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Abstract. Asthma is a common chronic multifactorial respiratory disease. Genes involved in the metabolism of drugs used
for asthma management play an important role in asthma development. The aim of the study was to analyze the
methylation of the promoter regions of AOC1, GLCCI1 and ARGZ2 genes involved in the metabolism of drugs used for
asthma treat-ment in asthma patients and controls from the Republic of Bashkortostan. DNA was extracted from
peripheral blood sam-ples of 157 asthma patients and 155 control subjects. Methylation-Sensitive High Resolution
Melting analysis and se-quencing of bisulfite-treated genomic DNA were applied to estimate the degree of
methylation. Analysis of the methylation status of promoter region of the AOCI gene revealed a higher frequency of
full methylation (100%) of the studied region in patients with severe and moderate asthma than in controls (38.61%; p
=0.002; OR = 2.58; 95%CIl 1.4-4.75). A signifi-cantly higher level of promoter methylation of the GLCCI1 gene was
found in patients with severe and moderate asthma compared to control group (p = 0.01; OR = 3.1; 95%CI 1.22-7.88).
A low level of promoter methylation of the ARGZ2 gene was determined in both analyzed groups of patients and
controls. The results of MS-HRM analysis were confirmed by bisulfite sequencing of analyzed samples. Thus, this
study revealed differences in the level of methylation of promoter regions of AOCI and GLCCI/1 genes between
samples of asthma patients and controls. The results of the study expand general understanding of the possible
contribution of DNA methylation to asthma development.
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List of Abbreviations ferentiation (NR3C1, ADRB?2), as well as pro-

DNA — deoxyribonucleic acid
MS-HRM - Methylation-Sensitive High
Resolution Melting

Introduction

Asthma is a chronic disease of the respira-
tory tract, the development of which is deter-
mined by a complex interaction of genetic, ep-
igenetic and environmental factors. The herit-
ability of asthma is up to 90% in children and
to 74% in adults (Hernandez-Pacheco et al.,
2019). Airway inflammation is the main path-
ogenetic link determining asthma development
and course. Genes involved in the metabolism
of antiasthmatic drugs play an important role
in asthma pathogenesis. The above group in-
cludes genes encoding specific receptors regu-
lating inflammation, cell proliferation and dif-

teins involved in various stages of inflamma-
tory mediator biosynthesis (HRH1, HRH2,
HRH3, HRH4, LTC4S, ALOX5, LTA4) and
others.

The study of the epigenetic mechanisms of
gene regulation in allergic diseases is one of the
most relevant fields of modern research. Epige-
netic mechanisms can influence on gene ex-
pression without altering the DNA sequence
and provide gene-environment interactions.
Specifically, epigenome modifications mediate
endogenous or exogenous environmental influ-
ences for allergic development (Legaki et al.,
2022). The respiratory system is constantly ex-
posed to the environment (chemicals, dust, bac-
teria, viruses, etc.), the epigenome of airway
cells is susceptible to dynamic changes which
can consequently affect a gene expression.
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Several studies exploring the role of DNA
methylation in the pathogenesis of allergic dis-
eases were performed. A number of large-scale
studies of DNA methylation profiles in asthma
patients revealed a large amount of differen-
tially methylated regions associated with
asthma development. For example, 589 differ-
entially methylated CpG sites in cord blood
mononuclear cells in newborns from mothers
with asthma were identified (De Vries et al.,
2017). In another study, 186 differentially
methylated CpG sites in genes involved in im-
mune response, airway obstruction and cell ad-
hesion, associated with risk of asthma and atopy
were revealed in the nasal epithelium of African
American children (Yang et al.,, 2017). A
whole-epigenome study of the nasal epithelium
of children from different backgrounds identi-
fied 285 asthma-associated CpG sites (Car-
denas et al., 2019). A meta-analysis of EWAS
asthma studies in peripheral blood leukocytes
showed that CpG sites most significantly asso-
ciated with asthma development were located
near CAMK1D and TIGIT genes involved in the
development of inflammation (Jiang et al.,
2021). EWAS of DNA blood revealed 5 CpG
sites associated with different measures of lung
function in Hispanic asthma patients (Herrera-
Luis et al., 2022). Whole-genome bisulfite se-
quencing of peripheral blood found 158 differ-
entially methylated regions between asthma pa-
tients and controls. Thiirmann and colleagues
showed that hypomethylation predominantly
affects enhancer regions of key genes regulat-
ing the immune response, such as IL4, IL5SRA
and EPX (Thiirmann et al., 2023).

Only a few studies were conducted to ana-
lyse the role of DNA methylation in the devel-
opment of allergopathologies in Russia. By-
stritskaya E.P. et al. found a higher number of
unmethylated sites of the promoter regions of
TLR2 and TLR4 genes in the respiratory epithe-
lial cells of children with severe and moderate
asthma than in controls (Bystritskaya et al.,
2019). The differential methylation level of 26
genes whose protein products functions were
associated with the regulation of fibroblasts,
dendritic cell migration and activation of gen-
eral immunity (ALPK2, CLNK, ARHGEF4,
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MIR1178, VPS37C, GRIP2, SLC47A2, TCF12,
ZBTB20 u ap.) was revealed in skin biopsy of
atopic dermatitis patients compared to biopsy
of unaffected skin (Smolkina et al., 2021). Sev-
enteen differentially methylated CpG sites as-
sociated with atopic dermatitis development
were found (Bystritskaya et al., 2022).

Previous our studies of genes involved in the
metabolism of drugs used for asthma therapy
revealed an association of the rs37973*G allele
of the GLCCI1 gene with uncontrolled asthma
in Tatars (Fedorova et al., 2019). In Russians,
rs17249437*TT and rs3742879*GG genotypes
of the ARG2 gene as well as the rs1049793*C
allele of the AOCL1 gene were associated with a
significant decrease of pulmonary function
(Savelieva O.N. et al., 2020 a,b). Based on the
above, the promoter regions of GLCCI1, AOC1
and ARG2 genes involved in the metabolism of
antiasthmatic drugs were selected for methyla-
tion analysis to identify potential epigenetic
markers affecting the development and progres-
sion of asthma in individuals from the Republic
of Bashkortostan.

The aim of this study was to analyze the
methylation of promoter regions of AOCL,
GLCCI1 and ARG2 genes involved in the me-
tabolism of drugs used to asthma treatment in
individuals with asthma and control subjects
from the Republic of Bashkortostan.

Materials and Methods

DNA samples of 312 unrelated individuals
aged from 2 to 18 years old of Russian and Ta-
tar ethnicity living in the Republic of Bashkor-
tostan were used as study material. The group
of patients included 157 individuals with
asthma from the BSMU Clinic and the State
Budgetary Institution of the Ufa Russian Chil-
dren's Hospital and the control group included
155 practically healthy individuals (without
bronchopulmonary and allergic diseases). All
study participants (or their official representa-
tives) signed an informed consent approved as
part of the study protocol by the ethical com-
mittee prior to inclusion in the study. The study
conformed to the standards set by the latest re-
vision of the Declaration of Helsinki and the
procedures were approved by the Bioethical
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Committee of the IBG UFRC RAS (protocol Ne
7 0f 10.02.2011).

DNA was isolated from peripheral blood by
phenol-chloroform extraction. Bisulfite conver-
sion was performed using the EZ DNA Methyl-
ation-Gold Kit (Zymo Research, USA). The
methylation levels of the promoter regions of
the AOCl  (GRCh38:7: 150824654-
150824801), GLCCI1 (GRCh38:7:7969920-
7970072) and ARG2 (GRCh38:14:67619480-
67619620) genes were analyzed by Methyla-
tion-Sensitive High Resolution Melting (MS-
HRM) analysis. Primers were selected using
Methyl Primer Express Software v1.0 (Ta-
ble 1). MeltDoctor HRM Master mix PCR mix
(Applied Biosystems, USA) was used for MS-
HRM analysis.

Bisulfite-converted samples of methylated
(100%) and unmethylated (0%) DNA (Zymo
Research, USA) were diluted at specific per-
centages (0/100, 5/95, 10/90, 25/75, 50/50,
75/25, 90/10, 100/0) to obtain standard controls
for methylation levels resulting in methylation

levels of the control samples of 0%; 5%; 10%;
25%, 50%, 75%, 90% and 100%, respectively.
The methylation level of the tested samples was
determined by comparing their melting curves
with the melting curves of control samples set
as Auto Standard Curve in the protocol of the
LightCycler® 96 Roche instrument (Light-
Cycler® 96 Roche, Germany). The MS-HRM
results were confirmed by sequencing of bisul-
fite-converted DNA on an ABI PRISM 3500 in-
strument (Applied Biosystems, USA).

Results
The methylation analysis of the promoter re-
gion of the AOCl gene (GRCh38:7:

150824654-150824801, 7 CpG sites) was per-
formed in asthma patient and control group in-
dividuals from the Republic of Bashkortostan.
MS-HRM analysis of the promoter region of
the AOC1 gene revealed that the level of meth-
ylation of this region in asthma patients and
controls was ranged from 50% to 100% (Fig. 1,
Table 2).

Table 1

The characteristics of amplification conditions for the investigated gene regions

Gene Nucleotide sequence Annealing temperature
AOC1 5 AATTTGATTTTGGGAAGATAGG 3' 60°
5'CCCTTCAAAACTACATCTCGTA 3
GLCCIL 5'AAGTGGTTTTGGGAATTTTATTTT 3 62°
5" AACCAACTCTTAAACTAAAAAACCTCT 3
ARG2 5’AAGTAGGTGGATTTTGGTTTTG 3 62°
5’ACCCATACCAAATTCCTAAACTT 3
Table 2
Results of MS-HRM analysis of the promoter region of the AOCL1 gene
Studied group
Methylation General group Group of patients with severe Control
level, % of asthma patients and moderate asthma group
N (%) N (%) N (%)
47 (61.84)
59 (49.58) p =0.002
100 0=0.10 OR = 258 39 (38.61)
95%CI 1.40-4.75
24 (31.58)
46 (38.66) p=0.01
%0 0=0.08 OR = 0.45 51(505)
95%CI 0.24-0.84
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End table 2
Studied group
Methylation General group Group of patients with severe Control
level, % of asthma patients and moderate asthma group
N (%) N (%0) N (%0)
14 (11.76) 5 (6.58)
75 0= 0.66 0= 061 10(9.9)
50 - - 1(0.99)
N 119 76 101

Note: N — group size; frequency of methylation levels in individuals is given in parentheses, %; p - level
of statistical significance differences in methylation level frequencies between patient and control groups;
OR - odds ratio and 95%CI - confidence interval, given at p < 0.05
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Fig. 1. MS-HRM analysis of the promoter region of the AOC1 gene in the groups of asthma patients and
controls. Melting curves of control standards with different methylation levels are blue (0% met, 5% met;
10% met, 50% met, 75% met, 90% met, 100% met); melting curves of asthma patients are red; melting curves

of individuals from the control group are green

Comparative analysis revealed no statisti-
cally significant differences in the occurrence
frequency of different levels of methylation in
the promoter region of the AOC1 gene between
the whole group of asthma patients and controls
(p > 0.05). However, patients with severe and
moderate asthma were detected to have a higher
incidence of complete methylation of the study
region of the AOC1 gene in cases (61.84%)
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compared to control samples (38.61%; p =
=0.002; OR = 2.58; 95%CI 1.4-4.75).

In the next step, sequencing of sodium bisul-
fite-treated DNA samples from asthma patients
with different methylation levels and the con-
trol methylation standards was performed to
confirm the results obtained by MS-HRM ana-
lysis. The high level of methylation of the ana-
lyzed region of the AOC1 gene was confirmed
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by DNA sequencing of the studied asthma pa-
tients (Fig. 2).

Analysis of the methylation status of the pro-
moter region of the GLCCI1 gene in samples
ofasthma patients and controls from the Re-
public of Bashkortostan (GRCh38:7:7969920-
7970072, 7 CpG sites) was carried out. The
level of GLCCI1 gene methylation in groups
of asthma patients and controls was ranged
from 0% to 75% according to MS-HRM anal-
ysis (Fig. 3, Table 3). A significantly higher
incidence of 50% methylation level was found
in individuals with severe and moderate
asthma (20.9%) compared to controls (7.84%;
p = 0.01; OR = 3.1; 95%CI 1.22-7.88). The

subsequent bisulfite sequencing of the ana-
lyzed samples confirmed the results found by
MS-HRM analysis. Figure 4 shows the results
of DNA sequencing of asthma patients with
40%-50% methylation level of CpG sites lo-
cated in the investigated promoter region of
the GLCCI1 gene and 100% methylated DNA
standard (Fig. 4).

The analysis of methylation level of 7 CpG
sites in promoter region of ARG2 gene
(GRCh38:14:67619480-67619620) in patients
and control group individuals from the Repub-
lic of Bashkortostan revealed a low level of
methylation of all analyzed CpG sites of this
gene in both samples (0%-2%).

Fig. 2. The sequence of the promoter region of the AOC1 gene in asthma patients with high methylation level
according to MS-HRM analysis (a, b) and 100% methylated control DNA (c)

Table 3

Results of MS-HRM analysis of the promoter region of the GLCCI1 gene

Studied group
Methylation General group Group of patients with severe Control group
level, % of asthma patients and moderate asthma
N (%0) N (%) N (%)
1(0.92)
0 p =0.03 - 8 (7.84)
OR=0.11
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End table 3
Studied group
Methylation General group Group of patients with severe Control arou
level, % of asthma patients and moderate asthma group
N (%) N (%) N (%)
95%CI 0.01-0.89
16 (14.68) 10 (14.93)
5 0=0.99 0=0.99 15 (14.71)
32 (29.36) 22 (32.84)
10 b =087 0=0.74 31 (30.39)
42 (38.53) 21 (31.34)
25 0=0.96 0=036 39 (38.24)
14 (20.9)
18 (16.51) p=0.01
50 0= 0.06 OR=31 8(7.84)
95%CI 1.22-7.88
75 - - 1 (0.98)
N 109 67 102

Note: N — group size; frequency of methylation levels in individuals is given in parentheses, %; p — level
of statistical significance differences in methylation level frequencies between patient and control groups;
OR — odds ratio and 95%CI — confidence interval, given at p < 0.05
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Fig. 3. MS-HRM analysis of the promoter region of the GLCCI1 gene in the groups of asthma patients and
controls. Melting curves of controls with different methylation levels are blue (0% met, 5% met; 10% met,
50% met, 75% met, 90% met, 100% met); melting curves of asthma patients are red; melting curves of
individuals from the control group are green
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Fig. 4. The sequence of the promoter region of the GLCCI1 gene in asthma patient (a) and 100% methylated

control DNA (b)

Discussion

DNA methylation is one of the most im-
portant mechanisms of epigenetic regulation of
gene expression. DNA methylation is assumed
to be a promising biomarker of allergic diseases
and certain immune phenotypes (De Vries et
al., 2017; Cardenas et al., 2019; Jiang et al.,
2021; Herrera-Luis et al., 2022; Thiirmann et
al., 2023). The methylation analysis of the pro-
moter regions of AOC1, GLCCI1 and ARG2
genes in the peripheral blood of children living
in the Republic of Bashkortostan was carried
out in our study.

The amine oxidase 1 enzyme encoded by the
AOC1 gene catalyzes the degradation of the in-
flammatory mediator histamine and com-
pounds involved in the formation of immune
and allergic response (Kucher & Cherevko,
2018). Numerous studies, including our own,
identified polymorphisms in the AOC1 gene as-
sociated with allergic rhinitis (Meza-Velazquez
et al., 2016). Additionally, it was showed that
these polymorphisms were associated with the
histamine response in asthma patients (Jones et
al., 2017) and play a role in asthma develop-
ment, contributing to a marked decline in pul-

monary function indices in Russians (Savelieva
et al., 2020a). In the current study, we found
that complete methylation of the promoter re-
gion of the AOC1 gene is more frequent in pa-
tients with severe and moderate asthma com-
pared to the control group. The analyzed region
of the AOC1 gene contains a promoter-like ele-
ment EH38E2600888 (PLS, promoter-like sig-
nature) associated with the multifunctional
transcription factor CTCF, known to play an
important role in the control of gene expression
in vertebrates. Promoter-like elements are cis-
regulatory elements with high levels of signal-
ing to DNase and H3K4me3, typically localized
within 200 bp of the transcription start site (Zhu
et al., 2024). According to ORegAnno and Jas-
par data, it was confirmed that the binding sites
of a wide range of other transcription factors
such as TBX20, TBX18, TBX21, TBXS5,
TCF7L1 etc. were located in the study region
(https://genome.ucsc.edu). Whole-genome bi-
sulfite sequencing of peripheral blood cells
from healthy individuals revealed that the
methylation level of the AOCL1 gene region in-
vestigated in this study varies from 50% to
100%, with an average methylation level of
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80% (Li et al., 2010). Whole-epigenome analy-
sis showed lower levels of methylation of
€g26475742 localized in the AOCL1 gene in pri-
mary airway epithelial cells from asthma pa-
tients than in controls of different backgrounds
(Nicodemus-Johnson et al., 2016). EWAS of
nasal epithelial cells from patients with allergic
diseases and control individuals of different
origin revealed 191 differentially methylated
CpG sites associated with changes in exhaled
nitric oxide fraction levels between the studied
cohorts, among which ¢g14909495 localized in
the AOC1 gene (Cardenas et al., 2019). The re-
sults obtained in this study are partially con-
sistent with previous work indicating differ-
ences in the methylation profile of individual
CpG sites of the AOCL1 gene between patients
with allergic pathologies and controls.

The glucocorticoid-induced transcript 1
gene GLCCI1 is located in the 7p21 region and
includes eight exons, it is actively expressed in
the lung and in immune cells (Salhi et al.,
2021). GLCCI1 protein known to be involved
in the glucocorticoid-glucocorticoid receptor
interaction cascade, producing an anti-apop-
totic effect against T cells (Kiuchi et al., 2019).
The rs37973 polymorphism of the GLCCI1
gene was associated with asthma development
and the efficacy of inhaled GCS therapy in
asthma patients (Tantisira et al., 2011; Feng et
al., 2023). Hu C. et al. revealed that changes in
GLCCI1 mRNA expression were positively
correlated with spirography measures (FEV1)
in Chinese individuals with asthma treated with
inhaled GCS (Hu et al., 2016). Previously, we
also found an association of the rs37973*G al-
lele of the GLCCI1 gene with uncontrolled
asthma in Tatars (Fedorova et al., 2019). The
promoter region of the GLCCI1 gene includes
binding sites for various transcription factors,
including the multifunctional transcription fac-
tor (CTCF) involved in activation and repres-
sion of transcription  (https://www.en-
sembl.org), as well as a number of other tran-
scription factors (TBX21, TBX20, TBX2,
EOMES, TBR1, TBX18, TBX3, Thbx®,
ZKSKANSbS) (https://genome.ucsc.edu). Ac-
cording to the literature, a lower level of meth-
ylation of the 5 CpG sites of the GLCCI1 gene
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in peripheral blood cells of Chinese asthma pa-
tients than in controls was found to be associ-
ated with a reduced level of expression of this
gene. Different types of T cells (Thl, Th2,
Th17) and B cells are involved in the asthma
development. Therefore, it is suggested that
changes in the methylation status or expression
level of the GLCCI1 gene may affect the func-
tioning of T- or B-lymphocytes and asthma pro-
gression in general (Jiang et al., 2021). A num-
ber of previous studies reported that the meth-
ylation level of one of the CpG sites localized
in the promoter region of the GLCCI1 gene
ranged from 66% to 81% (Li et al., 2010). In
the current study a significant difference in the
degree of methylation of the analyzed CpG sites
of the GLCCI1 gene between patients with se-
vere and moderate asthma and controls was
found.

The ARG2 gene encodes one of the arginase
type 1l isoenzymes overexpression of which
promotes airway remodeling and cell prolifera-
tion. Vonk JM. et al. found that the
rs3742879*AA genotype of the ARG2 gene was
associated with increased bronchial hyperre-
sponsiveness in asthma patients living in the
Netherlands (Vonk et al., 2010). The combina-
tion of NOS2A*(CCTTTT)nS/L  and
rs3742879*AA genotypes of the ARG2 gene
was associated with risk of asthma develop-
ment in women from Russia (Batozhargalova et
al., 2017). The combination of
NOS2A*(CCTTTT)nS/L and rs3742879*AA
genotypes of the ARG2 gene was associated
with asthma in women from Russia (Batozhar-
galovaetal., 2017). In our previous studies, the
association of rs17249437*TT and
rs3742879*GG genotypes of the ARG2 gene
with a significant decrease of FEV1 and
MEF25 in Russians was established (Savelieva
et al., 2020Db). In the present study, a low level
of methylation of all analyzed CpG sites of the
promoter region of the ARG2 gene was detected
in both asthma patients and controls. According
to UCSC browser data, the promoter-like ele-
ment EH38E1722878 and the proximal en-
hancer-like region EH38E1722877 are located
in the investigated region of the ARG2 gene,
comprising binding sites for the transcription
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factor CTCF and other transcription factors
such as ETV5, EFR, ETV2, ASCL1, TCF3,
SNAI1, TCF12, TCF4, SNAI3, Tfcp211,
Handl, Zfx, ZNF449, MAF, Mafg, ZNF449 et
al. (https://genome.ucsc.edu). A low level of
methylation of 13 investigated CpG sites of the
promoter region of the ARG2 gene was found
in buccal epithelial cells of allergic patients
from China (5-methylcytosine 5mC<3%) (Ji et
al., 2021), which is consistent with the results
obtained in our current study indicating a low
level of methylation of this gene in patients with
allergic diseases.

Conclusion

Thus, in the present study we analyzed the
methylation status of particular parts of
GLCCI1, AOC1 and ARG2 genes located in the
regions directly regulating transcription (pro-
moters, enhancers, transcription factor binding
sites) in the peripheral blood of asthma patients
and control subjects from the Republic of Bash-
kortostan. Statistically significant differences in
the level of methylation of GLCCI1 and AOC1
promoter regions between the patients with se-
vere and moderate asthma compared to the con-
trol sample were revealed. In our previous stud-
ies, the association of the rs37973*G allele of
the GLCCI1 gene with uncontrolled asthma in
Tatars was found. In Russians, the associations
of the rs104979793*CC genotype and the
rs104979793*C allele of the AOC1 gene with
asthma and a significant decrease in pulmonary
function measures and the rs17249437*TT and
rs3742879*GG genotypes of the ARG2 gene
with a significant decrease of FEV1 and
MEF25 were established. The combination of
the obtained results and previously published
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data suggests a certain contribution of the stud-
ied genes in asthma development.

Acknowledgments

The team of authors is grateful to Esfir Isaa-
kovna Etkina, Doctor of Medical Sciences, Pro-
fessor, Head of the Department of Paediatric
Diseases, Bashkir State Medical University
(Ufa), and Regina Rafisovna Murzina, Candi-
date of Medical Sciences, Allergologist, for
their support in the organization and collection
of biological material for the study.

The work was carried out within the frame-
work of the state assignment of the Ministry of
Science and Higher Education of the Russian
Federation (Ne 122041400169-2), with partial
support of Saint Petersburg State University
(ID PURE: 103964756), Megagrant of the Min-
istry of Science and Higher Education of the
Russian Federation (Ne 075-15-2021-595). For
the study, the equipment of the Center for Col-
lective Use Biomika (Department of Biochem-
ical Research Methods and Nanobiotechnology
of the Republican Center for Collective Use
Agidel) and UNU KODINK was used. DNA
samples were used from the “Human Biological
Materials Collection of the Institute of Biologi-
cal Materials of the UFIC RAS, supported by
the Bioresource Collections Program of FANO
of Russia (Agreement No. 007-030164/2).
DNA samples for the study were used from the
“Collection of Human Biological Materials of
the IBG UFRC RAS, supported by the Biore-
source Collections Program of FANO of Russia
(Agreement No. 007-030164/2).

The authors declare that they have no com-
peting interests.

BATOZHARGALOVAB.T., MIZERNITSKI Y.L., DIAKOVA S.E. etal. (2017): Role of polymorphic variants
of NO synthase and arginase genes in child bronchial asthma. Medical Genetics. 2017 16(2), 40-48.

BYSTRICKAJA E.P., GANKOVSKAJA L.V., NAMAZOVA-BARANOVA L.S. et al. (2019): Epigenetics
of TLR2 and TLR4 and their role in the pathogenesis of allergic asthma and infectious pneumonia.
Vaccinology as a response to biological threats. Collection of theses of young scientists in the framework
of the scientific conference with international participation, 41 pp.

BYSTRITSKAYA E.P., MURASHKIN N.N., MATERIKIN A.l. NAUMOVA E.A., SVITICH O.A. (2022):
Genome-wide DNA methylation profile and expression of TLR2, TLRY, IL4, IL13 genes in pediatric
patients with atopic dermatitis. Immunologiya 43(3), 255-65.

Opera Med Physiol. 2024. Vol. 11 (4) | 101



O.N. Savelieva, A.S. Karunas, A.O. Vlasova, A.A. Ahmetshin, .M. Khidiyatova, E.K. Khusnutdinova

CARDENAS A., SORDILLO J.E., RIFAS-SHIMAN S.L., CHUNG W., LIANG L., COULL B.A., HIVERT
M.F.,LAIP.S.,FORNO E., CELEDON J.C., LITONJUA A.A., BRENNAN K.J., DEMEO D. L., BAC-
CARELLI A. A, OKEN E., GOLD D. R. (2019): The nasal methylome as a biomarker of asthma and
airway inflammation in children. Nat Commun 2019 10, 3095.

DEVRIES A., WLASIUK G., MILLER S.J., BOSCO A., STERN D.A., LOHMAN I.C., ROTHERS J.,
JONES A.C., NICODEMUS-JOHNSON J.,, VASQUEZ M.M., CURTIN J.A., SIMPSON A,
CUSTOVIC A., JACKSON D.J., GERN J.E., LEMANSKE R.F., GUERRA S. WRIGHT A.L,,
OBER C., HALONEN M,, ... VERCELLI D. (2017): Epigenome-wide analysis links SMAD3 methyl-
ation at birth to asthma in children of asthmatic mothers. J Allergy Clin Immunol 140, 534-542.

FEDOROVA YU.YU., KARUNAS AS., MURZINA R.R., SAVELIEVA O.N., GIMALOVA G.F,,
GATIYATULLIN R.F., ETKINA E. I. AND KHUSNUTDINOVA E. K. (2019): Association between
allelic variants of the genes involved in glucocorticoids metabolism and asthma. Russian Journal of
Genetics 55(12),1520-1527.

FENGW.L.,PUW,,LIJ,YUANY., YANM.Z., YUANS.L.,, LIY.K,WUJ.R, XU S.Q.,ZHAOQO J. (2023):
The GLCCI1 rs37973 variant and the efficacy of inhaled corticosteroids in the treatment of asthma:
A meta-analysis. The Clinical Respiratory Journal 17(6), 568-579.

JIANG Y., FORNOE.,HAN Y.Y., XU Z., HU D., BOUTAQUI N., ENG C., ACOSTA-PEREZ E., HUNTS-
MAN S., COLON-SEMIDEY A., KEYS K.L., RODRIGUEZ-SANTANA J.R., ALVAREZ M., PINO-
YANES M., CANINO G., CHEN W., BURCHARD E.G., CELEDON J.C. (2021): A genome-wide
study of DNA methylation in white blood cells and asthma in Latino children and youth. Epigenetics
16(5), 577-585.

JIANG Y., XUN Q., WAN R., DENG S., HU X., LUO L., LI X., FENG J. (2021): GLCCI1 gene body
methylation in peripheral blood is associated with asthma and asthma severity. Clin Chim Acta 523,
97-105.

JI N., FANG M., BAPTISTA A., CEPEDA C., GREENBERG M., MINCEY I.C., OHMAN-STRICK-
LAND P., HAYNES F., FIEDLER N., KIPEN H.M., LAUMBACH R.J. (2021): Exposure to traffic-
related air pollution and changes in exhaled nitric oxide and DNA methylation in arginase and nitric
oxide synthase in children with asthma. Environ Health 20, 2.

JONES B.L., SHERWIN C.M.T., LIU X., DAI H., VYHLIDAL C.A. (2017): Genetic variation in the hista-
mine production, response, and degradation pathway is associated with histamine pharmacodynamic
response in children with Asthma. Front Pharmacol 7, 524.

HERNANDEZ-PACHECO N., PINO-YANES M., FLORES C. (2019): Genomic predictors of asthma phe-
notypes and treatment response. Front. Pediatr 7(6), 1-19.

HERRERA-LUIS E., LI A, MAK A.C.Y., PEREZ-GARCIA J., ELHAWARY J.R., OH S.S., HU D.,
ENG C., KEYS K.L., HUNTSMAN S., BECKMAN K.B., BORRELL L.N., RODRIGUEZ-SAN-
TANA J., BURCHARD E.G., PINO-YANES M. (2022): Epigenome-wide association study of lung
function in Latino children and youth with asthma. Clinical Epigenetics 14(1), 9.

HUC., XUNQ., LI X, HER., LUR., ZHANG S., HU X., FENG J. (2016): GLCCI1 variation is associated
with asthma susceptibility and inhaled corticosteroid response in a Chinese Han population. Arch Med
Res 47(2), 118-125.

KIUCHI Z., NISHIBORI YU., KUTSUNA S., KOTANI M., HADA |., KIMURA T., FUKUTOMI T., FU-
KUHARA D., ITO-NITTA N., KUDO A., TAKATA T., ISHIGAKI Y., TOMOSUGI N., TANAKA
H., MATSUSHIMA S., OGASAWARA S., HIRAYAMA Y., TAKEMATSU H., YAN K. (2019):
GLCCI1 is a novel protector against glucocorticoid-induced apoptosis in T cells. The FASEB journal
33(6),7387-7402.

LEGAKI E., ARSENIS C., TAKA S., PAPADOPOULOS N.G. (2022): DNA methylation biomarkers in
asthma and rhinitis: Are we there yet? Clin Transl Allergy 12(3), e12131.

LIY., ZHU J,, TIAN G., LI N., LI Q., YE M., ZHENG H., YU J., WU H., SUN J., ZHANG H., CHEN Q.,
LUOR.,CHEN M., HE Y., JIN X., ZHANG Q., YU C., ZHOU G., SUN J,, ... ZHANG X. (2010): The
DNA methylome of human peripheral blood mononuclear cells. PLoS Biol 8(11), e1000533

MEZA-VELAZQUEZ R., LOPEZ-MARQUEZ F., ESPINOSA-PADILLA S., RIVERA-GUILLEN M., GU-
TIERREZ-DIAZ N., PEREZ-ARMENDARIZ L., ROSALES-GONZALEZ M. (2016): Association be-
tween two polymorphisms of histamine-metabolising enzymes and the severity of allergic rhinitis in a
group of Mexican children. Allergol Immunopathol (Madr.) 44(5), 433-438.

102 | doi: 10.24412/2500-2295-2024-4-93-103



EPIGENETIC MARKERS OF ASTHMA: A STUDY OF METHYLATION PATTERNS
OF GENES INVOLVED IN DRUG METABOLISM

NICODEMUS-JOHNSON J., MYERS R.A., SAKABE N.J.,, SOBREIRA D.R., HOGARTH D.K., NAU-
RECKAS E.T., SPERLING A.l.,, SOLWAY J., WHITE S.R., NOBREGA M.A., NICOLAE D.L., GI-
LAD Y., OBER C. (2016): DNA methylation in lung cells is associated with asthma endotypes and
genetic risk. JCI Insight 1, €90151.

SALHI M., LAHMAR O., SALAH M.O., BANIC L, BINGHAO B., MALIK W., HAMZAOUI K., TUR-
KALJ M., HAMZAOUI A. (2021): GLCCI1 and STIP1 variants are associated with asthma susceptibil-
ity and inhaled corticosteroid response in a Tunisian population. J Asthma 58(2), 197-206.

SAVELIEVA O.N., KARUNAS A.S., FEDOROVA YU.YU., GATIYATULLIN R.F., ETKINA E.Il
KHUSNUTDINOVA E.K. (2020): Association analysis of amine oxidase 1 AOC1 and histamine-N-
methyl-transferase HNMT genes polymorphism with the development of asthma in children. Yakut Med-
ical Journal 4 (72), 20-22.

SAVELIEVA O.N., KARUNAS A.S., FEDOROVA YU.YU., MURZINA R.R., SAVELIEVA AN,
GATIYATULLIN R.F., ETKINA E.l., KHUSNUTDINOVA E.K. (2020): The role of polymorphic var-
iants of arginase genes (ARG1, ARG2) involved in beta-2-agonist metabolism in the development and
course of asthma. Vavilov Journal of Genetics and Breeding 24(4), 391-398.

SMOLKINA 0., BYSTRITSKAIA E., SVITICH O., PIRUZYAN A.L., DENISOVA E.V., KORSUN-
SKAYA .M., SOBOLEV V.V. (2021): DNA methylation analysis of lesional and non-lesional skin in
adult patients with atopic dermatitis. Molecular medicine 19(1), 53-58.

TANTISIRA K.G., LASKY-SU J.,, HARADA M., MURPHY A., LITONJUA AA., HIMES B.E.,
LANGE C., LAZARUS R., SYLVIA J., KLANDERMAN B., DUAN Q.L., QIU W., HIROTA T,,
MARTINEZ F.D., MAUGER D., SORKNESS C., SZEFLER S., LAZARUS S.C., LEMANSKE R.F.,
PETERS S.P., ... WEISS S.T. (2011): Genome wide association between GLCCI1 and response to glu-
cocorticoid therapy in asthma. N Engl J Med 365(13), 1173-1183.

THURMANN L., KLOS M., MACKOWIAK S.D., BIEG M., BAUER T., ISHAQUE N., MESSING-
SCHLAGER M., HERRMANN C., RODER S., BAUER M., SCHAUBLE S., FAESSLER E.,
HAHN U., WEICHENHAN D., MUCKE O., PLASS C., BORTE M., VON MUTIUS E.,
STANGL G.I,, LAUENER R., ... LEHMANN 1. (2023): Global hypomethylation in childhood asthma
identified by genome-wide DNA-methylation sequencing preferentially affects enhancer regions.
Allergy 78(6).

VONK J.M., POSTMA D.S., MAARSINGH H., BRUINENBERG M., KOPPELMAN G.H., MEURS H.
(2010): Arginase 1 and arginase 2 variations associate with asthma, asthma severity and beta2 agonist
and steroid response. Pharmacogenet Genomics. 20(3), 179-186.

YANG LV., PEDERSEN B.S., LIU A.H., OCONNOR G. T., PILLAI D., KATTAN M., MISIAK R.T.,
GRUCHALLA R., SZEFLER S.J., KHURANA HERSHEY G.K., KERCSMAR C., RICHARDS A,
STEVENS A.D., KOLAKOWSKI C.A., MAKHIJA M., SORKNESS C.A., KROUSE R.Z., VIS-
NESS C., DAVIDSON E.J., HENNESSY C.E., ... SCHWARTZ D.A. (2017): The nasal methylome
and childhood atopic asthma. J Allergy Clin Immunol 139(5), 1478-1488.

ZHU X., MA S., WONG W.H. (2024): Genetic effects of sequence-conserved enhancer-like elements on
human complex traits. Genome biology 25(1), 1.

Opera Med Physiol. 2024. Vol. 11 (4) | 103





