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Abstract

Clinical neurologists and scientists who study multiple sclerosis face open questions regarding the
integration of epidemiological datawith genome-wide association studies and clinical
management of patients. It is becoming evident that the interplay of environmental influences and
individual genetic susceptibility modulates disease presentation and therapeutic responsiveness.
The molecular mechanisms through which environmental signals are translated into changesin
gene expression include DNA methylation, post-translational modification of nucleosomal
histones, and non-coding RNAs. These mechanisms are regulated by families of specialised
enzymes that are tissue selective and cell-type specific. A model of multiple sclerosis pathogenesis
should integrate underlying risk related to genetic susceptibility with cell-type specific epigenetic
changes occurring in the immune system and in the brain in response to ageing and environmental
stimuli.

Introduction

This Review proposes aview of multiple sclerosis pathogenesis that involves environmental
modulation of cellular mechanisms regulating gene expression. Thisview is based on the
integration of epidemiological datal and genome-wide association studies? with reports of
neuroimaging abnormalities in clinically unaffected individuals.3° Epigenetics may explain
why a proportion of genetically susceptible individuals remain healthy whereas others
manifest the disease,® and even provide an explanation for patients identified as having
radioimmunological syndrome, who are characterised by radiological changes without
clinical symptoms.1 Here, we describe the epigenetic mechanisms of disease pathogenesisin
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molecular terms, and discuss multiple sclerosis as the endpoint of environmental interactions
with genetic risk.

The term epigenetics has evolved to define mechanisms underlying phenotype plasticity due
to environmental influences, parent-of-origin effects, gene-dosage control, imprinting, and
X-chromosome inactivation (panel). At the molecular level, epigenetics comprises
modification of DNA base pairs, post-translational modification of histones, and the effects
of non-coding RNAS (figure 1). These mechanisms are highly conserved from plants to
humans, thereby supporting a crucial function that survived phylogenetic pressure. In plants,
for example, seasonal flowering is regulated by histone methylation,8° and stomatal
development is regulated by DNA methylation.19 In healthy individuals, epigenetics

medi ates the response to many environmental influences, such as dietary folate intake, 11
smoking,12 and ageing.1314 In patients with multiple sclerosis, modified histones have been
detected in non-lesioned white matter.1216 The role of the epigenome in multiple sclerosis
has been inferred from epidemiological studies of the effect of geographic location, month
of birth, nutritional status (eg, diet and vitamin D intake), and smoking,! whereas the
importance of imprinting and X-chromosome inactivation is suggested by the maternal
parent-of-origin effectl” and the longitudinal increase in female incidence—ie, more women
than men develop multiple sclerosis now than in the 1950s.18-20.21 Although evidence of a
direct effect of environmental signals on the epigenome in multiple sclerosisis still lacking,
in this Review, we present aview of pathogenesis that integrates environmentally induced
epigenetic changes with inherent genetic risk, and discuss potential treatment options.

Epigenetic mechanisms regulating gene expression

A clear example of epigenetic regulation of gene expression is shown by the generation of
the different cell types in the developing brain.2223 Although the cells in all organs share the
same DNA sequence, each tissue is characterised by cellular and functional specificity.
Activation of cell-specific transcription is associated with the presence of activation marks
on lysine and arginine residues of histone tails (figure 2, table 1). Transcriptional repression
is achieved by repressive marks on aminoacid residues of histone tails (figure 2, table 2),

and is possibly associated with DNA hypermethylation. Fine-tuning of transcript levelsis
further achieved by the presence of target-specific microRNAs (miRNAS).

Another example of epigenetic regulation of gene expression is the differentiation of
progenitors into myelin-forming cells. In this case, the changes in transcription that lead to
myelination are characterised by the presence of activating epigenetic marks at myelin
genes,3” marks of repression at the transcriptional inhibitors of myelin genes,38:39 and fine-
tuning by specific miRNAs,40-42

DNA modifications

One of the best-characterised examples of an epigenetic modification, traditionally
associated with transcriptional repression, is DNA methylation. This process refersto the
addition of methy! groups to cytosines by DNA methyltransferases (DNMTSs),*3 enzymes
that are prevalent in the brain.#*4> Methylated cytosines near the transcriptional start site
interfere with sequence recognition by transcription factors, resulting in stable
transcriptional repression.#6:47 Recent molecular and biological advances, however, have
challenged the functional role and the concept of stability of DNA methylation. Genome-
wide sequencing has shown that DNA methylation is not only localised in regions
functionally related to repression of expression, but is aso distributed throughout the
genome and possibly contributes to chromatin remodelling,*® gene splicing, % and allele-
specific transcriptional elongation.®® Additionally, the stability of DNA methylation has
been questioned by evidence of DNA demethylation during somatic cell reprogramming,®?
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in fertilised eggs,®253 and in primordial germ cells,>*% eliciting a search for potential DNA
demethylase enzymes. The first candidates were the mammalian homologues of plant
glycosylases (ie, thymine DNA glycosylase and methyl-CpG-binding domain protein 4
[MBDA4]), which remove methyl groups from plant DNA.% However, in mammals these
enzymes demethylate 5-hydroxymethyluracil or repair G—T mismatches through the base
excision-repair mechanism.>” Demethylation is achieved by the ten-eleven translocation
(TET) enzymes, which catalyse hydroxy-methylation, formylation, and carboxylation of
cytosine residues, %859 or by the DNA excision-repair system after 5-methylcytosine or 5-
hydroxymethylcytosine is converted into thymine or 5-hydroxymethyluracil, catalysed by
the AID/APOBEC family of enzymes.50-62 These studies reveal amore complex role for
DNA methylation than originally thought, and warrant caution regarding the interpretation
of study results related to DNA methylation in disease.

Histone modifications

DNA does not exist as a double strand that is randomly distributed within the cell nucleus,
roughly 2 m of DNA have to fit within a nuclear sphere with an average diameter of 5-10
microns. This packaging is achieved by tightly wrapping the DNA within chromatin (figure
1). The basic unit of chromatin is the nucleosome, composed of 147 base pairs of DNA
wrapped around dimers of the histone proteins H2A, H2B, H3, and H4,53 and inter-
nucleosomal DNA bound to linker histones.54 The tails of nucleosomal histones arerichin
lysine and arginine residues that can be modified in response to extracellular signals, thereby
allowing modulation of gene expression simply by modifying the interaction between DNA
and the other chromatin components.

At least three types of modification of the nucleosomal organisation have been described:
changes in the composition of the nucleosomal octamers (ie, histone variants); rapid diding
movements that occur locally using ATP hydrolysis to expose specific DNA regions (ie,
ATP-dependent chromatin remodelling complexes); and post-translational modifications of
aminoacids on histone tails (eg, histone acetylation, methylation, citrullination, sumoylation,
and ubiquitylation; table 1 and table 2).

Histone variants—The nucleosome is the basic chromatin unit, composed of octamers of
histone proteins. Variants have been identified for histone H2A (eg, H2A-Z, macroH?2A,
H2A -Bbd, H2A-X) and H3 (eg, H3-3, CenH3).65 Although it seems that these variants do
not physically disrupt the basic nucleosomal structure, it isincreasingly clear they might
modify the surrounding chromatin structure.56 H2A -Z is detected in proliferative cellsand is
mutually exclusive with DNA methylation.5” MacroH2A is enriched on the X chromosome,
and has been shown to block tumour progression and act as a barrier to nuclear
reprogramming.%8:69 Finally, H2A -Bbd, like its murine homologue H2A -Lap, probably has
important rolesin CNS development or pathology, due to its enrichment in the brain and
testes.”%.71 Although nucleosomal structural changes are envisioned as permanent ways to
regulate developmental states, future studies are needed to elucidate their role in neurology,
particularly for variants that are highly enriched in the CNS.

ATP-dependent chromatin remodelling complexes—ATP-dependent chromatin
remodelling complexes can be best understood in molecular terms as engines that allow
transcription to occur in alocalised way. These large complexes bind nucleosomesin an
energy-independent manner and then use ATP hydrolysis to allow nucleosome repositioning
and gdliding. Thisin turn alows transcription factors and large transcriptional complexes to
access the DNA, which istightly wrapped in chromatin fibres, and favours transcription.’2
In human cells, the best-characterised complexes include the DNA-dependent ATPase—
helicase subunits BRGL1 (also known as SMARCA4) and BRM (also known as SMARCA?2),
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which are homologues to yeast SWI (also known as SNF), and associated proteins called
BAFs.”3 The functional output of these remodelling complexes might be transcriptional
activation or repression, depending on the recruitment of coactivator or corepressor
complexes. Clapier and Cairns have published a detailed description of nucleosome
remodelling complexes.’2

Post-translational modification of nucleosomal histones—Epigenetic regulation
of gene expression on aminoacid residues in nucleosomal histones includes the processes of
acetylation, methylation, citrullination, sumoylation, and ubiquitination. Transcriptionally
competent chromatin has been associated with high levels of lysine acetylation, and
trimethylation of lysine residues at aminoacid positions 4 (K4), 36 (K36), and 79 (K79) on
histone H3 (figure 2, table 1). Transcriptionally incompetent chromatin has been associated
with lysine deacetylation and repressive trimethylation of lysine residues at positions 9 (K9)
and 27 (K27) on histone H3, as well as monomethylation of lysine 20 (K20) on histone H4
(figure 2, table 2). The final transcriptional outcome is the result of a careful balance of
opposing enzymatic activities that are directly regulated by environmental stimuli, and that
modulate several aminoacid residues on histone tails.

Histone acetylation of lysine residues, is catalysed by histone acetyltransferases (HATS), and
is associated with transcriptional competence, whereas deacetylation is catalysed by histone
deacetylases (HDACs) and is associated with repression.’4 The histone acetyltransferase
family includes five main groups: KAT2A (formerly known as GCN5), KAT2B (formerly
known as PCAF), KAT6-8 (including the MY ST family members), CREBBP (formerly
known as CBP), and EP300 (formerly known as P300). The histone deacetylase family
includes 11 members. Class| (HDAC1, 2, 3, 8) is predominantly nuclear, classes |l and 1V
are nuclear or cytoplasmic, and class 11 comprises NAD™-dependent enzymes, called
sirtuins, that can be nuclear (SIRT1, 2, 6, 7), mitochondria (SIRT3, 4, 5), or cytoplasmic
(SIRT1, 2).7> The sirtuins, particularly SIRT1, have gained attention because they are
regulated by caloric restriction and have shown anti-ageing effects related to the regulation
of genesinvolved in antioxidant, anti-inflammatory, and antiapoptotic responses.’® The
functional outcome of histone acetylation is remarkably cell specific, and the use of
pharmacological compounds that increase acetylation must take into account the effects of
acetylation on many cell types. In oligodendrocytes, for example, histone acetylation
favours the expression of transcriptional inhibitors of myelin gene expression, thereby
interfering with myelin formation.3%77 In neurons, by contrast, histone acetylation is
important for memory,’8 and increased acetylation protects against age-related cognitive
decline.”

Histone methylation is a complex event that occurs on arginine and lysine residues, with
varying functional output depending on the number of methyl groups added and the position
of specific aminoacids. For lysine residues, specific methyltransferases and demethylases
are responsible for monomethylation, dimethylation, trimethylation, or demethylation at
particular locations (figure 2). Trimethylation of histone 3 lysine 4 (H3K4me3) is associated
with transcriptional activation and is regulated by enzymesin the MLL family of
methyltransferases, whereas demethylation is catalysed by LSD1 (also known asKDM1A;
figure 2, table 1). Similarly, trimethylation of histone 3 lysine 9 (H3K9me3) or lysine 27
(H3K27me3) has been associated with transcriptional repression and is modulated by
enzymes specific for each residue (figure 2, table 2). The presence of both H3K4me3 and
H3K27me3 on a particular gene is regarded as the signature for poised expression (ie, genes
that are currently not expressed, but are not silenced and therefore could be activated by
specific signals), and is characteristically found in stem cells that are uncommitted and
pluripotent.80 As cells become committed to a specific lineage, only silenced genes retain
the repressive H3K 27me3 mark, and only expressed genes retain the H3K 4me3 mark.&0
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Arginine residues can also be monomethylated, asymmetrically dimethylated, and
symmetrically dimethylated by protein arginine methyltransferases (PRMTs), with type |
(PRMTL, 2, 3, 4, 6, 8) enzymes responsible for asymmetric dimethylation and type Il
(PRMTS5, 7) enzymes responsible for symmetric dimethylation. The transcriptional role of
these changes depends on the targeted residue (eg, asymmetrically dimethylated H3R2 isa
repressive mark, whereas asymmetrically dimethylated H4R3 is an activating mark).28

By contrast with lysine methylation, there are few accounts of direct demethylation of
methylarginine. Instead, a second histone mark, citrullination, directly competes with
methylation of arginine residues. Citrullination refers to the deimination of arginine into
citrulline, which is mediated by the family of peptidylarginine deiminase enzymes (PADI
family; table 1, table 2 and figure 2).3*81 The transcriptional consequences of citrullination
depend on the specific arginine residue involved, the transcriptional outcome of the original
methylation mark, and the presence of additional histone marks of repression® or
activation.2? Conversion into citrulline seems to be very stable; thereis currently no known
enzyme that converts it back into arginine.

In addition to acetylation and methylation, lysine residues can be modified by histone
sumoylation, a process by which 11-kDa ubiquitin-related modifier peptides (SUMO)83 are
added in an ATP-dependent manner, catalysed by specific conjugating enzymes (UBE21). A
clear understanding of the functional role of sumoylation is currently lacking, although
enzymes with the ability to proteolytically remove this small peptide have been identified in
humans (SUMO-specific and sentrin-specific proteases).84 The consequences of this
modification have been traditionally associated with repression of transcription,8® athough
recent reports have also identified sumoylated lysine residues in the histone tails of
transcriptionally active genes, characterised by the presence of H3K 4me3.31

Histone ubiquitination is a process that requires energy for the conjugation of a9 kDa
ubiquitin peptide to lysine residues. In chromatin, this process has been mainly found on
histone H2B and is thought to participate in transcriptional elongation. Ubiquitination might
also favour the creation of other activating marks on the tails of histone H3.86

Non-coding RNAs

Recent studies by the Encyclopedia of DNA Elements (ENCODE) consortium to
characterise the human genome have revealed that a large portion of the genome encodes the
broad family of RNA molecules,8” which include non-coding RNAs. These non-protein-
coding RNASs have been implicated in regulatory functions related to brain development88
and neurological disorders.89 They are transcribed from almost every element of the
genome, including intergenic regions, centromeric and telomeric repeats, enhancer domains,
and even within the splice site of coding genes.®8 Non-coding RNASs have a broad capacity
to modulate gene expression, which is exerted in a spatiotemporal manner and with the
cooperation of chromatin-modifying complexes. In the brain,% the RNA encoded by
HOTAIR recruits histone-modifying complexes containing PRC2 and CoREST 1 which are
responsible for coordinating repressive methylation on H3K27 with demethylation on

H3K 4.9293 Thisis an example of the high tissue-specificity of long non-coding RNAS,
which are envisioned asimportant players in human diseases.8?

The best-characterised members of the non-coding RNA family are miRNAs. These are
encoded by genes, located either as an independent unit or within the coding region of other
genes, and are processed by RNA polymerase Il into aninitial primary miRNA (pri-
miRNA).%4 This roughly 100-nucleotide pri-miRNA foldsinto a hairpin structure that is
cleaved by the enzyme DROSHA into a 70-nucleotide precursor miRNA (pre-miRNA),
which is transported by Exportin-5 into the cytoplasm.9>9 After additional processing by
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DICER, a20-24 nucleotide, double-stranded miRNA is formed; one strand binds Argonaute
proteins to form an RNA-induced silencing complex,®’ and the other strand is typically
degraded. This complex regulates gene expression mainly through translational repression or
the degradation of mRNA targets with sequences that are complementary with the seed
region of the miRNA. With the short length of the seed region on miRNAS, these molecules
have the unique capacity to target hundreds of MRNA transcripts that share sequence
similarities, and thereby fine-tune the expression of entire gene networks and possibly many
cell types. %8

Epigenetics in multiple sclerosis

In the past decade, genome-wide associatin studies in large cohorts of patients with multiple
sclerosis? have led to the identification of specific single-nucleotide polymorphismsin genes
encoding for at least three MHCs and several non-MHC susceptibility alleles, which include
cytokines and their receptors or downstream effectors.%° These loci define the genetic risk of
developing multiple sclerosis, and together with epidemiological data, 190 suggest amode! of
disease incidence resulting from the balance between genetic susceptibility and interaction
with the environment. The importance of epigeneticsin the manifestation of multiple
sclerosis is also suggested by studies of the parent-of-origin effect,1” and the increase in
female-to-maleratio in diagnosis reported in longitudinal studies.1820 These studies
underscore the importance of epigenetic modifications on the X chromosome in modulating
clinical manifestations of the disease. Because no susceptibility genes have been identified
on the X chromosome, alternative mechanisms are probably accountable, including X-
chromosome inactivation and imprinting.

The role of genes and environment in pathogenesis

A large series of studies on multiple sclerosis incidence and geographic location, month of
birth, and dietary intake in adolescence supports the role of environment and gene regulation
in multiple sclerosis. 101 Past studies have shown that multiple sclerosis is more prevalent in
some geographic locations than in others,102-104 and that migrant children younger than 15
years can acquire the incidence of the geographic location where they migrate to,105:106
These data led to the hypothesis that geographic distribution of infectious agents, dietary
habits, and sun exposure could contribute to disease manifestation.103.107-109 Detajled
epidemiological studies in France supported the importance of sun exposure,119 since the
prevalence of disease was significantly higher in areas with lower UV irradiation. A
potential explanation for the association between incidence of multiple sclerosis and
geographic location is the effect of sun exposure on synthesis of vitamin D.103 |_ow vitamin
D levels are associated with high risk of developing multiple sclerosis, 11! and vitamin D
supplementation reduces the risk.112 Epidemiological evidence on the effect of month of
birth further supports the concept that maternal deficiency of vitamin D could increase
disease risk, since greater incidence of the disease has been reported for May births
compared with November births in the Northern hemisphere.113-114 The precise mechanism
of action for vitamin D in modulating disease onset and course remains to be determined.
However, recent studies using chromatin immunopreci pitation followed by deep-sequencing
analysis showed that the vitamin D receptor has an important role in modulating the
transcription of several genes involved in autommunity.11® In addition to vitamin D levels,
maternal dietary intake affectsthe levels of folate and DNA methylation, with direct
consequences on fetal CNS development!1:116 and overall metabolism.117:118 Although the
association between diet, metabolism, and multiple sclerosis has not been adequately
addressed, several studies have reported an association between body-massindex in
adolescence and incidence of multiple sclerosis. 11 These studies, together with previous
reports of higher mortality rates among patients with multiple sclerosis on adiet high in
animal protein and fat, compared with those on alow-fat diet, 107120 guggest that food intake
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might have arole in disease manifestation. New studies have also proposed an important
role for the microbiome in animal models of multiple sclerosis.}21-123 The proposed model
suggests that differencesin the composition of the microbiotain individuals might affect the
immune system by modulating the equilibrium between subclasses of lymphocytes.124
Future studies will be needed to carefully address whether the microbiome might modulate
therisk of developing multiple sclerosis, as well as the disease course, through epigenetic
changes.

Epigenetic changes in blood

DNA methylation—Baranzini and colleagues!? tested the hypothesis that discordance of
multiple sclerosis in monozygotic twins can be attributed to methylation changesin
susceptibility genes. Reduced representation bisulfite sequencing of DNA isolated from
CDA4+ lymphocytes of three monozygotic twin pairs was compared with results from their
transcriptome to define potential transcriptional correlates.12> Of 2 million CpG sites
assayed, only two (in the genes TMEM 1 and PEX14) showed a complete shift from
hypomethylation to hypermethylation in one pair of siblings, and from hypermethylation to
hypomethylation in the other. Thus, changesin DNA methylation in the lymphocytes of
twins with multiple sclerosis do not seem to be as substantial as those induced by age!3 or
cancer.126 The potential contribution of smaller changesin DNA methylation could not be
assessed because of the small sample size of the study and the differencesin sex and
ethnicity among the three twin pairs.12> Other researchers have investigated DNA
methylation as a potentially useful biomarker of disease activity, by analysing the
methylation of 56 genes previously shown to be differentially methylated in patients with
cancer from DNA in cell-free plasma obtained from healthy individuals and from patients
with multiple sclerosis. 15 of 56 genes showed significant differences in methylation
patterns between control individuals and patients with multiple sclerosis. For five of these
15 genes, the methylation status of the promoter was able to discriminate between patientsin
remission and those in exacerbation.12” Together, these results highlight the need for
additional studies of DNA methylation in multiple sclerosis.

mMiRNAs—miRNAs are essential for normal cellular function and development, and their
dysregulation can disrupt homoeostasis and even contribute to autoimmunity.128 Most of the
studies to identify miRNAswith a potential role in the pathogenesis of multiple sclerosis
have been done in blood-derived cells (table 3). We did a global evaluation of the results and
found alack of consensus regarding miRNASs that are common to all the studies. There was
little overlap among studies done in the same tissue, and in some cases, even opposing
results. A potential explanation for the heterogeneity of resultsis the use of different
platforms between studies and the complexity of the tissues being investigated. However,
the results of several studies agree that miRNA dysregulation favours a proinflammatory
state and promotes disease progression.129.131,135,136 A dditionally, specific miRNAS (so-
called NeurimmiRs) modulate neuronal and immune processes and are possibly responsible
for the crosstalk between these two systems. 143 These include miR-155 and miR-326, which
are dysregulated in peripheral blood mononuclear cellst3® and CD4+ T cells, 129
respectively, in patients with multiple sclerosis. Both miR-155 and miR-326 have an
important role in the immune system by regulating T-cell development, and have been
shown to decrease the severity of experimental autoimmune encephalomyelitis when they
are silenced.129.144 Thus, upregulation of miR-155 and miR-326 in multiple sclerosis might
modulate distinct targets in the brain and blood, possibly coordinating gene expression
profilesin the two compartments to drive disease progression. In addition to understanding
how miRNAs contribute to the pathogenesis and progression of multiple sclerosis, studies
have investigated miRNA profiles as a potential diagnostic and prognostic biomarker for
multiple sclerosis. For example, a study of whole-blood samples from patients with
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relapsing-remitting multiple sclerosis found that 165 miRNAs were differentially expressed
compared with healthy controls.139 miR-145 was identified statistically as the best candidate
to discriminate individuals with multiple sclerosis from controls, with ahigh level of
specificity, sensitivity, and accuracy.139 Other studies that have focused on differences
between patients with rel apsing-remitting multiple sclerosis and controls have noted
upregulation of miR-18b, miR-493, and miR-599 during the relapse phase.138 One study
introduced the concept that current therapies for multiple sclerosis might modify miRNA
levels. Sievers and colleagues'? identified 49 miRNAs that were downregulated in B cells
of untreated patients with relapsing-remittig multiple sclerosis compared with healthy
controls and 10 miRNAs that were upregulated in B cells from natalizumab-treated patients
compared with untreated individuals with relapsing-remitting multiple sclerosis. Although
these studies hint at the possibility of using miRNA profiles to identify individuals with
multiple sclerosis or to direct a treatment course, they provide only a glimpse of the disease
process, and longitudinal studies of large populations must be undertaken to identify the
stability of these changes and their validity as biomarkers.

Epigenetic changes in brain tissue—Therole of miRNAs in the brain of patients with
multiple sclerosis has also been investigated. Junker and colleagues3C identified 28
mMiRNAs in active lesions and 35 miRNAs in inactive lesions that were dysregulated
compared with those in white matter specimens from healthy controls (table 3). miR-34a,
miR-155, and miR-326 were upregulated in active multiple sclerosis lesions. Although the
regulatory profile of these miRNAsin the brainis still unknown, a putative target is CD47, a
molecule that inhibits macrophage activity directed at resident brain cells. CD47 transcripts
are decreased in active |esions, 130

Post-translational modifications of nucleosomal histones

When considering epigenetic changes in the brain in patients with multiple sclerosis, it is
important to reiterate the cell specificity of these modifications and the fact that the same
modification (eg, post-translational modification of histone H3) could have distinct rolesin
different cell types. An exampleis histone acetylation. Studies have shown that high levels
of histone acetylation in hippocampal neurons are associated with increased transcriptional
activity during learning,’8 whereas decreased histone acetylation is associated with
cognitive decline.” In the oligodendrocyte lineage, by contrast, high levels of histone
acetylation were characteristic of undifferentiated progenitor cells’”145 and were associated
with high levels of transcriptional repressors of myelin gene expression.38:3% Myelination
during development required decreased expression of transcriptional inhibitors of myelin
genes,’’ and mice deficient in Haiac/ and Haiac2 completely lacked myelin in the CNS and
peripheral nervous system.146.147 Deacetylation is also important for repair after
demyelination and its efficiency decreases with age. Deacyetylation is a naturally occurring
event that is associated with defective repair of myelin.3? Higher levels of histone
acetylation and transcriptional inhibitors were detected in the brains of older compared with
younger mice,39 and in normal-appearing white matter of patients with multiple sclerosis
compared with patients without multiple sclerosis.1® Histone citrullination was increased in
animal models of demyelination and in patients with multiple sclerosis compared with
patients without multiple sclerosis,1® and was associated with increased concentrations of
PADI4, athough the precise function of this protein remains to be investigated. Aberrant
citrullination has been detected in myelin proteins (ie, MBP),148 and is proposed to
contribute to myelin sheath instability and increased proteolysis with release of
immunogenic peptides, 149150 eventually leading to oligodendrocyte apoptosis. 151
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The concept of cell specificity isimportant in evaluating epigenetic modulators as
therapeutic strategies for demyelinating disorders. The use of broad spectrum histone
deacetylase inhibitors, for example, was originally proposed as a treatment option for
multiple sclerosis because of the reduction of inflanmatory infiltrates in animal models.152
Use of histone deacetylase inhibitors has also been advocated to counteract the cognitive
decline associated with Alzheimer’ s disease®3154 or traumatic brain injury,155156 and to
protect from axonal damage in conditions characterised by impaired axonal transport.157
However, systemic use of histone deacetylase inhibitors also negatively affects the
generation of new myelin. Histone deacetylation is important for devel opmental
myelination’”:145 and myelin repair in adults.3° The use of histone deacetylase inhibitors has
adetrimental effect on these processes by preventing myelination of white matter tracts
when given during development,’” and by decreasing the efficiency of endogenous myelin
repair if administered to adult mice after demyelination.3®

Together, these data caution against the use of broad inhibitors of histone deacetylasesin
demyelinating disorders, because the potential deleterious effects on myelin might
counteract the beneficial effects on neurons, and suggest the need to devel op more targeted
approaches.

Conclusions

We have discussed molecular mechanisms of the regulation of gene expression that occur
independently of changesin the DNA sequence. These epigenetic mechanisms include post-
trang ational modifications of nucleosomal histones, DNA methylation, and regulation by
non-coding MiRNAsS, and can be affected by the environment and lifestyle (eg, diet,
smoking habits, exercise, and drug addiction). We propose that environmental factors might
regulate disease manifestation by modulating the epigenome, and that multiple sclerosis
might result from cumulative changes imposed by environmental factors on the immune
system and in the brain (figure 3). Distinct cell populations might differentially respond to
the same stimulus, by changing the organisation of the nuclear structure in a cell-specific
manner. In immune cells, epigenetic regulation might result in increased expression of genes
associated with disease manifestation, whereas in the brain, the same stimuli might impair
the ahility of progenitors to form new myelin. For example, social interaction was recently
shown to profoundly affect myelin content in the prefrontal cortex of adult mice, and to
modulate post-translational modifications of nucleosomal histones.158 The combination of
epigenetic changes in immune cells and oligodendrocytes might modulate disease onset (by
modul ating expression of susceptibility genes) and disease course (by modulating myelin
formation). However, caution is warranted regarding use of epigenetic marks as disease
biomarkers for neurological disorders, since epigenetic changes identified in a specific tissue
population (eg, peripheral blood monocytes) cannot be easily generalised to a different
organ (eg, brain) or cell type (eg, CD4+ lymphocytes). Nevertheless, within a single tissue,
epigenetic mechanisms need to be studied longitudinally to determine the effect of
environmental stimuli on disease course or therapeutic responsiveness. The presence of
repressive marks in regions containing sequences specific for vitamin D receptor binding,
for example, might explain the lack of patient responsiveness to vitamin D supplementation.
It can be envisioned that maps of responsive genes will be created and used for screening
patientsin the future. Thiswill be possible only if precise signatures of epigenetic maps are
accurately defined for each cell type. The integration of the wealth of information from
genome-wide association studies with the longitudinal analysis of epigenetic marks on
selected patient populations will possibly lead to effective personalised therapeutic
approaches.
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Panel: Glossary of common terms used in epigenetics
Par ent-of-origin effects

Although the contribution of autosomal chromosomes from each parent to their offspring
is equivalent, some diseases are inherited only throughthe maternal or paternal lineage.
For example, mitochondria are aways inherited from the mother; therefore,
mitochondrial disorders always show maternal, but never paternal, inheritance. Many
other parent-of-origin effects are caused by imprinted genes, a special class of genes that
function differentially depending on their parental origin. Diseases caused by imprinted
genes (see below) will therefore have distinct disease manifestations depending on
whether they are inherited from the motherorfrom the father.

Imprinting

An epigenetic mechanism by which the activity of a gene depends on the parent of origin
(see above). It is estimated that 1-2% of genes in humans are imprinted, and
identification of these genesis an active field of investigation. Well-known diseases
associated with imprinting are characterised by mental retardation associated with
delayed sexual development and obesity (Prader-Willi syndrome) or with ataxia and
seizures (Angel man syndrome).

Gene-dosage control

For some genes, producing the correct amount of protein product is very important to
maintain a healthy state—having too muchortoo little protein can result in disease, so
regulation of transcript levelsistightly controlled. In some cases, both alleles are needed
to guarantee biological function (eg, the presence of two functioning alleles encoding for
tumour-suppressor genes, such as P27K/P1 or TPS3, is an important mechanism against
aberrant proliferation). In other cases, only one allele needs to be active and the activity
of both alleles resultsin pathology (eg, the amount of proteolipid protein, amyelin
constituent expressed by the AL Pgene on the X chromosome, is tightly regulated by
mechanisms responsible for chromosome inactivation. When these mechanisms are
defective, the contribution of both alleles resultsin a disease called Pelizacus-
Merzbacher, characterised by dysmyelination).

X-chromosome inactivation

A mechanism of dosage compensation. Whereas females carry two copies of the X
chromosome, which is large and contains roughly 1000 genes, males carry asingle X and
aY chromosome, which is small and gene poor. X-chromosome inactivation effectively
silences one of the two X chromosomesin each cell in females, switching off most genes
on the chromosome and thereby restoring the balance of gene dosage between the sexes.
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Search strategy and selection criteria

References for this Reviewwere identified through searchesof PubMed with the terms
“histone” AND *“acetylation”, “methylation”, “citrullination”, “phosphorylation”,
“sumoylation”, “ubiquitination”, “DNA methylation”, “TET”, “non-coding RNA”,
“microRNA”, “environment” AND “epigenetics’, and “multiple sclerosis’ from January,
1960, until October, 2012. Articles were also identified through searchesof the authors
"own files. Only papers published in English were reviewed.The final reference | ist was
generated on the basis of originality and relevance to the broad scope of this Review.
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Figure 1. Epigenetic mechanismsregulating transcription

The human genomeis tightly packed into the nucleus via wrapping around histones and
chromatin compaction. The on and off state of gene expression is governed by DNA
accessibility and epigenetic marks. The balance between these two states is modul ated by
DNA methylation, post-translational modification, and microRNAs. Theoctameric structure
of nucleosomes, composed of dimers of H2A, H2B, H3, and H4 subunits, is shown Histone
HI, by contrast, is not part of the nucleosome but serves as alinker.
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Figure 2. Major post-translational modifications on histonetails

Post-translational modifications of lysine (K), arginine (R), serine (S), and threonine (T)
residues are shown with their respective modifying enzymes. Arginine residues can be
methylated symmetrically or asymmetricaly; lysine residues can be monomethylated,
dimethylated,ortrimethylated. Enzymes shown in green are associated with transcriptional
activation (table 1), and enzymes shown in red are associated with transcriptional repression

(table 2).
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Figure 3. Environmental stimuli influence gene expression through epigenetic mechanisms
Putative environmental insults associated with multiple sclerosis alter the epigenetic
landscape, which can ultimately affect gene expression in a cell-specific manner. These
changes can affect disease onset or progression, depending on the timing of the
accumulating stimuli. Environmental signals that affect human disease are shown in blue,
evidence of an environmental effect from animal studiesin purple, and the molecular

mechanisms responsible for outcomes arein red.
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Post-translational histone modifications associated with transcriptional activation

Table 1

Page 23

Histone modification

Residues modified

Enzymes

Wang et al (2008);2*
Kouzarides (2007)%°

Lysine acetylation

H2AKS5, H2AK9, H2BK 5, H2BK 12,
H2BK 15, H2BK 20, H2BK 120, H3K 4,
H3K9, H3K14, H3K18, H3K 23, H3K27,
H3K36, H3K56, H4K5, H4K8, H4K 12,
H4K16, H4K91

ATF2, CREBBP, ELP3, EP300,
HAT1, KAT2A, KAT2B, KATS5,
KATG6A, KAT6B, KAT7, KATS,
NCOA1

Greer and Shi (2012)%

Lysine methylation

H3K4, H3K36, H3K79

ASHI1L, DOTI1L, MLL, MLL2,
MLL3, MLL5, NSD1, SETD1A,
SETD1B, SETD2, SETD7,
SMYD2, SMYD3

Kooistraand Helin (2012)%7

Lysi ne demethylation

H3K9, K3K27,H4K 20

JHDM1D, KDM1A, KDM3A,
KDM3B, KDM4A, KDM4B,
KDMA4C, KDM4D, KDM6A,
KDM6B,PHF2,PHF8

Di Lorenzo and Bedford
(2011)28

Arginine methylation

H2ARS3, H3R2, H3R8, H3R17, H3R26,
H4R3

PRMT1, PRMT2, CARM1,
PRMTS5, PRMT6, PRMT7

Zhang etal (2012)2°

Arginine citrullination

H3R26

PADI2

Banerjee and Chakravarti

Serine phosphorylation

H2BS36, H3S10, H3S28

CHUK, PRKAA2, RPS6KAA4,

(2011)3° RPS6KAB, SLK
Banerjee and Chakravarti Threonine phosphorylation  H3T6, H3T11 PKN1, PRKCB
(2011)3°

Liu et a(2012)3! Lysine sumoylation Specific residues notyetdetermined SUMO1

Zhu et a (2005);32 Kim et

a (2009)33

Lysine ubiquitylation

H2BK120

UBE2A,UBE2B,UBE2E1
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Post-translational histone modifications associated with transcriptional repression

Histone modification

Residues modified

Enzymes

(2007)5

Wang et al (2008);2* Kouzarides

Lysine deacetylation

H2AKS5, H2AK9, H2BKS5,

H2BK 12, H2BK15, H2BK 20,
H2BK 120, H3K 4, H3K9, H3K 14,
H3K18, H3K 23, H3K 27, H3K 36,
H3K56, H4K5, H4K8, H4K12,
H4K16, H4K91

HDACI1, HDAC2, HDAC3, HDACA4,
HDACS, HDAC7, HDACS8, HDAC9,
HDACI11, SIRT1, SIRT2, SIRT6,
SIRT7

Greer and Shi (2012)%

Lysine methylation

H3K9, K3K27, H4K20

EHMT1, EHMT2, EZH2, PRDM2,
SETDS, SETDB1, SUV39H1,
SUV39H2, SUV420H1, SUV420H2

Kooistraand Helin (2012)%7

Lysine demethylation

H3K4, H3K 36

KDM1A, KDM1B, KDM2A, KDM2B,
KDM4A, KDM4B, KDM4C, KDM4D,
KDM5A, KDM5B, KDM5C, KDM5D,
KDM8

Di Lorenzo and Bedford
(2011)28

Arginine methylation

H2AR3, H3R2, H3R8, H4R3

PRMTS, PRMT6, PRMT7

Thompson and Fast (2006)34 Arginine citrullination H3R2, H3R8, H3R17, H4R3 PADI4
Banerjee and Chakravarti Serine phosphorylation  H2AS1 RPS6KAS5
(2011)%

Shiio and Eisenman (2003)3° Lysine sumoylation Specific residues not yet determined  UBE2I
Wang et al (2004)36 Lysine ubiquitylation H2AK 119 RNF2
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Dysregulated miRNAsin multiple sclerosis

Table 3

Page 25

Sample

Tissue

Dysregulated miRNAs

Disease pathogenesis

Du et al (2009)12°

Junker et al (2009)130

Lindberg et al (2010)13t

De Santis et al (2010)132

Cox et al (2010)133

Fenoglio etal (2011)134
Paraboschi et al (2011)13

Guerau-de-Arellano et al
(2011)136

43 RR MS, 42 healthy
individuals

20RRMS, SPMS,
PPMS,or Marburg variant;
nine healthy individuals

Eight RR MS, ten healthy
individuals

12 RR MS, 14 hedthy
individuals

59 RR MS, SPMS, or PP
MS; 37 healthy individuals

29 RR MS, SPMS, or PP
MS; 19 healthy individuals

Ten RR MS, six healthy
individuals

22 RR MS, SPMS, or PP
MS; 16 healthy individuals

PBL,CD4+T cells

Multiple sclerosis
lesions (active and
inactive)

CD4+T cells, CD8+T
cells, B cells

CD4+CD25+ T cells

Whole blood

PBMCs

PBMCs

Naive CD4+ T cells

miR-326

Active lesions: miR-650, miR-155, miR-326,
miR-142-3p, miR-146a, miR-146b, miR-34a,
miR-21, miR-23a, miR-1993, miR-273,
miR-142-5p, miR-193a, miR-15a, miR-200c,
miR-130a, miR-223, miR-22, miR-320, miR-214,
miR-656, miR-184, miR-139, miR-23b, miR-328,
miR-487b, miR-18lc, miR-340

CDA4+T cells: miR-485-3p, miR-376a, miR-1,
miR-497, miR-193a, miR-200b, miR-126,
miR-486, miR-17-5p, miR-34a

miR-29¢c, miR-107, miR-210, let-7i, miR-153,
miR-19a, miR-19b, miR-138-2*, miR-324-3p,
miR-301a, miR-338-5p, miR-22, miR-512-3p,
miR-564, miR-886-3p, miR-106b, miR-29a,
miR-93, miR-489, miR-148a, miR-590-5p,
miR-223, miR-221

miR-768-3p, HS_265.1, let-7d, let-7f, let-7g,
let-7i, miR-106a, miR-126, miR-126*,
miR-140-5p, miR-15a, miR-15b, miR-16, miR-17,
miR-20a, miR-20b, miR-211, miR-27a, miR-27b,
miR-374a, miR-454, miR-510, miR-579, miR-623,
miR-624*, miR-93, miR-98

miR-21, miR-146a, miR-146b
miR-155, miR-923, let-7f, miR-19a

miR-660, miR-5I8d-3p, miR-586, miR-128,
miR-564, miR-708, miR-378, miR-346, miR-645,
miR-566

individuals

Martinelli-Boneschi et a 19 RR MS, SPMS, or PP PBMCs miR-363, miR-31*, miR-524-3p, miR-876-3p,
(2012)137 MS; 14 hedlthy individuals let-7g, miR-223*, miR-550*, miR-I8Ic,
miR-374a*, miR-150
Disease cour se
Otaegui et al (2009)138 13 RR MS, eight healthy PBMCs miR-18b,miR-493, miR-599
individuals
Keller etal (2009)139 20 RR MS, 19 healthy Whole blood miR-145, miR-186, miR-664, miR-20b, miR-4223,
individuals miR-142-3p, miR-584, miR-223, miR-1275,
miR-491-5p
Siegel et a (2012)140 Four multiple sclerosis, Plasma miR-614, miR-572, miR-1979, miR-648,
four healthy individuals miR-422a, miR-1826, miR-22
Haghikia et al (2012)14* 53 RRMS, SPMS, or PP CSF miR-922, miR-18Ic, miR-633
MS, 39 patients with other
neurologica (non-multiple
sclerosis) disease
Treatment (natalizumab)
Sieversetal (2012)142 20 RR MS, ten healthy B célls Untreated multiple sclerosis: miR-515, miR-411*,

miR-25, miR-16, miR-297a, miR-329,
miR-299-5p, miR-520g, miR-486-5p, miR-363

For each study, only a subset of miRNAs are listed. Refer to the reference for the full list. In miRNA nomenclature, an asterisk refers to
microRNAS corresponding to complementary strands of DNA. As such, the two microRNAs have different sequences and probably have distinct
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targets, despite similar genomic coordinates. miRNAs=microRNAs. RR M S=relapsing-remitting multiple sclerosis. PBL=peripheral blood
leucocytes. SP M S=secondary-progressive multiple sclerosis. PP M S=primary-progressive multiple sclerosis. PBM Cs=peripheral blood
mononuclear cells.
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