 human polyPro consisted of 12 Pro. In the
orthologs, polyPro contained from 10 Pro to 14 Pro. The bind-
ing sites of miR-17-39416-3p, miR-9-20317-3p, miR-1-1819-3p,
miR-5-15733-3p, miR-6-17815-3p, miR-18-39953-5p, miR-2-
6862-5p, miR-1260b and miR-X-48174-3p in human ZFHX3 en-
coded polyGly by 22 Gly length. In the 28 orthologs of ZFHX3
the length of polyGly decreased to 11 Gly. The TNR regions
could simultaneously bind several miRNAs, which increased
the dependence of gene expression on miRNA. The oligopep-
tides encoded by the binding polysites of miRNA in mRNA in
the orthologous ZFHX3 proteins were flanked by conserved
oligopeptides.

Keywords: miRNA; mRNA; ZFHX3 gene; ZFHX3 oligopeptides;
stroke.
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XapaKTepUCTUKU ITOJINCATOB
cBaspiBaHa MUPHK ¢ MPHK
reHa ZFHX3 1 ero OpTOJIOrOB

A.M. Konapibaepal, A.T. AkumunszosaZ, C.Y. Kamenosal,

A.T. ViBamenko? @

1 Kazaxckui HaLMOHaNbHbIN MeANLVHCKNA yHUBEpCUTET
nm. C.0. AcpeHansapoBa, Anmarbl, KazaxctaH

2 Ka3axcKuii HaLMoHanbHblil yHuBepcuteT um. anb-Dapaby,
Anmatbl, KasaxctaH

eH TpaHcKpunumnoHHoro gpaktopa ZFHX3 oTHOCUTCA K uncy
KaHAMAATHBIX FeHOB, YYaCTBYIOLMX B PAa3BUTUM MHCYJIbTA.

B 6enke ZFHX3 umetotca onuronentugpl, KOMPYeMble MOBTO-
pamu TpuHykneotuaos (MTH). ismerumsocTb MTH cunTatoT
OLHOW 13 NPUYMH 3a60N1EBAHWI, OfHAKO MX Gronormyeckas
byHKLMA He ycTaHOBReHa. Mbl npeanonaraem, yto NTH asna-
toTCA cantamm ceasbiBaHnA MMPHK ¢ MPHK 1 yyacTsyioT B pe-
rynaunm skcnpeccum reda ZFHX3. Xapaktepuctuku B3ammo-
fencteua MnPHK ¢ MPHK Haxoamnnu no nporpamme MirTarget.
MokasaHo, uto nepsbii [MTH B MPHK reHa ZFHX3 uenoBeka
COCTOUT 13 CEMU NOCNeA0BaTENbHO PACMONOXKEHHbIX CaliTOB
cBA3bIBaHNA MiR-12-32603-3p, kogupytowmx nonuGlu. B 6enke
ZFHX3 yenoseka nonuGlu copepxunTt 30 Glu. B opTOnornyHbix
6enkax 36 BUAOB XMBOTHbIX AnvHa nonnGlu n3meHanacb ot
27 po 33 Glu. OTpuaTenbHo 3apsKeHHbIN NnonuGlu TpaHc-
KpunuunoHHoro ¢aktopa ZFHX3, BepoATHO, B3avmoaencTsyet
C NMONOXMNTENBHO 3apsXKeHHbIMK 6enikamu, cBsizaHHbIMK ¢ [AHK.
Cnepytrowmin yyactok MPHK reHa ZFHX3 cogepunT canTbl CBA-
3blBaHMA MiR-17-39416-3p, miR-5-15733-3p, miR-9-20317-3p,
KoTopble KoanpytoT nonunAla gnuHow 15 Ala. B 33 optonoruu-
HbIx 6enkax ZFHX3 nonvAla umen oguHakoByto AnnMHy. Yyac-
Tok MUPHK reHa ZFHX3 yenoseka c nonmcanToM CBA3biBa-

HKA MiR-1322-3p koampyeT nonunGln, coctoAwmia ns 19 Gin.

B 41 optonore 6enka ZFHX3 gnvHa nonuGln nsmeHanace ot 7
A0 23 GIn. CaiiTbl cBA3bIBaHMA MiR-2-6184-3p, miR-5-14114-5p
1 miR-19-43437-5p pacnonoxeHbl C HAIOXKEHNEM HYKNeoTua-
HbIX NocnefoBaTenbHocTen 1 KoampytoT nonnPro. B ZFHX3 ve-
noeka nonunPro coctoan 13 12 Pro. Y opTonioros oH copep»an
o1 10 po 14 Pro. Cantbl cBA3bIBaHMA MiR-17-39416-3p, miR-9-
20317-3p, miR-1-1819-3p, miR-5-15733-3p, miR-6-17815-3p,
miR-18-39953-5p, miR-2-6862-5p, miR-1260b 1 miR-X-48174-3p
kogupoann y ZFHX3 uenoseka nonuGly gnvHoin 22 Gly.

B 28 optonorax ZFHX3 gnvHa nonnGly ymeHbLuanack go 11 Gly.
YuacTtkn MTH MmoryT ogHOBpEeMEeHHO CBA3bIBaTb HECKONIbKO
MUPHK, uTo yBennumnsaeT 3aBUCMMOCTb SKCMPECCMU reHOB OT
MUPHK. Onvronentunabl, Kognpyemble nonncantamy CBA3blBa-
HuA MUPHK B MPHK, B opTonornuHbix 6enkax ZFHX3 ¢naHku-
pOBaHbl KOHCEPBATVBHbLIMW OAMrONenTUAAMM.

Kntouesble cnoa: MMPHK; MPHK; ren ZFHX3; onuronenTtunabl
ZFHX3; nHcynbT.



considered as candidates to determine various subtypes

of stroke (Mineharu et al., 2006; Kurzepa et al., 2014;
Inose etal., 2015; Wu etal., 2017). These include the ZFHX3
gene encoding the transcription factor involved in the regula-
tion of expression of many genes. Disruption in ZFHX3 gene
expression was identified in stroke, atherosclerosis and other
cardiovascular diseases (Liu et al., 2014; Martin et al., 2014,
Chauhan et al., 2016; Hauer etal., 2017). Gene ZFHX3, being
a transcription factor, can manifest its function in a variety of
ways, and be a cause of different stroke subtypes. The gene
contains trinucleotide repeats that can participate in expression
of its function (Sobczak et al., 2010). It has been shown that
changes in the expression of ZFHX3 gene and other candidate
stroke genes correlate with miRNA level variation (Dhiraj et
al., 2013; Ji et al., 2016; Liang, Lou, 2016; Qingfeng et al.,
2016; Chen etal., 2017). MicroRNAs are effective regulators
of gene expression, so it is required to establish which miRNA
can regulate the expression of the ZFHX3 gene. MicroRNA
interaction with mRNA is determined by the physicochemical
properties of these molecules. Unfortunately, in the publica-
tions related to the subject only a few substantiated assump-
tions were made that led to significant errors in determining
the binding sites of miRNA in mRNA and interpreting of the
obtained results. Existing programs for detecting miRNA bind-
ing sites in the mRNA of target genes, unfortunately, predict
many false-positive sites (Peterson et al., 2014). To search for
the binding sites, we used the MirTarget program, determining
the characteristics of miRNA-mRNA interaction, including
the detection of multiple miRNA binding sites (Ivashchenko
et al., 2014). To improve the binding sites identification their
presence in the mRNA of orthologous genes was verified
(Ivashchenko et al., 2013; Atambayeva et al., 2017). The iden-
tification was necessary to be aware which organisms can be
selected as model organisms in the study of stroke and other
cardiovascular diseases. The conducted research will help
determine the effect of miRNA on the expression of ZFHX3
and other candidate genes involved in stroke development.

E ; ome genes have been identified in stroke and they are

Materials and methods

The nucleotide mRNA sequences of the ZFHX3 gene and its
orthologs were taken from GenBank (http://www.ncbi.nlm.
nih.gov). The following abbreviations of species names were
used: Acinonyx jubatus — Aju, Ailuropoda melanoleuca — Ame,
Alligator mississippiensis — Ami, Anasplatyrhynchos — Apl,
etc. (Supplementary table 1)!. miRNAs were taken from miR-
Base Release 21 (http://mirbase.org) and the article (Londin
et al., 2015) (Supplementary table 2).

The search for miRNA target genes was carried out in the
MirTarget program (Ivashchenko et al., 2014). The program
defines the origin of miRNA binding sites with mRNA, the
location of sites in the 5’-untranslated region (5'UTR), the
protein-coding region (CDS) and the 3'-untranslated region
(3'UTR) of mRNA, the free energy of hybridization (AG,
kJ/mole) and schemes of miRNA nucleotides interaction
with mRNA. The AG/AGm (%) ratio was calculated for each
site, where AGm is the free miRNA binding energy of a fully
complementary nucleotide sequence. The miRNA binding

1 Supplementary tables 1-16 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2018-22/appx7.pdf
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sites were selected to have the AG/AGm ratio of more than
85 %, taking into account the miRNA length and AG value.
The position of binding sites was indicated from the first nucle-
otide of 5'UTR in mRNAs. The MirTarget program took into
account the interactions of miRNA nucleotides with mRNA
target genes not only between adenine (A) and uracil (U),
guanine (G) and cytosine (C), but also between A and C, G
and U, via a single hydrogen bond. The distance between A
and C was equal to the G-C, A-U, and G-U distances. The
numbers of hydrogen bonds in the G-C, A-U, G-U and A-C
interactions were found to be 3, 2, 1 and 1, respectively. The
free binding energies of these nucleotide pairs were accepted
as the same values (3:2:1:1). The program determines the
interaction of mRNA with miRNA over its entire length and
allows one unpaired nucleotide in mRNA, but not in miRNA,
since it is bound in the RISC complex.

Results and discussion
The miRNA binding sites in the mRNA of the ZFHX3 gene
were detected in 5’UTR, CDS, 3'UTR (Supplementary tables 3
and 4) and the vast majority of miRNA binding sites are lo-
cated in the CDS. Table presents the characteristics of miRNA
interaction with the mRNAs of the human ZFHX3 gene. Some
miRNAs had a single binding site in mRNA that was located
separately from the binding site of the same miRNA or to-
gether with the binding sites of other miRNAs. Some miRNAs
had two or more sequential binding sites, overlapped with
their nucleotide sequences, we called polysites (sequentially
located binding sites of the same miRNA). When polysites
were located in the CDS, they encoded a sequence of one
amino acid, for example, polyGln in HTT, ATXNI, ATXN7,
TBP, AR genes, polyGly in EVX, HOX, HOXD13, GATA genes,
polyGlu in FXN gene, polyPro in ALG13, DIAPHI, FMNL2,
PCLO, SRPK2, ZFHX4 genes (http://www.ncbi.nlm.nih.gov)
etc. If the binding sites of two or more different miRNAs were
located with overlapping nucleotide sequences, this mRNA
site was called a multiple site. Messenger RNAs of the ZFHX3
gene contain both poly- and multiple sites.

None of the known programs for search of miRNA binding
site has been able to search for such sites. Each of the sites
included in multiple miRNA binding sites can have the same
miRNA interaction characteristics with mRNA. However,
there are polysites and multiple miRNA binding sites includ-
ing a binding site with higher mRNA-miRNA interaction
characteristics. This causes a longer residence time for the
RISC complex in this binding site. The remaining sites in-
crease the probability of catching the RISC complex. With a
large number of binding sites in polysites and multiple sites,
mRNA can bind two or more RISC complexes including
miRNA. The identification of all miRNAs that bind to mRNA
of ZFHX3 gene is necessary to evaluate their effect on the
expression of ZFFHX3 gene and to determine the dependence
of its expression on the expression of other genes that are
targets for these miRNAs.

The simplistic understanding of the relationship between
miRNA and a target gene is widely spread and states that if
the binding of miRNA to the gene mRNA is established, the
problem is regarded as solved. However, for this miRNA,
there may be other target genes with stronger interaction, or
the mRNA of one gene can interact with several miRNAs.

BaBuWNOBCKNI XKYpHan reHeTUKN 1 cenekuyumn - 2018 - 22 « 4

439


http://www.bionet.nsc.ru/vogis/download/pict-2018-22/appx7.pdf

The characteristics of miRNA binding sites
in mRNA of ZFHX3 gene and its orthologs

Characteristics of miRNA interaction in CDS mRNAs of ZFHX3 gene

A.M. Kondybayeva, A.N. Akimniyazova
S.U. Kamenova, A.T. lvashchenko

The beginning of site, nt

miRNA

Note: The number of miRNAs binding sites is indicated in parentheses.

Therefore, it is necessary, at least computationally, to know
which miRNAs can bind to the genomic mRNA genes. This
task can be successfully solved using our program that predicts
miRNA - mRNA binding sites and determines the quantitative
characteristics of this interaction.

In the mRNA protein-coding region of the ZFHX3 gene, the
miR-2-8257-5p binding site is located first and encodes the
PSARPPPP octapeptide (Supplementary table 5). This binding
site is present in the mRNA orthologs of the ZFHX3 gene and
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AG, kJ/mole

AG/AGm, % The length, nt

encodes an identical peptide or it is different by one or more
amino acids. The QTYMEHHC peptide in front of it and the
LREESASD peptide behind it are absolutely conserved in the
ZFHX3 protein of 23 animals.

The binding site of miR-20-23817-3p was located at the be-
ginning of mRNA nucleotide sequence and encoded the PAG-
SAAGP octapeptide in the orthologous proteins of 20 animal
species (Supplementary table 6). In the orthologous proteins
of other animal species, the miR-20-23817-3p binding site

Molecular and cell biology
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included nucleotide substitutions and encoded octapeptides
different from PAGSAAGP. However, the characteristics of
miR-20-23817-3p interaction with mRNA of ZFHX3 gene
of these species were comparable to those for the first group
of animals, which indicated the functional ability of miR-
20-23817 to regulate the ZFHX3 gene expression in these
animal species. Notably, the oligopeptides MEGEEAL and
EQPQAGLL adjoining to the oligopeptide encoded by the
miR-20-23817-3p binding sites are absolutely conserved in
the ZFHX3 protein of studied animal species.

For miR-12-32603-3p seven binding sites were identified
in the mRNA of the ZFHX3 gene (see Table). They encoded
polyGlu replacing two Glu positions with Ala (Supplementary
table 7). The presence of polysite for miRNA binding site
promoted capture of the RISC complex and its further advanta-
geous finding in the position of the site with the maximum free
energy of mRNA-miRNA interactions. The site for miR-12-
32603-3p was located in the region from 2080 nt for which
AG and AG/AGm values were maximum: —115 kJ/mole and
92 %, respectively. MicroR-6891-3p binding site encodes the
EEEEDE hexapeptide. It should be noted that in the 2D struc-
ture of the encoding polyGlu sites there was no intramolecular
interaction of nucleotides and the entire polysite nucleotide
sequence was capable of binding several RISC complexes.
The mRNA region adjacent to the miRNA binding polysites
from the 3’-end encoded D(E)EGCKGLF oligopeptide, and
the region from the 5'-end encoded FSEKA(V)EPA oligo-
peptide (see Supplementary table 7). MicroR-12-32603-3p
binding sites encodes from 27 to 33 amino acids in the ZFHX3
orthologous proteins. The functional role of polyGlu in the
ZFHX3 protein has not been described in the literature. It is
possible that hydrophilic polyGlu imparts high solubility to
the transcription factor ZFHX3 and ensures its interaction
with positively charged DNA-binding proteins, freeing up
DNA for transcription. It means that the region of miR-12-
32603-3p binding sites performs two functions: a) provides
suppression of the synthesis of the transcription factor ZFHX3
by miRNA and as a result blocks the expression of ZFHX3-
dependent genes, b) without or with a lower concentration
of miR-12-32603-3p, compared to the concentration of the
mRNA of ZFHX3 gene, the polysite encodes a polyGlu neces-
sarily for the functioning of the transcription factor. The syn-
onymic codons of miR-12-32603-3p binding sites in mRNA
of Hsa, Mmu and Hgl are used in the GAG,,GAAGCG,,
GAG ;GAA,GCG,GCA,| and GAG,,GAA,GCG,GCA, ra-
tios, respectively. In the third position of the codons for Glu
and Ala, guanine is used.

The next region of mRNA gene containing the binding
sites of miR-17-39416-3p, miR-5-15733-3p, miR-9-20317-
3p, was located in the region from 2978 nt to 3027 nt (see
Table). From the 5'-end to the multiple binding sites adjoins
the site of mMRNA region, encoding the absolutely conservative
GGEQVFSH octapeptide (Supplementary table 8). From the
3’-end of the binding sites, a less homologous oligopeptide was
encoded. The binding sites of miR-17-39416-3p encoded the
TAGAAAAA, GAAAAAVA,AAAAVAAA and AAVAAAAA
oligopeptides. The binding sites of miR-5-15733-3p encoded
the AAAAAVAA, AAAVAAAA and AAAAAAAN octa-
peptides. The binding sites of miR-9-20317-3p encoded the
AAAAAVAA, AAAVAAA, AVAAAAA and VAAAAAAA
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oligopeptides. Therefore, the mRNA region of ZFHX3 gene,
with overlapping multiple sites, was a compact target for three
miRNAs that competed with each other for the binding site.
The highest value of free binding energy (AG =-129 kJ/mole)
was in miR-5-15733-3p and miR-9-20317-3p, which indicates
a significant effect on the mRNA translation of the ZFHX3
gene with an equal concentration of miRNA and mRNA.
The ZFHX3 protein regions encoded by the binding sites of
miRNAs studied above were identical in mice and rats and dif-
fered a little from those in humans (see Supplementary table 8).
While the functional role of polyAla in the ZFHX3 protein
remains unknown, the 2D structure of the encoding polynucle-
otide in mRNA makes it easy to bind miRNA due to the small
number of intramolecular interactions of the nucleotides of this
mRNA region. Synonymic codons miR-12-32603-3p binding
sites in mRNA of Cca are GCG(GCA,GCC,GCT,, Hsa —
GCG,GCA,GCC,GCT,, Mmu — GCG,GCA,GCC,GCT,,
Ppa—GCG,,GCA,GCC,GCT,, Rno—-GCG,GCA,GCC,GCT,.

Another mRNA region with the miR-1322 binding polysite
encoded polyGln (Supplementary table 9). The first binding
site encoded the RQQQQQ hexapeptide. In humans polyGln
consisted of 19 Gln, and in rats and mice — from 14 and 13 Gln,
respectively, which could affect the expression degree of the
polyGln function. The miR-1322 binding sites in the mRNA
ofthe ZFHX3 gene of all studied animal species were located
between the nucleotide sequences encoding the conservative
LADMIAS (from the 5-end) and AQTLAQAQ (from the
3’-end) oligopeptides. Only in Xtr polyGln Gln changed to
Leu. The function of polyGln remains unknown. We assume
that the polysite binds to miR-1322, so the encoded polyGIn
of ZFHX3 transcription factor can interact with negatively
charged regions of DNA-binding proteins. Another our as-
sumption is that the polyGlIn variability of ZFHX3 protein is
associated with the development of several diseases, but the
way it happens remains unknown (Liu et al., 2014; Martin et
al., 2014; Chauhan et al., 2016; Hauer et al., 2017). Synonymic
codons miR-12-32603-3p binding sites in mRNA of Cfa are
CAACAG,,, Cfe— CAA,CAG,,, Hsa— CAA;CAG, Phu—
CAA,CAG,, Ssc — CAA,CAG,,, Tch— CAA,CAG,,.

The binding site of miR-11-29856-3p encoded the abso-
lutely conservative heptapeptide TETLLQL, presented in the
protein of 55 species of animals (Supplementary table 10).
Absolutely conservative heptapeptide LLPHFPMT adjoined
the N-terminus of the heptapeptide, and the variable region of
the ZFHX3 protein — the C-terminus. The high conservation
of miR-11-29856-3p binding site suggested the important role
of this miRNA in regulating the expression of ZFHX3 gene
even in the early stages of animal evolution since its binding
site is present in Xzr.

Supplementary table 11 presents the variability data of
multiple binding sites miR-2-6184-3p, miR-5-14114-5p
and miR-19-43437-5p encoding the PPPPPPP heptapeptide
for an equal length. While the 5’-end of the multiple sites
encoded absolutely conserved octapeptide PLRPQTPE, the
LPAAPPQP octapeptide was located at the 3’-end. As far as
stroke markers are concerned, it is possible to assume there is
an association between miR-5-14114-5p and miR-2-6184-3p
with the target gene ZFFHX3 whose binding sites have the AG
values of —123 kJ/mole and —117 kJ/mole, respectively. The
functional value of polyPro is unknown. Synonymic codons
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of miR-2-6184-3p, miR-5-14114-5p and miR-19-43437-5p
binding sites in mRNA of Hsa were CCA ,CCU,CCC,, Mmu —
CCA,CCU,CCC,CCGy, Rno — CCA,CCU,CCC,CCG, Xtr—
CCA,CCUCCC,.

The absolute conservativeness of the SNPLLASQ octapep-
tide encoded the miR-3692-5p binding site in the mRNA of
ZFHX3 gene of 57 animal species (Supplementary table 12).
The 5'-end of the binding site encoded the absolutely con-
served PLRPQTPE octapeptide. From the 3'-end of the
SNPLLASQ octapeptide, the highly conserved octapeptide
LLSGAIPQ was located in most animal species. With
AG =-119 kJ/mole and the AG/AGm value of 90 %, the as-
sociation of miR-3692-5p with the target gene ZFHX3 could
serve as a stroke marker. MicroR-3692-5p was co-expressed
with the gene of the ZDHHC14 transcription factor, which is
expressed in many tissues as an oncosupressor (Yeste-Velasco
etal., 2014).

In the region from 10798 nt to 10890 nt, three binding sites
of miR-1322-3p separated by codons into a RQL tripeptide
and a KV dipeptide were located in the human gene mRNA
(Supplementary table 13). In ZFHX3 gene mRNA of other
animal species, these miR-1322-3p binding sites differed sig-
nificantly in the number of codons and in the number of en-
coded Gln, accordingly. For example, in the rat ZFHX3 gene
the first polysite encoded 15 Gln, the second polysite encoded
8 Gln and the third polysite — again 15 Gln. Therefore, the
rat could not be an adequate model for studying diseases in
which polyGiln is involved in the ZFHX3 protein. The longest
polypeptide of 33 Gln was encoded by the second binding site
in the ZFHX3 Pma mRNA.

The miR-6779-5p and miR-671-5p binding sites of the
human ZFHX3 gene mRNA overlapped with nucleotide se-
quences encoding the QTPVPP and PVPPGAP, oligopeptides,
respectively (Supplementary table 14). Substitution of Pro for
Ser, Gln, Thr or Ala in different animal species was a reflection
of changes in one nucleotide in the binding site. However, the
energy of miR-6779-5p and miR-671-5p interaction with the
ZFHX3 gene mRNA varied insignificantly. QTPVPPGAP-
bound oligopeptides QQPKAS and SPDKDPAK were highly
conserved in the vast majority of species, so they probably
perform a highly significant function in the ZFHX3 protein.

Supplementary table 15 shows the variability of the amino
acids encoded by the binding sites of nine miRNAs in the
theorthologous ZFHX3 gene mRNA. The mRNA region
located from 11193 nt to 11264 nt overlapping of the nucleo-
tide sequences of the nine miRNA binding sites encoded
polyGly with one substitution of Gly by Ser. The twelve
miR-17-39416-3p binding sites encoded the GGGGGGSG,
GGGGSGGG, GGSGGGGEG, GSGGGGGGE, SGGGGGGG
octapeptides and the seven GGGGGGGG octapeptides. The
binding sites in positions between 11223 nt and 11232 nt had
the greatest free binding energy AG equal to—121 kJ/mole and
the AG/AGm value of 92 %. Nine miR-9-20317-3p binding
sites in the mRNA of the human ZFHX3 gene encoded the
GGGSGGGG oligopeptide, seven GGGGGGGG oligopep-
tides and a GGGGGGGS oligopeptide. The two miR-1-1819-
3p binding sites and one miR-6-17815-3p binding site encoded
GGGGGGG. The miR-18-39953-5p and miR-2-6862-5p
binding sites encoded one of the GGGGGGG heptapeptide.
MicroR-1260b had six binding sites, encoding one GGSGGG
442
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and five GGGGGG hexapeptides. miR-5-15733-3p binding
sites encodes GGGGGGGS and GGGGGSYH. Two binding
sites of miR-X-48174-3p encoded oligopeptides GSGGGGGG
and GGGGGGGG. Synonymic codons of miRNA binding
sites in MRNA of Cca, Nga and Lve were used in the ratios
GGC,,GGU;,, GGC,,GGU, and GGC,;GGU;,, respectively.
In the third position of synonymous codons, only pyrimidines
were used.

As it has been mentioned above, the miR-9-20317-3p
binding site encoded the AAAAAAA oligopeptide (see
Supplementary table 8). In the mRNA region from 11193 nt
to 11264 nt the miR-9-20317-3p binding site encoded the
GGGGGGGG oligopeptide (see Supplementary table 15).
This explains why, for example, the nucleotide sequence
geggeggeggeggeggeggeg can be translated into three read-
ing frames, where the first reading frame corresponds to the
AAAAAAA oligopeptide, the second reading frame — to
the RRRRRR oligopeptide and the third reading frame — to
the GGGGGG oligopeptide. For this reason, the miR-5-
15733-3p and miR-17-39416-3p binding sites in the region
encoded polyAla, and in the mRNA region from 11193 nt to
11264 nt — polyGly. The assumption that a single nucleotide
sequence of binding polysites can encode the oligopeptide
in the three reading frames has been confirmed in the study
of miR-1322-3p binding with the mRNA of 48 human genes
that demonstrated the way of polyGln, polySer and polyAla
were encoded by miR-1322-3p (Niyazova et al., 2015;
Atambayeva et al., 2017). Synonymic codons of the miRNA
binding sites in the mRNAs of Hsa, Csa and Pab were used
in the ratios GGC,,GGU,AGU,, GGC,;GGU;AGU, and
GGC,,GGU,AGU,, respectively. In the third position of
binding sites synonymic codons only pyrimidines were used.
In Cca, Nga and Lve mRNAs were no Ser among polyGly,
and synonymic codons kept the advantageous use of GGC co-
dons: GGC,,GGU;, GGC,,GGU,, GGC,;GGU;. In the third
position of synonymous codons, only pyrimidines are used.

From 11461 nt to 11503 nt seven miRNA had one to five
mRNA binding sites (see Table). Supplementary table 16
shows the variability of the amino acids encoded by the bind-
ing sites of these miRNAs. Two miR-19-21199-3p binding
sites encoded the PPPPSAAAP and PPSAAAPSS nonapep-
tides. The miR-1-2121-3p and miR-19-33623-3p binding sites
encoded the same PPPPSA AAP nonapeptide. One binding site
of miR-5-14114-5p encoded the PPPPSAAA octapeptide. The
miR-1-2770-3p and miR-2-6184-3p binding sites encoded the
PPPPSAAA and AAPSSASP octapeptides. Three miR-3960
binding sites encoded heptapeptides PPPPSAA, PPPSAAA
and PPSAAAP. The binding sites of seven miRNAs in rat and
mouse mRNAs were not different from those in humans; only
an Ala codon was converted into a Ser one, which had little ef-
fect on the energy of miRNA interaction with mRNA in this re-
gion, so rats and mice can serve as adequate models for study-
ing the effect of these miRNAs on the ZFHX3 gene expression.

The transcription factor ZFHX3 gene is unique for several
reasons. Its mRNA contains binding sites for 26 miRNAs,
so its expression depends on several host genes that are co-
expressed with their miRNA (Hoeppner et al., 2009; Ma et
al., 2011; He et al., 2012; Li et al., 2015), or are dependent
on the expression of miRNA genes that are located between
protein-coding genes.
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XapaKTepuCTUKN NONNCANTOB CBA3bIBAHUA
MUPHK ¢ MPHK rena ZFHX3 v ero optonoros

For some miRNAs in mRNA there are polysites encoding
oligopeptides: polyGlu, polyAla, polyPro, polyGly, polyGln.

A mRNA contains several regions that include multiple
binding sites for several miRNAs with overlapped nucleo-
tide sequences. Most of the studied binding sites are located
in the protein-coding region, which allows us to assume the
function of the encoded oligopeptides. Changes in codon us-
age frequencies and their location in binding sites encoding
oligopeptides do not significantly affect the energy of miRNA
interaction with the ZFHX3 gene mRNA. For three miRNAs
there are two homologous sites separated by 8215 nt, contain-
ing miRNA binding sites. These regions encoded oligopeptides
in two different reading frames corresponding to the binding
sites of these miRNAs. These duplicating regions of miRNA
binding sites increase the control of these miRNAs for the
ZFHX3 gene expression, which indicates that miRNA binding
sites are “indifferent” to what they encode. In some cases, the
encoded oligopeptides can perform the necessary function
for the ZFHX3 protein. For example, polyGlu oligopeptide
can interact with positively charged DNA-binding proteins.

When selecting miRNA and mRNA associations as a
marker of the disease one should meet the folowing con-
ditions: (1) high binding energy of miRNA with mRNA;
(2) high AG/AGm value; (3) the presence of multiple binding
sites in mRNA for miRNA; (4) certain degree of conserva-
tism of miRNA binding sites in orthologous gene mRNAs.
On these grounds, it is proposed to use the miR-20-23817,
miR-9-20317-3p, miR-19-21199-3p, miR-19-33623-3p and
miR-1-2121-3p associations with the ZFHX3 gene mRNAs
as markers for the diagnosis of stroke and other diseases for
which ZFHX3 gene is the candidate gene causing their devel-
opment. These miRNAs were associated with mRNA of gene
with a free energy AG value equal to —130 kJ/mole and more.

In the experiments establishing the role of miRNA in the
regulation of gene expression, it is necessary to consider the
following circumstances, which in many publications are not
taken into account. MicroRNAs in a complex with RISC bind
to mRNA and manifest themselves as inhibitors of translation,
therefore the description of their action used in biochemistry
is applicable.

The miRNA interaction mRNA is determined by the physi-
cochemical properties of these molecules. Unfortunately, in
the study of this interaction, little-grounded assumptions were
made that led to significant errors in the determination of
miRNA binding sites in mRNA and interpretation of the ob-
tained results. Existing programs for identification of miRNA
binding sites in mRNA of target genes, unfortunately, predict
many false-positive sites (Peterson et al., 2014). To increase
the reliability of the predicted binding sites, we have studied
orthologous genes of different animal species (Atambayeva
etal., 2017).

Conclusion

The mRNA of the ZFHX3 gene contains binding sites for
26 miRNAs. This fact indicates a strong dependence of the
ZFHX3 gene expression on miRNA. The binding sites of these
miRNAs are found in the protein-coding region of the ZFHX3
gene mRNA and encode the oligopeptides located between the
conservative flanking ZFHX3 protein oligopeptides. Identical
nucleotide sequences of binding sites of one miRNA located
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in different locations of mRNA encode different oligopeptides
in different reading frames. The mRNA of the ZFHX3 gene
contains consecutively located binding sites for one or more
miRNAs that encode oligopeptides.

The identified miRNAs can be used as a marker of disease
development involving ZFHX3 gene. The impact effectiveness
of each miRNA on the expression of ZFHX3 gene depends on
the free energy of their interaction and on the ratio of miRNA
concentrations, since the miRNA binding sites (RISC) coin-
cide or overlap. In addition, the ratio of miRNA and mRNA
of ZFHX3 gene concentrations is very important. The pro-
longing length of the miRNA binding polysites increases the
probability of the interaction of one or more miRNAs with
mRNA of ZFHX3. The detection of miRNA binding sites in
mRNA of paralogous genes allows to determine the adequacy
of experimental animals for studying the diseases caused by
the effect of miRNA.
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