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1. Introduction

Neurodegenerative disorders are among the greatest challenges and among the most serious
health problems that will have to be faced by the modern societies across the world, especially
inlight of increasing population age. They are incurable, progressive conditions resulting from
continuous degeneration and death of nerve cells. Most of these disorders become more
common with advancing age, including Alzheimer's disease and Parkinson's disease. The
burden of these neurodegenerative diseases is growing inexorably as the population ages, with
incalculable economic and human costs. According to a collaborative study of the World
Health Organization, the World Bank and the Harvard School of Public Health (the Global
Burden of Disease Study) dementia and other neurodegenerative diseases will be the eighth
cause of disease burden for developed regions in 2020 [1, 2]. Moreover, they will become the
world’s second leading cause of death by 2050, overtaking cancer [2]. These future projections
are of course only estimates, but they in combination with current state certainly support the
fact that neurodegenerative diseases are of an increasing public concern

Although a minor subset of these disorders is caused by clearly defined genetic factors, for
example Huntington's disease, the largest proportion arise due to a complex interplay of
genetic and environmental factors. For this reason, delineation of specific risk factors, useful
biomarkers, potential new therapeutic targets and agents and even definite diagnosis still
remains difficult. Pathological characteristics in brain during the process of neurodegeneration
show considerable overlap among different types of neurodegenerative cognitive and motor
impairment [3]. Moreover, pathological findings do not neccessarily correlate with clinical
findings, meaning that extensive neuropathology does not definitely imply a severly impared
neurological function and, on the other hand, minor pathology may entail significantly
impaired neurological function [4, 5]. Namely, neuropathological processes are not necessarily
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346 Neurodegenerative Diseases

the cause of the underlying disease at the early disease stages, but may merely be the reflection
of fundamental disease processes, yet unknown in majority of neurodegenerative disorders.
Later, as disease progresses, neuropathological changes probably contribute to disease
progression in a positive feedback loop.

Currently, there is no diagnostic test that can clearly indicate the presence, absence, or category
of a neurodegenerative disease. Individual diagnosis is based on clinical evaluation of the
symptoms and specific neuroimaging characteristics, and it often takes years to make one. The
exceptions are monogenic diseases, such as Huntington's disease (HD), where specific genetic
test confirms the diagnosis.

Another unexplained field is underlying mechanism in a majority of neurodegenerative
diseases. Most are characterized by the aggregation of intracellular proteins, but it is not clear
whether this is a primary mechanism or a consequence of another disturbed cell function. The
potential mechanisms of neurodegeneration are innumerable, including primary effects of
protein homeostasis, disturbed protein degradation, gene expression, transcriptional regula-
tion, mitochondrial dysfunction, etc. There is the urgent need to better understand disease
pathophysiology in order to improve early diagnosis and development of disease-modifying
treatments.

In the recent decade, however, a role of epigenetic alterations in development of neurodege-
nerative diseases has been increasingly discussed. Epigenetic constitution presents alandscape
where environmental factors may interact with genetic make-up of an individual. Addition-
ally, the development of high-throughput technologies for genomic, trancriptomic and
epigenomic profiling now offers insight into epigenetic alterations in neurodegeneration, as
well as opportunity for an integrative view of its interactions with various 'omic' levels.
Interpretation of epigenomic profiling results in the context of neurodegeneration and the
methodology for integration of heterogeneous 'omic' data opens an array of novel biological
and bioinformatic challenges and requires the development of novel approaches towards
analysis of these data.

2. Neurodegenerative disorders

2.1. Common neurodegenerative disorders — Alzheimer and Parkinson disease

Parkinson's disease (PD) and Alzheimer disease (AD) are two most common neurodegenera-
tive diseases. Both are very heterogeneous in regard to the causes (combination of genetic and
environmental factors), wide range in the age at onset, vast variety in leading symptoms and
presenting clinical manifestations, disease progression and responses to different therapies.
Definitive clinical diagnosis is hard, although a number of clinical and neuropsychological
tests are often employed when making it. AD is detected with approximately 85-90% accuracy
and PD with approximately 75% accuracy. Despite endless number of research groups
worldwide trying to uncover and explain the pathogenesis of both AD and PD, they still remain
unexplained.
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Ballard et all estimated in 2011[6] that 24 million people have dementia worldwide, majority
attributable to AD. Namely, it is foreseen that more than 80 million people will have AD by
2040 [7], because of the population ageing and age-dependent incidence rate of AD. In order
to improve development of disease-modifying treatment we need to understand the under-
lying pathophysiology of the disease. It is a progressive neurodegenerative disease which
predominantly affects cortical and hippocampal neurons and leads to their irreversible loss [8].
Major clinical signs and symptoms include progressive impairment in memory, judgment,
decision making, orientation to physical surroundings, and language. There are several
neuropathological features in AD, but only 2 are considered essential for the diagnosis - 3
amyloid containing extracellular senile plaques and neurofibrillary tangles, composed of a
hyperphosphorylated form of the microtubular protein tau. Others include synapse loss,
neuron loss, atrophy, gliosis, degenerative changes in white matter, granulovacuolar degen-
eration, other protein aggregates [9].

PD was first described by James Parkinson in earyl 1800s as “shaking palsy”. It is the second
most prevalent neurodegenerative disease after AD. There are over 6 million people with PD
worldwide (European Parkinson's Disease Association, EPDA). As elderly population
increases, this estimate is predicted to double by the year 2040. The typical clinical signs are
resting tremor, bradykinesia, muscle rigidity, and postural instability. The key neuropatho-
logical characteristics are the loss of neurons in the substantia nigra and the presence of
neuronal protein aggregates termed Lewy bodies [10]. It is believed that approximately 5-20%
of patients have monogenic PD with more than 10 genes being identified as causative. These
gene defects in familial PD highlight the importance of genetic influences in this disease,
however the majority of PD cases are considered sporadic and idiopathic nad thus believed to
be largely influenced also by other factors. The current consensus suggests that PD develops
from multiple risk factors including aging, genetic predisposition, and environmental
exposure [11].

Important future challenge in the management AD and PD remains the establishment of early
diagnosis or even identification of individuals prior to the onset of dementia in AD or resting
tremor in PD. This implicates advancement in understanding disease pathogenesis and
development of diagnostic approaches, including disease/process specific biomarkers.

2.2. Huntington disease — A model of genetic neurodegenerative disorder

Huntington disease is a late onset, autosomal dominant genetic disease - its cause is invariably
trinucleotide expansion mutation, known for almost 2 decades [12]. Typical clinical signs are
progressive motor impairment, cognitive decline and various psychiatric symptoms with the
age of onset between 30 and 50 years. The disease is fatal after 15-20 years of progressive
neurodegeneration [13]. So far, no effective treatment has been available to cure the disease or
to even efficiently slow its progression. Although hyperkinesias and psychiatric symptoms
respond well to pharmacotherapy, neuropsychological deficits and dementia remain untreat-
able [14]. There is no way of predicting the age at onset. Also, due to the insensitive clinical
rating scales, it is not feasible to follow the disease progression over short time periods.
Moreover, there are no specific measures to follow response to symptomatic treatment over
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short time periods. In addition, in the presymptomatic period when preventive treatment and
slowing of neurodegeneration might be most effective, there are no measures/markers to
monitor those responses and benefits.

The function of normal huntingtin in the cells and mutation mechanism that leads to neuro-
degeneration and typical signs are still not clear, despite the fact, that the responsible gene and
mutation were already identified and characterized in 1993. Basic research created many
different hypotheses about pathogenic mechanisms — they include disturbances in variety of
biochemical pathways, such as accumulation of misfolded mutated proteins, apoptosis,
protein degradation, intracellular signaling as well as oxidative stress, disturbed transcription
regulation [15, 16] and epigenetic processes [17].

3. Epigenetic mechanisms

Increasing interest in epigenetics which is currently one of the most rapidly expanding fields
in biomedical research has been accompanied by several breakthroughs like finding new
histone variants and modifications, the discovery of the CpG island shores and most of all
possibility of genome-wide analysis of epigenetic marks — epigenomic analysis — at single
nucleotide resolution. The recognition of the role of epigenetics and how important it could
be in human disease was first discussed in oncology and further extended to neurodevelop-
ment and neurodegenerative diseases.

Changes in gene expression which are heritable are not always due to alterations in DNA
sequence but are also attributable to epigenetic mechanisms. This could explain many cases
where different phenotypes arise from the same genotype, such as monozygotic twins which
are identical at DNA sequence level but have different DNA methylation and histone modi-
fication profiles [18] that possibly affect the penetrance for several complex diseases (cancer,
autoimmune, neurodegenerative and cardiovascular diseases).

Studying epigenetic mechanisms made it possible to map epigenetic marks which are critical
for regulating gene expression. The importance of epigenetics in maintaining normal devel-
opment and in being one of the key factors in cellular differentiation can be explained by the
observing how aberrant placement of epigenetic marks and mutations in the epigenetic
machinery is involved in disease [19].

There are three distinct, yet highly interrelated, major mechanisms of epigenetic regulation
(Figure 1) [20] :

1. DNA methylation refers to the addition of a methyl group to the 5-position of cytosine
in the context of CpG dinucleotides to define the “fifth base of DNA.”

2. Histone modification - The fundamental repeating unit of chromatin is the nucleosome
comprised of an octamer of core histone proteins. Posttranslational modifications of the
amino-terminal tails of histone proteins and the density of these proteins per unit length
of DNA, can importantly affect chromatin structure and constitute a putative “histone
code.”
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@
RNA-based mechanisms

(Reproduced with permission, Yan, M. S. et al. J Appl Physiol 2010;109:916-926).

Figure 1. Schematic representation of 3 fundamental mechanisms of epigenetic gene regulation.

3. RNA-based mechanisms have also recently been shown to impact the higher-order
structure of chromatin, such as small noncoding RNAs.

3.1. DNA methylation

This is the most widely studied epigenetic mechanism which consists of covalent addition of
methyl group at the 5-position of cytosines followed by guanines (CpG dinucleotides) and is
usually associated with gene silencing. CpG dinucleotides are generally clustered in regions
called CpGislands defined as regions with G-C content of at least 50%. Human gene promoters
are associated with CpG island in about 60%. In normal cells they are usually unmethylated
and about 6% of them become methylated in a tissue-specific manner in differentiated tissue
or during early development [21].

DNA methylation is not present only at CpG islands. Recently, a new term has been coined,
CpG island shores which are regions of lower CpG density that are located close (= 2kb) to the
CpG islands. Additionally, it seems that methylation of CpG island shores is closely related to
the inactivation of transcription and is also found that most of tissue-specific methylation of
DNA occurs not at CpG islands but CpG island shores [22].

DNA methylation can inhibit gene expression in direct or indirect ways. Indirect transcription
inhibition is mediated through promoting activation of methyl-CpG-binding domain (MBD)
proteins by methylated DNA, which inhibit transcription [23]. Direct transcriptional inhibition
is possible by interruption of activity of DNA binding proteins from their target sites.

A significant portion of methylated CpG islands is also found in repetitive elements. This
methylation is functional and needed because of protection from reactivation of endoparasitic
sequences which can cause chromosomal instability, gene disruption and translocations [24].
Eventhough DNA methylation occurs mostly in CpG islands in mammals, non-CG methyla-
tion has recently been described in humans at CHG and CHH sites (H=A,C or T). The level of
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of non-CpG methylation decrease during differentiation and mechanisms of non-CpG
methylation actually remains unclear at the moment [25].

Other epigenetic regulators linked to DNA methylation are DNA methylation enzyme DNA
methyltransferases (DNMT) [26]. DNMT enzyme family mediates DNA methylation by
catalyzing the transfer of a methyl group from an S-adenosyl-L-methionine to cytosine. In
mammals there are five membrs of the DNMT family, but only three of them have methyla-
transferase activity - DNMT1, DNMT3a and DNMT3b.

The question that still remains unclear is how DNA methylation machinery is directed to
specific sequences. Several proposed mechanisms imply there should be some interaction of
DNMTs with other epigenetic factors.

3.2. Histone modifications

Another important epigenetic mark is histone modification. There are 4 groups of core histones
H2A, H2B, H3 and H4 which form H2A and H2B dimers and one H3-H4 tetramer. Together
they form nucleosome - fundamental unit of cromatin structure. These proteins provide a solid
structure for DNA helix and also an interactive surface as N-terminal regions of histones
protrude from the nucleosome and are susceptible to interactions with other proteins.

The residues at histone tails are subject to many post-translational modifications like acetyla-
tion, methylation, phosphorylation, SUMOylation and ADP-ribosylation [27]. Post-transla-
tional modifications are dynamic and reversible processes mediated by two antagonistic sets
of enzyme-complexes that can attach or remove corresponding chemical groups. Acetylation
at lysine residues is one of most thoroughly studied histone modifications and is associated
with transcriptional activation [28]. Modifications are made by histone acetyl transferases
(HATs) and can be reverted by histone deacetylase (HDACs).

As previously mentioned, there are interactions between all epigenetic marks. An interesting
example of such interplay between histone modification and DNA methylation is relationship
between DNA methyltransferase3 (DNMT3L) and H3K4 where DNMT3L specifically interacts
with histone H3 tails inducing de novo DNA methylation [19].

3.3. RNA-based mechanisms - Noncoding RNA-mediated modulation of gene expression

RNA mediated post-transcriptional gene silencing (TGS) was first observed already in 1989 in
tobacco plants [29] and later became known as an important epigenetic mechanism also in
humans. It has also been shown in the last years that small RNAs are directed to the targeted
promoter regions and this leads to modulation of silent state chromatin modifications [30]. In
addition to gene silencing, there is evidence to suggest involvement of small RNAs in addi-
tional aspects of transcriptional regulation. These molecules may also activate certain genes,
when targeted to promoter regions low in GC content [31]. One subtype of small RNAs are
microRNAs, which excert their role on post-transcriptional level, probably by influencing the
stability, compartmentalization and translation of mRNAs. In this way, expression of numer-
ous genes is regulated related to different key biological processes cellular processes such as
proliferation, morphogenesis, apoptosis and differentiation [32].
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In addition to above described epigenetic mechanism, there is another mechanisms, tightly
linked to both histone modifications and DNA methylation — nucleosome positioning.

Gene expression is also regulated by DNA packed into nucleosomes as these represent a
barrier to transcription that blocks access of activators and transcription factors. For in-
stance nucleosome displacement of about 30 bp at transcription start site (TSS) has been
reported which leads to changes in RNA polymerase II activity [19]. Gene activation is
highly correlated with loss of nucleosome directly upstream of the TSS, whereas the oc-
clusion of TSS by a nucleosome is correlated with gene repression [33]. Nucleosomes can
be destabilized or ejected in ATP-hydrolysis dependent manner by groups of large mac-
romolecular complexes, known as chromatin remodeling complexes. There are four fami-
lies — SWI/SNF, ISWI, CHD and INOS0 [34].

In general very little is known about specific mechanisms of nucleosome positioning and
further investigation will give us more insights into these processes.

4. Epigenetics and its role in neurodegeneration

Proper differentiation and function of the central nervous system cells are subject to significant
influence of a variety of epigenetic modifications. It has been shown that substantial reorgan-
ization of the epigenome on the level of cytosine methylation and histone modifications occurs
throughout early brain development and continuing through the process of aging [35].

Most notably, the association between epigenetic signature and neurologic disease has been
established through observation of monogenic neurodevelopmental disorders resulting from
mutations in genes coding for proteins directly involved in core processes of methylation and
histone modification. While mutatations in the MECP2 gene, coding for Methyl-CpG-binding
protein and related to Rett syndrome, are probably most widely known for association of
dysfunctional epigenetic regulation and neurologic disease, mutations in several similar genes
have recently been related to neurologic disesease occuring in a variety of age groups.

The role of epigenetic alterations in common neurodegenerative disorders, such as Hunting-
ton's, Parkinson's and Alzheimer's disease, on the other hand, has not been considered until
recently. Specific disturbed epigenetic mechanisms and changes in all three neurodegeneration
NDG disorders are shown in Figure 2.

Surprisingly, it has been shown in the recent decade, that inhibition of histone deacetylase
enzymes (HDACs) confers neuroprotective effects in invertebrate and mouse models of
Huntington's disease [36]. It is thought that observed beneficial effects of HDAC inhibitors
results from re-stabilization of gene transcription, owing to a shift of histone acetylation
equilibrium towards increased acetylation of histones, relaxation of DNA-chromatin com-
plexes and subsequent increase of gene transcription. In addition to putative alleviation of
symptoms observed in Huntington's disease, the potential benefit of HDAC inhibitors has been
considered in a range of neurologic diseases, from monogenic neurologic diseases to common
neurodegenerative disorders, such as Parkinson's and Alzheimer's disease[35].
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Lines of evidence supporting a role of
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Figure 2. Key epigenetic changes in PD, AD and HD

Other line of evidence stems from the fact that a multitude of monogenic disorders, resulting
from mutations in genes essential for proper epigenetic regulation, are characterized by
symptoms that arise late in the course of life, such as cerebellar ataxia and hereditary neuro-

pathy. This observation rose a possibility that common neurodegenerative disorders may
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share pathogenetic mechanisms and be related to dysfunctions of methylation and histone
modifications. It has been demonstrated that nuclei of brain cells from patients with Parkin-
son's disease contain reduced amounts of methyltransferase enzymes (most notably Dnmt1),
leading to dysfunctional methylation of several genes playing a key role in PD pathogenesis,
including synuclein-a gene, whose accumulation is observed in plaques of patients with PD
[37]. It is also hypothesized that mitochondrial function, commonly perturbed in brain cells of
patients with neurodegenerative disorders, is affected by methylation patterns of mitochon-
drial DNA [35].

Moreover, it was shown that protein aggregates constituting plaques found in brain cells of
patients with Alzheimer's disease and Huntington's disease, contain sequestred proteins with
histone acetyltranferase activity (notably CBP protein), potentially leading to reduced histone
acetylation [38]. Increase of histone proteins carrying H3K9 marks has also been detected in
blood and brain tissues of patients with Huntington's disease [39].

This novel evidence substantiates that epigenetic modifications may play a significant role in
the etiology of neurodegenerative diseases and pathogenetic mechanisms involved in their
propagation and may also present a great opportunity for therapeutic interventions.

4.1. Epigenetics in Parkinson’s disease

Parkinson’s disease (PD) is the second among most common neurodegenerative disorders and
is characterized by progressive depletion of dopaminergic neurons within the substantia nigra,
clinically manifesting as progressive symptoms of tremor, rigidity, bradykinesia and postural
instability [40, 41]. PD belongs to a group of complex diseases and is hypothesized to arise
consequentially to interaction of a multitude of genetic and environmental factors. Details of
specific sites of genetic predisposition and environmental insults, however, remain largely
unclear [42]. Nevertheless, discovery of monogenic forms of PD provided a great insight into
specific physiologic pathways that, once perturbed, lead to destruction of dopaminergic
neurons. A significant proportion of cases with familial forms of PD, following clear Mendelian
inheritance has been identified. Here, causative mutations have been discovered, offering
valuable insight into intricacies and key points of disease pathogenesis. To date, mutations in
genes SNCA (encoding a-synuclein protein), PARK2 (parkin), PINK1 (PTEN-induced kinase
protein 1), UCHLI (ubiquitin carboxyl-terminal hydrolase isozyme L1), DJ1 (DJ-1 protein), and
LRRK2 (leucine-rich repeat serine/threonine-protein kinase 2) were identified as a cause of
familial PD [41].

Perhaps the most studied gene in light of potential epigenetic alterations in PD is SNCA gene.
Depositions of misfolded a-synuclein constitute a pathologic hallmark of Parkinson’s disease
(Lewy bodies) and co-locate with sites of neuronal loss. As a-synuclein toxic effects are
primarily exerted in neuronal nuclei, it has been hypothesized that it perturbs the distribution
and organization of DNA and histone epigenetic modifications [43]. Indeed, recent studies
have demonstrated a-synuclein associates with histones and inhibits their acetylation, doing
so through its association with Sirtuin-2 (Sirt2) histone deacetylase. Interestingly, in a
Drosophila model of PD, targeted down-regulation of Sirt2 resulted in reduced a-synuclein
toxicity [44]. Additionally, other histonic modifications have been related to increased or
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decreased death of neurons in PD. Treatment with MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine), commonly used in animal models to provoke PD symptoms, has been assocated
with increased presence of H3 histonic marks, which has been reverted after treatment with
levo-dopa [45]. In a C. elegans model of PD, where overexpression of SNCA was stimulated,
reduced expression of nine genes coding for histone proteins was observed [46]. In addition,
a recent study has linked a mutation (A53T) in SNCA gene to monoallelic silencing of
transcription form mutated allele, which was shown to result from histonic modifications at
that site [47].

On the other hand, the role of DNA methylation in PD is currently unclear. It has been shown
that metabolism of one-carbon compounds required for normal methylation is perturbed in
PD [48]. Several studies have already pointed to the possibility of altered SNCA promoter gene
methylation in relation to neuropsychiatric disorders [49]. Methylation of SNCA intron 1 has
been associated with decrease in SNCA transcription and reduction of methylation at this site
was observed at several brain regions affected in PD (including substantia nigra) [50]. This
observation was further substantiated in analyses of other parts of the gene, where hypome-
thylation was also detected [51]. These results raise the possibility that increase in a-synuclein
production may result from increased SNCA expression, potentially as a consequence of
reduced methylation status of this gene. Additionally, a-synuclein has been shown to seques-
ter DNA methyltransferase 1 (DNMT1), resulting in decreased overall methylation of genes
in brain tissues of PD patients [37]. A study investigating larger set of genes, has revealed that
other genes besides SNCA are characterized by differential methylation in PD (ARK16,
GPNMB, and STX1B) [52]. Recently, these investigations have been expanded to global
epigenomic scale of methylation in postmortem brain samples and a novel gene characterized
by hypomethylation in PD was identified (CYP2E], the cytochrome P450, family 2, subfamily
E, polypeptide 1). In accordance, increased expression of the same gene has also been detected.
Interestingly, CYP2E1 knock-out mice models have also been shown to be protected from
MPTP toxic effects [53].

The role of miRNA regulatory system has also been implicated and surveyed in the context of
PD. Initial study, performed by Kim et al, reported a detection of miRNA molecule (miR-133b)
with expression specific to midbrain dopaminergic neurons and reduction of expression level
in PD patients’” midbrain tissue samples [54]. Differences in expression of several other
microRNAs have been detected in early symptomatic mouse models of PD (miR-10a, -10b,
-212, -132, -495) [55]. In addition, miR-7 has been found to repress expression of SNCA gene
in two independent studies where it was demonstrated that its expression levels were reduced
in MPTP cell culture and animal models [56, 57]. A global miRNA profiling approach in PD
brain samples revealed downregulation of miR-34b/c, which has an important role in regula-
tion of mitochondrial function. This deregulation was particularly notable in patients early in
disease course, who have not yet been subjected to PD treatment modalities [58]. In another
study, alterations of miRNAs could even be detected in blood samples from PD patients in
regard to affection and pre- and post-treatment status. Their expression levels could be used
to distinguish patients from controls based on blood expression profiles [59].
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These lines of evidence provide support for the possibility that a proportion of pathways
leading to PD could be better understood by incorporating epigenetic regulome into the our
current disease models. In addition, epigenetic alterations provide novel treatment targets,
allowing re-stabilization of perturbed cellular mechanisms. Most notably, histone deacetylase
inhibitors (HDACIs), currently already approved for treatment of haematologic malignancies,
have been shown to rescue a-synuclein- induced toxicity in models in vitro and in vivo. Several
new forms of HDACIs and DNA-demethylating drugs are currently in preclinical testing stage
and provide an array of new opportunities to benefit patients with PD [60].

4.2. Epigenetics in Alzheimer disease

Alzheimer disease, as discussed above, is the leading couse of dementia world wide. It is
characterized by dementia that typically begins with subtle and poorly recognized failure of
memory and slowly becomes more severe and, eventually, incapacitating. Other findings
include confusion, poor judgment, language disturbance, agitation, withdrawal, and halluci-
nations. As is true for PD, AD is believed to be a complex disease, combining the effects of
genetic and environmental factors. On the other hand, approximately 25% of all AD is familial,
95% of which is late-onset (age >60-65 years) and 5% is early-onset (age <60 years). In familial
AD definite causative genes and mutations are known, offering important models for studying
disease pathogenesis. To date, mutations in three genes are undoubtfully linked to AD -
Presenilin-1 (PSEN1), Presenilin-2 (PSEN2) and Amyloid beta A4 protein (APP). Others remain
tobe discovered. Thisis also true for the cause of sporadic AD, which can in part be attributable
to epigenetic mechanisms.

Epigenetics is an emerging field in the light of potential impact on development of neurode-
generative diseases. It is a mechanism independant of DNA sequence with effects on gene
transcription, yet in specific way it is heritable. It is well known that epigenetic modifications
alter transcriptional activity of thousands of genes and simultaneously of many different
cellular pathways in individually specific manner, dependant also on environmental factors
and yet unknown co-factors. In this way epigenetics might constitute a crossroad for diverse
pathophysiological mechanisms and risk factors contributing to development of Alzheimer
disease. In addition, epigenetics may explain a part of mechanism by which AD in a first degree
relative means an increased risk of “sporadic” disease, since epigenetic impressions are passed
from generation to generation. Different mechanism have been implicated - DNA methylation,
histone acetylation, miRNAs.

4.2.1. DNA methylation in AD

An important suggestive evidence of the role of epigenetic modifications in AD was a study
on monozygotic twins discordant for AD, where status of DNA methylation in temporal
neocortex neuronal nuclei was significantly altered in the AD twin [61].

It has been shown this year in genome-wide DNA methylation study that more than 900 CpG
sites representing 918 unique genes might be associated with late onset AD. The best candidate
gene turned out to be a Transmembrane Protein 59 (TMEMS59), whose promoter was hypo-
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methylated in AD [62]. Interestingly, TMEM59 was previously linked to amyloid precursor
protein shedding, which is a central regulatory point in the production of amyloid 3 peptid in
AD [63]. Regulation of amyloid precursor protein shedding is still not clear and mostly
unknown at the molecular level.

Another gene candidate shown to be differentially methylated is mRNA componentof
telomerase HTERT (human telomerase reverse transcriptase), potentially involved in higher
telomerase activity and immune dysfunctions in AD pathogenesis [64]. Disturbances in
inflammatory regulation and response has been widely accepted and studied in AD for more
than a decade. Numerous studies have proven this connection, for example, inflammatory
mediators and signs of oxidative stress were described mostly in regions of beta-amyloid
peptide deposits and neurofibrillary tangles [65]. Also, in vitro and in vivo studies on connection
between pro-inflammatory cytokines and processing and production of the beta-amyloid
peptid shown important influence [66]. In addition, whole genome expression studies showed
widespread transcriptional alterations - decreased neurotrophic support and activated
apoptotic and neuroinflammatory signaling in AD brain [67]. Specific studies on DNA
methylation have added to this hypothesis by detecting hypomethylation of iNOS, IL-1, and
TNF-a in the AD brain [65].

4.2.2. Hystone modification in AD

Another pathway of epigenetic regulation of transcription and other functions in cells is
chromatin acetylation and deacetylation of histone proteins. Many studies associated histone
hypoacetylation and transcriptional dysfunction with many different neurodegenerative
conditions, including AD [68], Parkinson's disease [69] and Huntington's disease [70]. Direct
evidence of disturbed histone modifications in AD was proposed in a study where elevated
levels of phosphorylated histone H3 in AD hippocampal neurons were found and dislocalised
to neuronal cytoplasm, as opposed to the nucleus as in actively dividing cells [71]. On the other
hand, a recent study using novel proteomic approaches showed that histone acetylation is
significantly lower in AD temporal lobe as compared to aged controls [72].

Using HDAC inhibitors to manipulate histone acetylation in several animal models of
AD showed important potential of these molecules as treatment options. For example,
valproic acid, which has HDACI inhibitor activity, decreased the production of amyloid-
beta precursor protein and reduced plaque burden in the brains of Alzheimer's disease
transgenic mouse model [73]. Another study reported beneficial role of phenylbuthyrate
in cognitive impairment and neuropathology in AD. Using sodium 4-phenylbutyrate to
treat Tg2576 mice it was shown that it reversed spatial memory loss and normalized lev-
els of phosphorylated tau in the hippocampus. At the same time, it failed to change amy-
loid-beta precursor level [74]. This is in concordance with earlier studies which have
shown that changes in amyloid-beta precursor levels are not necessarily associated with
improvement in learning and memory performance [75, 76].

Another important finding was that increased histone acetylation induced sprouting of
dendrites, increased number of synapses and reinstated learning behaviour and access to
long-term memories, after already present brain atrophy and neuronal loss in a mouse
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model [77]. The author suggested that histone deacetylase inhibitors might be potential
therapeutic agents for AD nad other neurodegenerative diseases where learning and
memory impairment is present.

As it seems, histone modifications happen and have an important role in AD and AD animal
models. Still, the underlying mechanisms and regulation and post-modification pathways are
complex and not fully understood yet.

4.2.3. miRNA in AD

Micro RNAs (miRNAs) are post-transcriptional regulators that bind to complementary
sequences on target mRNAs. This usually results in translational repression or target degra-
dation and gene silencing. It is assumed that human genome might encode approximatelly
1000 miRNAs. miRNAs have been linked to posttranscriptional control of amyloid precursor
protein expression [78], namely negative regulatory control by miR-101 and miR-16 [79]. The
study clearly demonstrated that amyloid precursor protein is a target of miR-16 and that
abnormally low expression of miR-16 might directly lead to protein accumulation in AD mice.
Also, miRNAs are equally involved in the regulation of neuronal mRNA alternative splicing
[80]. Smith et al have shown that miR-124 is down-regulated in AD brain and at the same time,
its underexpression in neurons is associated with inclusion of exons 7 and 8 to amyloid
precursor protein. To contribute to this finding, they have also shown that ectopic expression
of miR-124 reversed these effects in cultured neurons.

At present, miRNAs are hot topic and the full complement of miRNA that participate in the
regulation of precursor protein expression, splicing and potential other steps in its accumula-
tion are yet to be discovered.

4.3. Epigenetics in Huntington's disease

Huntington’s disease (HD) is caused by dominant mutation with expanded number of
glutamine codons within an existing poly-glutamine (polyQ) repeat sequence of a gene
encoding for protein huntingtin (htt). Normal htt has 36 polyQ repeats and aberrant has more
than 39 polyQ repeats. In case of 36-39 polyQ repeats we have an “intermediate allele” with
incomplete penetrance and greater probability of becoming pathogenic if there is family
history of Huntington’s disease.

It has been shown in brain of mouse models [16] and in blood and brain of patients with HD
that changes in gene expression occur very early in the disease course [81]. Gene transcription
is regulated by complex interplay of different protein complexes, including transcription
factors and histones, which in turn are regulated by covalent modifications such as acetylation,
methylation and phosphorylation. Histone acetylation, which promotes transcription, is
reduced in models of HD [82] and, on the other hand, histone methylation, which inhibits
transcription, is increased [83]. Moreover, histone methylation was shown to be increased in
HD patients, suggesting important role in disease pathogenesis [39].

Further evidence was provided by the use of histone acetylase inhibitors (HDACi), sodium
butyrate and phenylbutyrate which increased survival of R6/2 mice. Also, improved motor
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performance and to some extend reversed alteration in gene expression and hypoacetylation
at selected promoters in cerebellum of R6/2 mice was reported [82]. The exact mode of histone
acetylation and methylation in HD is still unknown, but HDACs might be a potentially
promissing treatment. One of HDAC inhibitors, sodium phenylbutyrate, is already approved
in the treatment of urea cycle disorders and is under investigation for treatment of various
refractory cancers, amyotrophic lateral sclerosis and spinobulbar muscular atrophy. A dose-
finding study of this compound in human HD has already been conducted to determine the
tolerability of the compound in patients with HD [84].

Another epigenetic mechanism, implicated in HD, is also disturbed miRNAs levels. Several
miRNAs are significantly misregulated in HD brains compared with healthy controls. Five
miRNAs, miR-9, miR-9%, miR-29b, miR-124a and miR-132 are significantly disregulated in HD
cortex [85]. Interestingly, miR-9/miR9* are important in regulation of transcriptional repressor
REST, which is mislocalized in brains neurons of patients with HD [86]. Together with other
transcriptional factors it acts to regulate neuronal gene expression. How this is related to HD
progression and potential for treatment remains yet to be elucidated.

In addition to human HD, an important role of miRNAs has also been shown in cell models
of HD and linked directly to mutated protein huntingtin. Huntingtin has been shown to be the
target of several miRNAs, miR-214, miR-150, miR-146a and miR-125b. Their expression
reduced the expression of mutated protein. This regulation of huntingtin by miRNAs might
provide a new approach to modulate HD [87].

5. Conclusion

Neurodegenerative diseases are becoming one of the most important public health issue in the
developed world due to the population ageing. It is of paramount importance to improve our
knowledge on pathophysiology of the group of these diseases with the aim to improve
diagnostics, development of disease-modifying treatment and preventive measures. The most
important field is early diagnosis with accurate risk estimates and potential preventive
treatment. Numerous research groups and initiatives are working with this same goal in order
to improve above mentioned issues.

Global epigenetic changes, with downstream effect on numerous genes and different biological
pathways, appear to be involved in synchronous cellular response and alterations that direct
development, aging, and, in some cases, even disease. Epigenetic modifications in the patho-
psysiology of neurodegenerative diseases are lately becoming more and more important and
widely discussed. This field is expected to provide important molecular mechanisms that will
contribute to understanding of the pathogenesis, treatment response and even development
of new therapeutic targets in the field of neurodegenerative disorders.

DNA methylation, histone modifications and small noncoding RNA regulation are different
epigenetic mechanisms directly or indirectly linked to transcriptional activity and post-
translational modifications, such as alternative splicing. It has already been proposed and well
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accepted that these epigenetic alterations with consequent transcriptional dysregulation might
be an important marker of disease status and its progression in many neurodegenerative
diseases. The disruption of normal transcriptional pathways through altered epigenetic status
triggers signaling cascades linked with a number of pathological mechanisms.

In this chapter we have shortly reviewed epigenetic role in Parkinson's disease, Alzheimer
disease and Huntington's diseases. Epigenetic characteristics show an important role and
certain specifics in all three. Moreover, the epigenetic modifications that have been reported
in PD and AD, are in some points similar to trends in normal aging. Therefore, in addition to
giving us insight to pathogenesis of neurodegeneration, they might also explain why aging by
itself is a risk factor for developing neurodegenerative disorder.

Instead of studying preselected genes or regions and their epigenetic characteristics, whole-
genome epigenetic status, so-called epigenome should be studied. With the knowledge on
direct impact of epigenetic to transcriptional dysregulation, it would be of great importance
to conduct epigenomic studies in tandem with transcriptomic (genome-wide gene expression
profiling) studies. Only with this approach is one able to directly validate functional effects of
epigenetic changes on gene expression. True, research on the epigenetic components and
mechanisms associated with neurodegeneration is still in its beginning and future will provide
additional essential information.

Last but not least - epigenetic modification is a reversible characteristic while genetic mutation
isnot. Influencing and tightly regulating epigenetic modification is therefore theoretically very
promising candidate method from a therapeutic perspective of neurodegenerative diseases. It
is well known that certain therapeutic compounds can influence and change the DNA
methylation status and transcriptional activity accordingly. Though, one has to bear in mind,
that in general, epigenetic mechanisms exert effects on many genes simultaneously and the
same is also true for currently known effective epigenetic therapeutics.
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