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The features of novel miRNAs interaction  
with mRNA candidate genes having trinucleotide repeats  

in coding sequences and untranslated regions 

Abstract. Trinucleotide repeat disorders are a group of predominantly inherited neurological diseases 
caused by the expansion of repetitive sequences. miRNAs play major roles in transcriptional regulation and 
are expressed selectively and abundantly in the central nervous system. In the present research, MirTarget 
program predicted the miRNA-binding sites in mRNAs of genes with trinucleotide repeats. The MirTarget 
programme determines the following features of binding: the start of the initiation of miRNA binding 
to mRNAs; the localization of miRNA binding sites in 5’UTRs, CDSs and 3’UTRs; the free energy of 
binding; and the schemes of nucleotide interactions between miRNAs and mRNAs. In coding sequences 
the binding sites of ID00372.5p-miR with mRNA of ATXN2, FMN2 and MN1 genes having CAG (Q) 
repeats show the highest free binding energy. The mRNA of ADRBK1, BRSK2, C11orf87 and FMR1 
genes have ID01508.5p-miR binding sites in 5’UTR with CGG repeated regions. Also, the binding sites 
of ID00296.3p-miR and ID01702.3p-miR in 5’UTR of BLMH gene interacted with CCG repeats. DMPK 
gene with CUG repeated regions have ID00522.5p-miR binding sites in 3’UTR. Based on these results, the 
interactions of ID00372.5p-miR, ID01508.5p-miR, ID00296.3p-miR, ID01702.3p-miR and ID00522.5p-
miR and their target genes ATXN2, FMN2, MN1, ADRBK1, BRSK2, C11orf87, FMR1, BLMH and DMPK 
can be used for developing methods for diagnosing and therapeutic targets for neurological disorders.
Key words: miRNA, mRNA, binding site, coding sequence, untranslated regions, trinucleotide repeat.

Introduction

The extension of a tandem repeat array is re-
sponsible for disease pathology in a community of 
genetic disorders, repeat extension diseases includ-
ing, Fragile-X syndrome (FXS) [1], amyotrophic lat-
eral sclerosis (ALS) [2], Alzheimer’s disease (AD) 
[3], Intellectual disability (ID) [4], Schizophrenia 
[5], Huntington disease [6] and neuromuscular and 
myotendinous junctions [7].The critical point in the 
development of new therapeutic strategies for neuro-
logical disorders (NDs) is identifying the role of miR-
NAs in normal cellular processes and understanding 
how dysregulated miRNA expression is responsible 
for their neurological effects, also dysregulation of 
miRNA has been implicated in different NDs [8]. 
miRNAs are group of 22-nucleotide short RNA se-
quences, which mediate the post-transcriptional gene 
silencing [9]. In neurological disorders, regulating 
the expression and processing of miRNAs, and the 

mechanisms by which miRNAs locate to their correct 
targets, is not yet fully understood [10]. The first re-
searches of target prediction algorithms performance 
was carried out by TargetScanS, PicTar, DIANA-mi-
croT and EIMMO. TargetScanS, PicTar and miRan-
da used alone or as a union made the best trade off 
between sensitivity and specificity while TargetScan 
and DIANA-microT did not succeed [11]. Therefore 
in this study, using MirTarget program, we predict-
ed the features of the interaction of miRNAs from a 
wide list of Londin et al. (Londin, 2015: 1106) with 
mRNA of candidate genes with trinucleotide repeats 
in coding sequences (CDS) and untranslated regions 
(UTRs). 

Materials and methods

The nucleotide (nt) sequences of candidate 
genes of having trinucleotide repeats were down-
loaded from GenBank (http://www.ncbi.nlm.nih.
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gov). The nucleotide sequences of human novel 
miRNAs were taken from Londin et al. (Londin, 
2015: 1106) [12].The search for miRNA target 
genes were carried out using the MirTarget pro-
gram, which was developed in our laboratory. The 
MirTarget program defines the following char-
acteristics of miRNA binding to mRNAs: (a) the 
commencement of miRNA binding to mRNA; (b) 
the localization of miRNA binding sites in 5’UTRs, 
CDSs and 3’UTRs of the mRNAs; (c) the free en-
ergy of interaction between miRNA and the mRNA 
(∆G, kJ/mole); and (d) the schemes of nucleotide 
interactions between miRNAs and mRNAs. This 
program found hydrogen bonds between adenine 
(A) and uracil (U), guanine (G) and cytosine (C), 
G and U, and A and C. The ratio ΔG/ΔGm (%) 
was counted for each site,where ΔGm equaled the 
free energy of a miRNA binding with its perfect 
complementary nucleotide sequence [13].

Results and discussion

A study of 3701 novel miRNAs binding to 
mRNAs of 371 genes of having nucleotide repeats 
showed that 41 genes were targets for seven miR-
NAs in CDS with CAG trinucleotide repeats. Also, 
in untranslated regions (5/3’UTRs) 52 miRNAs bind 
with 25 mRNA genes having CGG, CCG and CUG 

trinucleotide repeats with ΔG/ΔGm values equal to 
85 % and more. 

The binding sites of ID00372.5p-miR, 
ID03311.5p-miR, ID01508.5p-miR, ID00296.3p-
miR, ID01702.3p-miR, ID00930.3p-miR, 
ID02986.5p-miR, ID00457.3p-miR and ID00522.5p-
miR in mRNA of 59genes have the highest free bind-
ing energy from -101 kJ/mole to -123 kJ/mole in 
CDS with CAG trinucleotide repeat, and between 
-104 kJ/mole to -148 kJ/mole in 5’UTRand 3’UTR 
with CGG,CCG,CUG repeats withΔG/ΔGm value 
from 85% to 98%, respectively.

Table 1 shows that ID00372.5p-miR, ID03311.5p-
miR, ID01508.5p-miR, ID00296.3p-miR and 
ID01702.3p-miR bind three or more mRNA genes. 
However in the CUG repeat region ID00930.3p-
miR, ID02986.5p-miR, ID00457.3p-miR and 
ID00522.5p-miR bind only one gene mRNA. More-
over, 20 genes are targets of two or more miRNAs. 
For example, we can see that the mRNA of ATXN1, 
ATXN2, ELMSAN1, FBXO11, FMN2, GIGYF2, 
IRS1, MED15, MEF2A and MN1 genes are targets 
for ID00372.5p-miR and ID03311.5p-miR in CDS. 
ID00296.3p-miR, ID01702.3p-miR, ID02986.5p-
miR and ID00522.5p-miR can bind to the mRNAs 
of AFF2, ANKH, ANKRD13D, BCL11A, BCL2L11, 
BLMH, BTF3L4, C4orf19, CA10 and DMPK genes 
in 5’UTR and 3’UTR. 

Table 1 – The list of miRNAs binding sites in mRNA of two or more genes having trinucleotide repeats

miRNA Gene Region mRNA
ID00372.5p-miR ATXN1, ATXN2, ELMSAN1, FBXO11, FMN2, GIGYF2, IRS1 MED15, MEF2A, MN1 CDS

ID03311.5p-miR

AR, ATN1, ATXN1, ATXN2, ATXN7, CELF3, DACH1, DCP1B, DENND4B, DLX6, DNER, 
E2F4, EGR1, ELMSAN1, EP400, ERN1, FAM104A, FAM155A, FAM157A, FAM157B, 
FBXO11, FMN2, FOXJ2, FOXP2, FRMPD3, GIGYF2, HTT, IRS1, MAML3, MED15, ME-
F2A, MLL2, MN1, NCOR2, RUNX2, SMARCA2, TBP, TNRC6B, TOX3, ZNF384

CDS

ID01508.5p-miR ADRBK1, B4GALT2, BRSK2, C11orf87, CARM1, CBL, CCDC93, FMR1 5’UTR
ID00296.3p-miR AFF2, ANKH, ANKRD13D, BCL11A, BCL2L11, BLMH, BTF3L4, C4orf19, CA10 5’UTR
ID01702.3p-miR ABCD3, AFF2, ANKH, ANKRD13D, BCL11A, BCL2L11, BLMH, BTF3L4, C4orf19, CA10 5’UTR
ID00930.3p-miR ATP6V0B 3’UTR
ID02986.5p-miR DMPK 3’UTR
ID00457.3p-miR C15orf39 3’UTR
ID00522.5p-miR DMPK 3’UTR

From these binding sites, the mRNA genes of 
ATXN2, ,FMN2, IRS1, MN1, ADRBK1, B4GALT2, 
BRSK2, C11orf87, CARM1, CBL, CCDC93 and 
FMR1 have binding sites for ID00372.5p-miR and 
ID01508.5p-miR with the highest free binding en-

ergy equal to -121 and -123 kJ/mole in CDS with 
CAG, and 5’UTR with CGG repeated regions. 
Also, the binding sites of ID00296.3p-miR and 
ID01702.3p-miR with 5’UTR mRNA of BLMH 
and C4orf19 genes having CCG repeats show the 
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highest free binding energy equal to -148 kJ/mole. 
The mRNA of ATP6V0B, C15orf39 and DMPK 
genes with free binding energy from -118kJ/mole to 

-123kJ/mole have ID00930.3p-miR, ID00457.3p-
miR and ID00522.5p-miR binding sites in 3’UTR 
with CUG repeated regions (Table 2).

Table 2 – The characteristics of miRNAs interaction with mRNA of having trinucleotide repeat genes with the highest free binding 
energy

miRNA Gene Start of 
site, nt

Region 
mRNA

ΔG,
kJ/mole)

ΔG/
ΔGm,%

Length
miRNA,nt

Nucleotide 
repeat

ID00372.5p-miR

ATXN2 654 CDS -121 89 24 CAG
FMN2 836 CDS -123 90 24 CAG
IRS1 2085 CDS -121 89 24 CAG
MN1 1861 CDS -121 89 24 CAG

ID01508.5p-miR

ADRBK1 220 5’UTR -123 85 23 CGG
B4GALT2 137 5’UTR -123 85 23 CGG

BRSK2 103 5’UTR -123 85 23 CGG
C11orf87 17 5’UTR -123 85 23 CGG
CARM1 15 5’UTR -123 85 23 CGG

CBL 15 5’UTR -123 85 23 CGG
CCDC93 33 5’UTR -123 85 23 CGG

FMR1 101 5’UTR -123 85 23 CGG

ID00296.3p-miR
BLMH 184 5’UTR -148 94 25 CCG

C4orf19 75 5’UTR -148 94 25 CCG

ID01702.3p-miR
BLMH 184 5’UTR -148 98 24 CCG

C4orf19 75 5’UTR -148 98 24 CCG
ID00930.3p-miR ATP6V0B 901 3’UTR -118 86 22 CUG
ID00457.3p-miR C15orf39 4049 3’UTR -118 87 22 CUG
ID00522.5p-miR DMPK 2310 3’UTR -123 87 23 CUG

From indicated in table 2 genes, especially 
ATXN2, FMN2, MN1, ADRBK1, BRSK2, C11orf87, 
FMR1, BLMH and DMPK genes are the major re-
sponsible causes forneurological disorders (Table 
3). These genes are targets for ID00372.5p-miR, 
ID01508.5p-miR, ID00296.3p-miR, ID01702.3p-
miR and ID00522.5p-miR. Moreover, below we 
discuss miRNAs binding sites with these genes and 
their functions in neurodevelopmental disorders 
(Table 3). 

In CDS the mRNA of ATXN2 gene has (CAG)22 
repeat between 658 to 726. Usually larger than 34 re-
peat CAG expansions in coding regions of the ATXN2 
gene are the cause of type 2 spinocerebellar ataxia 
(SCA2) [14]. Also, CAG repeats in the ATXN2 gene 
were linked to an increased risk of amyotrophic lat-
eral sclerosis (ALS) [15]. ID00372.5p-miR binding 
sites located from 654 nt to 677 nt, encodes polyQ 
with an interaction value ΔG/ΔGm of 89%.

The binding sites of ID00372.5p-miR in mRNA 
of FMN2 and MN1 genes have (CAG)6 trinucleotide 
repeats of which binding sites started in 836 and 1861 
nt in the CDS (Figure 1). FMN2 was associated with 
synapse formation and deletion mutations are asso-
ciated with intellectual disability, suggesting a role 
for FMN2 in memory function in mice and humans 
[16; 17]. Also, recently research studies shows that 
FMN2 was highly expressed in human hippocampal 
neurons and the mouse [18]. For patients with post‐
traumatic stress disorder (PTSD) and Alzheimer’s 
disease (AD), FMN2 is deregulated [18]. MN1 gene, 
located on human chromosome 22, was first cloned 
in 1995 from a patient with t(4;22) (p16;q11) trans-
location meningioma, which in its first exon disrupts 
MN1 [19]. MN1 C-Terminal Truncation (MCTT) 
syndrome is a genetic disorder caused by an MN1 
gene alteration. A genetic modification of the MN1 
gene was related to intellectual disability (ID) [20]. 
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It can be seen from the figure 2 that the mRNA 
of four genes (ADRBK1, BRSK2, C11orf87, FMR1) 
are targets for ID01508.5p-miR in (CGG)8 repeated 
regions in 5’UTR. It is known that these genes are 
responsible for the development of a number of neu-
rodegenerative diseases.

Androgenic, beta, receptor kinase 1 (ADRBK1), 
also known as βARK, BARK, or G-protein – coupled 
receptor kinase 2 (GRK2), produced serine / threo-
nine intracellular kinase, a ubiquitous cytosolic en-
zyme that specifically phosphorylated the activated 
form of the beta-adrenergic and related G-protein 
– coupled receptors (GPCRs) [21-22]. ADRBK1 re-
lated illnesses include heart disease and Alzheimer’s 
disease [23]. 

BRSK2 interacts with many genes related to neu-
rodevelopmental disorders including autism, tuber-
ous sclerosis, developmental delay and intellectual 
disability [24].

The C11orf87 is mainly found in brain tissue, 
also known as neuronal integral membrane protein 
1 (NEURIM1). It is the only gene present within a 
locus known to harbour variations associated with 
schizophrenia in multiple genome-wide association 
studies in different populations, as well as association 
with self-reported educational achievement [25]. 

FMR1, located at Xq27.3, consists of 17 exons 
and measures approximately 38 kb [26]. CGG-repeat 
expansion in the 5′-untranslated region (5′UTR) of 
FMR1, inducing abnormal methylation of this region 
followed by transcriptional silencing, is the major re-

current mutagenic mechanism leading to the absence 
of FMRP. This regular expansion is thought to ac-
count for at least 99% of FXS cases [27]. Fragile-X 
syndrome (FXS) is the most widely recognised form 
of inherited intellectual disability (ID), and its neu-
rodevelopmental phenotype often overlaps with au-
tism spectrum disorder [28; 29].

Noticeably in Figure 3, ID00296.3p-miR and 
ID01702.3p-miR occupied the same binding site, 
starting from184 nt to 208 nt with (CCG)7 repeats in 
5’UTR mRNA of BLMH gene.

BLMH is involved in homocysteine metabolism 
and homocysteine constitutes a risk factor for Al-
zheimer’s disease (AD). BLMH is important in cyto-
skeleton dynamics, preserves synaptic plasticity and 
can associate the inactivation of the BLMH gene with 
AD [30]. 

Other mRNA gene of DMPK was a target of 
ID00522.5p-miR, for example: ID00522.5p-miR 
was bound the gene mRNA of DMPK (between 2310 
nt -2333 nt) with (CUG)5 repeats in 3’UTR (Figure 
4). A CUG repeat in DMPK is transcribed and is lo-
cated in the 3- prime untranslated region (UTR) of an 
mRNA that is expressed in tissues affected by myo-
tonic dystrophy [31]. Immunohistochemical staining 
revealed that DMPK is predominantly located at sites 
of human and rodent skeletal muscle neuromuscular 
and myotendinous junctions. The protein could also 
be seen in the neuromuscular junctions of adult and 
congenital DM muscle tissues, without any signifi-
cant changes in structural organisation [32].

Figure 1 – The encoded oligopeptides and schemes of ID00372.5p-miR(ID00372) binding sites  
in CDS mRNA of ATXN2, FMN2 and MN1 genes
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Figure 2 – The nucleotide sequences and schemes of ID01508.5p-miR binding sites  
in 5’UTR mRNA of ADRBK1, BRSK2, C11orf87 and FMR1 genes 

Figure 3 – The nucleotide sequences and schemes of ID01702.3p-miR  
binding sites in 5’UTR mRNA of BLMH gene

Figure 4 – The nucleotide sequence and scheme 
of ID00522.5p-miR binding site in 3’UTR mRNA of DMPK gene 
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Table 3 – Diseases and functions of miRNAs target genes which cause neurological disorders

Genes Function PMID Disease PMID

ATXN2

Ataxin-2 plays roles in a variety 
of cellular pathways including the 
maturation, translation and endocytosis 
of mRNA

27531668
2 spinocerebellar ataxia, 
amyotrophic lateral 
sclerosis(ALS)

25148523

FMN2 FMN2 plays an important role in the 
movement or differentiation of neurons

30227168 Intellectual disability, post‐
traumatic stress disorder, 
Alzheimer’s disease (AD)

28768717

MN1
During embryogenesis, MN1 plays a key 
role in the formation of membranous 
bones in the skull. 

15870292
C-Terminal Truncation (MCTT) 
syndrome, intellectual disability 
(ID)

31834374

ADRBK1

ADRBK1 plays a crucial role in 
fundamental cellular functions including 
cell proliferation , differentiation, and 
migration

25279970 Heart disease and Alzheimer’s 
disease 30463058

BRSK2

BRSK2 plays a major role in the 
distribution of synaptic vesicles, the 
development of synapse and neuronal 
polarisation 

3448725 Autism, tuberous sclerosis, 
developmental delay and 
intellectual disability (ID)

30879638

C11orf87

The C11orf87 is primarily expressed 
in brain tissue, also known as the 
neuronal integral membrane protein 1 
(NEURIM1).

31959813 Schizophrenia 31959813

FMR1

The gene FMR1 encodes FMRP with 
an amino terminal domain composed of 
structural modules, a tandem sequence 
of two domains Agenet / Tudor

29178241 Fragile-X syndrome (FXS) 28176767

BLMH

BLMH is an essential protective against 
death caused by Bleomycin and plays an 
important role in neonatal survival and 
the maintenance of epidermal integrity. 

10200322 Alzheimer’s disease 28781776

DMPK The gene DMPK plays a major role in 
muscle, heart and brain cells.

20301344 Skeletal muscle neuromuscular 
and myotendinous junctions, 
myotonic dystrophy

8036515

Conclusion

Using the bioinformatic study of the characteris-
tics of the interaction of novel miRNAs with mRNA 
of genes having trinucleotide repeats has not yet been 
performed. In the present research, for the first time 
MirTarget program was used to identify the inter-
action novel miRNAs with mRNA candidate genes 
having CAG, CGG, CCG and CUG trinucleotide 
repeats in coding sequences (CDS) and untranslated 
regions (UTRs).

We studied the characteristics of the interaction 
of miRNA with mRNA of genes having trinucleotide 
repeats. It has been identified five (ID00372.5p-miR, 

ID01508.5p-miR, ID00296.3p-miR, ID01702.3p-
miR and ID00522.5p-miR) key associations of miR-
NAs and nine gene’s mRNAs (ATXN2, FMN2, MN1, 
ADRBK1, BRSK2, C11orf87, FMR1, BLMH and 
DMPK) that have a free energy of interaction of -121 
kJ/mole to – 148 kJ/mole.

The binding sites of ID00372.5p-miR, 
ID01508.5p-miR, ID00296.3p-miR, ID01702.3p-
miR and ID00522.5p-miR and their target genes 
ATXN2, FMN2, MN1, ADRBK1, BRSK2, C11orf87, 
FMR1, BLMH and DMPK may be able to provide in-
sights into pathogenesis mechanism and pave the way 
for the development of new diagnostic markers and 
therapeutic targets for neurological disorders. Addi-
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tionally, the binding sites of the nucleotide sequences 
of novel miRNAs from Londin et al. (Londin, 2015: 
1106) [12] with genes were derived from GenBank 
is not yet fully understood, therefore their function 
and target genes can be useful for understanding their 
physiological role in human diseaseas well as paving 
the way for new researches in the future studies. The 
research results can be used as a unified database as 
a basis for further experiments with animals and hu-
mans in biotechnology and medicine for early diag-
nosis, prevention and treatment of neurodegenerative 
diseases.

Acknowledgments 

This study was supported by AP05132460 grant, 
MES RK, SRI of Biology and Biotechnology Prob-
lems, al-Farabi Kazakh National University. We 
thank Pyrkova A.Yu. for the help in the data analysis 
and interpretation. 

References

1  Marwa Z., Hiu-Tung T., et al. (2020) FMR1 
locus isoforms: potential biomarker candidates in 
fragile X-associated tremor/ataxia syndrome (FX-
TAS). Scientific Reports., vol. 10, no. 11099, pp.1-
10. https://doi.org/10.1038/s41598-020-67946-y. 

2  Sarah M., Ahmad A., Ammar A. (2017) 
What causes amyotrophic lateral sclerosis? F1000 
Research., vol. 6, no.1, pp.1-10. https://doi.
org/10.12688/f1000research.10476.1

3  Anil K., Jaskirat S., Amandeep G., et al. 
(2020) Alzheimer Disease. University of TN Health 
Science Center, 167 p. NBK499922. 

4  Natasha M., Lacey H. (2017) Intellectual 
Disability and Language Disorder. Child Adolesc-
PsychiatrClin., vol.26, no.3, pp. 539–554. https://doi.
org/10.1016/j.chc.2017.03.001. 

5  Arman D., Henry A. (2009) Neurological 
Disorders in Schizophrenia. PsychiatrClin North Am., 
vol. 32, no.4, pp. 719-57. https://doi.org/10.1016/j.
psc.2009.08.004.

6  Frédérique Berger, et al. (2013) The im-
pact of single-nucleotide polymorphisms (SNPs) in 
OGG1 andXPC on the age at onset of Huntington 
disease. Mutation Research., vol. 755, pp.115– 119. 
10.2174/156652411794859250. 

7  Richard J., Barohn M., Mazen M., et al. 
(2014) A pattern recognition approach to the patient 
with a suspected myopathy. NeurolClin., vol. 32, no. 
3, pp.569. https://doi.org/10.1016/j.ncl.2014.04.008. 

8  Mohammad A., Gohar M., Nigel H. (2015) 
Current Update on Synopsis of miRNA Dysregu-

lation in Neurological Disorders. CNS NeurolD-
isord Drug Targets., vol.14, no. 4, pp. 492–501. 
https://doi.org/10.2174/18715273146661502251
43637.

9  Chunmei W., Bingyuan J., Baohua Ch., Jing 
Ch. (2014) Neuroprotection of microRNA in neu-
rological disorders. Biomed Rep., vol. 2 no. 5. pp. 
611–619. https://doi.org/10.3892/br.2014.297. 

10  Ramesh A., et al. (2006) MicroRNAs: regu-
lators of gene expression and cell differentiation. 
Blood., vol.108, no.12, pp. 3646–3653. https://doi.
org/10.1182/blood-2006-01-030015. 

11  Londin E., Lohera P., Telonisa A.G., Quan-
na K., et al. (2015) Analysis of 13 cell types reveals 
evidence for the expression of numerous novel 
primate- and tissue-specific microRNAs. PNAS 
USA.,vol.112, no.10, pp.1106-1115. https://doi.org/
doi: 10.1073/pnas.1420955112. 

12  T.M. Witkos, E. Koscianska and W.J. 
Krzyzosiak. (2011) Practical Aspects of microRNA 
Target Prediction. Current Molecular Medicine., vol. 
11, pp. 93-109. 10.1016/j.mrgentox.2013.04.020. 

13  Ivashchenko A., Pyrkova A., Niyazova 
R. (2016) A method for clustering of miRNA se-
quences using fragmented programming. Bioin-
formation., vol. 12, no 1, pp. 15-18. https://doi.
org/10.6026/97320630012015.

14  Stefan M. (2018) The complex struc-
ture of ATXN2 genetic variation. Neurol Gen-
et., vol. 4, no.6, pp. 299. https://doi.org/10.1212/
NXG.0000000000000299. 

15  Daoud H., Belzil V., Martins S., Sabbagh M., 
Provencher P., Lacomblez L., et al. (2011) Associa-
tion of long ATXN2 CAG repeat sizes with increased 
risk of amyotrophic lateral sclerosis. Arch Neurol.
vol. 68, no.6, pp.739-42. https://doi.org/10.1001/
archneurol.2011.111. 

16  Peleg S., Sananbenesi F., Zovoilis A., Bur-
khardt S., Bahari‐Java S., Agis‐Balboa R., et al. 
(2010) Altered histone acetylation is associated 
with age‐dependent memory impairment in mice. 
Science., vol.328, no.5979, pp.753-6. https://doi.
org/10.1126/science.1186088. 

17  Almuqbil M., Hamdan F., Mathonnet G., 
Rosenblatt B., Srour M. (2013) De novo deletion of 
FMN2 in a girl with mild non‐syndromic intellectual 
disability. Eur J Med Genet., vol.56, pp.686–688. 
https://doi.org/10.1016/j.ejmg.2013.10.003. 

18  Roberto C., Paulo S., Nelson R., Cemil 
K., Eva B., Michael G., Sanaz B. (2017) Formin 2 
links neuropsychiatric phenotypes at young age to 
an increased risk for dementia. EMBO J., vol.36, 
no.19, pp.2815–2828. https://doi.org 10.15252/
embj.201796821. 



37A.M. Belkozhayev et al.

Int. j. biol. chem. (Online)                                               International Journal of Biology and Chemistry 13, № 2, 30 (2020)

19  Fatemeh P., et al. (2020) Genetic Character-
ization and Risk Stratification of Acute Myeloid Leu-
kemia. Cancer Manag Res., vol.12, pp. 2231–2253. 
https://doi.org 10.2147/CMAR.S242479.

20  Christopher C., Dan D., Angela E., et al. 
(2020) MN1 C-terminal truncation syndrome is a 
novel neurodevelopmental and craniofacial disorder 
with partial rhombencephalosynapsis. Brain., vol. 
143, no. 1, pp. 55–68. https://doi.org/10.1093/brain/
awz379.

21  Le S., Barrows N., Bradrick S., Pearson J. 
(2012) G protein-coupled receptor kinase 2 promotes 
flaviviridae entry and replication. PLoS Negl Trop 
Dis., vol. 6, no.9, pp.1820. https://doi.org/10.1371/
journal.pntd.0001820. 

22  Métayé T., Gibelin H., Perdrisot R., Kraimps 
J. (2005) Pathophysiological roles of G-protein-
coupled receptor kinases. Cell Signal., vol.17, 
no.8, pp.917-28. https://doi.org/10.1016/j.cell-
sig.2005.01.002. 

23  Degos V., Peineau S., Nijboer C., et al. (2013) 
G protein-coupled receptor kinase 2 and group I 
metabotropic glutamate receptors mediate inflam-
mation-induced sensitization to excitotoxicneurode-
generation. Ann Neurol., vol.73, no 5, pp.667-678. 
https://doi.org/10.1002/ana.23868. 

24  Saiyin H., Na N., Han X., Fang Y., Wu Y., Lou 
W., Yang X. (2017) BRSK2 induced by nutrient de-
privation promotes Akt activity in pancreatic cancer 
via downregulation of mTOR activity. Oncotarget., 
vol.8, pp. 44669–44681. https://doi.org/10.18632/
oncotarget.17965. 

25  Mitra E., Adnan N., Lennart W. (2020) 
Transcriptome analysis of fibroblasts from schizo-
phrenia patients reveals differential expression of 

schizophrenia-related genes. Scientific Reports., 
vol. 10., no. 630, pp. 1-10. https://doi.org/10.1016/j.
nbd.2020.104740. 

26  Maria J.S. (2020) Fragile X Syndrome and 
associated disorders: clinical aspects and pathology. 
Neurobiol Dis., vol.136, pp. 104-740. https://doi.
org/10.1016/j.nbd.2020.104740. 

27  Boyle L., Kaufmann W. (2010) The behavior-
al phenotype of FMR1 mutations. Am J Med Genet. 
vol.15, no.154, pp.469-76. https://doi.org/10.1002/
ajmg.c.30277. 

28  Tranfaglia M. (2011)The psychiatric pre-
sentation of fragile x: evolution of the diagnosis and 
treatment of the psychiatric comorbidities of fragile 
X syndrome. DevNeurosci., vol.33, no.5, pp. 337-48. 
https://doi.org/10.1159/000329421. 

29  Mohan G., Abhilasha S., et al. (2017) Un-
raveling the genes implicated in Alzheimer’s disease. 
Biomed Rep., vol. 7, no.2, pp.105–114. https://doi.
org/10.3892/br.2017.927. 

30  Ádám J., et al. (2016) Effect of Bleomycin 
Hydrolase Gene Polymorphism on Late Pulmonary 
Complications of Treatment for Hodgkin Lympho-
ma. Plos one. June., vol. 21, no. 6, pp. 1-10. https://
doi.org/10.1371/journal.pone.0157651. 

31  Beatriz L., Ruben A. (2008) Molecular 
Effects of the CTG Repeats in Mutant Dystro-
phia Myotonica Protein Kinase Gene. Curr Ge-
nomics., vol. 9, no.8, pp.509–516. https://doi.
org/10.2174/138920208786847944.

32  Nalavade R., Griesche N., Ryan D., Hildeb-
rand S., Krauss S. (2013) Mechanisms of RNA-in-
duced toxicity in CAG repeat disorders. Cell Death 
Dis4., vol.4, no.8., pp. 752. https://doi.org/10.1038/
cddis.2013.276. 


