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Abstract—Multiple sclerosis is a chronic autoimmune inflammatory and neurodegenerative disease leading
to demyelination of nerve cells in the brain and the spinal cord. Despite extensive research, the pathogenesis
of this disease is not fully understood. A review of most recent experimental studies shows that epigenetic
mechanisms regulating gene expression, such as DNA methylation, histone acetylation, and microRNAs,
play the crucial role in the pathogenesis of multiple sclerosis. Analysis of the published data suggests that mul-
tiple sclerosis develops as a result of abnormal regulation of gene expression in the nervous and immune sys-
tems.
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Multiple sclerosis (MS) is a chronic progressive
autoimmune disease of inflammatory and neurode-
generative nature that affects the central nervous sys-
tem. According to the recent data, the number of MS
patients worldwide approaches two million, and the
number of female patients is significantly higher than
the number of affected men. The disease occurs more
frequently in the families of MS patients: the risk level
in patients’ relatives is 20–50 times higher than the
population mean [1–3].

On the pathomorphological level, MS develops in
the form of inflammation and demyelination involv-
ing oligodendrocytes, axons, and neurons, with subse-
quent formation of sclerotic plaques in the white mat-
ter of the brain and the spinal cord, which decreases
the rate neurotransmission, causes impulse dissipa-
tion, and produces a broad range of clinical signs.
Myelin sheath of neurons is disrupted as a result of
focal infiltration of lymphocytes, macrophages, and
antibodies, which is accompanied by local connective
tissue growth at the affected sites and development of
inflammation and neurodegenerative processes [4]. In
spite of the longstanding research concerning the clin-
ical presentation of MS, as well as its genetic, immu-
nological, and environmental aspects, the mecha-
nisms of its pathogenesis still have not been clarified
[4]. The current consensus opinion holds that this dis-
ease is induced by a combination of genetic and envi-
ronmental factors (e.g., smoking, insufficient insola-
tion and vitamin D deficit, or viral infections).

The hypothesis that there exists genetic predisposi-
tion to MS was proposed long ago and has been con-

sistently confirmed in numerous epidemiologic, pop-
ulation-based, and twin-based studies. These aspects
have been comprehensively discussed in a number of
reviews [5–11]. In monozygotic twins, MS concor-
dance constitutes approximately 30%, which is six
times higher than in dizygotic twins (5%) [12].

Studies aimed at identifying genes of predisposi-
tion to MS have been employing different approaches;
they were analyzed in detail by Favorova et al. [9, 10].
The most informative were genome-wide association
studies (GWAS). Using this approach, a total of 13
studies have revealed 120 loci (according to some
sources, 200 loci) significantly associated with MS. In
nearly all of these studies, MS exhibited significant
association with the HLA locus (OR = 2.05–3.3) and
specifically with HLA-DRB1 class II. The group with
the highest risk of MS are carriers of HLA-
DRB1*15:01 haplotype. Other MS-associated genes
that do not belong to the HLA locus have moderate OR
values (1.03–1.3); among them, a considerable num-
ber is involved in the functioning of T cells and devel-
opment of inflammatory processes. Extended lists of
MS-associated polymorphic loci and their putative
role in the pathogenesis of MS are provided and com-
prehensively discussed in other reviews [9–11].

It should be noted, however, that the lists of candi-
date genes of MS risk identified in different associa-
tion studies are not quite consistent [13]. This fact has
invited several hypotheses supposing, in particular,
that this may be due to ethnic heterogeneity of the
groups studied, differences in MS phenotypes, limited
ethnic diversity of patients’ samples, genotyping
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errors, lack of information on environmental factors,
diagnostic errors, and other possible factors.

Certainly, association studies provide important
information concerning the genetic component of
MS; however, in the absence of information about the
functional state of each particular gene accounting for
tissue specificity of their expression, it is rather diffi-
cult to evaluate their contribution to MS pathogenesis.
From this point of view, it is critically important to
investigate the mechanisms that regulate gene expres-
sion irrespective of their nucleotide sequence, i.e., epi-
genetic mechanisms. This notion is based on the
above-mentioned fact that MS concordance in mono-
zygotic twins is incomplete, which suggests that non-
genetic factors also play a significant role in predispo-
sition to MS. Moreover, it was supposed that epigene-
tic modifications may be involved in the initiation and
development of MS, probably while the pattern of epi-
genetic modifications of DNA and histones changes in
response to environmental factors [14].

DNA METHYLATION

The best-studied epigenetic mechanism is enzy-
matic methylation of DNA. In mammalian DNA,
methylation mainly occurs at CpG dinucleotides and
is mediated by DNA methyltransferases that transfer a
methyl group from S-adenosylmethionine as a donor
onto C5 atom of the cytosine base. DNA methylation
is a dynamical process, and its level in individual tis-
sues is determined by the relative activities of DNA
methyltransferases and DNA demethylases, depend-
ing on the physiological state of the cells.

DNA methylation is a negative regulator of gene
expression, which is due to changes in the chromatin
structure, namely to its compacting. There is a
hypothesis that DNA methylation is not the cause of
gene silencing but rather its consequence and serves to
stabilize the silencing of particular genes [15]. Modi-
fied DNA regions subsequently bind methyl-binding
proteins and ATP-dependent multiprotein chromatin-
remodeling complexes. It should be noted that meth-
ylation of individual DNA loci is accompanied by
simultaneous histone desacetylation.

The role of DNA methylation in the pathogenesis
of MS has been discussed in a number of reviews [16–
18]. A comparative genome-wide study of DNA meth-
ylation in peripheral blood mononuclear cells of MS
patients and healthy subjects revealed significant dif-
ferences in the DNA methylation patterns. DNA of
MS patients exhibits differential methylation of CpG
dinucleotides, in particular, hypermethylation in
patients with primary progressive MS and hypometh-
ylation in those with relapsing-remitting MS. These
results definitely indicate that DNA methylation is
involved in the pathogenesis of MS and associated
with its different clinical forms [19].
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Comparative analysis of DNA methylation profiles
in CD4+ and CD8+ T cells from peripheral blood of
MS patients and healthy subjects performed by Bos
et al. showed that DNA of CD8+ cells had a distinct
methylation pattern irrespective of the disease status
and was hypermethylated in MS patients [20]. In the
same study, no significant differences were detected in
the methylation of individual CpG dinucleotides in
the genomes of these cells, as well as in the structure of
more than 140 genes associated with MS. At the same
time, the data obtained by Maltby et al. showed an
association between the pattern of DNA methylation
in CD8+ T cells and relapsing–remitting form of MS
[21]. A study by Graves et al. analyzed the genomic
profiles of DNA methylation in CD4+ T cells of
patients with relapsing-remitting MS and healthy sub-
jects and revealed a higher level of methylation in the
HLA-DRB1 region in MS patients [22]. However, this
result was not confirmed by a different study [23],
which reported HLA-DRB1 hypomethylation in CD4+

T cells of MS patients; presumably, this may increase
the risk of disease because of overexpression of this
gene. At the same time, Rhead et al. [24] did not
observe HLA-DRB1 overexpression in CD4+ T cells of
MS patients, probably because demethylation
involved not the gene promoter but rather CpG dinu-
cleotides in the structural part of the sequence. The
authors explain these contradictions by heterogeneity
of the MS patients’ group by the form of disease, the
treatment status, and the presence of genetic varia-
tions at the methylation sites, i.e., the presence of sin-
gle-nucleotide substitutions in the loci of interest.

In contrast to the mechanisms of inflammation,
the pathogenesis of neurodegeneration in MS is
understood insufficiently. From this point of view, an
interesting study was performed by Chomyk et al. [25],
who investigated demyelination patterns of hippocam-
pal neurons in patients with MS and identified the
genes that changed their transcriptional activity as a
result of methylation or demethylation after demyelin-
ation of hippocampal cells, which may contribute sig-
nificantly to changes in the synaptic plasticity, mem-
ory, and neuron survival in MS patients. The authors
identified six such genes, in particular, AKNA, which
exhibited demethylation of the promoter region and,
accordingly, an increase in the transcriptional activity
in demyelinated cells. Demyelination of hippocampal
neurons is also accompanied by hypomethylation of
the promoter region of SFRP1, which encodes a pro-
tein inhibiting the WNT signaling system [26]. At the
same time, neuron demyelination is associated with
hypermethylation of WDR81, NHLH2, and PLCH1
promoters, and accordingly, with a decrease in their
mRNA levels. NHLH2 is a positive regulator of mela-
nocortin receptors and modulates memory and learn-
ing, while a decrease in PLCH1 levels is accompanied
by impairment of short-term memory [27, 28]. A study
by Moscarella et al. detected hypomethylation of
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PAD2 in MS patients; this gene encodes peptidyl-argi-
nine-deiminase 2, an enzyme participating in citrul-
linization of myelin basic protein [29]. The modified
form of myelin basic protein is less stable, and trans-
formation of positively charged arginine residues into
neutral citrulline can make the structure less compact,
lead to protein disintegration, and provoke auto
immune reaction to myelin basic protein.

POSTTRANSLATIONAL HISTONE 
MODIFICATIONS

Posttranslational histone modifications are a key
mechanism of epigenetic regulation of gene expres-
sion, and their role in the development of autoim-
mune disease has been comprehensively discussed in a
review by Wang et al. [30]. To date, eight modifica-
tions of histones H3 and H4 have been described; the
best studied of them are acetylation/deacetylation and
methylation/demethylation of lysine and arginine res-
idues at certain amino acid positions of histone mole-
cules. These modifications are of dynamical character,
and their status in a cell depends on the activity of two
opposing functional systems: histone acetyltransfer-
ases and histone deacetylases or methylases and
demethylases, respectively. Neutralization of posi-
tively charged lysine residues in the N-terminal
regions of histone molecules weakens the electrostatic
interaction between histones and DNA and leads to
decompacting of the chromatin structure, which in
turn facilitates the access to DNA for transcription
factors. Relaxed chromatin structure characterized by
hyperacetylation of nucleosomal histones is a feature
of areas containing actively expressed genes [31].
There exists convincing evidence that histone modifi-
cation is involved in the regulation of different biolog-
ical processes in immune system cells, in particular, in
differentiation of Th1, Th2, Th9, Th17, and Treg cells.
At the same time, very few studies have been investi-
gating the role of this epigenetic mechanism in patho-
genesis of MS. For instance, Shi et al. [32] showed that
CD4+ T cells of MS patients exhibited elevated expres-
sion of ARRB1, which encodes β-arrestine, a protein
playing a central role in T cell survival. In a mouse
model of experimental autoimmune encephalomyeli-
tis, it was shown that ARRB1-dependent acetylation
of histone H4 in the BCL2 promoter region led to
overexpression of this gene. These results suggest that
epigenetic histone modifications might be contribut-
ing to the pathogenesis of MS.

MICRORNAs
Recent publications contain a substantial body of

experimental data suggesting that the mechanisms of
epigenetic regulation of gene expression include
one more component that involves microRNAs
(miRNAs). miRNAs are endogenous single-stranded
nucleotide chains 19–22 bases long. Genes that
encode miRNAs can be present in the genome as sep-
arate transcriptional units or be located within introns
and exons of protein-coding genes, as well as at
intron–exon boundaries [33]. They are transcribed by
RNA polymerase II from their own promoters in the
form of pre-miRNA precursors of ~100 bases. Simi-
larly to protein-coding transcripts, a pre-miRNA
undergoes capping at the 5' end and polyadenylation at
the 3'-end. Next, this transcript is recognized and
cleaved by protein complex Drosha-DGCR8 produc-
ing an intermediate sequence 70 bases long, which can
form a hairpin structure. After that, the product binds
to a GTP-dependent protein exportin 5, is transported
to the cytoplasm, and processed by cytoplasmic RNA
polymerase III Dicer to produce 22-bp-long double-
stranded structures. One of the strands of this RNA is
included in a large protein complex comprising
miRISC, TRBP, and Ago2, subsequently giving rise to
mature miRNA. Finally, miRISC is transferred onto
an mRNA target, miRNA binds to the homologous
sequence, and, depending on the force of this interac-
tion, mRNA either is cleaved or forms a local double-
stranded structure that prevents its translation.
These events are discussed in detail in several reviews
[33–37].

miRNAs can regulate gene expression both on the
transcriptional and post-transcriptional levels. In the
first case, miRNA binds to individual DNA loci and
recruits proteins that participate in chromatin remod-
eling, in particular, heterochromatin formation, which
hinders DNA accessibility for transcriptional factors
and downregulates transcription. In the second case,
mammalian miRNAs interact with complementary
fragments of 3'- or 5'-untranslated regions of mRNA,
inducing degradation of the mRNA target (only a
short stretch of 2–7 bases needs to be exactly comple-
mentary) [38, 39]. Along with activating cleavage of
the target transcript, mammalian miRNAs sometimes
block mRNA translation or induce their deadenyla-
tion, decreasing their half-life period [40].

To date, more than 2500 miRNA species have been
detected in the human genome; all of them have been
sequenced and their sequences are deposited in the
miRBase database [41]. It is known that the same
miRNA type can participate in interactions with sev-
eral mRNA targets, probably, to coordinate their
expression levels under specific physiological condi-
tions. On the other hand, one and the same mRNA
can interact simultaneously with several miRNA spe-
cies, which probably reflects the coordination among
several signaling pathways involved in posttranscrip-
tional regulation of the gene activity.

miRNAs are extensively transcribed in the cells of
the immune and nervous systems, which indicates the
importance of studying them to elucidate the pathoge-
netic mechanisms of inflammatory and neurodegen-
erative diseases, including autoimmune ones. For this
reason, the number of studies aimed at comparative
HUMAN PHYSIOLOGY  Vol. 46  No. 1  2020
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analysis of miRNA expression in MS patients and
healthy subjects has recently been growing like an ava-
lanche.

A comparative study of miRNA expression in
peripheral blood mononuclear cells of MS patients
detected 21 differentially expressed miRNAs, and 12
of them were overexpressed [42]. In another study,
18 miRNAs were differentially expressed in peripheral
blood cells of MS patients in comparison to controls;
potentially, they might modulate the expression of 128
genes [43]. Below, we will consider individual miRNA
species and their putative role in the pathogenesis of
MS in more detail.

Involvement of miRNAs in autoimmune processes
was first demonstrated in mouse T cells in 2007 [44].
Two miRNAs, miR-146a and miR-155, were shown to
be the principal regulators of autoimmune reactions.
It was found that the targets of miR-146a are TNF-
receptor associated protein TRAF6 and IL-1 recep-
tor-associated kinase 1 (IRAK-1). Elevated expression
of this miRNA suppressed the activity of the NF-κB
signaling cascade and inhibited the expression of
TNFα, IL-1b, IL-6, and IL-8 [45].

It is interesting to note that miR-155 was the first
miRNA investigated in the context of inflammation,
because its expression in different subpopulations of
immune cells exhibits pronounced modulation in
response to activation of Toll-like receptors, proin-
flammatory cytokines, and exposure to specific anti-
gens. MiR-155 regulates the activity of more than
300 genes involved in immune response [46, 47].
Among these genes, many encode proteins of critical
importance: CEBPB, a transcription factor; SMAD2,
which mediates TGF-β signaling and regulates cell
proliferation, apoptosis, and differentiation; VCAM1,
a cell adhesion molecule; CASP3, for which mRNA
interaction with miR-155 inhibits apoptosis of acti-
vated macrophages [48]; MTS kinase activated by
proapoptotic agents and participating in the regulation
of cell proliferation; S1PR1 (sphingosine-1-phos-
phate receptor), the induction of which enhances
intercellular interactions, and SOCS1 protein acting
as a cytokine pathway suppressor. Thus, miR-155 is
involved in the regulation of such fundamental biolog-
ical processes as cell division, growth, and differentia-
tion, intracellular signal transduction, adhesion, and
apoptosis, which may be significant for the pathogen-
esis of MS.

A study by Junker et al. [49] showed that miR-155
expression was elevated in brain cells of MS patients at
the stage of relapse, which was accompanied by
enhanced phagocytosis of myelin caused by macro-
phage activation due to decreased CD47 expression in
CNS cells. These data indicate the progression of neu-
rodegenerative processes in MS patients. It should be
noted that some authors disagree with this point of
view. For instance, Fenoglio et al. [50] did not detect
significant changes in miR-155 expression in MS
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patients, probably because its expression was evaluated
at different clinical stages, e.g., relapse or remission.
The role of miR-155 in the pathogenesis of MS is not
limited to the examples described above; in particular,
miR-155 is considered as a key factor modulating
development, maturation, maintenance, and func-
tioning of different immunocompetent cells; in more
detail, this information is available in other reviews
[51–53].

miR-30a inhibits IL-17-mediated activation of
NF-κB and MAPK signaling pathways, which
decreases the synthesis of proinflammatory cytokines
and chemokines. The inhibiting effect of miR-30a is
due to its binding to TRAFIP2 mRNA. Therefore,
downregulation of miR-30a expression in autoim-
mune diseases can aggravate inflammation induced by
IL-17 [54]. A study by Qu et al. showed that the
expression of miR-30a decreased during Th17 differ-
entiation and in the course of demyelination both in
MS patients and in the model of experimental autoim-
mune encephalomyelitis [55]. In vivo, high levels of
miR-30a suppress differentiation of naive T cells to
Th17; subsequently, it was shown that this process is
mediated by miR-30a interaction with IL21R mRNA;
i.e., this transcript is targeted by miR-30a, which
probably inhibits the inflammatory process.

A study by Lorenzi et al. showed that the posttran-
scriptional level of BCL-2 expression in CD4+ T cells
is regulated by miR-15a [56]. In MS patients, the level
of miR-15a expression is relatively low, which is
accompanied by elevated expression of BCL2. There-
fore, miR-15a may be responsible for inhibition of
apoptosis in CD4+ and CD8+ T cells and for an
increase in the pool of autoreactive immune cells.
Moreover, further miR-15a targets are TNFAIP1,
NFKB1, YAP1, SOX5, and RICTOR, and their elevated
expression in CD4+ and CD8+ T cells can facilitate
their proliferation, migration, and invasion and thus
promote progression of the pathological process [57,
58].

Similarly to miR-15a, miR-16-1 inhibits the apop-
tosis of CD4+ and CD8+ T cells [56]. It was supposed
that decreased miR-16-1 expression in CD4+ and
CD8+ T cells of MS patients can result in overexpres-
sion of the genes it controls: CCND1, CCNE1, SOX5,
WT1, and YAP1, and stimulate proliferation of CD4+

and CD8+ T cells [51].
Decreased miR-20b expression in CD4+ T cells of

MS patients is accompanied by elevated expression of
the genes encoding transcription factors RORγt and
STAT3, which shifts differentiation of naive T cells
into the Th17 direction and accordingly, promotes an
increase in the levels of proinflammatory cytokine IL-
17 [59, 60]. It has been supposed that miR-20b can
play an important role in the pathogenesis of MS by
modulating the expression of HIF-1 transcription fac-
tor and VEGF [51]. These factors regulate angiogene-
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sis, cell proliferation (in particular, in vascular endo-
thelial cells), apoptosis, and glucose metabolism.

CD4+ T cells of MS patients exhibit elevated
expression of miR-27b [25]. By interacting with the
3’-untranslated regions of BMI1, GATA3, and PPARG
transcripts, miR-27b suppresses their expression,
which shifts the balance from Th2 to Th1 cells, i.e.,
promotes the synthesis of proinflammatory cytokines.
At the same time, miR-128 in T cells of MS patients
inhibits only BMI1 and GATA3 expression, which also
induces a shift from Th2 to Th1 and thus contributes
to the pathogenesis of MS [61].

Miyazaki et al. detected a significant increase in
miR-132 expression in B cells of MS patients [62]. The
target of miR-132 is the transcript of sirtuin-1, and
decreased expression of this protein induces the syn-
thesis of proinflammatory cytokines LTα and TNFα,
important elements of MS pathogenesis. In contrast,
B cells of MS patients exhibited significantly
decreased expression of miR-320a, which is targeted
against MMP9 [63]. Increased levels of MMP-9
metalloproteinase can damage the blood–brain bar-
rier, increase its permeability, and, as a consequence,
promote the development of MS.

To understand the mechanisms of MS pathogene-
sis, it also seems interesting to consider miR-let-7,
which is targeted against the mRNA of transcription
factor PLZF. Inhibition of its expression stimulates
differentiation of INFγ-producing NKT1 cells while
suppressing NKT2 and NKT17 cells, which produce
IL-4 and IL-17 [64].

Abnormally high levels of miR-125a-3p expression
were detected in the cerebrospinal f luid of MS patients
with active demyelinating lesions by Reijerkerk et al.
[65]. This miRNA regulates the expression of myelin
genes in CNS; therefore, its aberrant expression can
block differentiation of oligodendroglial cell precur-
sors because of remyalination difficulties.

A study by Wu et al. [66] found that miR-448
expression was significantly increased in mononucle-
ars of peripheral blood and cerebrospinal f luid of MS
patients, and these miRNAs were mainly produced by
CD4+ T cells, especially Th17. Expression of miR-448
is induced by IL-1β, and its principal target is PTPN2
mRNA, which encodes protein tyrosine-phosphatase
non-receptor type 2, a known antiinflammatory agent
that can suppress Th17 differentiation. Downregula-
tion of PTPN2 expression may promote Th17 differen-
tiation in MS patients and thus aggravate the disease,
so a positive correlation between miR-448 expression
levels and the disease severity seems a logical finding.

It is important to note that the provided list of miR-
NAs for which expressional dysregulation is related to
pathogenetic mechanisms of MS is not an exhaustive
one. Our review mainly describes the involvement of
certain miRNA classes in the regulation of T-cell dif-
ferentiation, inflammation, demyelination, neurode-
generation, and apoptosis in MS. In more detail, the
role of miRNAs in the development of autoimmune
diseases, including MS, was analyzed in recent reviews
and experimental articles by Huang et al. [51], Kiselev
et al. [67], Baulina et al. [68], Wang et al. [69], and
Esmailzadeh et al. [70].

Thus, the data discussed above indicate that the
pathogenesis of MS involves a large number of genes
and epigenetic mechanisms regulating their expres-
sion. All these mechanisms work in coordination and
serve to maintain homeostasis in the cells.

As suggested by the results of experimental studies,
epigenetic modification in MS involves genes of indi-
vidual transcription factors, genes regulating apoptosis
and proliferation, as well as genes that control the
functional state of the immune and nervous system
cells. Furthermore, epigenetic processes in MS lead to
changes in T cell polarization in favor of Th1 and Th17
and production of proinflammatory cytokines, as
well as to decrease in the subpopulation of regulatory
T-cells as a result of methylation of the gene encoding
transcription factor FOXP3.

To date, it remains unclear whether it is primarily
epigenetic modifications that affect the risk of MS or
the disease itself alters the patient’s epigenetic profile.
The fact is that the key genes and particular environ-
mental factors that interact to trigger the development
of MS have not been identified so far. In this context,
much effort has been invested into comparative analy-
sis of differential gene expression in MS patients and
healthy subjects, which indeed revealed significant
differences in the expression levels of individual genes
between these two phenotypic states. However, the
results of these studies may be inconclusive, because
the differences in the expression patterns of individual
genes may be caused by single-nucleotide substitu-
tions in either regulatory or the coding region, as well
as by epigenetic processes. Therefore, as it was noted
by Creanza et al., the results obtained exclusively by
differential expression analysis of individual genes are
insufficiently informative for identification of the key
genetic factors of complex diseases [71].

A further difficulty in identifying the initial func-
tional state of the key genes aberrant expression of
which induces the pathological condition in MS is
related to the fact that the patients are, as a rule,
receiving permanent drug treatment. It is known that
the pharmacological effect of medical agents is fre-
quently mediated by modulation of gene expression,
in particular, via epigenetic mechanisms. For
instance, interferon beta-1b, an immunomodulating
drug used for MS therapy activates the transcription of
interferon-sensitive genes, e.g., IFI27, MX1, IFI44L,
XAF1, ISG15, SAMD9L, and LGAL9 [72]. Demethyl-
fumarate, another compound used for MS treatment,
causes DNA hypermethylation and histone deacetyla-
tion, inhibiting the expression of certain proinflam-
matory cytokines [73, 74].
HUMAN PHYSIOLOGY  Vol. 46  No. 1  2020
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CONCLUSIONS

To sum up, DNA methylation is a key epigenetic
mechanism that controls gene activity on the tran-
scriptional level. Immune system cells of MS patients
exhibit differential DNA methylation patterns
depending on the stage of the disease. The question of
whether DNA methylation in MS is induced by expo-
sure to environmental factors or represents a mecha-
nism that consolidates aberrant gene expression in the
course of disease development is currently a subject of
vivid discussion. Indeed, the researchers generally
assume that initiation and development of MS
depends on environmental factors, so their contribu-
tion to this process must be significant. At the same
time, taking into account the information that gene
silencing and DNA methylation may be separated in
time [15], it seems likely that DNA methylation in MS
may serve to consolidate a molecular event that has
already happened (in particular, for individual consti-
tutively expressed loci). Accordingly, it cannot be
ruled out that this mechanism is involved in the main-
tenance of permanent functional activity of aberrantly
expressed genes that have acquired this status in the
course of the autoimmune disease; i.e., in this case,
DNA methylation is not the cause but a consequence
of modifications in gene expression associated with
disease progression. There is no real antagonism
between these two points of view. In fact, DNA meth-
ylation is a reversible and dynamical process. As it was
mentioned above, certain DNA loci exhibit
hypomethylation in MS patients in remission, while
the same loci can be hypermethylated at the stage of
disease progression.

It is important to note that, in addition to CpG
dinulceotides, mammalian DNA methylatransferases
DNMT3a and DNMT3b can also methylate cytosines
in dinucleotides CpA, CpT, and CpT, which is known
as non-CpG methylation [75]. Although their role in
the regulation of gene expression is unclear, these
methylated dinucleotides, especially CpA, can inter-
act with methyl-binding proteins, in particular,
MeCP2, and alter chromatin structure. Unfortu-
nately, there is hardly any data available on non-CpG
methylation in the context of MS pathogenesis. Tak-
ing into account that the intensity of non-CpG meth-
ylation is the highest in neurons and glial cells, it seems
reasonable to expect that this epigenetic mechanism
can be involved in MS pathogenesis, which will prob-
ably become a subject of future research.

Among epigenetic mechanisms, the central posi-
tion belongs to miRNAs, which regulate gene expres-
sion on the posttranscriptional level and are predomi-
nantly targeted against mRNAs of the genes tran-
scribed in the cells of the nervous and immune
systems. Under normal conditions, the principal role
of miRNAs is to regulate the expression of genes that
serve to maintain the homeostasis of innate and
acquired immune response mechanisms in the cells.
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As a consequence, aberrant expression of individual
miRNAs or their clusters can lead to different pathol-
ogies, including those of autoimmune character.
Unfortunately, their role in this process has not been
clarified yet. It is known that the major genetic risk
factor for MS in nearly all populations studied is the
haplotype HLA-DRB1*15:01. The initial aberrant
expression of this gene observed in MS patients (the
causes of which are unknown) can act as a factor of
genomic destabilization, and actually give rise to a new
functional state of the cell. If the cell does not subse-
quently undergo apoptosis, it will tend to consolidate
the newly acquired state by synchronizing the expres-
sion of genes activated by a limited number of tran-
scription factors, including those that control the
expression of the principal risk-related gene. This pro-
cess does not require dramatic changes in expression
patterns, although they may occur in some cases.
miRNAs can probably act to correct tissue-specific
expression of the genes functionally related to the HLA
locus in order to ensure homeostasis of the cell in its
new state. This means that the pathogenetic mecha-
nisms of MS are most probably related to molecular
aberrations that affect the expression of numerous
genes and transcription factors that control them.
Finally, it should be underlined that investigation of
the spectra of expressed miRNAs, including circulat-
ing ones, in different tissues is not only important for
the understanding of MS pathogenesis, but could also
be extremely useful for diagnostic purposes and for
evaluation of the drug therapy efficiency in patients
with MS.

FUNDING

This study was supported by State Contract with the
Institute of Biochemistry and Genetics, project no. AAAA-
A16-116020350033-8.

COMPLIANCE WITH ETHICAL STANDARDS

The authors declare that they have no conflict of inter-
est. This article does not contain experiments performed
using humans or animals as objects.

REFERENCES
1. Farral, M., Mapping genetic susceptibility multiple

sclerosis, Lancet, 1996, vol. 348, no. 9043, p. 1674.
2. Bakhtiyarova, K.Z. and Magzhanov, R.V., The analysis

of familial cases of multiple sclerosis in the Republic of
Bashkortostan, Nevrol. Zh., 2007, vol. 12, no. 2, p. 11.

3. Zaplakhova, O.V., Timashev, Ya.R., Bakhtiyarova, K.Z.,
et al., Clinical and molecular genetic analysis of the case of
familial multiple sclerosis in the Republic of Bashkortos-
tan, Zh. Nevropatol. Psikhiatr. im. S.S. Korsakova, 2017,
vol. 117, no. 2, p. 31.

4. Reich, D.S., Lucchinetti, C.F., and Calabresi, P.A.,
Multiple sclerosis, N. Engl. J. Med., 2018, vol. 378,
no. 2, p. 169.



110 VAKHITOV et al.
5. Vorob’eva, A.A., Ivanova, M.V., Fominykh, V.V.,et al.,
Multiple sclerosis biomarkers, Zh. Nevropatol. Psikhi-
atr. im. S.S. Korsakova, 2013, vol. 10, no. 2, p. 23.

6. Baranzini, S.E., The genetics of autoimmune diseases:
a networked perspective, Curr. Opinion Immunol.,
2009, vol. 21, no. 6, p. 596.

7. Saucer, S., Franclin, R.J., and Ban, M., Multiple scle-
rosis genetics, Lancet Neurol., 2014, vol. 13, no. 7,
p. 700.

8. Tizaoui, K., Multiple sclerosis genetics: results from
meta-analyses of candidate-gene association studies,
Cytokine, 2018, vol. 106, p. 154.

9. Favorova, O.O., Kulakova, O.G., and Boiko, A.N.,
Multiple sclerosis as a polygenic disease: an update,
Russ. J. Genet., 2010, vol. 46, no. 3, p. 265.

10. Favorova, O.O., Bashinskaya, V.V., Kulakova, O.G.,
et al., Genome-wide association study as a method to
analyze the genome architecture in polygenic diseases,
with the example of multiple sclerosis, Mol. Biol. (Mos-
cow), 2014, vol. 48, no. 4, p. 496.

11. Sokolova, E.A., Boyarskikh, U.A., Aulchenko, Yu.S.,
and Filipenko, M.L., Genetics of multiple sclerosis to-
day, Biol. Bull. Rev., 2016, vol. 6, no. 2, p. 113.

12. Willer, C.J., Dyment, D.A., Risch, N.J., et al., Twin
concordance and sibling recurrence rates in multiple
sclerosis, Proc. Natl. Acad. Sci. U.S.A., 2003, vol. 100,
no. 22, p. 12877.

13. Baranzini, S.E. and Oksenberg, J.R., The genetics of
multiple sclerosis: from 0 to 200 in 50 years, Trends
Genet., 2017, vol. 33, no. 12, p. 960.

14. Aslani, S., Afari, J.N., Javan, M.R., et al., Epigenetic
modifications and therapy in multiple sclerosis, Neuro-
mol. Med., 2017, vol. 19, no. 1, p. 11.

15. Tchurikov, N.A., Molecular mechanisms of epi-
genetics, Biochemistry (Moscow), 2005, vol. 70, no. 4,
p. 406.

16. Koch, M.W., Metz, L.M., and Kovalchuk, O., Epi-
genetics changes in patients with multiple sclerosis,
Nat. Rev. Neurol., 2013, vol. 9, no. 1, p. 35.

17. Miyazaki, Y. and Niino, M., Epigenetics in multiple
sclerosis, Clin. Exp. Neuroimmunol., 2015, vol. 6,
suppl. 1, p. 49.

18. Castro, K. and Casaccia, P., Epigenetic modifications
in brain and immune cells of multiple sclerosis patients,
Mult. Scler. J., 2018, vol. 24, no. 1, p. 69.

19. Kulakova, O.G., Kabilov, M.R., Danilova, L.V., et al.,
Whole-genome dna methylation analysis of peripheral
blood mononuclear cells in multiple sclerosis patients
with different disease courses, Acta Nat., 2016, vol. 8,
no. 3, p. 103.

20. Bos, S.D., Page, C.M., Andreassen, B.K., et al., Ge-
nome-wide DNA methylation profiles indicate CD8+

T-cell hypermethylation in multiple sclerosis, PLoS
One, 2015, vol. 10, no. 3, p. e0117403.

21. Maltby, V.E., Graves, M.C., Lea, R.A., et al., Ge-
nome-wide DNA methylation profiling of CD8+ T
cells shows a distinct epigenetic signature to CD4+ T
cells in multiple sclerosis patients, Clin. Epigenet., 2015,
vol. 7, p. 118.

22. Graves, M., Benton, M., Lea, R., et al., Methylation
differences at the HLA-DRB1 locus in CD4+ T-cells are
associated with multiple sclerosis, Mult. Scler., 2014,
vol. 20, no. 8, p. 1033.

23. Kular, L., Liu, Y., and Jadovic, M., DNA methylation
as a mediator HLA-DRB1*15:01 and a protective vari-
ant in multiple sclerosis, Nat. Commun., 2018, vol. 9,
no. 1, p. 2397.

24. Rhead, B., Brorson, I.S., Berge, T., et al., Increased
DNA methylation of SLFN12 in CD4+ and CD8+ T
cells from multiple sclerosis patients, PLoS One, 2018,
vol. 13, no. 10, p. e0206511.

25. Chomyk, A.M., Volsko, C., Tripathi, A., et al., DNA
methylation in demyelinated multiple sclerosis hippo-
campus, Sci. Rep., 2017, vol. 7, no. 1, p. 8696.

26. Tabatadze, N., McGonigal, R., Neve, R.L., et al., Ac-
tivity-dependent Wnt 7 dendritic targeting in hippo-
campal neurons: plasticity- and tagging-related retro-
grade signaling mechanism? Hippocampus, 2014,
vol. 24, no. 4, p. 455.

27. Cui, H., Mason, B.L., Lee, C., et al., Melanocortin 4
receptor signaling in dopamine 1 receptor neurons is re-
quired for procedural memory learning, Physiol. Be-
hav., 2012, vol. 106, no. 2, p. 201.

28. Kim, S.W., Seo, M., Kim, D.S., et al., Knockdown of
phospholipase C-β1 in the medial prefrontal cortex of
male mice impairs working memory among multiple
schizophrenia endophenotypes, J. Psychiatry Neuros-
ci., 2015, vol. 40, no. 2, p. 78.

29. Moscarello, M.A., Mastronardy, F.G., and
Wood, D.D., The role of citrullinated proteins suggests
a novel mechanism in the pathogenesis of multiple
sclerosis, Neurochem. Res., 2007, vol. 32, no. 2, p. 251.

30. Wang, Z., Yin, H., Lau, C.S., and Lu, Q., Histone
posttranslational modifications of CD4+ T cell in auto-
immune diseases, Int. J. Mol. Sci., 2016, vol. 17, no. 10,
p. 1547.

31. Razin, S.V. and Bystritskii, A.A., Khromatin: upakovan-
nyi genom (Chromatin: Wrapped by a Gene), Moscow:
BINOM. Laboratoriya Znanii, 2015, 4th ed.

32. Shi, Y., Feng, Y., Kang, J., et al., Critical regulation of
CD4+ T cell survival and autoimmunity by beta-arres-
tin 1, Nat. Immunol., 2007, vol. 8, no. 8, p. 817.

33. Ambros, V., The function of animal microRNAs, Na-
ture, 2004, vol. 431, no. 7006, p. 350.

34. Davis, B.N. and Hata, A., Regulation of microRNA
biogenesis: a myriad mechanisms, Cell Commun. Sig-
naling, 2009, vol. 7, p. 18.

35. Ha, M. and Kim, V.N., Regulation of microRNA bio-
genesis, Nat. Rev. Mol. Cell Biol., 2014, vol. 15, p. 509.

36. Kim, V.N., Han, J., and Siomi, M.C., Biogenesis of
small RNAs in animals, Nat. Rev. Mol. Cell Biol., 2004,
vol. 10, no. 2, p. 126.

37. Winter, J., Jung, S., Keller, S., et al., Many roads to
maturity: microRNA biogenesis pathways and their
regulation, Nat. Cell Biol., 2009, vol. 11, no. 3, p. 228.

38. Bartel, D.P., MicroRNAs: genomics, biogenesis,
mechanism, and function, Cell, 2004, vol. 116, no. 2,
p. 281.

39. Zhou, X., Duan, X., Qian, J., et al., Abundant con-
served microRNA target sites in the 5-untranslated re-
gion and coding sequence, Genetica, 2009, vol. 137,
no. 2, p. 159.
HUMAN PHYSIOLOGY  Vol. 46  No. 1  2020



EPIGENETIC MECHANISMS OF THE PATHOGENESIS OF MULTIPLE SCLEROSIS 111
40. Bartel, D.P., MicroRNAs: target recognition and regu-
latory functions, Cell, 2009, vol. 136, no. 2, p. 215.

41. Kozomara, A. and Griffiths-Jones, S., miRBase inte-
grating microRNA annotation and deep-sequencing
data, Nucleic Acids Res., 2011, vol. 39, p. 152.

42. Luo, D. and Fu, J., Identifying characteristic miRNAs-
genes and risk pathways of multiple sclerosis based on
bioinformatics analysis, Oncotarget, 2018, vol. 4,
p. 5287.

43. Freiesleben, S., Hecker, M., Zettl, U.K., et al., Analy-
sis of microRNA and gene expression profiles in multi-
ple sclerosis: integrating interaction data to uncover
regulatory mechanisms, Sci. Rep., 2016, vol. 6,
p. 34512.

44. Yu, F., Yao, H., and Zhu, P., Let-7 regulates self renew-
al and tumorigenicity of breast cancer cells, Cell, 2007,
vol. 131, no. 6, p. 1109.

45. Bhaumik, D., Scott, G.K., Schokrpur, S., et al., Ex-
pression of microRNA-146 suppresses NF-κB activity
with reduction of metastatic potential in breast cancer
cells, Oncogene, 2008, vol. 27, no. 42, p. 5643.

46. Junker, A., Krumbholz, M., Eisele, S., et al., MicroRNA
profiling of multiple sclerosis lesions identifies modulators
of the regulatory protein CD47, Brain, 2009, vol. 132,
p. 3342.

47. Xie, G.B., Liu, W.J., Pan, Z.J., et al., Evolution of the
mir-155 family and possible targets in cancers and the
immune system, Asian Pac. J. Cancer Prev., 2014,
vol. 15, no. 18, p. 7547.

48. De Santis, R., Liepelt, A., Mossanen, J.C., et al., miR-
155 targets caspase-3 mRNA in activated macrophages,
RNA Biol., 2016, vol. 13, no. 1, p. 43.

49. Junker, A., Krumbholz, M., Eisele, S., et al., MicroRNA
profiling of multiple sclerosis lesions identifies modulators
of the regulatory protein CD47, Brain, 2009, vol. 132,
p. 3342.

50. Fenoglio, C., Cantoni, C., De Riz, M., et al., Expres-
sion and genetic analysis of miRNAs involved in CD4+

cell activation in patients with multiple sclerosis, Neu-
rosci. Lett., 2011, vol. 504, no. 1, p. 9.

51. Huang, Q., Xiao, B., Ma, X., et al., MicroRNAs asso-
ciated with the pathogenesis of multiple sclerosis, J.
Neuroimmunol., 2016, vol. 295–296, p. 148.

52. Murugaiyan, G., Beynon, V., Mittal, A., et al., Silenc-
ing microRNA-155 ameliorates experimental autoim-
mune encephalomyelitis, J. Immunol., 2011, vol. 187,
no. 5, p. 2213.

53. Paraboschi, E.M., Solda, G., Gemmati, D., et al., Ge-
netic association and altered gene expression of mir-155
in multiple sclerosis patients, Int. J. Mol. Sci., 2011,
vol. 12, no. 12, p. 8695.

54. Zhao, M., Sun, D., Guan, Y., et al., Disulfiram and di-
phenhydramine hydrochloride upregulate miR-30a to
suppress IL-17-associated autoimmune inflammation,
J. Neurosci., 2016, vol. 36, no. 35, p. 9253.

55. Qu, X., Zhou, J., Wang, T., et al., MiR-30a inhibits
Th17 differentiation and demyelination of EAE mice by
targeting the IL-21R, Brain Behav. Immun., 2016,
vol. 57, p. 183.

56. Lorenzi, J.C., Brum, D.G., Zanette, D.L., et al., Mir-
15a and 16-1 are down-regulated in CD4+ cells of mul-
HUMAN PHYSIOLOGY  Vol. 46  No. 1  2020
tiple sclerosis relapsing patients, Int. J. Neurosci., 2012,
vol. 122, no. 8, p. 466.

57. Kang, W., Tong, J.H., Lung, R.W., et al., Targeting of
YAP-1 by microRNA-15a and microRNA-16-1 exerts
tumor suppressor function in gastric adenocarcinoma,
Mol. Cancer, 2015, vol. 14, p. 52.

58. Tian, X., Zhang, J., Yan, L., et al., miRNA-15a inhibits
OS cell proliferation, migration, and invasion by target-
ing TNFAIP1 in humans, Int. J. Clin. Exp. Pathol.,
2015, vol. 8, no. 6, p. 6442.

59. Ingwersen, J., Menge, T., Wingerath, B., et al., Natali-
zumab restores aberrant miRNA expression profile in
multiple sclerosis and reveals a critical role for miR-
20b, Ann. Clin. Transl. Neurol., 2015, vol. 2, no. 1, p. 43.

60. Zhu, E., Wang, X., Zheng, B., et al., miR-20b sup-
presses Th17 differentiation and the pathogenesis of ex-
perimental autoimmune encephalomyelitis by targeting
RORγt and STAT3, J. Immunol., 2014, vol. 192, no. 12,
p. 5599.

61. Guerau-de-Arellano, M., Smith, K.M., Godlewski, J.,
et al., Micro-RNA dysregulation in multiple sclerosis
favors pro-inflammatory T-cell-mediated autoimmu-
nity, Brain, 2011, vol. 34, no. 12, p. 3578.

62. Miyazaki, Y., Li, R., Rezk, A., et al., A novel micro-
RNA-132-sirtuin-1 axis underlies aberrant B-cell cyto-
kine regulation in patients with relapsing-remitting
multiple sclerosis, PLoS One, 2014, vol. 9, no. 8,
p. e105421.

63. Aung, L.L., Mouradian, M.M., Dhib-Jalbut, S., et al.,
MMP-9 expression is increased in B lymphocytes
during multiple sclerosis exacerbation and is regulated
by microRNA-320, J. Neuroimmunol., 2015, vol. 278,
p. 185.

64. Pobezinsky, L.A., Etzensperger, R., Jeurling, S., et al.,
Let-7 microRNAs target the lineage-specific transcrip-
tion factor PLZF to regulate terminal NKT cell differ-
entiation and effector function, Nat. Immunol., 2015,
vol. 16, p. 515.

65. Reijerkerk, A., Lopez-Ramirez, M.A., van Het
Hof, B., et al., MicroRNAs regulate human brain en-
dothelial cell-barrier function in inflammation: impli-
cations for multiple sclerosis, J. Neurosci., 2013, vol. 33,
no. 16, p. 6857.

66. Wu, R., He, Q., Chen, H., et al., MicroRNA-448 pro-
motes multiple sclerosis development through induc-
tion of Th17 response through targeting protein tyro-
sine phosphatase non-receptor type 2 (PTPN2), Bio-
chem. Biophys. Res. Commun., 2017, vol. 486, no. 3,
p. 759.

67. Kiselev, I.S., Bashinskaya, V.V., Baulina, N.M., et al.,
Polymorphic variants of microRNA genes are associat-
ed with the development of autoimmune inflammation
in multiple sclerosis, Zh. Nevropatol. Psikhiatr. im.
S.S. Korsakova, 2015, vol. 115, no. 8-2, p. 59.

68. Baulina, M.N., Kulakova, O.G., and Favorova, O.O.,
MicroRNA: role in autoimmune inflammation, Acta
Nat., 2016, vol. 8, no. 1, p. 23.

69. Wang, S., Wan, X., and Ruan, Q., The microRNA-21
in autoimmune diseases, Int. J. Mol. Sci., 2016, vol. 17,
p. 864.



112 VAKHITOV et al.
70. Esmailzadeh, S., Mansoori, B., Mohammadi, A.,
et al., Regulatory roles of micro-RNAs in T cell auto-
immunity, Immunol. Invest., 2017, vol. 46, no. 8, p. 864.

71. Creanza, T.M., Liguori, M., Nuzzielo, N., and Anco-
na, N., Meta-analysis of differential connectivity in
gene co-expression networks in multiple sclerosis, Int.
J. Mol. Sci., 2016, vol. 17, no. 6, p. E936.

72. Ehtesham, N., Khorvash, F., and Kheirollahi, M.,
miR-145 and miR20a-5p potentially mediate pleiotro-
pic effects of interferon-beta through mitogen-activat-
ed protein kinase signaling pathway in multiple sclerosis
patients, J. Mol. Neurosci., 2017, vol. 61, no. 1, p. 16.

73. Kalinin, S., Polak, P.E., Lin, S.X., et al., Dimethyl fu-
marate regulates histone deacetylase expression in as-
trocytes, J. Neuroimmunol., 2013, vol. 263, p. 13.

74. Maltby, V.E., Lea, R.A., Ribbons, K.A., et al., DNA
methylation changes in CD4+ T cells isolated from
multiple sclerosis patients on dimethyl fumarate, Mult.
Scler. J. Exp. Transl. Clin., 2018, vol. 4, no. 3. 
https://doi.org/10.1177/2055217318787826

75. Jang, H.S., Shin, W.J., Lee, J.E., and Do, J.T., CpG
and non-CpG methylation in epigenetic gene regula-
tion and brain function, Genes (Basel), 2017, vol. 8,
no. 6, p. 148.

Translated by D. Timchenko
HUMAN PHYSIOLOGY  Vol. 46  No. 1  2020


	DNA METHYLATION
	POSTTRANSLATIONAL HISTONE MODIFICATIONS
	MICRORNAs

	CONCLUSIONS
	REFERENCES

		2020-03-12T14:01:25+0300
	Preflight Ticket Signature




