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ABSTRACT The epigenetic mechanisms of gene expression regulation are a group of the key cellular and molec-
ular pathways that lead to inherited alterations in genes’ activity without changing their coding sequence. DNA
methylation at the C5 position of cytosine in CpG dinucleotides is amongst the central epigenetic mechanisms.
Currently, the number of studies that are devoted to the identification of methylation patterns specific to mul-
tiple sclerosis (MS), a severe chronic autoimmune disease of the central nervous system, is on a rapid rise. How-
ever, the issue of the contribution of DNA methylation to the development of the different clinical phenotypes of
this highly heterogeneous disease has only begun to attract the attention of researchers. This review summarizes
the data on the molecular mechanisms underlying DNA methylation and the MS risk factors that can affect the
DNA methylation profile and, thereby, modulate the expression of the genes involved in the disease’s pathogen-
esis. The focus of our attention is centered on the analysis of the published data on the differential methylation
of DNA from various biological samples of MS patients obtained using both the candidate gene approach and
high-throughput methods.

KEYWORS DNA methylation, epigenetics, multiple sclerosis.

ABBREVIATIONS BER — base excision repair; CIS — clinically isolated syndrome; CNS — central nervous system;
DMS - differentially methylated CpG-site; DNMT — DNA methyltransferase; EDSS — expanded disability status
scale; GWAS — genome-wide association study; HDAC — histone deacetylase; MBD — methyl-binding domain
protein; MS — multiple sclerosis; NGS — next generation sequencing; PBMCs — peripheral blood mononuclear
cells; PPMS — primary progressive multiple sclerosis; RRMS — relapsing-remitting multiple sclerosis; SAM —
S-adenosyl methionine; SPMS — secondary progressive multiple sclerosis; TET — TET methylcytosine dioxygen-
ase; Rep — repressor protein.

INTRODUCTION lating expression at the post-transcriptional level are

Epigenetic processes include inherited (at least during
mitosis) changes in gene expression that do not affect
the DN A nucleotide sequence [1]. However, this classi-
cal definition is today often extended to include stable,
long-term variations in the cellular transcriptional pro-
file that are not necessarily inherited in the number of
epigenetic events [2].

The central mechanisms of epigenetic regulation of
gene expression are presented in Fig. 1. They include
DNA methylation (A); histone modification, i.e. func-
tionally significant biochemical changes in chromatin
that affect the accessibility of certain genomic loci to
transcription enzymes (B); and the regulation of gene
expression at different levels of genetic information
implementation with the involvement of regulatory
non-coding RNAs, among which the microRNAs regu-

the best studied (C) [3].

These mechanisms act synergistically and form
a system that regulates the key cellular processes;
therefore, they are crucial for a normal development
and differentiation of all body cell types [4]. By now,
the effect of numerous environmental factors has been
proven to be mediated by various epigenetic mecha-
nisms [5]. In some cases, this interaction leads to stable
pathological changes that underlie many chronic dis-
eases [6].

Although the investigation of the role of epigenetic
mechanisms in the development of common human
diseases first focused for the most part on oncological
diseases [7], more and more of researchers’ attention
is currently focused on different pathologies, in par-
ticular autoimmune and neurodegenerative ones [8, 9].

VOL. 13 Ne 2 (49) 2021 | ACTA NATURAE |45



REVIEWS

H3K4me3 /H3K3me3
H3K%ac /H4K5ac

A
Unmethylated 5-methylcytosine
cytosine residues Activation of gene residues Suppression of
QQQQQ expression (P(PCP(P(P gene expression
CpG island CpG island
B

Activation of gene

I_

H3K9me3 /H3K27me3

Suppression
of gene expression

N

Nucleosome

DNA

Ly —

mRNA

miRNA
. :[I]]]]IO — BT
mRNA binding > ‘
N

Translation repression
in P bodies

mRNA degradation

< .QQ")\

Fig. 1. The major epigenetic mechanisms regulating gene expression. The exon-intron structure of a gene is shown as

dark blue and light blue rectangles, respectively. (A)
the gene promoter region. (B)

— Methylation of cytosine residues in the CpG island located in
— The most common modifications of the histone proteins involved in gene expression

activation (acetylation of either histone H3 lysine 9 or histone H4 lysine 5 (H3K9ac /H4K5ac) and trimethylation of either
histone H3 lysine 3 or histone H3 lysine 4 (H3K4me3 /H3K3me3)) and suppression (trimethylation of either histone H3
lysine 9 or histone H3 lysine 27 (H3K9me3 /H3K27me3)). (C) — MicroRNA-mediated repression of mRNA translation and

degradation

Identification of the features of the epigenetic regula-
tion characteristic of these pathologies can help in our
understanding of the mechanisms of their development
and contribute to the creation of new effective thera-
peutic drugs.

In this review, we will focus on one of the key mech-
anisms of the epigenetic regulation of gene expression,
namely DNA methylation, and its role in the devel-
opment of multiple sclerosis (MS), a socially potent,
severe disease of the central nervous system (CNS)
characterized by chronic autoimmune inflammation
and neurodegeneration.

MOLECULAR MECHANISMS OF THE EPIGENETIC
REGULATION OF GENE EXPRESSION

DNA methylation is a universal epigenetic mechanism
that suppresses gene expression in various ways and is
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involved in the regulation of the activity of the other
two mechanisms mentioned above: histone modifi-
cation and gene expression regulation by non-coding
RNAs. In the overwhelming majority of cases, DNA
is methylated at the C5 position of cytosine in CpG
dinucleotides (CpG sites). The CpG sites that undergo
methylation are unevenly distributed throughout the
genome; they can form clusters called CpG islands.
CpG islands are DNA regions at least 500 bp long with
> 55% content of G and C nucleotides and a > 65% ratio
of the actual number of CpG sites to the expected one
with uniform distribution throughout the genome [10].
CpG islands and neighboring areas (shore) within 2 kb
are of the greatest functional significance, since their
methylation/demethylation effectively changes the
expression level of nearby genes (see Fig. 1A). There
are also distant areas (shelf) located within 2 kb from
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the neighboring regions and the rest of the genome
(sea), where CpG sites are rare and distributed rela-
tively evenly. About 70% of the gene promoters contain
CpG islands [11], which determines the participation of
the latter in gene expression regulation.

An overall scheme summarizing our current under-
standing of the molecular mechanisms of methylation
and demethylation of CpG sites in the genome and
their involvement in gene expression regulation is
shown in Fig. 2.

DNA methylation is performed by DNA methyl-
transferases (DNMTs), enzymes that can transfer
a methyl group to the fifth carbon atom of the cyto-
sine residue to form 5-methylcytosine (5mC), using
S-adenosyl methionine (SAM) as a donor [12]. The
DNMT family includes DNMT1, DNMT2, and the
DNMTS3 subfamily consisting of DNMT3a, DNMT3b,
and DNMT3L. DNMT1 is responsible for DNA meth-
ylation after replication and able to rapidly methylate
the newly synthesized DNA strand complementary to
the template strand. The DNMT3 subfamily is involved
in de novo DNA methylation [13]. DNMT2/TRDMT1,

tRNA (cytosine-5-)-methyltransferase, is technically
not a DNA methyltransferase; it is involved in cytosine
methylation at the 38 residue of the tRNA anticodon
loop.

Methylation of CpG sites in the gene promoter
region utilizes methyl-binding domain (MBD) pro-
teins that are capable of suppressing gene expression
through two different mechanisms. The first response
to promoter methylation is the assembly of MBD-based
protein complexes, including corepressor proteins (Rep)
that provide rapid suppression of expression by pre-
venting the binding of transcription factors [14]. For
long-term stable gene suppression, MBD proteins can
recruit histone deacetylases (HDACSs) and, thus, initiate
another mechanism of epigenetic regulation of gene
expression: histone modification leading to chromatin
condensation in the gene region [15, 16].

Demethylation of 5-methylcytosine involves TET
methylcytosine dioxygenases 1, 2, and 3, which belong
to the same family. They can catalyze the oxidation of
5-methylcytosine to 5-hydroxymethylcytosine, then
to 5-formylcytosine, and finally to 5-carboxylcytosine
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[17]. The resulting modified bases are not recognized as
methylated ones by the cell molecular machinery and
can remain relatively stable, being gradually lost dur-
ing the synthesis of new DNA molecules in replication.
This passive demethylation process is called replica-
tion-dependent dilution. In addition, 5-formylcytosine
and 5-carboxylcytosine can be actively eliminated
independently of replication through their cleavage
from the sugar-phosphate backbone of DNA with the
participation of thymine DNA glycosylase, with subse-
quent repair of the break by base excision repair [17].

As mentioned above, DNA methylation is closely
related to the epigenetic mechanism of histone modi-
fication [16]. The most significant histone modifica-
tions include acetylation and methylation (see Fig. 1B).
Histones are acetylated at lysine residues by histone
acetyltransferases; the reverse process is carried out
by histone deacetylases. High levels of histone acetyla-
tion contribute to less dense chromatin regions and,
thus, increased DNA accessibility to chromatin-bind-
ing proteins and transcription enzymes, while a low
acetylation level has the opposite effect. Methylation
of histones at either lysine or arginine residues is cata-
lyzed by histone methyltransferases, and the effect of
methylation on chromatin density and, therefore, gene
expression depends on the location of the amino acid
residue and the number of methyl groups it possesses
[18].

MicroRNA-mediated regulation of gene expres-
sion (see Fig. 1C) also largely depends on the level of
DNA methylation, since it is performed at the post-
transcriptional level, and the cellular microRNA level
depends on the methylation status of their genes [19].
MicroRNAs are small (18—25 nt long) single-stranded
non-coding RNA molecules that can complementarily
bind to the target gene mRNA. Binding occurs mainly
in the 3’-untranslated region of the target gene and
triggers a cascade of reactions resulting in suppressed
synthesis of its protein product. Full complementarity
between a microRNA and its target mRNA upon their
binding activates the enzymes of the endonuclease
complex and a subsequent degradation of the target
mRNA, while incomplete complementarity suppresses
translation at either the initiation or elongation stage,
cleavage of the mRNA poly-A sequence and transloca-
tion of the mRNA to P bodies for subsequent storage or
degradation [20].

DNA methylation is the most studied process
among the three described mechanisms of epigenetic
regulation of gene expression. Considerable evidence
indicating the key role of this process in the develop-
ment of numerous autoimmune and neurodegenera-
tive diseases in humans has been accumulated to date
[8, 9]. These pathologies include MS. We will further
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consider a set of data that analyzes the contribution of
DNA methylation to the development of this severe
CNS disease.

EPIDEMIOLOGICAL, CLINICAL, AND ETIOLOGICAL
FEATURES OF MULTIPLE SCLEROSIS

MS is a chronic autoimmune disease; its pathogenesis
includes demyelination of CNS axons and neurodegen-
eration and is accompanied by progressive neurological
dysfunction [3]. A steady increase in neurological defi-
cit leads to irreversible disability in young, working age
patients, which points to the high social and economic
toll of the disease. MS is present almost all over the
world, but its prevalence varies greatly in different
populations. In the Russian Federation, the disease in-
cidence is about 80 cases per 100,000 [21]. The disease’s
prevalence is on the increase, which is associated not
only with growth in life expectancy and increasing suc-
cess in the diagnosis of MS, but also with a real increase
in its incidence [22].

MS is characterized by a pronounced clinical het-
erogeneity. Most patients have relapsing-remitting MS
(RRMS) that is characterized by alternating periods of
neurological deficit worsening (relapses) and reduc-
tion/disappearance of neurological symptoms (remis-
sions). In the absence of effective drug therapy, about
half of RRMS patients develop secondary progressive
MS (SPMS) within 10 years from the onset of the dis-
ease, which is characterized by a steady increase in the
degree of neurological deficit [23]. A similar clinical
picture is observed from the very onset of the disease
in 10—15% of patients, and this severe disease course is
called primary progressive MS (PPMS) [24]. Different
MS courses are characterized by different severities
of the autoimmune, inflammatory, and neurodegen-
erative processes involved in its pathogenesis [25]. The
changes in the degree of neurological deficit observed
in different MS courses (RRMS, SPMS, and PPMS) are
presented in Fig. 3.

Like other common autoimmune diseases with a
pronounced inflammatory component, MS is gener-
ally considered a multifactorial disease; it develops in
genetically predisposed individuals upon exposure to
environmental factors. The effect of hereditary and
external factors can be mediated by epigenetic mecha-
nisms of gene expression regulation, mainly DNA
methylation [3].

A fairly large number of environmental factors that
can act as disease triggers have been identified so far,
and many of them can affect the epigenetic mecha-
nisms of gene expression regulation. These external
factors include viral infections. For instance, there is a
clear relationship between a high risk of MS and previ-
ous infectious mononucleosis, a disease caused by the
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Fig. 3. Schematic representation of neurological changes during different clinical courses of MS. The dashed line indi-
cates the neurological deficit level accompanied by clinical manifestations of the disease. The clinically isolated syndrome
(CIS) is the first episode of clinical relapse typical of relapsing-remitting MS (RRMS). It can be followed by several years
of clinical remission. Repeated relapses followed by periods of remission allow for diagnosing RRMS. Some patients with
a prolonged medical history of RRMS develop secondary progressive MS (SPMS) characterized by a steady neurolog-
ical worsening. Primary progressive MS (PPMS), which is characterized by neurological worsening without remissions
from the onset of the disease, is also presented; PPMS manifests itself later than RRMS. The time scale is built based on
the mean patient age at the onset of different clinical courses of MS [23, 24, 26]. The number and duration of relapses

and remissions are shown schematically

Epstein—Barr virus [27]. Latent membrane protein 1
(LMP1) of the Epstein-Barr virus is homologous to the
surface protein of CD40 B cells and is involved in the
stimulation of B-cell-mediated immune and inflam-
matory responses, thereby increasing the risk of MS
and other autoimmune diseases [28]. In addition to the
direct stimulation of CD40-dependent signaling path-
ways, LMP1 can activate the epigenetic mechanism of
DNA methylation in cells, which increases the overall
methylation level of the host cell genome, resulting in a
modulation of the expression of various genes [29].
Another important risk factor for MS is tobacco
smoking [30]. Recent studies have shown that, like
infection with the Epstein—Barr virus, smoking also
stimulates DNA methylation in MS patients [31, 32]. In
addition, smoking promotes histone modification and
changes in the miRNA expression profiles in a number
of cell lines: i.e,, it affects all three key mechanisms of
the epigenetic regulation of gene expression [33, 34].
The effect of other risk factors for MS, such as the
levels of vitamin D [35] and female reproductive hor-

mones [36, 37], on gene expression can also be mediated
significantly by epigenetic processes [38—40].
Significant attention has been historically focused
on the investigation of the genetic characteristics of
MS. The first genomic region that was shown to be
associated with the disease was the HLA major histo-
compatibility complex genes’ locus. To date, the *1501
allele of the highly polymorphic HLA class II DRB1
gene is considered the main MS risk marker. Besides
this allele, other DRB1 variants are associated with the
disease in European populations: *0301, *0405, *0801,
*1303, etc., as well as a number of alleles of HLA class
I genes (HLA-A*0301, HLA-B*3701, *3801, as well as
*4402, HLA-C*05, and *07) [41]. Genome-wide associa-
tion studies (GWAS) proved most efficient in detecting
new MS susceptibility markers outside the HLA locus.
They have revealed more than 200 disease-associated
polymorphic variants to date. At the same time, ac-
cording to various estimates, the overall contribution of
all those identified genetic variants can explain < 48%
of heritability [42]. The epigenetic mechanisms affect-
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Table 1. Data on DNA methylation in MS patients obtained using the candidate gene approach

DNA 5 Year
source Study group Main result [ref]
RRMS patients, L . . . 2017
T lym- control group Hypermethylation in the alternative VDR promoter in RRMS patients [43]
phocytes RRMS patients, N . : 2017
control group Hypermethylation in the IL2ZRA promoter in RRMS patients [44]
RRMS patients, An association between hypermethylation of LINE-1 retrotransposons and a 2017
control group high risk of RRMS with a low effectiveness of IFN-beta therapy was found [45]
RRMS patients, IL2RA gene analysis revealed no differences in its methylation status between | 2017
control group study groups [44]
RRMS patients, Hypermethylation of TET2 and DNMT1 gene promoters was detected in RRMS | 2014
PBMCs control group patients; there were no significant differences in global methylation [46]
RRMS patients, . . . 2012
control group Hypermethylation of the PTPN6 promoter in RRMS patients [47]
RRMS patients, Analysis of PADI2 and PADI4 showed hypomethylation of the PADI2 promoter | 2012
control group in RRMS patients [48]
Monozygotic twins Analysis of CIITA revealed no differences in the methylation status between 2008
discordant for MS groups [49]
RRMS patients Hypomethylation of BDNF in patients with higher disease progression rates 2[g(1)?
RRMS patients durin Analysis of RUNX3, MLH1, IGF2, CDKN2A, SOCS1, NEUROG1, CACNAIG, and
rela sepan d remissiong CRABPI1 showed differential methylation of RUNX3, CDKN2A, SOCS1, and 2018
I;ontrol rou >| NEUROGI1 in RRMS patients compared to controls; there were no differences [51]
Whole group between relapse and remission patients
blood RRMS patients, Analysis of TMEM39A revealed no differences in the methylation status 2017
control group between the study groups [52]
RRMS patients, Hypermethylation of LINE-1 retrotransposons was detected in patients; methyl-| 2016
control group ation level correlated with the average disability score according to the EDSS [53]
RRMS and PPMS | Analysis of HLA-DRB1*1501 and HLA-DRB)5 found no association between their | 2010
patients methylation status and clinical MS course [54]
RRMS patients, Hypermethylation of some L1PA2 members of LINE-1 retrotransposons in 2018
control group RRMS patients [55]
RRMS patients during . . . . .
. Hypermethylation of MOG in RRMS patients during relapse compared to remis- | 2016
Blood | relapse and remission, . .
sion patients and the control group [56]
serum control group
RRMS patients @u?mg Analysis of a panel of 56 genes revealed significant differences in their methyla- | 2010
relapse and remission, :
tion levels between all three groups [57]
control group
RRMS patients, Analysis of IL2ZRA showed no relationship between its methylation status in 2017
Brain control group different study groups [44]
ti i
195HES RIS el Hypermethylation of PADI2 in normal white matter of RRMS patients 0y
control group [58]

ing gene expression in various cells and tissues and
unrelated to changes in the DNA nucleotide sequence
may be key in solving the problem of missing MS heri-
tability.

STUDY OF DNA METHYLATION IN MULTIPLE SCLEROSIS

Studies of DNA methylation in MS started more than
10 years ago with the use of various approaches, the
most common of which were the analysis of the differ-
ential methylation of individual candidate genes and
genome-wide methylation analysis using high-den-
sity DNA microarrays or next generation sequencing
(NGS). The DNA methylation analysis of promising
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candidate genes became the first approach to be used,
since it was the most accessible. In the majority of those
studies, the analysis was performed using either py-
rosequencing or MALDI-TOF mass spectrometry of
DNA amplification products after DNA bisulfite con-
version, as well as methylation-specific PCR, followed
by a comparison of average CpG methylation levels in
the studied fragments. Generally, RRMS patients were
studied and the control groups consisted of healthy
individuals. These studies were few (only 16 articles
have been found) and were carried out using DNA ob-
tained from whole blood, its fractions, and brain tissue
(Table 1).
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As can be seen from Table 1, differential methylation
of the genes involved in the regulation of autoimmune
responses (ILZRA, PTPN6, and SOCS1) [44, 47,51] and
CNS function (PADI2, CDKN2A, RUNX3, NEUROGI,
and BDNF) [48, 50, 51] was detected in the whole blood
and various leukocyte populations of RRMS patients.
The observed differences in DNA methylation levels
turn out to be divergent, indicating the involvement
of this epigenetic process in both the activation [47, 51]
and suppression of inflammatory responses in the CNS
[44, 48, 50]. Hypermethylation of the VDR gene, which
codes for the vitamin D receptor whose deficiency is
considered one of the key non-hereditary triggers of
MS, as well as the DNMT1 and TETZ2 genes involved
in DNA methylation and demethylation, respectively,
was noted in the blood cells [43, 46].

A study of a set of 56 genes in serum-circulating
DNA revealed differences in these genes’ methylation
levels, which allow for distinguishing RRMS patients
during relapses from patients in remission and healthy
individuals of the control group with > 70% sensitiv-
ity and specificity [57]. Another study showed hyper-
methylation of MOG, which encodes one of the myelin
sheath proteins, in the serum of RRMS patients [56].
According to the authors, this may indicate impaired
expression of MOG in oligodendrocytes, whose DNA
enters the bloodstream after their destruction by de-
myelination. An analysis of brain tissues demonstrated
hypomethylation of the peptidyl arginine deiminase
type 2 (PADI2) gene that is involved in the post-trans-
lational modification of the key myelin sheath protein
in neurons; namely, the myelin basic protein (MBP)
[58]. The fact that this gene is also hypomethylated
in the peripheral blood mononuclear cells (PBMCs) of
RRMS patients may be an indication of the involve-
ment of the regulatory mechanisms, which are similar
among different tissues, in gene expression modulation
[48].

The only study comparing the methylation levels
of HLA-DRBI1 and HLA-DRB) in the whole blood of
RRMS and PPMS patients [54] found no significant dif-
ferences between these groups.

Studies of the methylation level of LINE retrotrans-
posons should be mentioned separately. Under normal
conditions, these repeated sequences contain many
methylated CpG sites, which prevents the transcrip-
tion of their genes [59]. Therefore, analysis of their
differential methylation is a simple way to assess the
global level of genome methylation in various tumors
and some autoimmune diseases [55]. The methylation
level of LINE-1 family retrotransposons was analyzed
in RRMS patients in PBMCs, whole blood, and blood
serum: LINE-1 hypermethylation was observed in all
cases [45, 53, 55]. In addition, an association was found

between a greater methylation level of LINE-1 and
both severe disability according to the EDSS score and
a low efficacy of IFN-beta therapy for RRMS [45, 53].
A good reproducibility of the data on the hypermeth-
ylation of LINE-1 elements in MS patients, as well as an
association between their methylation levels, disease
severity, and drug therapy effectiveness, is an indica-
tion that LINE-1 retrotransposons could become prom-
ising diagnostic and prognostic markers of MS.

In general, the data obtained using the candidate
gene approach have shown that DNA methylation is
involved in MS pathogenesis and they paved the way
for the investigation of this epigenetic mechanism of
gene expression regulation in MS patients using less
sensitive, but much more efficient, genome-wide
methods. The use of these methods, which primarily
include high-density DNA microarrays and NGS, al-
lows for the detection of differentially methylated sites
(DMSs), individual CpG sites whose methylation levels
change in MS, throughout the genome. Table 2 sum-
marizes the results of genome-wide studies of DNA
methylation in MS patients using different groups for
comparison.

It is important to note that the threshold of statistical
significance (p) for DMS detection at the genome-wide
level greatly varies between different studies. In five
out of 18 works presented in Table 2, corrections for
multiple comparisons were applied and the differ-
ences were considered significant at p,,, < 0.05 [32,
60—63]. Other studies used a less stringent threshold of
statistical significance: a nominal p value in a range of
0.05—0.0005. In addition to the p value, the minimum
difference in the mean CpG methylation level between
the compared groups (B), which most often varies with-
in 5—10%, is also used as a selection criterion for DMS
[64, 65]. Since DMSs not meeting the criteria selected
by the authors are often omitted in publications, we
will further rely on the p and B values the authors used
for DMS detection.

Various blood cells and fractions (whole blood, se-
rum, PBMCs, CD4+ and CD8+ T cells, CD19+ B cells,
and CD14+ monocytes) were mostly used as a source
of DNA in the published papers; brain tissue has been
studied in only a few works. In some papers, twins dis-
cordant for MS were studied. However, in most cases,
RRMS patients were compared to unrelated healthy
individuals. A few studies analyzed a change in DNA
methylation in RRMS patients during therapy using
various drugs, during relapse and remission, as well as
when comparing RRMS individuals with SPMS and/
or PPMS groups.

In Table 2, the data obtained when analyzing DNA
methylation profiles in pairs of monozygous twins dis-
cordant for MS should be discussed separately from
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Table 2. Data on DNA methylation in MS patients obtained using high-throughput methods

CD8+
T lymphocytes

CD14+ mono-
cytes

RRMS patients. control grou Differential methylation of HLA-DRB1 and SLFN12 in RRMS 2019
P ' group patients; global DNA hypermethylation [66]
RRMS patients, control group | A total of 79 DMSs, none of which was located within HLA-DRBI 2[‘7)(1)?
DNA hypermethylation was found in RRMS patients compared to 2015

RRMS patients, control group | the control; no differences in methylation levels of individual DMSs [60]

RRMS patients, control group

were noted

Two DMSs in HLA-DRBI1

2018
[72]

PBMCs

Brain tissues

Monozygotic twins discordant | Differential methylation of TMEM232 and ZBTB16 was observed
for MS (combined group of in MS patients and then replicated in an independent sample. 2019
RRMS, SPMS, and PPMS IFN-beta therapy induces hypomethylation of RSAD2, MX1,and | [61]

patients) PLSCRI1

DNA hypermethylation was found in PPMS patients compared to
RRMS and PPMS patients, both RRMS and control groups; 30 and 67 DMSs were detected in | 2016
control group RRMS and PPMS compared to the control, respectively; 51 DMSs | [74]

were found when comparing two MS forms with each other

. Global DNA hypermethylation and 2,811 individual DMSs were 2019
RRMS patients, control group detected in RRMS patients [62]
Demyelinated and healthy le.fel."entlal methylation of 16 genes, whose expression is c}}arac— 2017
N . teristic of astrocytes and neurons, was found in the demyelinated
brain tissue of RRMS patients . : [75]
hippocampal tissue
Hypermethylation of genes involved in maintaining the vital activ- 2014
RRMS patients, control group | ity of oligodendrocytes and hypomethylation of genes involved in (63]
proteolytic processes were detected in MS patients
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the other results. Comparison of DNA methylation
levels in the CD4+ T cells of twins discordant for MS
revealed no significant differences in any of the three
pairs studied: the number of DMSs observed when
comparing twins from each pair was lower than that
obtained when comparing unrelated healthy individu-
als [69]. A study of the same lymphocyte population
revealed differential methylation of the FIRRE gene
between twins, while the analysis of DNA methyla-
tion in PBMCs showed the presence of DMSs in the re-
gions of TMEMZ232 and ZBTB16 [61]. However, since
the study group included patients with RRMS, SPMS,
and PPMS, the detected DMSs can be considered only
epigenetic markers characteristic of MS in general. It is
safe to state that the studies carried out using the twin
methods have not led to any unambiguous conclusions
so far.

As seen from Table 2, most of the published works
compared DNA methylation levels in T cells (primar-
ily CD4+) between RRMS patients and the control
group; however, contradictory data were obtained in
most of the cases. In particular, the results of six stud-
ies performed using CD4+ T cells can be compared
to each other. For instance, a study by S.D. Bos et al.
showed no significant differences in DNA methylation
between RRMS individuals and healthy donors [60]. In
a study by B. Rhead et al.,, DMSs were found in RRMS
patients in the MOG/ZFP57, HLA-DRB1, NINJ2/
LOC100049716, and SLFN12 genes [66]. S. Ruhrmann
et al. detected DMSs clusters in the last two exons of
the VMP1/MIR21 gene [67]. Another two studies car-
ried out by the same research group also revealed sig-
nificant differences in methylation profiles between
RRMS patients and healthy individuals [65, 68]. The
only differentially methylated region identified in both
works was the HLA locus, which turned out to be hy-
permethylated in patients, mainly in the HLA-DRB]I1
region, while the markers of differential methylation
outside the HLA locus found in [65] and [68] differed
between each other and were not identified in other
studies.

The results obtained in three works on DNA meth-
ylation in CD8+ T cells are also difficult to compare.
S.D. Bos et al. noted global DNA hypermethylation in
RRMS individuals; however, no significant differences
in the methylation of individual CpG sites were found
[60]. The data on global DNA hypermethylation were
confirmed by B. Rhead et al., who detected DMSs in the
region of HLA-DRB1 and SLFN12 in RRMS patients
[66]. No trend towards global hypermethylation was
observed in a study by V.E. Maltby et al,; however, 79
separate DMSs were detected throughout the genome,
none of which were located within either HLA-DRB1
or SLFN12[70].

An analysis of CD19+ B cells revealed a DMS clus-
ter in the LTA gene, and a number of DMSs in the
SLC44A2, LTBR, CARDI11, and CXCR5 genes, which,
according to GWAS, are associated with MS [71]. It
should be noted that the RRMS group was heteroge-
neous in that study: it included both patients without
drug therapy and patients taking various immunomod-
ulatory drugs. Reduced methylation of HLA-DRB1 was
observed in the CD14+ monocytes of RRMS patients,
mainly in DRB1*1501 allele carriers [72].

Special attention should be paid to a recent compre-
hensive study that evaluated the levels of DNA meth-
ylation in all mentioned populations of blood leukocytes
(CD4+ and CD8+ T cells, CD19+ B cells, and CD14+
monocytes) in RRMS and SPMS patients, as well as in
healthy individuals in the control group, followed by a
selection of DMSs common to different cell types [73].
This significantly increased the power of the statistical
analysis and allowed for the identification of meth-
ylation patterns specific to RRMS and SPMS patients,
which were then validated in DNA samples from
CD14+ monocytes and the whole blood of independent
groups of patients and healthy individuals. Although
the use of these integrated approach does not allow for
a detailed analysis of the role of DNA methylation in
the functioning of individual populations of blood leu-
kocytes during disease development, it helps to identify
the features of DNA methylation that characterize
different clinical forms of MS. This may be useful for
their differential diagnosis at early disease stages; in
addition, it also provides clues as to the development of
new drugs that are highly effective in the therapy of
MS forms poorly responsive to treatment.

PBMC s, a fraction of blood cells mostly consisting of
all the previously mentioned subpopulations of leuko-
cytes, can be used as a more accessible object for the
search for DNA methylation markers characteristic
of different MS forms. We carried out research using
the case-control design and analyzed DNA methyla-
tion levels in the PBMCs of RRMS and PPMS patients.
This analysis showed preferential hypermethylation of
PBMC DNA in PPMS patients compared to both RRMS
individuals and the control group, and it also revealed
a set of individual DMSs specific to each of the studied
MS forms [74]. This is the only genome-wide study per-
formed in PPMS patients so far, and its data undoubt-
edly require validation in independent samples.

Very sparse studies on DNA methylation before
and after a course of therapy with immunomodulatory
drugs should be mentioned also. DNA isolated from the
CD4+ T cells of the same RRMS patients was shown to
have many DMSs throughout the genome associated
with treatment, 97% of which were hypermethylated
after treatment [64]. N. Souren et al. showed that intake
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Table 3. Genes differentially methylated in MS in different populations of blood leukocytes according to the data of at
least two independent studies and the biological functions of their protein products according to the UniProt [76] and
NCBI Gene [77] databases

Gene Biological function of the protein product Reference
AHRR Aryl hydrocarbon receptor repressor; it is involved in metabolism of xenobiotics and regula- (68, 73]
tion of cell growth and differentiation ’
The catalytic component of the P4-ATPase flippase complex, which ensures the maintenance
ATP11A e L [73,74]
of asymmetric distribution of phospholipids in membranes
DLGAP2 |Protein product can participate in molecular organization of synapses and nerve cell signaling [70, 73]
DYDC2 Unknown [70, 73]
ERICH1 Unknown [65, 73]
The gamma subunit of the G protein; it is involved in signaling in adenylate cyclase-depend-
GNG7 . : : : [68, 73]
ent pathways in certain brain regions
HLA-DQBI Protein product is involved in presentation of antigenic peptides to CD4+ T lymphocytes as (68, 73]
part of MHC class IT molecules
HLA-DRB1 Protein product is involved in presentation of antigenic peptides to CD4+ T lymphocytes as [65, 66, 68, 72]
part of MHC class II molecules
HLA-DRB5 Protein product is involved in presentation of antigenic peptides to CD4+ T lymphocytes as 65, 68, 73]
part of MHC class I molecules
HOXC4 Transcription factor involved in cell positioning alpng the anteroposterior body axis during [73, 74]
ontogenesis
TNXB Protein product mediates the interaction between the cells and the extracellular matrix [70, 73]
Protein product is involved in suppression of NF-kB and inhibition of PARK2-mediated
USP35 . . . [68, 73]
degradation of mitochondria
ZFYVEZ28 Negative regulator of epidermal growth factor receptor signaling [73,74]

of IFN-beta by patients induces hypomethylation of
RSADZ2, MX1, and PLSCR1 in PBMCs [61]. Although
these data require independent confirmation, they
are indicative of an important role for the epigenetic
mechanism of DNA methylation in the development
and suppression of a MS pathology. In addition, they
show the importance of taking into account not only
the type of MS course [74], but also the intake of immu-
nomodulatory drugs [64] when selecting homogeneous
groups of MS patients for a DNA methylation analysis.

Only a few works [32, 60] used serum and whole
blood as a biological source to search for differential
methylation profiles characterizing MS, since a wide
range of different body cells can be the source of DNA
entering the bloodstream, and the observed changes
in DNA methylation levels are difficult to interpret.
S.D. Bos et al. revealed no significant differences in
DNA methylation profiles in whole blood samples [60].
Another work showed an association between smoking
and the DNA methylation level in the whole blood of
RRMS patients, with the most significant differences
being found in women and carriers of MS risk hap-
lotypes of the HLA locus [32]. To date, there are only
three studies that have analyzed DNA methylation
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in various brain tissues in MS. Individual DMSs were
identified when comparing demyelinated and normal
hippocampus tissue in MS patients [75], as well as the
white matter [62] and the frontal cortex [63] of RRMS
patients and the control group. Differences in the de-
sign of studies and in the biological source of DNA do
not allow us to reliably compare the results of these
works.

In general, despite a rather extensive amount of
accumulated data, the HLA gene locus is the only
genomic region whose differential methylation in the
same biological source has been confirmed in indepen-
dent studies [65, 66]. Meanwhile, the results obtained in
[73] show that universal patterns of differential DNA
methylation (at least in different populations of blood
leukocytes) can exist in MS. Based on this data, we
searched for DMSs identified in more than one study
using both the candidate gene approach (Table 1) and
the high-throughput DNA analysis (Table 2), regard-
less of which leukocyte populations were used as a
DNA source. The identified genes and the main func-
tions of their protein products are presented in Table 3.

The genes presented in Table 3 are involved in
the immune response (HLA-D@B1, HLA-DRBI,
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HLA-DRB), and USP3)), signal transduction (AHRR,
ATP11A, GNG7, HOXC4, and ZFYVEZ2S8), and the in-
teraction with the matrix (DLGAPZ2, TNXB). The role
of the DYDCZ2 and ERICH]1 genes remains unknown.
Most of the listed genes were identified in [73] as MS
markers universal for different leukocyte populations,
which is indicative of their contribution to MS patho-
genesis at the level of the integral systems regulating a
cell’s vital activity, which are common among different
cell types. Differential methylation of HLA-DRBI1 in
MS was observed in four studies in CD4+ and CD8+
T-lyphocytes, as well as CD14+ monocytes [65, 66,
68, 72]. Although the authors of [73] did not consider
DMSs in HLA-DRB]1 as MS-associated ones, other HLA
genes were included in this category: HLA-A, HLA-H,
HLA-J, HLA-DRA, HLA-DQ@B1, and HLA-DRB5). In
addition, HLA-DRBI1 was found among the markers of
differential methylation characteristic of SPMS [73].
HLA genes are believed to play a leading role in
genetic predisposition to MS, and the level of signifi-
cance of the association between the HLA-DRB1*15
allele and MS development in GWAS studies exceeds
p <5 X 10°19042]. Thus, the fact that, of the more than
200 GWAS-identified MS risk genes differences in
methylation levels in at least two independent studies

were shown for only HLA genes seems quite indica-
tive. In most cases, during disease development, the
effects of DNA methylation and genetic variability ap-
parently manifest themselves through different gene
sets, a fact that determines the relative independence
of these processes from each other. In addition, DNA
methylation almost never affects the master genes but
exerts a small effect on the expression levels of many
other genes.

In conclusion, the data obtained to date indicate
the involvement of the epigenetic mechanism of DNA
methylation in MS, which takes place in various blood
cells and brain tissues. Further expansion of the list of
known genes undergoing epigenetic regulation in MS
will make a significant contribution to our understand-
ing of the disease’s pathogenesis. In addition, we may
expect the identification of the genes whose meth-
ylation levels either differ in different MS courses or
change upon exposure to immunomodulatory drugs,
which may facilitate the development of effective
prognostic tests and the identification of new thera-
peutic targets. ®

This study was supported by the Russian Foundation
for Basic Research grant No. 19-115-50123.
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