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ABSTRACT

ABERRANT GLOBAL DNA METHYLATION IN NEURODEGENERATION:
ALS AND TRINUCLEOTIDE REPEAT DISORDERS

Amyotrophic lateral sclerosis (ALS) is a late onset neurodegenerative disease of the
motor neurons, leading to death within two-three years of onset. Extensive studies have thus
far helped identify many genetic causes for this devastating disease, but despite such efforts,
more than 80% of ALS still remains unexplained. ALS is generally considered to be a
polygenic disease, and many different factors may be involved in its pathogenesis, including
a combination of rare mutations and environmental factors which could ultimately lead to
epigenetic modifications. Here, we investigated ALS from an epigenetic perspective,
focusing on 5-methylcytosine (5-mC), a well-characterized epigenetic modification, aiming
to conclude disputes between different studies reporting inconsistent results for global 5-mC
levels detected in blood samples of sporadic ALS (SALS) patients. The study was further
extended to different subtypes of ALS, including familial ALS (fALS), C9orf72 expansion
carrier ALS (C9orf72+ ALS) and ATXN2 intermediate expansion ALS along with
spinocerebellar ataxia types 1 and 2 (SCA1 and SCA2), Huntington’s disease, Friedreich’s
ataxia and myotonic dystrophy type 1. In order to analyze the global 5-mC levels, in DNA
isolated from blood, an enzyme-linked immunosorbent assay (ELISA) kit was selected upon
testing of commercially available Kits. The results showed that increased global 5-mC levels
are not exclusive to SALS (p < 0.001 [F(1, 214) = 11.993, p = 0.000645]) and that this can
also be observed in different subtypes of fALS. Interestingly, SCA1 (p < 0.01 [F(1, 32) =
8.778), p = 0.00571]) and SCA2 (p < 0.01 [F(1, 56) = 10.784, p = 0.001768]) patients also
showed increased levels of global 5-mC when compared to age- and sex-matched healthy
controls. Additionally, direct bisulfite sequencing was utilized to investigate the C9orf72
promoter in C9orf72+ ALS patients and healthy controls. Promoter hypermethylation was
observed in patients and was moderately correlated (rs = 0.3902, p < 0.05) with the global
levels of 5-mC. We also tested several commercial kits for the quantification of 5-

hydroxymethylcytosine and could not find a suitable kit for its detection in blood.
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OZET

NORODEJENERASYONDA ANORMAL GLOBAL DNA METILASYONU:
ALS VE TRINUKLEOTID TEKRAR HASTALIKLARI

Geg baslangicli bir motor noron hastaligi olan amiyotrofik lateral skleroz (ALS), iki-
ti¢ y1l i¢inde 6liimle sonuglanir. Bugiine kadar yapilan kapsamli aragtirmalar bu hastaliga yol
acan pek cok genetik faktorii ortaya ¢ikardiysa da, olgularin %80’inden fazlasinin genetigi
hala agiklanamamaktadir. ALS patogenezinde birgok faktor etkendir, buna nadir
mutasyonlar ve cevresel faktorler de dahildir. ALS tiim bu faktorlerin epigenetik
modifikasyonlara da neden oldugu poligenik bir hastalik hatta sendrom olarak
diistiniilmektedir. Bu c¢alisma kapsaminda, iyi tanimlanmis 5-metilsitozin (5-mC)
degisimlerine odaklanarak ALS’nin epigenetik yoniini inceledik. Ayni zamanda
literatlirdeki sporadik ALS (sALS) hastalarinin kan 6rneklerindeki global 5-mC diizeylerini
Olgen caligmalardaki tutarsizliklar1 ¢ozmeyi amagladik. Calisma ALS’nin alt tiplerinin,
ailesel ALS (fALS), C9orf72 pozitif ALS (C9orf72+ ALS) ve ATXNZ2 nedenli ALS nin, yan1
sira spinoserebellar ataksi 1 ve 2 (SCA1 ve SCAZ2), Huntington, Friedreich ataksisi ve
myotonik distrofi hastalari1 da incelemek iizere genisletildi. Kandaki global 5-mC
diizeylerini tanimlamak tizere kullanilacak kite piyasadaki enzim immunotest (ELISA)
yontemi ile calisan ¢esitli kitlerin denenmesi sonucu karar verildi. Elde edilen sonuglar
kanda global 5-mC seviyelerindeki artigin sadece SALS’ye 6zgii olmadigimi (p < 0.001 [F(1,
214) = 11.993, p = 0.000645]), ve benzer artislarin tim ALS alt tiplerinde de var oldugunu
gosterdi. SCAL (p < 0.01 [F(1, 32) =8.778), p = 0.00571]) ve SCA2 (p < 0.01 [F(1, 56) =
10.784, p=0.001768]) hastalar1 da, yas- ve cinsiyet-uyumlu kontrollerle karsilastirildiginda,
kandaki global 5-mC seviyelerinde artis goriildii. Ayrica, C90rf72 tekrar artis1 mutasyonu
tastyicilarinda bu genin promotor bolgesindeki metilasyonu incelemek amaciyla bistilfit
dizilemesi yontemi kullanildi. Bu hastalarda gdzlemlenen promotor hipermetilasyonu global
5-mC seviyeleri ile istatistiksel olarak orta derecede korelasyon iginde bulundu (rs = 0.3902,
p < 0.05). Bu ¢alismalara ilaveten, piyasadaki 5-hidroksimetilsitozin (5-hmC) 6l¢iim kitleri

de denendi, fakat hig birinden tutarl bir sonug alinamadi.
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1. INTRODUCTION

With the advents of modern day high-throughput technologies, delivering ever more
elaborate tools and means of deciphering the complex nature of the living world, biological
sciences have experienced a massive surge in the amount of data produced (Cook et al.,
2016). This has in turn led to a considerably large number of novel discoveries, helping
mankind gain a more comprehensive understanding of the mechanisms that govern the order
within biological systems. In the post-genomic era, epigenetics (first coined by Waddington
in 1942), leading to changes in the phenotype without any change in the genotype (Dupont
et al., 2009; Waddington, 1968), has also gained special attention due to its extensive role in

the regulation of many different mechanisms within the cell.

Epigenetic modifications add an extra level of regulatory control upon the genome, the
ultimate governing factor within every living entity. Such modifications and regulatory
mechanisms within the cell can influence the transcription of both coding and noncoding
RNA, and range from DNA methylation to various histone modifications, nucleosomal
positioning and also modifications at the RNA level (Allis and Jenuwein, 2016). This is
crucial for the ultimate identity of any cell as it is determined by the tightly controlled gene
expression patterns via transcription factors that depend on both genetic and epigenetic cues,
such as regulatory sequences, chromatin structure and nucleosomal positioning (Cantone
and Fisher, 2013).

During early developmental stages, epigenetic patterns have been shown to undergo
drastic changes such as global elimination and restoration (Suelves et al., 2016), but on the
contrary they are found to be quite stable during adulthood. These marks and modifications
are crucial for stable gene expression, and thus cellular fate determination and maintenance
(Cantone and Fisher, 2013). Whether it be the aberrant positional or chemical modifications
in each epigenetic mark, or mutations in the regulatory machinery responsible for the
maintenance of the epigenome, the resulting changes at the transcriptional level have been
linked to many different diseases (Zoghbi and Beaudet, 2016).



Recent years have seen a significant increase in the number of epigenetic studies being
conducted both at the cellular and clinical levels, mainly due to the rapid advancements in
various microarray and sequencing technologies (Sarda and Hannenhalli, 2014), such as
chromatin  immunoprecipitation  sequencing (ChlP-seq) and methylated DNA
immunoprecipitation sequencing (MeDIP-seq). Such technologies have allowed researchers
to investigate the many known epigenetic marks and modifications at very high resolutions.
Nevertheless, these technologies as with others, are certainly not flawless, and their error-
prone nature demands sound hypotheses prior to study design and data analysis in order to

prevent any further inconsistencies that may arise.

1.1. Neurodegenerative Disorders

Neurodegenerative disorders (NDDs) are a large group of neurological diseases caused
by the death and atrophy of one or more subtypes of neurons, both in the central and the
peripheral nervous system (CNS and PNS, respectively) (Figure 1.1). Such large scale loss
of specific neuronal populations are especially problematic as neurons lack regenerative
features, such as cellular reproduction and regeneration, which are needed to rebuild the lost
neuronal networks and restore their normal function, leading to permanent and irreversible
damage. Considering these facts, the primary focus in the search for a cure for NDDs has
been on strategies to stop or slow the death of neurons as regenerative medicine has proven

to be especially difficult due to the nature of the nervous systems

The most common NDDs worldwide are Alzheimer’s and Parkinson’s diseases (AD
and PD, respectively), followed by amyotrophic lateral sclerosis (ALS) (Ozoguz et al., 2015;
Renton et al., 2014). These diseases are highly heterogeneous and can be both sporadic and
hereditary with different modes of inheritance and varying penetrance. Due to the
progressive nature of most NDDs, patients usually experience worsening symptoms which
can adversely affect their quality of life, and eventually lead to death in the case of loss of
vital functions, such as cognition, respiration and heart rate. Most NDDs have no effective
cure and currently treatments offered to patients mostly aim to alleviate the symptoms of

these complex diseases.



According to the latest reports from the world health organization (WHO), it is
predicted that by the year 2040, with advances in the cure of other fatal diseases, such as
cancers, and with higher life expectancy leading to an ever-aging population in the
developed world, neurodegenerative diseases that affect cognition, such as AD, and others
that affect motor function, such as PD and ALS, will become the second most common cause
of death after cardiovascular diseases (Gammon, 2014). This prediction is mainly based on
the fact that aging is identified as the primary risk factor in neurodegenerative diseases (Lin
and Beal, 2006).

1 Brain

Central Nervous

/ System (CNS) Spinal Cord

Y Motor Neurons

Nervous System

Somatic
" Nervous System

~ Motor Neurons Sympathetic

: Division
e Jutononic
(PNS) Y

. Parasympathetic

Sensory Neurons Division

Figure 1.1. Classification of the nervous system.

NDDs have many complex and overlapping phenotypes making their diagnoses quite
difficult (Armstrong et al., 2005). This has called for the design of different classification
methods such as characterizing NDDs by the most predominant site of lesion, whether it be
the cerebral cortex, basal ganglia, brain stem, cerebellum or the spinal cord (Figure 1.2).
Moreover, one can also further classify these disease with respect to their clinical features
and symptoms. Recent advances in high-throughput molecular and genetic diagnosis
techniques have also provided physicians with very effective means of diagnosing and
classifying various NDDs, with respect to the biomarkers and mutations found within

disease-associated genes (Agrawal and Biswas, 2015).
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Figure 1.2. Anatomical classification of NDDs (Przedborski et al., 2003). The NDDs

investigated in the framework of this thesis are shown in bold.

Although large scale sequencing technologies, such as next generation sequencing
(NGS), now allow for cheap analysis of entire genomes as opposed to previously utilized
techniques, such as Sanger sequencing, its inability to adequately detect repeat expansion
mutations make NGS not suitable for the molecular diagnosis of every NDD. This is
especially important as up to 30 different NDDs are associated with repeat expansions.
Repeat expansion mutations vary in size, and each disease is associated with its own disease-
causing threshold (La Spada and Taylor, 2010). The size of the repeating unit, its position
within the gene, as well as the bases it contains, are also variable between different diseases
(Figure 1.3).



In general, most repeat expansion mutations are inherited in a Mendelian fashion and
may be prone to further expansions, and even rarely to contractions, as they are passed down
to the next generation. In most cases, it is believed that the presence of interrupting sequences
within such repetitive stretches protects them from further expansion, and the loss of these
interrupting units can interfere with the cell’s DNA damage repair mechanisms, leading to
even larger expansions. This phenomenon, often denoted as anticipation, usually leads to an
earlier age of onset, faster progression and adverse prognosis, and will eventually become
deleterious after a certain number of generations (McMurray, 2010; Mirkin, 2007; Riib et
al., 2013).

Spinocerebellar Ataxia Type 1
6p22.3 - (ATXNI)
(CAG),

Normal: 6-44 / Pathogenic: 49-91

Spinocerebellar Ataxia Type 2 Huntington’s Disease

12q24.12 - (ATXN2) 4p16.3 - (HTT)
Normal: 14-32 / Pathogenic: 33->200 Normal: 6-34 / Pathogenic: 36-121

Amyotrophic Lateral Sclerosis Friedreich’s Ataxia Myotonic Dystrophy Type 1
9p21.2 - (C90rf72) 9q21.11 - (FXN) 19q13.32 - (DMPK)
(G,Cy), (GAA), (CTG),
Normal: 2-19 / Pathogenic: 250->3000 Normal: 5-30 / Pathogenic: 70->1000 Normal: 5-38 / Pathogenic: 50->1500

Figure 1.3. Some known repeat expansions in various disorders. The localization and the
sizes of the repeats are quite variable among different diseases (Richards et al., 2013). The
diseases investigated in the framework of this thesis are shown in bold.

1.2. DNA Methylation and Neurodegeneration

The last decade has seen an extraordinary pace in the discovery of many genetic causes
to various human diseases, and many more novel discoveries are anticipated to be made with
the advance of both sequencing techniques and computational approaches for data mining
and analysis of such large scale high-throughput data (Brown and Meloche, 2016). Such
advances in sequencing technologies have not only elucidated the genetic bases of different



diseases, but have also been helpful in studying the transcriptome (Lee-Liu et al., 2012; Mutz
et al., 2012) and the epigenome (Sarda and Hannenhalli, 2014), as well. These approaches
have helped show how other non-genetic factors could be responsible for various phenotypes
(Cooper et al., 2013), and to explain why many studies, despite their size and power, have
failed to link genetic causes and disease effectively. This has, in turn, led many to believe
that a majority of diseases with no known genetic factor may, in fact, be due to other disease-
causing factors, such as epigenetic modifications which can both be inherited or gained from
the environment (Allan, 2015; Feil and Fraga, 2012).

Epigenetic diseases in principle could be caused by direct changes and modifications
of epigenetic marks at the molecular level, such as changes in DNA methylation patterns
that could have drastic effects most commonly on imprinted gene regulation, or via indirect
mechanisms, such as genetic mutations within epigenetic regulators (Brookes and Shi,
2014). Keeping in mind that genetic mutations often lead to dysfunctional proteins or
complete loss-of-function, whereas epigenetic modifications lead to misregulations in gene
expression, it is interesting that both phenomena could ultimately lead to similar phenotypes.
Observing such events adds to the complexity of regulation within living organisms, and at
the same time further improves our understanding of the machinery behind these
mechanisms. Whether it be inherited or de novo, genetic, epigenetic or environmental, every
factor which has an effect on the phenotype can provide a mechanistic insight into the cell.
Environmental cues, including diet and lifestyle, along with toxins which can trigger
epigenetic modifications, such as changes in DNA methylation patterns, could possibly
affect the maintenance and regulation of different epigenetic marks, and provide exciting
new areas of research which may prove to be promising for developing novel strategies for

the intervention and treatment of various diseases.

Maybe the first and most convincing evidence for the role of the environment and
epigenetics in the onset and progression of complex diseases has been monozygotic twin
studies where one of the twins has been reported to be discordant for a specific phenotype,
such as a disease. This has been the main driver observation for the importance of epigenetics
in disease, and many twin studies have taken place, in which monozygotic twins discordant

for a phenotype have been studied at many different levels in order to identify the potential



mechanisms responsible for such varied phenotypes (Bell and Spector, 2011; Kim et al.,
2015). This has been the case both for monozygotic twins, both of whom carry an identified
disease-causing mutation and yet present discordant phenotypes, and those where again only
one twin presents a sporadic complex disease with no known disease-causing factor
(Castillo-Fernandez et al., 2014).

Furthermore, complex inheritance patterns, such as varying disease phenotypes despite
identical mutations based on the gender of the disease-causing allele carrier parent, have also
suggested that factors independent of genetic variations can be responsible in disease onset
and progression. An example of this has been shown where specific regions of the genome
have variations in functions depending on the origin of the allele; paternal or maternal
(Cooper et al., 2013). The expression of either the paternal or the maternal allele could be
lost completely in the case of uniparental disomy (UPD) as the individual inherits both
homologous chromosomes from the same parent (Figure 1.4). In this case, aberrant DNA
methylation patterns are believed to lead to several different developmental and neurological

disorders (Hannula-Jouppi et al., 2014; Soellner et al., 2016).
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Figure 1.4. Uniparental disomy, where two copies of the same chromosome are inherited
from the same parent.



Environmental factors, such as lifestyle choices including diet and exercise, along with
others such as exposure to toxins and stress have also been suggested to contribute to disease
onset and progression through various epigenetic modifications (Cannon and Greenamyre,
2011; Feil and Fraga, 2012). These modifications, as mentioned before, can be heritable and
may also be reversible, which could potentially be exploited if the exact mechanisms of both
their role in disease and regulatory pathways were known (Dolinoy and Jirtle, 2008). This is
especially exciting as other disease causing factors such as genetic mutations are far more
difficult to reverse and may have many adverse effects. Many genetic factors and mutations
have been shown to cause NDDs, but there still exists a vast majority of sporadic forms for
which no disease-causing factor has thus far been detected (Tsuji, 2010). These diseases are
believed to have multifactorial causes, meaning that the disease onset and progression do
not only depend on genetic factors, but also on different environmental factors (Marques et
al., 2011) (Figure 1.5).

Epigenetic Modifications
Mendelian Disorders Environmental Factors  Complex Disorders

Figure 1.5. The importance of genetics and the environment in Mendelian and complex
diseases (Drong et al., 2012).

One should also keep in mind that the epigenome is much more dynamic than the
genome. This is evident in the great diversity that it shows within different tissue types and
also during the course of life, whereas the genome is almost completely identical throughout
the body and life (Benayoun et al., 2015; Suelves et al., 2016). Exploiting this feature of
epigenetic regulation of gene expression may also prove to be of great value in future efforts
to utilize such regulatory pathways for the modification and control of different biological

processes in specific populations of cells and tissues.

During the last decade, many different diseases have been studied from an epigenetic
perspective (Zoghbi and Beaudet, 2016) and some have even moved on towards clinical
trials where different approaches are utilized to modify epigenetic marks in hopes of
alleviating different disease (Manal et al., 2016; Schapira and Arrowsmith, 2016). NDDs,



being complex in their nature, have so far remained very puzzling and this has led to their
analysis from very different perspectives, and epigenetics is no exception (Qureshi and
Mehler, 2011). Complex, extensive and multi-layered studies promise to provide very
comprehensive and valuable large datasets, and lay the foundations upon which different

therapeutic approaches could be based.
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Figure 1.6. Methylation and demethylation of cytosine.

DNA methylation may be the most thoroughly studied and well-characterized
epigenetic modification to date and is carried out and maintained by DNA
methyltransferases (DNMT) (Uysal et al., 2015). All known DNA methyltransferases use S-
adenosylmethionine (SAM) as a methyl donor (Figure 1.6). The DNMT family has five
members and thus far three active DNMTs have been identified in mammals; DNMT1,
DNMT3a and DNMT3b. DNA methylation is maintained in each cell division through the
activity of DNMT1 on the hemi-methylated DNA of the daughter cells (Figure 1.7).
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Promoter DNA methylation is generally a repressive mark and leads to gene silencing
(Figure 1.8). This gene-regulatory mechanism depends on DNMTs that transfer methyl
groups to the carbon-5 of the cytosine residues, converting them to 5-methylcytosine (5-
mC). Gene-regulatory regions and mainly the CpG islands (5'-CpG-3’) of gene promoters
are 5-mC free (Figure 1.9). These so called CpG islands are common in promoter regions of
genes, and are defined as regions of about 200 base pairs in length, with a CG content of
about 50%, where CpGs density is considerably higher than the expected density within the
organism under study. In contrast to promoter 5-mC, the presence of 5-mC in intragenic

regions (the gene body) can be correlated positively with gene expression.
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Figure 1.8. The effect of non-methylated and methylated promoters on transcription.
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CpG islands have been shown to be evolutionarily conserved, and are thought to arise
due to the many deamination events of the methylated cytosines throughout the course of
evolution. While deamination of cytosine produces uracil which is reversible via
proofreading mechanisms; the deamination of 5-mC leads to the formation of thymine. Thus,
the methylation of cytosine may cause spontaneous mutations as CG methylation sites are
hotspots for most C to T and G to A transition mutations. This phenomenon has led to the
formation of CpG islands across the genome at important regulatory regions such as some
promoters (Figure 1.9). DNA methylation is especially important for the suppression of
endogenous retroviral genes and other harmful stretches of DNA. One the other hand, it has
also been directly correlated with aging as the global decrease observed in the course of
ageing is thought to be responsible for the destabilization of the genome and cause
organismal dysfunction over time. Furthermore, DNA methylation can act synergistically
with chromatin modifications via histone deacetylation to cause transcriptional repression.
Methyl-CpG binding domain family of proteins can be recruited to methylated CpGs and
cause transcriptional-repression via histone modifications and nucleosome remodeling (Nan
etal., 1998; H. H. Ng et al., 1999; Wade et al., 1999).

Ancestral genome

CG CG CG CG CG CG LCG CGLCCGICCG
ol
2
% CcnG CcnG cnG cnG CG CGOCG CGLrCGIoCG
A
TG G TG TG CG CG UCG CGUCCGICCG
Modern genome ~ ~ ~
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Figure 1.9. The emergence of CpG islands throughout the course of evolution.

Other important regulators of the DNA methylation pathway are the ten-eleven
translocation methylcytosine dioxygenase 1 (TET1) enzymes (Rasmussen and Helin, 2016).
This group of enzymes are the oxidases responsible for the conversion of 5-mC to 5-
hydroxymethlcytosine (5-hmC), the first step in DNA demethylation, and are thought to be

crucial in the mechanisms that allow for the regulation of epigenetic on and off switches
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within the promoter regions (Figure 1.6). Substantial amounts of 5-hmC are found in certain
tissues, such as the brain. The physiological role and significance of 5-hmC, which has been
shown to be more prevalent on the 5’ regions of genes, are yet to be entirely elucidated.
However, current data suggests that these epigenetic modifications oppose the role of 5-mC
within the promoter region by hindering the binding of methyl-CpG binding protein 2
(MECP2) (Ragione et al., 2016) and other DNA binding proteins that may cause
transcriptional silencing. Modifications, such as 5-hmC, 5-formylcytosine (5-fC) and 5-
carboxylcytosine (5-caC) (Figure 1.7) are currently also under intensive study, since they
are believed to be especially important in tissue-specific regulation of gene expression which
has already been shown to be the case for 5-hmC with its enrichment in mice and human
brain samples (Kriaucionis and Heintz, 2009; Madrid and Alisch, 2016). With the advance
of both biochemical methods and high-throughput technologies, such as next generation
sequencing, studying such differential modifications of cytosine and also other bases within
the genome are becoming more feasible (Plongthongkum et al., 2014). This is, without
doubt, going to be the first step in understanding and characterizing complex epigenetic
mechanisms and the nature of their regulatory machinery within biological systems. Models
such as different disease states which have been previously characterized on a global state
could provide the basis for such higher resolution studies.

With ageing being the main risk factor for many NDDs and recent studies reporting a
significant correlation between ageing and DNA methylation (Hernandez et al., 2011;
Weidner et al., 2014), the scientific community has turned its attention towards the possible
role of epigenetic factors in NDD pathogenesis (Klein and De Jager, 2016). These studies
have focused on the possible role of epigenetic factors, such as DNA methylation and
chromatin remodeling, both as sporadic and inherited modifications leading to the onset and
progression of disease, similar to genetic mutations (Slatkin, 2009). The main themes in such
studies have been aberrant gene promoter methylation, using high-throughput microarray
and sequencing technologies along with the quantification of important metabolites such as
folate, vitamin B12, S-adenosylhomocysteine (SAH) and SAM (Marques et al., 2011). Other
more complex epigenetic modifications such as post-translational histone modifications and
non-coding RNAs have also been under investigation in various NDDs, but to a much lesser
degree (Lee et al., 2013).
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1.3. Amyotrophic Lateral Sclerosis

ALS is a devastating and rapidly progressive, adult-onset disease of the motor neurons,
where the selective and continuous loss of these neurons in the brain and spinal cord lead to
muscular atrophy and eventually the loss of all voluntary movement (Morgan and Orrell,
2016) (Figure 1.10). Like many other NDDs, ALS has both familial and sporadic forms with
about 10% of all ALS patients being classified as familial ALS (FALS) and the remaining
90% being sporadic (SALS) (Renton et al., 2014). Although considered to be a rare disease,
it is the third ranking NDD in frequency after AD and PD, ranking first and second,
respectively (Ozoguz et al., 2015; Renton et al., 2014).

Diagnosis of ALS is a lengthy and hard process, mainly due to subtle symptoms at
early stages of the disease, which could easily be overlooked or related to other medical
conditions. The median time for the diagnosis of ALS patients in the USA could be anything
between 1.25 and 2.5 years, depending on the site of onset, whether it be limb or bulbar, and
its speed of progression (Williams et al., 2013). This is extremely important as the CNS and
PNS lack the regenerative features that are needed to replace any lost neurons and thus
diagnosing and stopping the disease at earlier stages would be crucial for more effective
treatments. This is further emphasized as most of the current treatments that have been
shown to be beneficial for mice models of ALS have been administrated prior to disease

onset.
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Figure 1.10. Main neurons and muscles affected in ALS.
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The loss of voluntary movement is gradual in ALS and starts with patients
experiencing weakness and fatigue. The prognosis of the disease is not good and many
patients die mainly of respiratory failure 2-3 years after disease onset. This is also correlated
with the age of onset which show great variability in ALS (Figure 1.11) and interestingly
earlier ages of onset show longer survival. Currently, the only medication available for ALS
Is benzothiazole riluzole, which is reported to increase life expectancy by about a mere three
months (Miller et al., 2012).
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Figure 1.11. Data from ALSoD which is the main online genetics database for ALS (Abel
et al., 2013). The graph contains data from 684 fALS and 237 sALS gathered from

different parts of the world.

The past decade, especially with the development of microarray and NGS technologies
which have allowed for large scale association and sequencing studies, the search for novel
disease-causing genes and mutations have increased both in size and number. Such studies
have utilized a series of different intricate strategies, ranging from linkage analysis in
familial cases to whole exome and whole genome sequencing (WES and WGS,
respectively), which has led to an exponential rate of disease-causing gene discoveries
(Renton et al., 2014) (Figure 1.12).
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Figure 1.12. The exponential rate of ALS-related gene discoveries (Renton et al., 2014).

Even with the technological advances of recent years and large scale international
efforts, more than 80% of ALS cases (fALS and sALS together) still remain unexplained
(He et al., 2015; Kenna et al., 2016; van Rheenen et al., 2016) leading to a wide-spread
belief within the ALS research community that ALS may predominantly be a polygenic
disease. Thus, the combination of several SNPs, lifestyle and environmental factors that may
act through epigenetic modifications may cumulatively be responsible for disease onset and
progression. Such hypotheses are further strengthened by observations such as monozygotic
twins which have been found to be discordant for ALS (Meltz Steinberg et al., 2015; Xi,
Yunusova, et al., 2014).

Currently, within our Turkish cohort using both conventional techniques such as
Sanger sequencing and also more modern techniques such as whole exome and genome
sequencing, we are able to identify disease-causing mutations in only about 42% of familial
cases (Ozoguz et al., 2015) (Figure 1.13); this number is slightly higher in Europe and North
America at about 65% (Renton et al., 2014). This is to some extent an indicator of the vast

genetic heterogeneity in Turkey.
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Figure 1.13. Disease-causing mutations in Turkish fALS patients (Ozoguz et al., 2015).

The most common ALS-associated genes within our cohort are C9orf72 (DeJesus-
Hernandez et al., 2011; Renton et al., 2011), SOD1 (Rosen et al., 1993), FUS (Kwiatkowski
et al., 2009; Vance et al., 2009), TARDBP (Sreedharan et al., 2008) and UBQLNZ2 (Deng et
al., 2011). In sporadic patients, with no other affected family members (SALS), the number
of cases with identified disease-causing mutations are roughly about 4% (Ozoguz et al.,
2015) (Figure 1.14) as compared to 11% in the Caucasian populations of Europe and North
America (Renton et al., 2014).
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Figure 1.14. Disease-causing mutations in Turkish sALS patients (Ozoguz et al., 2015).
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Ever since the discovery of the dynamic hexanucleotide (GGGGCC), microsatellite
repeat expansion in the C9orf72 gene, it has been widely accepted as the most common cause
of ALS. The repeat expansion is in the core promotor of the C9orf72 gene and lays upstream
of the coding region (llse Gijselinck et al., 2012). Interestingly, the C9orf72 expansion
mutation has also been shown to cause frontotemporal dementia (FTD), making it the first
molecular link between FTD and ALS (Ozoguz et al., 2015; Rohrer et al., 2015; Smith et
al., 2013).

RNA toxicity is a central theme in many repeat expansion mutations. In the case of
C9orf72, the expanded RNA molecules are believed to give rise to G-quadruplex toxic RNA
structures (Zhou et al., 2015). The G-quadroplex structures can give rise to elaborate
assemblies that ultimately come together to form intranuclear toxic RNA foci (Reddy et al.,
2013) (Figure 1.15). Other toxic mechanisms suggested for this mutation include the
accumulation of toxic dipeptides due to repeat-associated non-ATG (RAN) translation (Peter
O Bauer, 2016) and impaired regulation of endosomal trafficking and autophagy (Farg et
al., 2014).

DNA methylation has been investigated in NDDs such as ALS both on the global and
the gene/promoter level. Maybe the most extensively studied epigenetic modification in ALS
is the promoter hypermethylation of the C9orf72 gene. This is mainly due to the recently
identified hexa-nucleotide repeat (GGGGCC)n expansion mutation in the C9orf72 gene,
whose exact function within the cell is yet to be clearly defined (DeJesus-Hernandez et al.,
2011; Renton et al., 2011). This mutation is currently the most common defect in many
different ALS (Ozoguz et al., 2015) and frontotemporal dementia (FTD) cohorts worldwide
(Smith et al., 2013). Furthermore, it has also been linked to AD (Kohli et al., 2013) and has
become an intensely studied gene in several NDDs. It is believed that the hypermethylation
of the promoter region of C9orf72 reduces the toxic build-up of pathologies observed in post
mortem samples from ALS patients (Cooper-Knock et al., 2014). Even though neurotoxic
pathologies (gain-of-function) are reduced in such a scenario, the disease is suggested to
continue to now progress due to the loss-of-function as a result of transcriptional repression,

caused by the hypermethylation (llse Gijselinck et al., 2015).
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Figure 1.15. G-quadruplex toxic RNA structures can form intranuclear RNA foci.

Higher resolution epigenome-wide studies coupled with data at the transcriptomic
level in post-mortem spinal cord samples of SALS patients have also been conducted on a
limited number of SALS patient samples and have helped gain some information related to
cell death and immune response in neurodegeneration. They also suggest that an increase in
global levels of 5-mC is observable in spinal cord samples of SALS patients, but not in the
blood (Figueroa-Romero et al., 2012). On the other hand, other more recent holistic studies
conducted on DNA, isolated from the blood, have reported an increase in global DNA
methylation levels in both early- and late-onset ALS patients (Tremolizzo et al., 2014). Some
other studies have also reported abnormalities in the regulatory machinery responsible for
the maintenance of DNA methylation (Martin and Wong, 2013). The epigenetic basis of
ALS has so far not been investigated in great detail, and such observations suggest that
further in-depth analyses may help elucidate the epigenetic factors that may contribute to the
pathogenesis of ALS.

1.4. Trinucleotide Repeat Disorders
Trinucleotide repeat disorders (TND) are the largest group of repeat expansion

mutations and are caused by the instability and aberrant expansion of normally stable

endogenous tandem repeats within different regions of disease-associated genes (Figure 1.3).
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Many different neurological diseases including an array of different NDDs, such as SCAL,
SCAZ2, HD and FRDA, along with DM1, have been linked to trinucleotide repeat expansions.
Out of these diseases, SCA1, SCA2 and HD along with several other neurodegenerative
diseases share the common CAG-repeat unit which codes for glutamine (GlIn, Q) and are
referred to as poly-glutamine (poly-Q) diseases. The CAG-repeat, as mentioned before, can
be present in different regions of the gene and is not always translated. Such non-coding
expansions are thought to contribute to disease pathogenesis by disrupting regulatory and
RNA-mediated mechanisms (Nalavade et al., 2013). The instability and expansion of
trinucleotide repeat regions are thought to arise due to errors in DNA replication,
recombination and mismatch repair mechanisms (Mohan et al., 2014). Such mutations
usually have a high penetrance and can sometimes also affect other organs, which is often
the case for FRDA and DM1 patients. Maybe the most interesting aspect of TNDs is how
they interfere with neuronal mechanisms in a way that each different TND affects a specific

subset of neurons, commonly referred to as selective vulnerability.

1.4.1. Spinocerebellar Ataxia Types 1 and 2

SCAL and SCAZ2 belong to the larger group of progressive cerebellar atrophies and are
autosomal dominant in their inheritance pattern. They are often referred to as autosomal
dominant cerebellar ataxia (ADCA) and are characterized by uncoordinated movement of
the limbs, gait ataxia and dysarthria. Unstable CAG-repeat expansions in ATXN1 (SCA1)
and ATXN2 (SCAZ2) are known to be the genetic factors behind these diseases and together
with SCA3, SCA6 and SCA7, they are the most common subtypes of ADCA, with current
therapeutic approaches focusing mainly on symptom management due to a lack of potent
treatments. As mentioned before, both diseases share the poly-Q domain expansion as the
main pathological cause of disease. Such poly-Q domain expansion-associated diseases
share quite a few overlapping features, such as neuronal loss and atrophy in the cerebellum
along with other extra-cerebellar tissues at advanced stages of the disease. Purkinje cells and
fastigial nuclei of the cerebellum, Betz neurons of the primary motor cortex of the
cerebellum, substantia nigra within the midbrain and the superior olive in the pons are all
commonly affected regions in poly-Q SCAs such as SCA1 and SCA2 (Figure 1.16).
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Toxic RNA foci are thought to be the main cause of cellular dysfunction at the
molecular level for SCA1 and SCA2, along with protein mis-folding leading to aggregation
and differential subcellular localization. Such events ultimately lead to the disruption of
many other downstream mechanisms, such as altered protein degradation pathways due to
the aggregation of expanded proteins, altered Ca?* homeostasis, transcriptional
dysregulation and mitochondrial dysfunction which is especially interesting as several
mitochondrial mutations have also been directly linked to a number of other NDDs,
including ataxias (Gorman et al., 2014; Jobling et al., 2015; Park et al., 2014), PD (Lin et

al., 2012) and HD (Cha et al., 2015).
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Figure 1.16. The main areas of the CNS affected in SCA1 and SCA2 (Taroni and
DiDonato, 2004).

SCAL1 is a rapidly progressive adult-onset disease which usually manifests in the 4™
decade (Subramony and Ashizawa, 2014). It accounts for about 6% of all ADCAs
(Geschwind et al., 1997) and the number of repeats shows a significant correlation with the
age of onset which is a common phenomenon in repeat expansion mutations, known as
anticipation (Riib et al., 2013; Subramony and Ashizawa, 2014). The disease-causing
threshold for SCAL is 39-40 repeats and molecular diagnosis of the disease is crucial for an
accurate diagnosis as the clinical manifestation of the disease is not very specific due to the

many overlapping phenotypes with other SCAs.
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The role of epigenetic factors in SCAL is yet to be investigated and very few studies
have suggested an epigenetic factor in this NDD (Kumaran et al., 2014), but on the other
hand abnormal histone acetylation and chromatin remodeling have been suggested to be
important in other SCAs, calling for more attention to possible epigenetic mechanisms in

such diseases (Kazantsev and Thompson, 2008).

SCAZ2 accounts for 13% of all ADCAs (Geschwind et al., 1997) and the disease-
causing threshold in the poly-Q tract of the ATXN2 gene for SCA2 is 32-34 CAG units.
SCAZ2 has a generally slower progression rate when compared to SCA1 and interestingly,
repeats between 27 and 33 (intermediate length expansions) have been linked to other
diseases. These include an increased risk for ALS (ATXN2int ALS) (Elden et al., 2010) and
progressive supranuclear palsy (PSP) (Ross et al., 2011). Moreover, slightly longer
expansions of about 32 and higher have also been linked to L-dopa-responsive Parkinsonism
(Charles et al., 2007). A more recent study (van Blitterswijk et al., 2014), has also suggested
that the ATXN2 intermediate repeat expansion may act as a disease modifier in C9orf72+
ALS patients, making them more prone to develop ALS, rather than FTD which further
emphasizes the importance of ATXN2 in ALS pathology. Similar to SCA1, there is no
effective treatment available for SCA2 and the average disease duration is reported to be

around 10 years, but rarely patients can live up to 50 years.

Epigenetic studies of the ATXN2 locus have suggested that promoter hypermethylation
could be correlated with CAG-repeat expansions and could also modify the age of onset
(Laffita-Mesa et al., 2012). Milder disease phenotypes have also been reported in the case
of ATXN2 promoter hypermethylation, which can be explained by the reduction in the
expression of the mutant ataxin-2 and thus reduced toxicity (P O Bauer et al., 2004). Other
than intra-familial differences for the SCA2 phenotype in repeat-carrier patients, reports of
monozygotic twins who were discordant for motor symptoms, ocular movement and age at
onset for SCA2 indicate an important role for the environment and epigenetics in modifying
different aspects of the disease (Anderson et al., 2002). As with other rare NDDs, epigenetic
studies of SCA2 are limited and further investigations may open new doors towards a better

understanding of these devastating diseases.
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1.4.2. Huntington’s Disease

HD is a member of the TND family of NDDs that occurs due to abnormal CAG-repeat
expansions, inherited in an autosomal dominant manner. The poly-Q containing gene
responsible for HD is HTT (MacDonald, 1993), which is an ubiquitously expressed
cytoplasmic protein found throughout the brain. The protein product of this gene harbors the
poly-Q tract in its N-terminus (exon 1) and the disease-causing threshold is known to be 40
repeats, with repeats between 36 and 39 demonstrating incomplete penetrance (Rubinsztein
et al., 1996). The expanded protein has been shown to have aberrant interactions with other
proteins and is suggested to disrupt normal cellular functions causing neuronal vulnerability
and stress, eventually leading to neuronal death and atrophy (Beal and Ferrante, 2004). As
with many other TNDs, longer repeats are associated with anticipation of an earlier disease
onset with more severe symptoms in the subsequent generations. HD is associated with
symptoms such as weakness, involuntary movements termed chorea and psychiatric
symptoms such as emotional distress along with dementia. With no potent treatment
available today (Kazantsev and Hersch, 2007) and generally fast progression, the disease

leads to death within 10 years with rare cases of survival up to 20 years.

The huntingtin protein (HTT) may be one of the most thoroughly studied proteins in
NDD research due to its many important functions within the cell, and interestingly it has
also been shown to have a significant impact on many epigenetic marks, ranging from DNA
methylation to various histone modifications (Lee et al., 2013; Thomas, 2015). Such
modifications are thought to cause dysregulations at the transcriptomic level which would
certainly be important in disease pathogenesis and progression (Glajch and Sadri-Vakili,
2015). Aberrant DNA methylation has been shown in both HD patients and transgenic HD
mice models, especially in the promoter regions of the Nes, Ap-1, Pax6 and Sox2 genes
which are known to be key elements and regulators of neurogenesis (C. W. Ng et al., 2013;
Wood, 2013). Moreover, non-coding RNAs, such as microRNAs have also been linked to
disease pathogenesis, the mechanisms of which are currently under study and yet not clear
(Lee et al., 2013). Chromatin level histone modifications, such as differential acetylation
and methylation have also been reported in HD. Further evidence for the involvement of

epigenetic factors in HD pathogenesis come from monozygotic twins, discordant for
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phenotypic features, such as age-of-onset, motor and behavioral symptoms and cognitive
differences (Ketelaar et al., 2012).

1.4.3. Friedreich’s Ataxia

FRDA is a progressive neurodegenerative TND caused by a homozygous GAA-repeat
expansion in the frataxin gene (exonl) (Campuzano et al., 1996) and is the most common
form of recessive hereditary ataxias (Muthuswamy and Agarwal, 2015). The disease-causing
repeat expansion causes partial silencing and thus frataxin deficiency (Yandim et al., 2013),
and patients may also rarely have a compound heterozygous genotype in the form of a GAA
expansion along with a point mutation (Cossée et al., 1999). The disease-causing repeat
threshold for FRDA is 66 within the FXN gene which can go up to 1,600 (Labuda et al.,
2000). Longer repeats are associated with younger age of onset along with other disease-
associated phenotypes, such as cardiomyopathy, diabetes mellitus and scoliosis (Parkinson
etal., 2013). As reduced levels of frataxin are correlated with disease onset and progression,
it is not surprising to observe that the protein is expressed in a tissue-specific manner
(Jiralerspong et al., 1997) and some tissues, including the heart, liver and skeletal muscles
along with the cerebellum and spinal cord, are mostly affected. Symptomatic treatments are
currently the only from of treatment available and include surgical procedures to treat and
slow the progression of scoliosis and heart-related symptoms. Drugs such as Idebenone
(Kearney et al., 2012) have also been introduced, but have had a controversial reception as
they are thought to have very little benefit.

When compared to other NDDs and especially TNDs, FRDA is one of the more
thoroughly studied diseases with respect to its epigenetics. Aberrant DNA methylation, both
upstream and downstream (Evans-Galea et al., 2012) and especially in the first intron of the
FXN gene has been observed in patient samples and correlated with the expansion size and
age of onset (Castaldo et al., 2008). Other studies have also reported modifications on the
chromatin level, including decreased histone H3K9 acetylation and increased H3K9
methylation (Al-Mahdawi et al., 2008). Recently, in line with such observations,
nicotinamide, a class Il histone deacetylase (HDAC) inhibitor, has been put to clinical trials

with the aim of increasing the levels of frataxin (Libri et al., 2014).
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1.4.4. Myotonic Dystrophy Type 1

DML1 is an autosomal dominant TND and is the most common adult onset muscular
dystrophy associated with a non-coding CTG repeat expansion in the 3’ region of the DMPK
gene (Brook et al., 1992; Fu et al., 1992). Patients are reported to have 50 to 4000 repeats,
while healthy individuals have 5 to 37 repeats (Meola and Cardani, 2015). The disease can
present at any age, but is more commonly seen in the 3™ or 4™ decade, showing a significant
anticipation in the subsequent generations. As with most other non-coding repeat expansion
diseases, such as C9orf72+ ALS and myotonic dystrophy type 2 (DM2), mutant RNAs have
been shown to aggregate and form nuclear foci leading to a toxic gain-of-function at the
RNA level (Mankodi et al., 2000). It has been shown that the mutant RNAs can fold and
form stable stem-loop structures which interfere with normal functions of several RNA
binding protein families, including CELF and MBNL, leading to the impairment of their
respective signaling pathways (Chau and Kalsotra, 2015). Particularly severe forms of the
disease are also associated with implications in the heart (Lund et al., 2014), eyes (Ashizawa
et al., 1992) and gastrointestinal tract (Bellini et al., 2006) along with other symptoms such

as insulin resistance (Peric et al., 2013).

The CTG repeat expansion in DM1 is located within a large CpG island of about 3.5
kb in length (Boucher et al., 1995). This region is known to be a gene-rich locus, and the
expansion has been shown to lead to epigenetic modifications, such as aberrant DNA
methylation both upstream and downstream of the DMPK gene. The fact that the CTG repeat
locus acts as the downstream promoter of SIX5, important in organogenesis, and that it can
also influence the transcription of DMWD, another myotonic dystrophy-associated gene,
along with BHMG1 and RSPHG6A, further highlights the importance of DNA methylation in
DML1 (Frisch et al., 2001). Interestingly, such epigenetic modifications have been suggested
to occur in a tissue-specific manner, which can help explain how the expansion mutation can

affect some tissues more severely than others (Buckley et al., 2016).



25

2. PURPOSE

Epigenetics has been an emerging field of science within the last decade as different
studies have been able to show the importance of epigenetic marks and modifications on the
complex machinery governing the inner workings of the cell. Having considered this and the
huge impact that such mechanisms could have on human disease, whether it be monogenic
or complex, such as the case for ALS, this thesis focuses on one of the most studied
epigenetic modifications, namely 5-mC, on a global level. ALS as a complex
neurodegenerative disorder along with monogenic trinucleotide repeat-associated diseases
were investigated in the hope of unraveling the yet very new field of epigenetics in
neurodegeneration. This is the first epigenetic study performed on Turkish ALS patient
samples and the largest of its kind worldwide in terms of the number of patient samples (299)
and healthy controls (145) analyzed. To the best of our knowledge, this thesis is also the first
study, investigating the global levels of 5-mC in 5 additional diseases including SCA1,
SCA2, HD, FRDA and DM1.

This thesis aims to:

e Determine if the global 5-mC levels change due to neurodegeneration or during
the course of a neurodegenerative disease.

e Conclude controversial disputes regarding aberrant global 5-mC in ALS
patients.

o Help elucidate some of the epigenetic aspects of NDDs, especially ALS. The
ultimate goal is to pave the ways to the development of early molecular

biomarkers for these fatal diseases.
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3.1. General Laboratory Equipment and Chemicals
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The general laboratory equipment and chemicals used during the experiments

conducted within the framework of this thesis are listed in Tables 3.1 and 3.2, respectively.

Table 3.1. General laboratory equipment.

Equipment Brand Model Catalog
No.
96-well PCR Plate Axygen PCR96FLTC -
Autoclave Astell Front Loading Autoclave ASB260BT
DNA Extraction Roche Diagnostics MagNA Pure Compact 3731146001
System GmbH
Incubator Miive Incubator EN 120 -
Micro-centrifuge Beckman Coulter Microfuge 16 -
Micro-centrifuge Axygen 1.5 ml Boil-Proof Microtubes -
Tubes
Axygen 0.5 ml Thin Wall Flat Cap PCR -
Tubes
Micro-pipettes Rainin Pipet-Lite, -
2 ul, 10 pl, 20 pl,
200 pl, 1000 ul
Thermo Scientific 30-300 ul MH13289
Finnpipette F2
Micro-pipette Tips Axygen Universal Fit Tips, -
10 ul, 200 ul, 1000 ul
Parafilm Parafilm PM-996 EW-06720
Pipet Controller Pipet Boy accu-jet -

Plate Reader

Molecular Devices

VersaMax ELISA
Microplate Reader

Thermo Electron

Fluoroskan Ascent FL

Refrigerator

Argelik

2021D (-20° C)
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Table 3.1. General laboratory equipment (cont.).

Equipment Brand Model Catalog
No.
Refrigerator Hettich HT5786-A (-80° C) -
Shakers Heidolph Duomax 1030 -
Spectrophotometer Thermo NanoDrop 2000c UV-Vis -
Scientific Spectrophotometer
Sterile tubes Greiner Cellstar Tubes, 15 ml -
Bio-One
Thermal Cycler Thermo Arktik Cycler -
Scientific
Vortex Fisons WhirliMixer -
Water purification Sartorius Arium R 611VF -
system
Wipes Kimberly-Clark Kim Precision Wipes 5511

Table 3.2. General laboratory chemicals used.

Chemical Brand Catalog No.
Eau Bi-Distillee | Galen Ilag Sanayii | 40503012
Ethanol Sigma-Aldrich 32205

3.2. Patients and Healthy Controls

Patients diagnosed with various NDDs are referred to NDAL, as the reference
laboratory for NDD research in Turkey, by collaborating expert neurologists across the
country. Blood samples from patients and affected family members are collected along with
unaffected relatives and spouses, with no direct kinship as neurological healthy controls. All
blood samples are collected with written consent into EDTA containing tubes and stored at
4° C.

Details regarding the cohort studied within the framework of this thesis, including
patients and healthy controls, can be found in Table 3.3 which lists information regarding
the mean age of onset (AO) and mean age at sample collection (SC) along with their standard
deviations (SD). The number of males and females and the total number of samples are also
listed in Table 3.3.
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Table 3.3. Clinical and phenotypical details of the cohort studied in the framework of this

thesis.

Mean AO = SD | Mean Age at SC = SD No. No. Total No.

Male Female | Samples
SALS 51.49 + 12.96 51.95+13.08 104 99 203
fALS 42.12 +17.87 42.93 +12.72 27 16 43
C9orf72+ ALS 56.44 +10.43 57.17 £ 8.74 22 18 40
ATXN2int ALS | 55.38+15.65 56.69 +£15.41 7 6 13
SCA1l 33.62+9.54 36.21 +£10.34 9 8 17
SCA2 28.06 + 12.23 38.29+ 1643 19 10 29
HD 38.67 +£13.33 46.19+16.79 13 8 21
DM1 26+ 12.99 356 +13.48 11 14 25
FRDA 17.13 £6.28 25.45+£10.47 19 12 31
Healthy : 46.06 £ 16.61 78 67 145

Control

3.3. Equipment and Solutions for DNA Isolation

MagNA Pure Compact Nucleic Acid Isolation Kit | and the MagNA Pure Compact
Instrument were used for DNA extraction from blood samples. Concentration and quality of
the isolated DNA UV-Vis

Spectrophotometer.

samples were measured with NanoDrop 2000c

Information regarding the brand and the catalog numbers of the MagNA Pure Compact
Instrument and NanoDrop 2000c UV-Vis Spectrophotometer are listed in Table 3.1. The
MagNA Pure Compact Nucleic Acid Isolation Kit I was purchased from Roche Diagnostics
GmnH (Catalog No. 3730964001).

3.4. Equipment, Kits and Solutions for ELISA

The different kits tested for the selection of the best ELISA-based assays for the
detection of 5-mC and 5-hmC are Tables 3.4 and 3.5, respectively. These include four
different commercially available kits tested for the detection of 5-mC, along with four
different commercially available kits tested for the detection of 5-hmC in DNA isolated from
blood.
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Detection of the colorimetric signals for three 5-mC and 5-hmC kits was performed

using VersaMax ELISA Microplate Reader. The fluorometric signal detection for the other

two kits, 5-mC and 5-hmC, were performed using Thermo Electron Fluoroskan Ascent FL.

Table 3.4. Commercially available ELISA-based kits for the detection of 5-mC.

Company Kit Short Name | Catalog No.
Abcam | Methylated DNA Quantification Kit (Fluorometric) | Abcam 5-mC ab117129
Enzo 5-Methylcytosine DNA ELISA Kit Enzo 5-mC | ADI-900-224
Epigentek MethylFlash Methylated Epigentek P-1034
DNA Quantification Kit (Colorimetric) 5-mC
Zymo 5-mC DNA ELISA Kit Zymo 5-mC D5325

Table 3.5. Commercially available ELISA-based kits for the detection of 5-hmC.

Company Kit Short Name | Catalog No.
Abcam Hydroxymethylated DNA Quantification Kit Abcam 5-hmC| abl117131
(Fluorometric)
Enzo 5-Hydroxymethylcytosine DNA ELISA Kit Enzo 5-hmC | ADI-900-225
Epigentek MethylFlash Hydroxymethylated Epigentek P-1036
DNA Quantification Kit (Colorimetric) 5-hmC
Zymo Quest 5-hmC DNA ELISA Kit Zymo 5-hmC D5425

The contents in terms of the supplied equipment, controls, antibodies and buffers are

listed in Tables 3.6 and 3.7 for 5-mC and 5-hmC detection kits, respectively.

Table 3.6. Contents of various ELISA-based 5-mC detection Kits.

Colorimetric Fluorometric
Zymo | Enzo | Epigentek Abcam
Equipment
96-well plate | Microtiter Plate | 8-Well Assay Strips | 8-Well Assay Strips
Controls
Negative Control Negative Control Negative Control Negative Control
(100 ng/ul) (100 ng/pl) (20 ug/ml) (20 pg/ml)
Positive Control Positive Control Positive Control Positive Control
(100 ng/ul) (100 ng/pl) (20 pg/ml) (20 pg/ml)
Antibodies
Anti-5-m-cytosine Primary Antibody | Capture Antibody Capture Antibody
Primary Antibody (1 ng/ul) (1000 pg/ml) (1000 pg/ml)
(1 pg/ul)
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Table 3.6. Contents of various ELISA-based 5-mC detection kits (cont.).

Secondary Antibody
(1 pug/ul)

Antibody-conjugate
(1 pg/ul)

Detection Antibody
(400 pg/ml)

Detection Antibody
(400 pg/ml)

Buffer & Solutions

5-mC Coating Buffer

Coating Buffer

10X Wash Buffer

10X Wash Buffer

5-mC ELISA Buffer

ELISA Buffer

Binding Solution

Binding Solution

HRP Developer HRP Developer Enhancer Enhancer Solution
Solution

- - Developer Fluoro-developer
Solution

Stop Solution

Fluoro-dilutor

Fluoro-enhancer

Table 3.7. Contents of various ELISA-based 5-hmC detection Kits.

Colorimetric Fluorometric
Zymo Enzo | Epigentek Abcam
Equipment
96-well ELISA Plate | Microtiter Plate | 8-Well Assay Strips | 8-Well Assay Strips
Controls
Control DNA Set Control DNA Set Negative Control | Negative Control |
(5 Contraols) (5 Controls) (20 ug/ml) (20 ug/ml)
- - Negative Control Il | Negative Control Il
(20 pg/ml) (20 pg/ml)
- - Positive Control Positive Control
(20 pg/ml) (20 pg/ml)
Antibodies
Anti-5-hm-cytosine Primary Antibody Capture Antibody Capture Antibody
Primary Antibody (2 mg/ml) (1000 pg/ml) (1000 pg/ml)
(12 mg/ml)
Polyclonal Antibody | Antibody-conjugate | Detection Antibody | Detection Antibody
(1 mg/ml) (1 mg/ml) (400 pg/ml) (400 pg/mL)

Buffer & Solutions

Coating Buffer

Coating Buffer

10X Wash Buffer

10X Wash Buffer

10X ELISA Buffer

ELISA Buffer

Binding Solution

Binding Solution

HRP Developer

HRP Developer

Enhancer Solution

Enhancer Solution

Developer Solution

Fluoro-developer

Stop Solution

Fluoro-dilutor

Fluoro-enhancer
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3.5. Equipment, Kits and Solutions for Direct Bisulfite Sequencing

For the bisulfite conversion of C9orf72+ ALS patient DNA samples and healthy
controls, EZ DNA Methylation Kit was utilized according to manufacturer’s instructions,

using Arktik™ Thermal Cycler from Thermo Scientific. Kit contents are listed in Table 3.8.

Table 3.8. Content of the bisulfite conversion kit used prior to direct sequencing.

EZ DNA Methylation Kit (D5002, Zymo Research)
CT Conversion Reagent
M-Dilution Buffer
M-Binding Buffer
M-Wash Buffer
M-Desulphonation Buffer
M-Elution Buffer
Zymo-Spin™ IC Columns
Collection Tubes

Following the bisulfite conversion of the DNA, the 26 CpG island containing region
of the C9orf72 gene promoter was amplified using Hot Start Tag DNA polymerase, together
with compatible master mix components in both patients, age- and sex-matched healthy
controls and standard control samples. Information regarding the content of the master mix
and standard controls are listed in Table 3.9. The sequence of the primers used for the

amplification of the region of interest are listed in Table 3.10.

Table 3.9. Solutions and chemicals used in the amplification of the CpG islands in the
C9orf72 promoter.

Hot Start Tag DNA Polymerase (M0495, New England Biolabs)
Standard Taq Reaction Buffer Pack (B9014S, New England Biolabs)
MgClI; Solution, 25 mM
dNTP Solution Mix (N0447S, New England Biolabs)
dATP, dCTP, dGTP and dTTP (10 mM each)

Human Methylated & Non-methylated DNA Set (D5014, Zymo)
Human HCT116 DKO Non-methylated DNA, 5 pg /20 pl
Human HCT116 DKO Methylated DNA, 5 ug / 20 pl
DAPKI1 Primers, 20 pl
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Table 3.10. Primers used in the amplification of the CpG islands in the C9orf72 promoter.

1 PCR
BSP_1F S-TTT ATT AGG GTT TGT AGT GGAGTT TT-3'
BSP_1R S5-AAATCTTTT CTT ATT CAC CCT CAA C-3'
2" PCR
BSP_2F 5-TAT TAG GGT TTG TAG TGG AGT TTT-3'
BSP_2R 5-CCACACCTACTCTTACTA AAC CC-3'

3.6. Software, Online Tools and Databases

Software, online tools and databases used for various tasks, such as viewing
documents, sequences, statistical analysis, quantification of both colorimetric and

fluorometric signals, DNA quantification, calculations and writing during this thesis are

listed in Table 3.11.

Table 3.11. Software, tools and databases used.

Software/Tool/Database Source
CLC Main Workbench v5.7 CLC bio
GraphPad Prism v6.0 GraphPad Software Inc.
Mendeley Desktop Mendeley Ltd.
MS Office Microsoft
NanoDrop 2000 / 2000c Thermo Scientific
Software
SPSS Statistics Software IBM
v.22
UniProt http://www.uniprot.org/
SoftMax Pro v5 Molecular Devices
Ascent™ Software Thermo Scientific
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4. METHODS

The workflow of this thesis, including sample collection and selection, is summarized

in Figure 4.1 and shaded gray.

Healthy Controls
Patients

l

[ Clinical Diagnosis and Classification

[ SALS fALS SCAl SCA2 HD FRDA DM Other NDDs ]

[ Blood Sample Collection and Storage (NDAL) ]:

Healthy Controls

Healthy Controls [ )
| DNA TIsolation and Quality Control J

Molecular Diagnosis at NDAL:

GeneScan, Sanger Sequencing, WES and WGS

Sample selection for this study:
SALS C9orf72+ ALS fALS ATXN2int ALS SCAl SCA2 HD FRDA DM

[ ELISA Kit Selection ]

/\

[ 5-mC ] [ 5-hmC ] =lr C9orf72+ ALS ]
—-[ Quantification of Global 5-mC ]-‘. [ Quantification of C90rf72 Promoter Methylation ]4—
[ Data Analysis and Statistics ] [ Data Analysis and Statistics ]

Figure 4.1. The general workflow of this study.
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4.1. Blood Sample Collection and Storage

The blood samples of both, patients and healthy controls, were collected into EDTA

containing tubes and stored at NDAL.

4.1.1. Patient Samples

Patients were referred to NDAL by collaborating neurologists from across Turkey,
along with special forms containing their clinical data. Peripheral blood samples were
collected into EDTA containing tubes for DNA extraction with informed written consent
and approval of the Ethics Committee of Bogazi¢i University. The blood samples were

stored at 4° C until later use for DNA extraction.

Various different molecular diagnosis strategies, such as GeneScan for repeat
expansion detection and direct sequencing technologies (Sanger sequencing), whole exome
sequencing (WES) and whole genome sequencing (WGS), were used in order to further
classify the patients into distinct groups, which was crucial for the selection of samples to
be included in this thesis (Figure 4.1)

4.1.2. Healthy Control Samples

Blood samples from healthy Turkish individuals were obtained either from unaffected
family members (e.g. spouses with no direct kinship: a total of 47 individuals) or from
Haydarpasa State Hospital Haematology Department. All blood samples were collected with
informed written consent and approval of the Ethics Committee of Bogazigi University. The

average ages at blood collection for patient and healthy controls, are listed in Table 3.3.
4.2. DNA Isolation and Quality Control
The extraction of the DNA from 1,000 pl blood samples of our patient and healthy

control cohorts was performed using MagNA Pure Compact and the MagNA Pure Compact

Nucleic Acid Isolation Kit I according to the user guide provided by the manufacturer. The
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concentration and quality of the extracted DNA were assessed using 1 ul of the sample and
NanoDrop 2000c UV-Vis Spectrophotometer. DNA stocks were stored at -20° C.

4.3. ELISA Kit Selection

The kit selection strategy for global 5-mC and 5-hmC detection in DNA, isolated from
blood are explained in the following sections and summarized in Figure 4.3 and Figure 4.4.
The two main aspects considered for the selection of the kits were the intra-plate variability
and the consistency of results between the different kits utilizing similar working principles.
The general working principle of each different kit is shown in Figure 4.2. The Epigentek
and abcam 5-mC and 5-hmC Kits use a direct ELISA setup, the Enzo and Zymo 5-mC Kits
use an indirect ELISA setup, while the Enzo and Zymo 5-hmC Kkits use a sandwich ELISA
setup (Table 5.1 and 5.2).

Subbtrdtu

SeconddryAntlbody Subqtra[e ' ? / ’
Substrate {:ﬁ
“ ;
* 3 3 /) k\ l

Primary Antibody —

L] ]
e ——— N N
DA 5-mC 1 i [ | ] | «— Capture Antibody

Direct ELISA Tndirect ELISA Sandwich ELISA

Figure 4.2. The three different ELISA setups utilized in the kits tested in the framework of
this thesis.

4.3.1. Global 5-mC Detection Kit Selection

In order to find the most sensitive and precise DNA ELISA-based detection kit for the
quantification of 5-mC, four commercially available kits (Table 3.4) were tested using a set
of 22 samples comprising of both, patient and healthy control samples (common sample set)
(Figure 4.3) according to each manufacturer’s guidelines. Non-methylated and fully-
methylated standard control samples provided by the kits were mixed in different ratios as
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indicated in the user manuals in order to generate a standard curve used to quantify the
unknown samples. The standard control samples were processed in parallel with the common
sample set in each plate. Three hundred and fifty ng of patient or healthy control DNA was
diluted to 20 ng/ul aliquots in separate tubes and five ul of these dilutions along with the

standard control samples were loaded in triplicates into 96-well plates.

Wilcoxon matched-pairs

4 i
Indirect ELISA signed rank test

— Enzo 5-mC }
L Zymo 5-mC

Common Samples (n=22)

Wilcoxon matched-pairs
signed rank test

Direct ELISA

I Epigentek 5-mC }
I Abcam 5-mC

Figure 4.3. The 5-mC ELISA kit selection strategy.

After the protocol for each kit was completed, in other words, once the development
solutions were added to the wells, colorimetric absorbance values were measured at three
different wavelengths (405 nm, 430 nm and 450 nm) at three different time points (15 min,
35 min and 55 min). The signal detection values for the reading with the best standard curve
were exported to MS Excel files via SoftMax Pro v5. For the fluorometric kit, 590 nm
emission values were recorded following an excitation at 530 nm immediately after the
completion of the protocol. The recorded values were exported to MS Excel files via
Ascent™ Software. The intra-plate consistency was analyzed by looking at the SD and
coefficient of variation (CV) between the triplicate readings within each of the plates using
MS Excel and the consistency of each ELISA setup was assessed by applying the Wilcoxon
matched-pair signed rank test using the GraphPad Prism® 6 software (Figure 4.3).

4.3.2. Global 5-hmC Detection Kit Selection
The same approach as in the 5-mC kit selection was also employed in choosing the

most sensitive and precise 5-hmC detection kit. Four commercially available kits (Table 3.5)

were tested using 24 samples within the common sample set of patient and healthy control
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samples, together with the provided controls in each plate, as indicated in the user guides.
Similar to the 5-mC detection, DNA dilutions were prepared, and a total of 100 ng of DNA
was loaded on 96-well plates in triplicates, and prior to the strategy shown in Figure 4.4, the
intra-plate consistency was also analyzed by looking at the SD and CV between the triplicate

readings within each of the plates using MS Excel.

Wilcoxon matched-pairs

—— > Sandwich ELISA signed rank test

I Enzo 5-hmC }
R Zymo 5-hmC

Common Samples (n=24)

Wilcoxon matched-pairs
signed rank test

Direct ELISA

— Epigentek 5-hmC }
I Abcam 5-hmC

Figure 4.4. The 5-mC ELISA Kit selection strategy.

The measurement of colorimetric (at 405 nm, 430 nm, and 450 nm; after 15 min, 35
min, and 55 min) and fluorometric absorbance (excitation at 530 nm, emission at 590 nm)

were performed exactly as described before.
4.4. Global Quantification of 5-mC Levels

The experimental and the data analysis stages of global 5-mC percentage detection in
different patient groups and healthy controls using the Enzo 5-mC kit are explained in the

following sections.
4.4.1. Detection of 5-mC in Patients and Healthy Controls

Detection of the 5-mC levels in different patient groups and healthy controls was
performed as described above for global 5-mC kit selection with minor changes. A total of
100 ng patient and healthy control DNA samples were prepared as described previously, and
were loaded on 96-well plates in triplicates. Non- and fully-methylated controls were mixed

in such a way that the final 5-mC percentages would be between 0 and 10%, rather than 0
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and 100% as suggested in the user guide provided by the manufacturer. This was done to
confine the standard curve to a smaller interval to increase the accuracy and precision within
this region and make it more suitable for human DNA samples considering the average

global 5-mC percentages expected.

After the addition of the HRP developer solution, colorimetric absorbance was
measured at 405 nm, 430 nm and 450 nm after 15, 35 and 55 minutes. The detected values

with the best standard curve were exported to MS Excel files via SoftMax Pro v5.

4.4.2. Data Analysis and Statistics

The calculations needed for quantifying 5-mC levels were carried out according to
manufacturer’s instructions. The absorbance of the standard samples was used to calculate
the slope and the y-intercept of the standard curve using the SLOPE and INTERCEPT
functions of MS Excel. Later, the equation below (Equation 4.1), derived from the
logarithmic second-order regression equation for the standard curve, was used to determine

the 5-mC % for patient and healthy control samples.

absorbance — y—intercept}

5mC % = e{ slope (4.1)

Quade’s rank analysis of covariance (Quade, 2012) was used to compare the global 5-
mC levels in SALS, C9orf72+ ALS, SCAL, SCA2, HD, FA and DML patients against age-
and sex-matched healthy controls using IBM® SPSS® Statistics (Version 22) software.
Considering the clinical information available for the patient and healthy control samples
and the possible role of different environmental factors in altering global levels of 5mC,
Quade’s rank analysis of covariance was performed with smoking (Armon, 2009; de Jong et
al., 2012; Wang et al., 2011), alcohol consumption (de Jong et al., 2012; E Yu et al., 2016)
and physical activity (Huisman et al., 2013; Mattsson et al., 2012; Zhang et al., 2011) as
covariates, global levels of 5-mC as the dependent variable and the phenotype as the
grouping factor. This allows for correcting any biases towards variations that might arise
due to these factors. Apart from these covariates, the plate number was also considered as a

covariate to account for any inter-plate variation that may have an effect on the results. This
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was checked by performing a paired one-way analysis of variance (ANOVA), using
GraphPad Prism® 6 software on the standard control samples present on each plate. Such
statistical tests are extremely important as each experiment is performed on different days,

and variations due to experimental errors could drastically change the results.

For patient samples which lacked information regarding the covariates mentioned, a
Mann-Whitney U test was performed in comparison to age- and sex-matched healthy control

samples using GraphPad Prism® 6 software.

The significant results for each statistical test are displayed as p-values and asterisk
within box plots, graphs and tables (* p < 0.05; ** p <0.01; *** p < 0.001; **** p < 0.0001).

4.5. Quantification of C9orf72 Promoter Methylation and Correlation with Global
DNA Methylation

In order to determine the region-specific methylation pattern at the CpG islands,
located in the C9orf72 gene promoter, bisulfite conversion and Sanger sequencing
techniques were used, as explained in the following sections.

4.5.1. Direct Bisulfite Sequencing

For the bisulfite conversion reaction, the EZ DNA Methylation Kit from Zymo
Research was used according to the manufacturer’s instructions. Four hundred ng of
C9orf72+ ALS patient samples, age- and sex-matched healthy control samples and
commercially available known non- (0%) and fully-methylated (100%) control human DNA

samples (as negative and positive controls, respectively) were used for this experiment.

Following the bisulfite conversion of unmethylated cytosines (C) into thymines (T),
30 ng of the DNA yield from this reaction was further utilized in the targeted amplification
of the CpG island within the C9orf72 gene promoter. A nested PCR methodology with two

consecutive reactions was utilized in the amplification of this region; 30 ng of the converted
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DNA was used as template for the first PCR, and 1/10 of this initial reaction was used as
template in the following nested-PCR. Contents of the master mixes for both reactions are
shown in Tables 4.1 and 4.2.

Table 4.1. Content of the first PCR mix for C9orf72 promoter amplification.

Reagent Volume [Final]
(D)
Template / Control DNA Variable | 0.6 ng/ul
Standard Taq Reaction Buffer (10X) 5 1X
dNTPs (10 mM each) 1 200 uM
Forward Primer (BSP_1F, 10 uM) 1 0.2 uM
Reverse Primer (BSP_1R, 10 uM) 1 0.2 uM
Hot Start Tag DNA Polymerase 0.25
ddH20 to 50 pl
Total volume 50 wl

Table 4.2. Content of the nested-PCR mix for C9orf72 promoter amplification.

Reagent Volume [Final]

(1))

Template / Control DNA 5
Standard Taqg Reaction Buffer (10X) 5 1X

dNTPs (10 mM each) 1 200 M
Forward Primer (BSP_2F, 10 uM) 1 0.2 uM
Reverse Primer (BSP_2R, 10 uM) 1 0.2 uM

Hot Start Tag DNA Polymerase 0.25

ddH20 to 50 ul
Total volume 50 ul

The PCR cycling conditions for both of the PCR reactions performed after the bisulfite
conversion and prior to sequencing are shown in Tables 4.3 and 4.4 for the first and second
PCR reactions, respectively.

Table 4.3. The conditions for the first PCR reaction, for the amplification of the C9orf72

promoter.
Initial Denaturation 95° C 4 min
Denaturation 95° C 4 min
Annealing 68° C* | 30sec | 19 cycles
Extension 72°C 3 min
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Table 4.3. The conditions for the first PCR reaction, for the amplification of the C9orf72
promoter (cont.).

Denaturation 95° C 4 min | 30cycles
Annealing 58° C 30 sec
Extension 72°C | 3min
Final Extension 72°C | 7min
*1°C decrease at each cycle (68° C — 58°C)

Table 4.4. Nested-PCR conditions for the C9orf72 promoter amplification.

Initial Denaturation | 95°C | 4 min
Denaturation 95°C | 4 min
Annealing 67°C* | 30sec | 10 cycles
Extension 72°C | 3 min
Denaturation 95°C | 4 min
Annealing 57°C | 30sec | 20 cycles
Extension 72°C | 3 min
Final Extension 72°C | 7 min
*1°C decrease at each cycle (67 °C — 57 °C)

After the amplification of C9orf72 promoter CpG island region, all the patient samples
together with standard controls were subjected to Sanger sequencing at Istituto Auxologico
Italiano Sequencing Core Facility. Results were evaluated using the CLC Main Workbench
Software. At the positions of expected Cytosines (C); presence of a single Thymine (T) peak
was considered as an indicative of a “non-methylated” state. In the case of a double C/T
peaks at these positions, the results were grouped into three; higher T peaks were considered
“low”, equal peaks were considered “intermediate”, and higher C peaks were considered to

depict “high” methylation states at these positions.

4.5.2. BST-PCR Data Analysis and Correlation Statistics

Four categories were defined to assess the methylation levels qualitatively at each of
the 26 CpG sites in the C9orf72 promoter, as mentioned in the previous section. The

percentage of the promoter methylation was later calculated by assigning each of these states
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with a score (high: 3, intermediate: 2, low: 1 and unmethylated: 0). The total score was later
used to calculate the promoter methylation percentage using the equation below (Equation
4.2).

total score
26 X 3

promoter methylation % = ( ) x 100 (4.2)

In order to investigate a possible correlation between the C9orf72 promoter
methylation and the global methylation in C9orf72+ ALS patients, Spearman correlation

statistics was applied using GraphPad Prism® 6 software.
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5. RESULTS

In the following sections the results obtained from extensive testing of commercially
available 5-mC and 5-hmC DNA ELISA kits, and the global 5-mC levels for the NDAL
NDD cohort are presented. The global 5-mC levels are reported for 422 patient samples and
145 healthy controls using the Enzo 5-mC kit chosen due to its higher precision and accuracy
(Table 5.1). Figure 5.1 highlights (shaded grey) the patients and disease groups which
showed elevated levels of global 5-mC when compared to age- and sex-matched healthy
controls. Finally, results for 34 C9orf72+ ALS patients regarding their C9orf72 promoter
methylation using direct bisulfite sequencing and its correlation with global 5-mC levels are

also reported.

SALS (n=203)
FALS (n=43)
@&
o C9orf72+ ALS (n=41).
NDAL NDD Cohort ' ATXN2int ALS (n=13)
- SCAL (n=17)

—f scas |
LI 'scaz (n=29)

TNDs — HD (n=21)

FRDA (n=31)

DM (n=25)

Figure 5.1. The NDD cohort investigated in the framework of this thesis.
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5.1. 5-mC and 5-hmC ELISA Kit Selection

In order to select the most reliable commercially available ELISA kit for the
quantification of both 5-mC and 5-hmC, a series of tests were conducted on four different 5-
mC and four different 5-hmC kits. These tests were conducted using 22 and 24 samples
within a common sample set, meaning that identical samples were used across all the plates,
for the 5-mC and 5-hmC Kits, respectively. These tests aimed to determine both the intra-
plate variability and the variability between the kits which utilized a similar working
principle with respect to their ELISA setup. This helped ensure more consistent and
reproducible results which is of great importance in such high-throughput which are

sensitive to even very small errors.

5.1.1. Comparison of 5-mC ELISA Kits

The four 5-mC DNA ELISA Kits tested in the framework of this thesis could be
classified into two groups with respect to their working principle, whether it be direct or
indirect (Figure 4.2 and Figure 4.3). First, in order to determine if each kit had consistent
intra-plate readings, the common sample set (n=22) was processed in a triplicate manner in
each plate, and the SD and CV were calculated for each of the samples within the common
sample set, along with the standard samples provided with each kit. The average SD and CV
for each 5-mC kit is reported in Table 5.1 and the kit with the lowest SD and CV, chosen for
this thesis (Enzo 5-mC), is shaded in grey. Secondly, in order to analyze the variability
between the kits with the same working principle, whether it be direct or indirect, the results
for 22 samples within the common sample set were compared by applying the Wilcoxon
matched-pairs signed rank test (Figure 4.3). The indirect ELISA system utilized by the Enzo
and Zymo 5-mC kits were found to successfully replicate the results for the samples within
the common sample set (Z =61, p > 0.1). On the other hand, the direct ELISA system utilized
by the two other 5-mC Kkits from Epigentek and Abcam did not give consistent results and
both showed a significant difference for the samples within the common sample set (Z =
237, p < 0.0001). This, along with higher SD and CV values calculated for these two Kits,

reduces their confidence and reliability.
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Table 5.1. The working principle, SD and CV of the intra-plate triplicate readings for the
5-mC ELISA kits. The most consistent kit has been shaded gray as it showed the lowest

SD and CV for the triplicate intra-plate readings.

Kit/ Working Average SD for Average CV for
Manufacturer Principle Triplicate Readings Triplicate Readings

Enzo 5mC Indirect 0.003 0.0177
(colorimetric)

Zymo 5mC Indirect 0.003 0.04703
(colorimetric)

Epigentek 5mC Direct 0.052 0.10162
(colorimetric)

Abcam 5mC Direct 0.737 0.0695
(fluorometric)

5.1.2. Comparison of 5-hmC ELISA Kits

The four 5-hmC ELISA Kkits tested in the framework of this thesis could be classified
into two groups with respect to their working principle; sandwich and direct (Figure 4.2 and
Figure 4.4). The common sample set (n=24) was used in order to test these kits exactly as
described for the 5-mC DNA ELISA kits (Table 5.2). After testing all four kits, none was
found to demonstrate reliable SD and CV due to the high variability in the intra-plate
triplicate readings. Also the fact that the kits had a limited range of detection and that all the
quantifications were at the lower limit of the kits led to a concern regarding the performance
and the sensitivity of the kit and thus none was chosen for further assays for the
quantification of 5-hmC within the NDD cohort. Nevertheless, to check whether such
inconsistent intra-plate readings were to be acceptable and if they could somehow be
tolerated, the inter-plate variability between the Kits that utilized the same working principle
were also analyzed. To do so, similar to the approach used for the 5-mC kits, the results for
the samples within the common sample set were compared. The sandwich ELISA systems
utilized by the Enzo and Zymo 5-hmC kits were found to give highly inconsistent results for
the 24 samples within the common sample set (Z = 300, p < 0.0001), and this was also the
case for the direct ELISA system utilized by the two other 5-hmC kits from Epigentek and
Abcam (Z = 300, p < 0.0001). Such high variability in the results produced make these kits
unsuitable for the quantification of 5-hmC in DNA isolated from blood.
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Table 5.2. The working principle, SD and CV of the intra-plate triplicate readings for the

5-hmC ELISA kits. None of the kits tested gave consistent results for the triplicate intra-

plate reading.

Kit/ Working Average SD for Average CV for
Manufacturer Principle Triplicate Readings Triplicate Readings
Enzo 5-hmC Sandwich 0.004 0.21995
(colorimetric)
Zymo 5-hmC Sandwich 0.020 0.057
(colorimetric)
Epigentek 5- Direct 0.007 0.12629
hmC (colorimetric)
Abcam 5-hmC Direct 0.077 0.08861
(fluorometric)

5.2. 5-mC Levels in Patient and Healthy Control Samples

The global 5-mC levels reported in this thesis have been generated using the Enzo 5-

mC kit on 26 different plates. Figure 5.1 shows the mean and the standard error margin for

the standard controls (n=5) used across all 26 plates. The results indicate that there is no
significant difference at the p > 0.1 [F(1.225, 4.898) = 0.1411, p = 0.7714] between the 26
different plates used in this study considering the results obtained from each plate for the 5

standard controls provided with each kit. This is crucial for reliable and reproducible results

for such high-throughput studies.
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Figure 5.2. The mean and standard error margins for the standard controls used across the
different ELISA plates.
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5.2.1. Global 5-mC Levels in ALS and Healthy Controls

The global 5-mC levels in ALS patients were compared to age- and sex-matched
healthy controls using two strategies: (i) without controlling for external factors for samples
lacking supplementary clinical information, such as lifestyle choices which may have an
effect on the global 5-mC levels, using the Mann-Whitney U test (Figure 5.3A and Table
5.3), and (ii) using Quade’s rank analysis of covariance and by considering external factors
such as smoking, alcohol consumption and physical activity for samples with such

information available (Figure 5.3B and Table 5.4).

These analyses show that all subtypes of ALS exhibit increased levels of global 5-mC
when compared to age- and sex-matched healthy controls both in the presence and absence
of the three external factors mentioned. Figure 5.3 illustrates the global 5-mC levels in all
different subtypes of ALS along with the corresponding age- and sex-matched healthy
controls investigated within the framework of this thesis. Each box plot in Figure 5.3 shows
the minimum and the maximum levels of 5-mC observed in each group, along with the
median, 25th and 75th percentile. Table 5.3 and Table 5.4 list detailed information regarding
the statistical tests conducted for the global 5-mC results obtained.

Table 5.3. Comparison of the global levels of 5-mC in different subtypes of ALS patients

lacking information regarding smoking, alcohol consumption and physical activity.

Disease Significant Patient Control Mann- p-value
Increase Median Median Whitney U
SALS (n=95) Yes 18.54 15.27 2644 < 0.0001
C9orf72+ ALS (n=20) Yes 24.67 14.21 50 < 0.0001
fALS (n=43) Yes 21.8 14.85 347.5 < 0.0001
ATXN2int ALS (n=13) No 16.8 15.49 78 >0.1

Table 5.4. Comparison of the global levels of 5-mC in different subtypes of ALS patient

cohorts when compared to age- and sex-matched healthy controls, correcting for smoking,

alcohol consumption and physical activity.

Disease Significant Increase p-value
SALS Yes p <0.001 [F(1, 214) = 12.096, p = 0.000645]
C9orf72+ ALS Yes p <0.001 [F(1, 40) = 16.539, p = 0.000217]
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Figure 5.3. Box plots for the global levels of 5-mC in patients and age- and sex-matched
healthy controls. A) Mann-Whitney U test (no covariates) and B) Quade’s rank analysis of

covariance (including covariates). Significant changes are marked with asterisk.

C9orf72+ ALS patients were also compared to age- and sex-matched SALS patients
while controlling for age of onset, disease duration at sample collection, smoking, alcohol
consumption and physical activity, and a significant increase in the global 5-mC levels was
observed at the p < 0.001 [F(1, 40) =12.962, p = 0.000867] (Figure 5.3B).

Furthermore, a limited number of ATXN2int ALS (n=13) patients were also compared
to SALS patients using the Mann-Whitney U test, since information regarding external
factors that could be taken into consideration were not available. No significant increase

could be observed for the global levels of 5-mC in ATXN2int ALS vs. SALS (Figure 5.3A
and Table 5.3).
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5.2.2. C9orf72 Promoter Methylation and its Correlation with Global 5-mC Levels

The promoter region of the C9orf72 gene, subjected to bisulfite conversion and
sequencing was quantified for the 26 CpG islands, and the methylation percentage of the
promoter was calculated for 34 C9orf72+ ALS patient samples. Figure 5.4A shows the
moderate correlation (rs = 0.3902, p < 0.05) between the absolute global 5-mC levels and
the C9orf72 promoter methylation calculated using Spearman’s correlation analysis in
C9orf72+ ALS patients, while Figure 5.4B shows the moderate correlation (rs = 0.3466, p <
0.05) between the increase in the global 5-mC levels, with respect to age- and sex-matched
healthy controls, and the C9orf72 promoter methylation in the same cohort.
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Figure 5.4. Correlation of the global 5-mC levels and promoter methylation in C9orf72+
ALS patients.

5.2.3. Global 5-mC Levels in Trinucleotide Repeat Disorders

Similar to ALS, the TNDs investigated in this thesis have been compared with age-
and sex-matched healthy controls while controlling for smoking, alcohol consumption and
physical activity using Quade’s rank analysis of covariance (Figure 5.5 and Table 5.5). Each
box plot shows the minimum and the maximum levels of 5-mC observed in each group,
along with the median, 25th and 75th percentile. Table 5.5 lists detailed information

regarding the statistical tests conducted for the global 5-mC results obtained for this cohort.
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Figure 5.5. Box plots for the global 5-mC levels in different groups of patients (SCA1,
SCAZ2, HD, FA, and DM1) along with age- and sex-matched healthy controls. Significant

changes are marked with asterisk.

Table 5.5. Results of the comparison of 5-mC levels in TNDs with respect to age- and sex-

matched healthy controls, with smoking, physical activity and alcohol consumption as

covariates.
Disease | Significant Increase p-value
SCA1l Yes p <0.01[F(1, 32) =8.778, p = 0.00571]
SCA2 Yes p <0.01 [F(1, 56) = 10.784, p = 0.001768]
HD No p > 0.1 [F(1, 40) = 2.495, p = 0.122095]
FRDA No p>0.1[F(1, 60) =0.803, p=0.373799]
DM1 No p>0.1[F(1, 48) = 0.400, p = 0.530261]




5.3. Effects of External Factors on Global 5-mC Levels

o1

Many different external factors which might have an effect on global 5-mC levels,

such as smoking, physical activity, alcohol consumption, and other disease-related factors,

including age of onset and disease duration have been taken into consideration within the

framework of this thesis. In order to assess the impact of these factors, Quade’s rank analysis

of covariance was carried out for each covariate within a suitable cohort and by including

other factors. The results of these analyses are compiled in Table 5.6. Interestingly, alcohol

consumption was found to be a statistically significant modifier of the global 5-mC levels in
healthy controls at the p < 0.001 [F(2, 138) = 8.981, p = 0.000215].

Table 5.6. The effect of different external factors on the global levels of 5-mC.

Cohort | Groups Controlling Covariates Sig. Statistics
Age of Onset SALS | <40,41- | Blood Age, disease duration, | No | p>0.1[F(2,
60, 61 < sex, smoking, alcohol, 122) =0.123,p
physical activity, site of =0.885]
onset, consanguinity,
SALS/fALS
Disease SALS | 0-5,6- | AO, blood age, sex, smoking, | No | p>0.1[F(3,
Duration 10, 11— | alcohol, physical activity, site 122) =0.176, p
20,21 < of onset, consanguinity, =0.913]
SALS/fALS
Alcohol SALS Yes, No, Blood age, disease duration, | No | p>0.1[F(2,
Consumption Quit sex, smoking, physical 133)=1.182,p
activity =0.310]
Smoking SALS Yes, No, Blood age, disease duration, | No | p>0.1[F(2,
Quit sex, alcohol, physical activity 133)=1.189,p
=0.308]
Physical SALS Yes, No, Blood age, disease duration, | No | p>0.1[F(2,
Activity Quit sex, alcohol, smoking 133) =1.168, p
=0.314]
Age at Blood | Healthy | <40, 41 - Sex, smoking, alcohol, No | p>0.1[F(2,
Collection 60, 61 < physical activity 138) = 0.666, p
= 0.666]
Alcohol Healthy | Yes, No, Sex, smoking, age at blood | Yes | p<0.001 [F(2,
Consumption Quit collection, physical activity 138) =8.981, p
=0.000215]
Smoking Healthy | Yes, No, Sex, alcohol consumption, No | p>0.1[F(,
Quit Age at blood collection, 138) =1.421,p
physical activity = 0.245]
Physical Healthy | Yes, No, Sex, smoking, age at blood No | p>0.1[F(,
Activity Quit collection, alcohol 138) =1.862, p
consumption =0.159]
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6. DISCUSSION

The results presented in this thesis indicate a significant elevation in global 5-mC
levels in SALS patients when compared to age- and sex-matched healthy controls. Such
findings are in line with previous studies which have reported an increase in the global levels
of 5-mC, independently of age of onset, in DNA isolated from blood and spinal cord samples
of SALS patients (Figueroa-Romero et al., 2012; Tremolizzo et al., 2014). This work also
takes a step further and concludes disputes between Figueroa-Romero et al., 2012 and
Tremolizzo et al., 2014, regarding the detection of elevated global 5-mC levels in blood, by
screening a large cohort of SALS patients using a high-throughput ELISA-based 5-mC assay.
More importantly, elevated levels of global 5-mC are also reported for the first time in
different subtypes of ALS, including fALS and C9orf72+ ALS, along with two other NDDs,
SCA1 and SCA2.

6.1. Epigenetics in Understanding NDDs

NDDs are a group of highly heterogeneous and complex disorders with many
overlapping features and phenotypes, making their diagnosis and treatment extremely
difficult, especially due to the lack of competent biomarkers and potent treatments. The past
decade has seen an unprecedented increase in our knowledge regarding the pathogenic
nature of several NDDs at the cellular and molecular levels: various impaired cellular
mechanisms have been shown to trigger disease onset and progression. Such efforts have
helped scientists gain a general overview of the pathogenic mechanisms responsible for
neurodegeneration and will certainly fuel future studies in hopes of elucidating the exact
causes of different NDDs, paving the ways for potent therapeutic approaches that aim to cure
the disease rather than simply treating the devastating symptoms. Aging is the number one
risk factor for many NDDs and thus, extensive research is of extreme importance in the
upcoming years as the ever aging societies of today’s world come to the brink of huge ways
of different NDDs which will undoubtedly impose a great burden both on governments,
society and mankind in general. Considering the complexity of ALS, the third most common
NDD after AD and PD (Ozoguz et al., 2015; Renton et al., 2014), and the fact that more
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than 80% of patients diagnosed with ALS have no clear known cause for the disease (He et
al., 2015; Kenna et al., 2016; van Rheenen et al., 2016), the need for new approaches and
perspectives in attempts to decipher the yet undiscovered underlying factors governing the
pathogenesis of this fatal disease is evident. As for other monogenic NDDs, such as SCAL,
SCA2, HD and FRDA along with DM1, the largely variable phenotypes and the lack of
potent treatments point to a need for more extensive and comprehensive studies that take a
closer look at such phenomena from different angles, in hope of new ideas and strategies

that could be utilized to tackle such incurable diseases.

Epigenetics, being a relatively new field in biological sciences, has just started to gain
momentum in helping to understand some of the previously baffling aspects of various
different diseases and conditions. The post-genomic era has admittedly led scientists to
believe that the complexity of the spatiotemporal fine-tuning of cellular mechanisms via the
regulation of gene expression cannot be explained solely by studying the genome, and that
many other factors can effect these mechanisms at other regulatory levels. Each such
modifying factor can in principle play a substantial role in explaining the phenotypic
differences between individuals. This is largely apparent in the phenotypic differences seen
in monogenic disorders and maybe even more so in monozygotic twins, who are discordant
for certain phenotypes and diseases. The complexity and diversity of epigenetic factors and
modifications, and the error-prone nature of many of the current technologies available for
conducting such studies, motivated this work to take a global look at one of the most well-
known and extensively studied epigenetic modifications, namely 5-mC. This approach
promises to be a good starting point in dissecting the role of epigenetic marks and
modifications in the pathogenesis of complex disorders, as it provides a top-down approach
prior to higher resolution gene-specific and genome-wide studies. Furthermore, it has
already been shown that global variations in DNA methylation can be indicative of gene-

specific promoter 5-mC levels (Ohka et al., 2011).

Our findings call for further high-resolution studies with the additional analysis of
different tissue types and presymptomatic patients using suitable assays. This should be
followed by more in-depth studies at the molecular level in order to understand the

epigenetic dynamics of these diseases. The correlation of the promoter hypermethylation of
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the C9orf72 gene with the global levels of 5-mC also call for the analysis of genes and maybe
also the entire genome. This will help clarify the importance of such correlations and maybe

even point toward other mechanism that may be implicated in the pathogenies of ALS.

6.2. Global DNA Methylation in NDDs

Previous studies on global 5-mC levels in ALS patients have had many shortcomings,
such as small, limited cohorts and biases towards one or more disease-specific phenotypes.
This led us to investigate global 5-mC levels in blood within a Turkish ALS cohort. Here,
these limitations have been overcome by screening a large and heterogonous cohort of ALS
patients which were classified into different subtypes using molecular screening techniques
ranging from conventional methods such as GeneScan and Sanger sequencing to NGS
including WES and WGS. External and environmental factors, such as smoking, alcohol
consumption and physical activity that have been previously suggested to have an effect on
global 5-mC levels were also taken into consideration to limit the possible effects that they
may have on the results. Other than ALS, we were also keen to find out if the global 5-mC
levels also changed in other neurodegenerative diseases. In order to do so we chose to
investigate SCA1, SCA2, HD and FRDA, along with DM1, for which to the best of our

knowledge, there has not been any global studies of DNA methylation.

In order to investigate the global levels of 5-mC and also 5-hmC, which is a relatively
newly identified cytosine modification, commercially available DNA ELISA kits were
extensively tested prior to use. This was mainly due to their ease of use, low cost and
acceptable precision when compared to the gold standard that are HPLC-based assays
(Knothe et al., 2016). Two different ELISA setups from four manufacturers were tested for
the detection of each of the cytosine modifications, namely 5-mC and 5-hmC, in order to
select the best available high-throughput DNA ELISA system for their quantification. The
results obtained from the kit selection procedure prove this step to be important prior to high-
throughput studies, such as the one conducted within the framework of this thesis. The
results obtained here regarding the kit comparison clearly indicate that both the manufacturer
and the ELISA setup along with other factors such as kit storage, handling, delivery

conditions and standards of local distributers, are all important aspects that could affect the
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final results. These factors were even more evident when testing the Zymo 5-hmC kit as we
could only get readings at our third try, having later realized that the previous failures were

due to improper antibody storage.

Interestingly, the kit selection procedure also points to a possible reason for the
inconsistencies between Tremolizzo et al., 2014 and Figueroa-Romero et al., 2012 regarding
the detection of elevated 5-mC levels in DNA isolated from blood. Figueroa-Romero et al.,
2012, reported to use the Epigentek 5-mC kit and observed no elevated levels of global 5-
mC in blood samples of a small cohort of only 11 sSALS patients. When compared to the
other Kkits, the direct ELISA system utilized by the Epigentek 5-mC kit and also the Abcam
5-mC kit which utilizes a similar ELISA setup, failed to produce consistent results. Although
one can argue that these Kits use different detection methods (colorimetric vs. fluorometric),
at least some correlation in their results was expected. Furthermore, the correlation of the
results obtained within the framework of this thesis and the study of Tremolizzo et al., 2014,
which used an HPLC-based assay that is widely accepted as the gold standard for the
quantification of 5-mC (Knothe et al., 2016), adds more confidence to this approach when
compared to the direct ELISA system used by Figueroa-Romero et al., 2012. All such
findings underline the importance of vigorous testing regimes both on experimental
approaches developed in-house and those acquired from third-party companies. The results
of the global 5-mC assays in this thesis clearly indicate that the increase in the global 5-mC
levels is not exclusive to the CNS in ALS, as was previously reported by Figueroa-Romero
et al., 2012, and that it presents itself also in blood. Similar to the approach for finding the
best available kit for the quantification of 5-mC, four different DNA ELISA kits for the
quantification of 5-hmC were tested. The results indicated that none of the kits was able to
effectively quantify the very low levels of 5-hmC in blood, and suggest that it should not be
utilized for the quantification of 5-hmC in blood, practiced by Figueroa-Romero et al., 2012.

6.3. The Epigenetic Link between ALS, SCA1 and SCA2

The results of the 5-mC DNA ELISA assays conducted in ALS and a series of other

diseases show that elevated global 5-mC is not only observable in all subtypes of ALS, but
also seen in SCAL and SCAZ2, but not in HD, FRDA or DM1. This is especially interesting
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as the causative genes for both SCA1 and SCA2 are the most relevant to ALS pathology
among the NDDs studied here, and also because they share a few phenotypic features, shown
in Table 6.1. Further information regarding the diseases examined in the framework of this
thesis, such as the affected regions and subsequent lesions, mean age of onset, life
expectancy and prevalence can be found in Table 6.1 and Table 6.2 (Bidichandani and
Delatycki, 2014; Bird, 2015; Kanehisa et al., 2014; Kinsley and Siddique, 2015; Orsini et al., 2015;

Ozoguz et al., 2015; Pagon et al., 2015; Parkinson et al., 2013; Subramony and Ashizawa, 2014;
Theadom et al., 2014; Warby et al., 2014; Whaley et al., 2011)

Table 6.1. General features of the diseases which show elevated global 5-mC levels. The

affected regions common for ALS, SCA1 and SCAZ2 are underlined.

ALS SCAl SCA2
Affected motor cortex (frontal cerebellum, dentate cerebellum, brain stem,
region lobe), brain stem, spinal nucleus, brain stem frontal lobe, temporal
cord lobe
Microscopic hyaline inclusions neuronal inclusions neuronal inclusions
lesion
Mean age of 4th or 6th decade 3rd or 4th decade 3rd or 4th decade
onset
Life 2-5 years 10-30 years 10-15 years
expectancy
Prevalence 4-6 in 100,000 1-2 in 100,000 1-2 in 100,000

Table 6.2. General features of the diseases which do not show elevated global 5-mC levels.

HD FRDA DM1
Affected caudate nucleus, globus spinal cord, skeletal and smooth muscle,
region pallidus, thalamus, peripheral eyes, heart, testicles, endocrine
hippocampus nerves system, central nervous system
Microscopic neuronal intranuclear - -
lesion inclusions
Mean age of 4th to 5th decade 2nd to 3rd 3rd to 4th decade
onset decade
Life 10-20 years 30-40 years 40-50 years
expectancy
Prevalence 2-3in 100,000 1-5in 100,000 51in 100,000

Ataxin-1, causing SCA1 when mutated, is ubiquitously expressed throughout the body
and is mainly localized within the nucleus. It has been suggested to be involved in regulating
various aspects of transcription and RNA processing (Irwin et al., 2005). Feedback
mechanisms involved in the RNA processing pathway can lead to various epigenetic

modifications (Holoch and Moazed, 2015), and considering the importance of DNA
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methylation in nucleosomal positioning and chromatin remodeling through the activity of
MECP2 (Nan et al., 1998; H. H. Ng et al., 1999), the increased levels of global 5-mC may
be the direct result of expanded ataxin-1. Furthermore, ataxin-1 has been shown to physically
interact with ataxin-2, expansion mutations of which cause SCA2, despite their distinct
subcellular localizations. The mutant form of ataxin-1 also induces intranuclear
accumulation of ataxin-2, possibly triggering further stress on the cell. Moreover, in a
Drosophila model of SCAL, the wild-type Drosophila ataxin-2 homolog (dAtx2) has been
shown to suppress and modify the toxicity of the expanded ataxin-1 (Al-Ramahi et al., 2007).

Ataxin-2 has been found to be associated with translating polysomes, and is known to
interact with various mRNAs, thus controlling their translation (Satterfield and Pallanck,
2006). Such highly important roles within the cell explain how the expansion mutation
within this protein could lead to cellular stress in the form of RNA foci, protein aggregates,
altered stress granule (SG) dynamics and proteasomal degradation (Magaria et al., 2013; Riib
et al., 2013). Disruptions in these pathways, especially in those related to the regulation of
protein expression, may explain how expansion mutations within this protein could have an
effect on global 5-mC levels during stress conditions. Intermediate length expansion in the
polyQ domain of ATXN2 has previously been linked to ALS as a major risk factor (Elden et
al., 2010; Lahut et al., 2012) and ataxin-2 is known to localize to SGs together with several
ALS-associated proteins, namely heterogeneous nuclear ribonucleoproteins (hnnRNPs) TDP-
43 (Arai et al., 2006) and FUS/TLS (Mackenzie et al., 2011). All these factors are involved
in the assembly and disassembly of the SGs during and after cellular stress conditions (Bosco
etal., 2010; Dormann et al., 2010; Liu-Yesucevitz et al., 2010). Ataxin-2 is known to interact
with TDP-43 in an RNA-dependent manner, and ataxin-2/TDP-43 complexes were shown
to be mislocalized in the spinal cord samples of ALS patients. The intermediate expansions
in ATXNZ are also found to be further enriched in C9orf72+ ALS patients, and may act as a
disease modifier making C9orf72+ patients more prone to ALS than to FTD (van
Blitterswijk et al., 2014). This may be due to reduced SG dissolving rates in the presence of
an intermediate-length expansion in ataxin-2, leading to a stronger binding affinity to TDP-
43 and FUS, thus preventing their nuclear translocation (Elden et al., 2010; Farg et al., 2013;
Nihei et al., 2012). Moreover, intermediate length ataxin-2 expansions when combined with

pathological mutations in TDP-43 and FUS, lead to post-translational modifications, such as
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hyperphosphorylation and cleavage (Hart et al., 2012) along with Golgi fragmentation and
activation of the caspase pathway (Farg et al., 2013), respectively. These findings are
especially interesting as TDP-43 and FUS are also associated with FTD (Ling et al., 2013),
and differentiating factors such as intermediate length expansions in ataxin-2 could help
outline the exact mechanisms leading to each disease. Further links between ataxin-2 and
other ALS-associated genes have also been shown as in the case of Profilin-1 (Figley et al.,
2014).

The findings presented here along with some similarities shown in Table 6.1 can be
indicative of a similar or partially overlapping pathological mechanism for ALS, SCA1 and
SCAZ2. Such overlapping mechanisms may include an epigenetic feedback system where by
a global increase in 5-mC levels and overall transcriptional repression, the cell tries to reduce
stress caused by toxic RNA foci or toxic protein aggregates, such as in the case of C9orf72+
ALS and SCA1 and SCAZ2, respectively. This scenario may be further plausible when local
promoter methylation is not sufficient in reducing cellular stress or when reduced
transcription as a result of promoter hypermethylation (DelJesus-Hernandez et al., 2011;
Laffita-Mesa et al., 2012; C. W. Ng et al., 2013; Renton et al., 2011; Wood, 2013) leads to
loss-of-function as seen in some repeat expansion disorders such as C9orf72+ ALS (Belzil
et al., 2013; Russ et al., 2015; Xi et al., 2013). Other possible scenarios include impairment
in the proteasomal degradation pathway due to toxic protein aggregates, which in-turn will
activate the unfolded protein response and reduce transcriptional levels which may be
achieved via epigenetic modifications such as DNA methylation. At the end stage, when the
cell is no longer capable of handling the various forms of stress mentioned, the autophagy
response is activated which is known to signal global transcriptional repression, and this too

can cause changes in global 5-mC levels.

6.4. C9orf72 Promoter Hypermethylation and its Correlation with Global 5-mC

Apart from global DNA methylation studies, the promoter region of the C9orf72 gene
has been under intensive study in order to investigate the possible modifying effects of
promoter methylation in C9orf72+ ALS patients (Belzil et al., 2014; Russ et al., 2015; Xi,
Rainero, et al., 2014; Xi et al., 2013). Hypermethylation of the C9orf72 gene promoter has
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been shown to be quite frequent in C9orf72+ ALS patients, and it has been suggested that
larger hexanucleotide expansions are correlated with promoter hypermethylation, supporting
a loss-of-function hypothesis for the disease (I Gijselinck et al., 2015). This idea, although
plausible, cannot entirely explain the pathogenic nature of the C9orf72 expansion as other
reports have shown convincing evidence supporting a toxic gain-of-function for the
expanded C9orf72 in the form of dipeptide repeat proteins (DRPs) (Yamakawa et al., 2015)
which arise due to RAN translation (Cleary and Ranum, 2014), and also due to repeat-
containing RNA-induced toxicity as a result of RNA foci (DeJesus-Hernandez et al., 2011).
A more holistic study conducted on differentially methylated promoter regions in a genome-
wide manner using a limited number of post mortem brain and spinal cord samples of SALS
patients has also helped to gain a general idea about some of the most important pathways
related to cell death and immune response (Figueroa-Romero et al., 2012). Other important
cellular pathways related to DNA methylation and the regulatory machinery which takes
part in the maintenance of DNA methylation have also been studied, and dysregulations in
these mechanisms have been reported in ALS (Martin and Wong, 2013). Others have also
reported that increased levels of DNA methylation are lethal for motor neurons (Chestnut et
al., 2011). All such studies and findings pose DNA methylation as a strong candidate for
further research in search of the missing links between the many different mechanisms that
are suggested to take part in NDDs and also for clinical purposes such as the development

of competent biomarkers and potent novel treatments.

Interestingly, C9orf72+ ALS patients also show an increase in their global 5-mC levels
when compared to age- and sex-matched SALS patients, besides age- and sex-matched
healthy controls. This, along with the hypermethylation of the C9orf72 promoter, motivated
an investigation into whether these phenomena are correlated. This hypothesis has been
previously shown to be true in the case of glioblastoma multiforme (GBM) using LINE-1
promoter hypermethylation as a marker of increased global 5-mC, presenting global DNA
methylation as a biomarker for gliomas (Ohka et al., 2011). Indeed, a moderate correlation
between global 5-mC and C9orf72 promoter hypermethylation was observed similar to
GBMs. Other ALS-related gene promoters could be analyzed to see whether a similar
hypermethylation is observed in those genes or any other gene that could possibly be related

to ALS via altered DNA methylation patterns within their promoter regions. This could
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potentially lead to the development of potent biomarkers for ALS as in the case of GBMs.
Considering the lengthy diagnostic procedures and a lack of biomarkers for ALS, not only
does this seriously affect the quality of life in patients, leaving them uninformed and
confused about their condition, but it is also a great burden on the health care systems across
the world. Thus, an effective and quick diagnosis strategy and the development of potent
biomarkers will not only help patients lead a higher quality of life and reduce the costs for
the health care systems, but maybe even more importantly, keeping in mind the lack of a
regenerative mechanism in neurons, this will be crucial for possible preventive treatment

strategies that could be utilized for this perplexing disease (Benatar et al., 2015).

6.5. Can DNA Methylation be used as a Biomarker for NDDs?

The global increase in 5-mC levels reported in this thesis are relatively small when
compared to the study of Tremolizzo et al., 2014 which made use of HPLC-based 5-mC
assays. This suggests that when compared to the ELISA-based assays used here, their
approach may be better suited for clinical purposes. Furthermore, the increase in the global
5-mC levels is reported to be independent of disease-specific traits such as age of onset and
disease duration, which could be used to monitor disease progression, making it an
unsuitable candidate as a biomarker indicative of different stages of the disease or as a
predictor of disease prognosis. Nevertheless, studies on pre-symptomatic mutation carrier
NDD patients are needed to check whether such increases in global 5-mC are also observed
prior to disease manifestation and if so, investigate the power of these measurements in
predicting disease onset. Including other covariates, like body mass index (Mattsson et al.,
2012) or medications such as statins (Seelen et al., 2014) or Riluzole, may increase the power
of these studies as they may have a more profound effect on DNA methylation; thus they
should be considered in future studies. Apart from these, other enzymes like L-methionine
S-adenosylmethionine (MAT) that regulate SAM, the methyl donor for DNA methylation
by DNMTSs, should also be studied closely in order to unravel their mechanism in increasing
DNA methylation in ALS, SCA1 and SCAZ2 patients. This is especially important as previous
studies have shown that SAM supplementation can be beneficial in delaying age of onset in
transgenic (SOD1-G93A) mouse models of ALS (Suchy et al., 2010). Moreover, histone
deacetylase inhibitors (HDIs) such as sodium phenylbutyrate (Ryu et al., 2005), especially
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when combined with riluzole (Del Signore et al., 2009), along with others such as
trichostatin A (Yoo and Ko, 2011), have also been shown to slow disease progression in

ALS patients and models, respectively.

6.6. The Effect of External Factors on Global 5-mC

In our statistical analyses, we used several different covariates including smoking,
physical activity and alcohol consumption, and checked to see if these covariates had a
significant effect on the global 5-mC levels in patients when compared to age- and sex-
matched healthy controls. Additional covariates such as disease duration upon sample
collection and site of onset were also used when comparing different patients groups and
when checking for a significant effect of each of these covariates on the global 5-mC levels
within each group (Table 5.6). Although none of the covariates mentioned above were found
to have a significant effect on the global levels of 5-mC in SALS patients, interestingly
alcohol consumption was significantly correlated with reduced levels of global 5-mC in our
healthy control cohort and several reports on alcohol consumption and ALS have suggested
that alcohol may act as a protective factor as it has been associated with a reduced risk of
ALS (de Jong et al., 2012; E Yu et al., 2016; Ji et al., 2015). Alcohol consumption has been
shown to change the global and local patterns of DNA methylation by both directly affecting
the expression and activity of DNMTs and by reducing folate levels and inhibition of
important components of the one-carbon metabolism, causing a decrease in the availability
of SAM. Such events have already been associated with disease, as in the case of
carcinogenesis where polymorphisms in the key components of the one-carbon metabolism
have been suggested to cause alcohol-related carcinogenesis. The primary and highly toxic
metabolite of ethanol, acetaldehyde, may be the most predominant component regarding the
effect of alcohol on DNA methylation and oxidative stress (Seitz and Stickel, 2007).
Reduced levels of global 5-mC that lead to extensive chromosomal instability via the loss of
methylation within repetitive regions of the genome such as endoparasitic sequences, have
been observed in cancer cells, which are normally extensively methylated. Unlike the loss
of global methylation, promoter sequences are known to become hypermethylated within
cancer cells causing transcriptional silencing of many different genes. Ethanol is also

suggested to interfere with retinoid metabolism and to decrease the levels of vitamin A and
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retinoic acid. This is especially important as retinoic acids are crucial for cellular
proliferation and differentiation, as they take part in the transcriptional regulation of these
events via nuclear retinoic acid receptors (Seitz and Stickel, 2007). There have also been
disputes on whether carotenoid consumption (provitamin A), which can subsequently be
converted to retinol, may be associated with ALS (Fitzgerald et al., 2013; Michal Freedman
etal., 2013). Furthermore, alcohol can also interfere with DNA methylation via the reduction
of methionine synthase (MS) activity, encoded by the MTR gene, and result in an increase
in betaine homocysteine methyltransferase (BHMT) levels, which compensates for the lack
of MS. However, prolonged exposure to alcohol does eventually lead to decreased levels of
SAM as the compensatory BHMT pathway cannot be maintained for extended periods of
time (Barak et al., 1996). Oxidative stress is also a central theme in alcohol metabolism
(Seitz and Stickel, 2007) and is also known to have a profound role in ALS (Talbot, 2014).
It too, can further lower the availability of SAM Dby inactivating methionine
adenosyltransferase | and Il (MAT | and II) (Mato et al., 2008). Such findings further
highlight the importance of global levels of 5-mC in ALS and NDDs in general and

encourage more comprehensive studies on alcohol and changes in global 5-mC.

6.7. Is Blood a Suitable Tissue for Epigenetic Studies in NDDs?

Due to the relative ease of access and convenience, blood is the number one tissue for
many studies. However, the fact that it represents a dynamic and mixed population of white
blood cells may add some bias to studies conducted using blood (Houseman et al., 2015).
Having considered these factors, one might suggest that the increase in global 5-mC levels
may in fact reflect the role of the immune system in the pathogenesis of ALS (Henkel et al.,
2013), SCA1 and SCA2. This has also been shown by epigenome-wide studies conducted
on SALS spinal cord samples (Figueroa-Romero et al., 2012), which suggest that epigenetic
changes induce differential expression of immune-related genes. However, the fact that such
an increase is only seen in ALS, SCAL1 and SCA2 and not in other neurodegenerative
diseases such as HD and FRDA, along with DM1, makes us doubt that this phenomenon
could simply be classified as a consequence of the disease. This is further emphasized by the
effects of alcohol on the DNA methylation pathways and also global 5-mC, and reports on

its possible neuroprotective role.
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7. CONCLUSION

Having considered the enormous impact that epigenetic changes could have on
neurodegenerative disorders (NDDs), this thesis aimed at investigating NDDs from an
epigenetic perspective and focuses mainly on the global levels of 5-mC in blood samples of
several NDDs including complex diseases such as ALS and monogenic diseases such SCA1,
SCAZ2, HD and FRDA, along with DM1. This thesis represents the largest study of its kind
in ALS and a first for the others. Elevated levels of global 5-mC are reported for ALS, SCA1
and SCA2 when compared to age- and sex-matched healthy controls. Furthermore, an
increased elevation in global 5-mC levels are reported for C9orf72+ ALS patients which has
also been found to be correlated with C9orf72 promoter hypermethylation.

The role of DNA methylation in the development and progression of several different
diseases, especially cancers, have shown that this epigenetic modification could play a
central role in disease onset and progression. Many different external factors can alter such
epigenetic marks and alcohol has so far presented itself as the most potent modifier of the
DNA methylation pathway during adulthood. Furthermore, alcohol has been suggested to
reduce the risk of ALS and this was again underlined here as alcohol was shown to
significantly lower the global levels of 5-mC in the healthy control cohort.

The results and findings presented in this thesis clearly indicate aberrant modifications
in DNA methylation in some neurodegenerative disease and call for further high-resolution
studies, preferably with the additional analysis of different tissue types and presymptomatic
patients. This should be followed by more in-depth studies at the molecular level using
adequate models in order to understand the epigenetic dynamics of these diseases and to
clarify the causality chain in hopes of unraveling yet another part of the puzzle that is

neurodegeneration.



64

REFERENCES

Abel, O., A. Shatunov, A. R. Jones, P. M. Andersen, J. F. Powell, and A. Al-Chalabi, 2013,
"Development of a Smartphone App for a Genetics Website: The Amyotrophic Lateral
Sclerosis Online Genetics Database (ALSoD).", JMIR mHealth and uHealth, Vol. 1,
No. 2, pp. e18.

Agrawal, M., and A. Biswas, 2015, "Molecular Diagnostics of Neurodegenerative

Disorders", Frontiers in Molecular Biosciences, Vol. 2, No. September, pp. 54.

Allan, R. S., 2015, "The Epigenetic Mechanisms That Underlie Health and Disease.",
Immunology and cell biology, Vol. 93, No. 3, pp. 224-5.

Allis, C. D., and T. Jenuwein, 2016, "The Molecular Hallmarks of Epigenetic Control”,
Nature Reviews Genetics.

Al-Mahdawi, S., R. M. Pinto, O. Ismail, D. Varshney, S. Lymperi, C. Sandi, D. Trabzuni,
and M. Pook, 2008, "The Friedreich Ataxia GAA Repeat Expansion Mutation Induces
Comparable Epigenetic Changes in Human and Transgenic Mouse Brain and Heart

Tissues."”, Human molecular genetics, Vol. 17, No. 5, pp. 735-46.

Al-Ramahi, 1., A. M. Pérez, J. Lim, M. Zhang, R. Sorensen, M. de Haro, J. Branco, S. M.
Pulst, H. Y. Zoghbi, and J. Botas, 2007, "dAtaxin-2 Mediates Expanded Ataxin-1-
Induced Neurodegeneration in a Drosophila Model of SCAL.", PLoS genetics, Vol. 3,
No. 12, pp. e234.

Anderson, J. H., P. S. Christova, T. Xie, K. S. Schott, K. Ward, and C. M. Gomez, 2002,
"Spinocerebellar Ataxia in Monozygotic Twins.", Archives of neurology, Vol. 59, No.

12, pp. 1945-51.

Arai, T., M. Hasegawa, H. Akiyama, K. lkeda, T. Nonaka, H. Mori, D. Mann, K. Tsuchiya,



65

M. Yoshida, Y. Hashizume, and T. Oda, 2006, "TDP-43 Is a Component of Ubiquitin-
Positive Tau-Negative Inclusions in Frontotemporal Lobar Degeneration and
Amyotrophic Lateral Sclerosis.”, Biochemical and biophysical research

communications, Vol. 351, No. 3, pp. 602-11.

Armon, C., 2009, "Smoking May Be Considered an Established Risk Factor for Sporadic
ALS.", Neurology, Vol. 73, No. 20, pp. 1693-8.

Armstrong, R. A, P. L. Lantos, and N. J. Cairns, 2005, Overlap between neurodegenerative
disorders, Neuropathology.

Ashizawa, T., J. F. Hejtmancik, J. Liu, M. B. Perryman, H. F. Epstein, and D. D. Koch, 1992,
"Diagnostic Value of Ophthalmologic Findings in Myotonic Dystrophy: Comparison
with Risks Calculated by Haplotype Analysis of Closely Linked Restriction Fragment
Length Polymorphisms"”, American Journal of Medical Genetics, Vol. 42, No. 1, pp.
55-60.

Barak, A. J., H. C. Beckenhauer, and D. J. Tuma, 1996, "Betaine Effects on Hepatic
Methionine Metabolism Elicited by Short-Term Ethanol Feeding", Alcohol, Vol. 13,
No. 5, pp. 483-486.

Bauer, P. O., 2016, "Methylation of C9orf72 Expansion Reduces RNA Foci Formation and
Dipeptide-Repeat Proteins Expression in Cells.”, Neuroscience letters, VVol. 612, pp.
204-9.

Bauer, P. O., A. Zumrova, V. Matoska, K. Mitsui, and P. Goetz, 2004, "Can Ataxin-2 Be
down-Regulated by Allele-Specific de Novo DNA Methylation in SCA2 Patients?",
Medical hypotheses, Vol. 63, No. 6, pp. 1018-23.

Beal, M. F., and R. J. Ferrante, 2004, "Experimental Therapeutics in Transgenic Mouse
Models of Huntington’s Disease.", Nature reviews. Neuroscience, Vol. 5, No. 5, pp.
373-384.



66

Bell, J. T., and T. D. Spector, 2011, A twin approach to unraveling epigenetics, Trends in
Genetics. Elsevier.

Bellini, M., S. Biagi, C. Stasi, F. Costa, M. G. Mumolo, A. Ricchiuti, and S. Marchi, 2006,
Gastrointestinal manifestations in myotonic muscular dystrophy, World Journal of
Gastroenterology.

Belzil, V. V, P. O. Bauer, T. F. Gendron, M. E. Murray, D. Dickson, and L. Petrucelli, 2014,
"Characterization of DNA Hypermethylation in the Cerebellum of cOFTD/ALS
Patients.”, Brain research, VVol. 1584, pp. 15-21.

Belzil, V. V, P. O. Bauer, M. Prudencio, T. F. Gendron, C. T. Stetler, I. K. Yan, L. Pregent,
L. Daughrity, M. C. Baker, R. Rademakers, K. Boylan, T. C. Patel, D. W. Dickson,
and L. Petrucelli, 2013, "Reduced C9orf72 Gene Expression in c9FTD/ALS Is Caused
by Histone Trimethylation, an Epigenetic Event Detectable in Blood.", Acta
Neuropathologica, Vol. 126, No. 6, pp. 895-905.

Benatar, M., K. Boylan, A. Jeromin, S. B. Rutkove, J. Berry, N. Atassi, and L. Bruijn, 2015,
"ALS Biomarkers for Therapy Development: State of the Field & Future Directions.",
Muscle & nerve, Vol. 53, No. February, pp. 169-182.

Benayoun, B. A., E. A. Pollina, and A. Brunet, 2015, "Epigenetic Regulation of Ageing:
Linking Environmental Inputs to Genomic Stability.", Nature reviews. Molecular cell

biology, Vol. 16, No. 10, pp. 593-610.

Bidichandani, S. 1., and M. B. Delatycki, 2014, “Friedreich Ataxia,” GeneReviews(®).
University of Washington, Seattle.

Bird, T. D., 2015, “Myotonic Dystrophy Type 1,” GeneReviews(®). University of
Washington, Seattle.

Bosco, D. A., N. Lemay, H. K. Ko, H. Zhou, C. Burke, T. J. Kwiatkowski, P. Sapp, D.



67

McKenna-Yasek, R. H. Brown, and L. J. Hayward, 2010, "Mutant FUS Proteins That
Cause Amyotrophic Lateral Sclerosis Incorporate into Stress Granules.”, Human
molecular genetics, Vol. 19, No. 21, pp. 4160-75.

Boucher, C. A., S. K. King, N. Carey, R. Krahe, C. L. Winchester, S. Rahman, T. Creavin,
P. Meghji, M. E. Bailey, and F. L. Chartier, 1995, "A Novel Homeodomain-Encoding
Gene Is Associated with a Large CpG Island Interrupted by the Myotonic Dystrophy
Unstable (CTG)n Repeat.”, Human molecular genetics, Vol. 4, No. 10, pp. 1919-25.

Brook, J. D., M. E. McCurrach, H. G. Harley, A. J. Buckler, D. Church, H. Aburatani, K.
Hunter, V. P. Stanton, J. P. Thirion, and T. Hudson, 1992, "Molecular Basis of
Myotonic Dystrophy: Expansion of a Trinucleotide (CTG) Repeat at the 3° End of a
Transcript Encoding a Protein Kinase Family Member.", Cell, VVol. 68, No. 4, pp. 799—
808.

Brookes, E., and Y. Shi, 2014, “Diverse epigenetic mechanisms of human disease.,” Annual

review of genetics (Vol. 48).

Brown, T. L., and T. M. Meloche, 2016, "Exome Sequencing a Review of New Strategies

for Rare Genomic Disease Research.", Genomics.

Buckley, L., M. Lacey, and M. Ehrlich, 2016, "Epigenetics of the Myotonic Dystrophy-
Associated DMPK Gene Neighborhood.", Epigenomics, Vol. 8, No. 1, pp. 13-31.

Campuzano, V., L. Montermini, M. D. Molto, L. Pianese, M. Cossée, F. Cavalcanti, E.
Monros, F. Rodius, F. Duclos, A. Monticelli, F. Zara, J. Canizares, H. Koutnikova, S.
I. Bidichandani, C. Gellera, A. Brice, P. Trouillas, G. De Michele, A. Filla, R. De
Frutos, F. Palau, P. I. Patel, S. Di Donato, J. L. Mandel, S. Cocozza, M. Koenig, and
M. Pandolfo, 1996, "Friedreich’s Ataxia: Autosomal Recessive Disease Caused by an
Intronic GAA Triplet Repeat Expansion.”, Science (New York, N.Y.), Vol. 271, No.
5254, pp. 1423-7.



68

Cannon, J. R., and J. T. Greenamyre, 2011, "The Role of Environmental Exposures in
Neurodegeneration and Neurodegenerative Diseases”, Toxicological Sciences, Vol.
124, No. 2, pp. 225-250.

Cantone, I., and A. G. Fisher, 2013, "Epigenetic Programming and Reprogramming during
Development.”, Nature structural & molecular biology, Vol. 20, No. 3, pp. 282-9.

Castaldo, I., M. Pinelli, A. Monticelli, F. Acquaviva, M. Giacchetti, A. Filla, S. Sacchetti, S.
Keller, V. E. Avvedimento, L. Chiariotti, and S. Cocozza, 2008, "DNA Methylation
in Intron 1 of the Frataxin Gene Is Related to GAA Repeat Length and Age of Onset
in Friedreich Ataxia Patients.”, Journal of medical genetics, Vol. 45, No. 12, pp. 808-
12.

Castillo-Fernandez, J. E., T. D. Spector, and J. T. Bell, 2014, "Epigenetics of Discordant
Monozygotic Twins: Implications for Disease", Genome Medicine, Vol. 6, No. 7, pp.
60.

Cha, M.-Y. Y., D. K. Kim, and M.-J. Inhee, 2015, "The Role of Mitochondrial {DNA}
Mutation on Neurodegenerative Diseases.", Experimental & molecular medicine, Vol.
47, No. 3, pp. e150.

Charles, P., A. Camuzat, N. Benammar, F. Sellal, A. Destée, A.-M. Bonnet, S. Lesage, I. Le
Ber, G. Stevanin, A. Diirr, and A. Brice, 2007, "Are Interrupted SCA2 CAG Repeat
Expansions Responsible for Parkinsonism?", Neurology, Vol. 69, No. 21, pp. 1970-5.

Chau, A., and A. Kalsotra, 2015, "Developmental Insights into the Pathology of and
Therapeutic Strategies for DM1: Back to the Basics.", Developmental dynamics : an
official publication of the American Association of Anatomists, Vol. 244, No. 3, pp.
377-90.

Chestnut, B. A., Q. Chang, A. Price, C. Lesuisse, M. Wong, and L. J. Martin, 2011,
"Epigenetic Regulation of Motor Neuron Cell Death through DNA Methylation.”, The



69

Journal of neuroscience : the official journal of the Society for Neuroscience, Vol. 31,

No. 46, pp. 16619-36.

Cleary, J. D., and L. P. W. Ranum, 2014, "Repeat Associated Non-ATG (RAN) Translation:
New Starts in Microsatellite Expansion Disorders.”, Current opinion in genetics &

development, Vol. 26, pp. 6-15.

Cook, C. E., M. T. Bergman, R. D. Finn, G. Cochrane, E. Birney, and R. Apweiler, 2016,
"The European Bioinformatics Institute in 2016: Data Growth and Integration”,
Nucleic Acids Research, Vol. 44, No. D1, pp. D20-D26.

Cooper, D. N., M. Krawczak, C. Polychronakos, C. Tyler-Smith, and H. Kehrer-Sawatzki,
2013, Where genotype is not predictive of phenotype: Towards an understanding of
the molecular basis of reduced penetrance in human inherited disease, Human

Genetics. Springer.

Cooper-Knock, J., P. J. Shaw, and J. Kirby, 2014, "The Widening Spectrum of COORF72-
Related Disease; Genotype/phenotype Correlations and Potential Modifiers of Clinical

Phenotype.", Acta neuropathologica, Vol. 127, No. 3, pp. 333-45.

Cossée, M., A. Diirr, M. Schmitt, N. Dahl, P. Trouillas, P. Allinson, M. Kostrzewa, A.
Nivelon-Chevallier, K. H. Gustavson, A. Kohlschiitter, U. Miiller, J. L. Mandel, A.
Brice, M. Koenig, F. Cavalcanti, A. Tammaro, G. De Michele, A. Filla, S. Cocozza,
M. Labuda, L. Montermini, J. Poirier, and M. Pandolfo, 1999, "Friedreich’s Ataxia:
Point Mutations and Clinical Presentation of Compound Heterozygotes.”, Annals of

neurology, Vol. 45, No. 2, pp. 200-6.

de Jong, S. W., M. H. B. Huisman, N. A. Sutedja, A. J. van der Kooi, M. de Visser, H. J.
Schelhaas, K. Fischer, J. H. Veldink, and L. H. van den Berg, 2012, "Smoking, Alcohol
Consumption, and the Risk of Amyotrophic Lateral Sclerosis: A Population-Based

Study.", American journal of epidemiology, Vol. 176, No. 3, pp. 233-9.



70

DelJesus-Hernandez, M., I. R. Mackenzie, B. F. Boeve, A. L. Boxer, M. Baker, N. J.
Rutherford, A. M. Nicholson, N. A. Finch, H. Flynn, J. Adamson, N. Kouri, A. Wojtas,
P. Sengdy, G.-Y. R. Hsiung, A. Karydas, W. W. Seeley, K. A. Josephs, G. Coppola,
D. H. Geschwind, Z. K. Wszolek, H. Feldman, D. S. Knopman, R. C. Petersen, B. L.
Miller, D. W. Dickson, K. B. Boylan, N. R. Graff-Radford, and R. Rademakers, 2011,
"Expanded GGGGCC Hexanucleotide Repeat in Noncoding Region of COORF72
Causes Chromosome 9p-Linked FTD and ALS.", Neuron, Vol. 72, No. 2, pp. 245-56.

Del Signore, S. J., D. J. Amante, J. Kim, E. C. Stack, S. Goodrich, K. Cormier, K. Smith, M.
E. Cudkowicz, and R. J. Ferrante, 2009, "Combined Riluzole and Sodium
Phenylbutyrate Therapy in Transgenic Amyotrophic Lateral Sclerosis Mice.",
Amyotrophic lateral sclerosis : official publication of the World Federation of
Neurology Research Group on Motor Neuron Diseases, Vol. 10, No. 2, pp. 85-94.

Deng, H.-X., W. Chen, S.-T. Hong, K. M. Boycott, G. H. Gorrie, N. Siddique, Y. Yang, F.
Fecto, Y. Shi, H. Zhai, H. Jiang, M. Hirano, E. Rampersaud, G. H. Jansen, S.
Donkervoort, E. H. Bigio, B. R. Brooks, K. Ajroud, R. L. Sufit, J. L. Haines, E.
Mugnaini, M. A. Pericak-Vance, and T. Siddique, 2011, "Mutations in UBQLN?2
Cause Dominant X-Linked Juvenile and Adult-Onset alS and ALS/dementia”, Nature,

Vol. 477, No. 7363, pp. 211-5.

Dolinoy, D. C., and R. L. Jirtle, 2008, Environmental epigenomics in human health and

disease, Environmental and Molecular Mutagenesis.

Dormann, D., R. Rodde, D. Edbauer, E. Bentmann, I. Fischer, A. Hruscha, M. E. Than, I. R.
A. Mackenzie, A. Capell, B. Schmid, M. Neumann, and C. Haass, 2010, "ALS-
Associated Fused in Sarcoma (FUS) Mutations Disrupt Transportin-Mediated Nuclear
Import.”, The EMBO journal, Vol. 29, No. 16, pp. 2841-57.

Drong, A. W., C. M. Lindgren, and M. I. McCarthy, 2012, "The Genetic and Epigenetic
Basis of Type 2 Diabetes and Obesity.", Clinical pharmacology and therapeutics, Vol.
92, No. 6, pp. 707-15.



71

Dupont, C., D. R. Armant, and C. A. Brenner, 2009, Epigenetics: Definition, mechanisms
and clinical perspective, Seminars in Reproductive Medicine. NIH Public Access.

E, M., S. Yu, J. Dou, W. Jin, X. Cai, Y. Mao, D. Zhu, and R. Yang, 2016, "Association
between Alcohol Consumption and Amyotrophic Lateral Sclerosis: A Meta-Analysis
of Five Observational Studies.”, Neurological sciences : official journal of the Italian
Neurological Society and of the Italian Society of Clinical Neurophysiology, Vol. 37,
No. 8, pp. 1203-8.

Elden, A. C., H.-J. Kim, M. P. Hart, A. S. Chen-Plotkin, B. S. Johnson, X. Fang, M.
Armakola, F. Geser, R. Greene, M. M. Lu, A. Padmanabhan, D. Clay-Falcone, L.
McCluskey, L. Elman, D. Juhr, P. J. Gruber, U. Riib, G. Auburger, J. Q. Trojanowski,
V. M.-Y. Lee, V. M. Van Deerlin, N. M. Bonini, and A. D. Gitler, 2010, "Ataxin-2
Intermediate-Length Polyglutamine Expansions Are Associated with Increased Risk
for ALS.", Nature, Vol. 466, No. 7310, pp. 1069-75.

Evans-Galea, M. V, N. Carrodus, S. M. Rowley, L. A. Corben, G. Tai, R. Saffery, J. C.
Galati, N. C. Wong, J. M. Craig, D. R. Lynch, S. R. Regner, A. F. D. Brocht, S. L.
Perlman, K. O. Bushara, C. M. Gomez, G. R. Wilmot, L. Li, E. Varley, M. B.
Delatycki, and J. P. Sarsero, 2012, "FXN Methylation Predicts Expression and Clinical
Outcome in Friedreich Ataxia.", Annals of neurology, Vol. 71, No. 4, pp. 487-97.

Farg, M. A., K. Y. Soo, S. T. Warraich, V. Sundaramoorthy, 1. P. Blair, and J. D. Atkin,
2013, "Ataxin-2 Interacts with FUS and Intermediate-Length Polyglutamine
Expansions Enhance FUS-Related Pathology in Amyotrophic Lateral Sclerosis.”,
Human Molecular Genetics, Vol. 22, No. 4, pp. 717-28.

Farg, M. A., V. Sundaramoorthy, J. M. Sultana, S. Yang, R. A. K. Atkinson, V. Levina, M.
A. Halloran, P. A. Gleeson, I. P. Blair, K. Y. Soo, A. E. King, and J. D. Atkin, 2014,
"C90RF72, Implicated in Amytrophic Lateral Sclerosis and Frontotemporal
Dementia, Regulates Endosomal Trafficking.”, Human molecular genetics, Vol. 23,
No. 13, pp. 3579-95.



72

Feil, R., and M. F. Fraga, 2012, "Epigenetics and the Environment: Emerging Patterns and
Implications”, Nature Reviews Genetics, Vol. 13, No. 2, pp. 97-109.

Figley, M. D., G. Bieri, R.-M. Kolaitis, J. P. Taylor, and A. D. Gitler, 2014, "Profilin 1
Associates with Stress Granules and ALS-Linked Mutations Alter Stress Granule
Dynamics.", The Journal of neuroscience : the official journal of the Society for
Neuroscience, Vol. 34, No. 24, pp. 8083-97.

Figueroa-Romero, C., J. Hur, D. E. Bender, C. E. Delaney, M. D. Cataldo, A. L. Smith, R.
Yung, D. M. Ruden, B. C. Callaghan, and E. L. Feldman, 2012, "Identification of
Epigenetically Altered Genes in Sporadic Amyotrophic Lateral Sclerosis.”, PloS one,
Vol. 7, No. 12, pp. €52672.

Fitzgerald, K. C. C., E.J.J. O’Reilly, E. Fondell, G. J. J. Falcone, M. L. L. McCullough, Y.
Park, L. N. N. Kolonel, and A. Ascherio, 2013, "Intakes of Vitamin C and Carotenoids
and Risk of Amyotrophic Lateral Sclerosis: Pooled Results from 5 Cohort Studies.",
Annals of neurology, Vol. 73, No. 2, pp. 236-45.

Frisch, R., K. R. Singleton, P. A. Moses, I. L. Gonzalez, P. Carango, H. G. Marks, and V. L.
Funanage, 2001, "Effect of Triplet Repeat Expansion on Chromatin Structure and
Expression of DMPK and Neighboring Genes, SIX5 and DMWD, in Myotonic
Dystrophy.”, Molecular genetics and metabolism, Vol. 74, No. 1-2, pp. 281-91.

Fu, Y. H., A. Pizzuti, R. G. Fenwick, J. King, S. Rajnarayan, P. W. Dunne, J. Dubel, G. A.
Nasser, T. Ashizawa, and P. de Jong, 1992, "An Unstable Triplet Repeat in a Gene
Related to Myotonic Muscular Dystrophy."”, Science (New York, N.Y.), Vol. 255, No.
5049, pp. 1256-8.

Gammon, K., 2014, "Neurodegenerative Disease: Brain Windfall", Nature, Vol. 515, No.
7526, pp. 4-5.

Geschwind, D. H., S. Perlman, C. P. Figueroa, L. J. Treiman, and S. M. Pulst, 1997, "The



73

Prevalence and Wide Clinical Spectrum of the Spinocerebellar Ataxia Type 2
Trinucleotide Repeat in Patients with Autosomal Dominant Cerebellar Ataxia.",

American journal of human genetics, Vol. 60, No. 4, pp. 842-50.

Gijselinck, 1., T. Van Langenhove, J. van der Zee, K. Sleegers, S. Philtjens, G. Kleinberger,
J. Janssens, K. Bettens, C. Van Cauwenberghe, S. Pereson, S. Engelborghs, A. Sieben,
P. De Jonghe, R. Vandenberghe, P. Santens, J. De Bleecker, G. Maes, V. Bédumer, L.
Dillen, G. Joris, I. Cuijt, E. Corsmit, E. Elinck, J. Van Dongen, S. Vermeulen, M. Van
den Broeck, C. Vaerenberg, M. Mattheijssens, K. Peeters, W. Robberecht, P. Cras, J.-
J. Martin, P. P. De Deyn, M. Cruts, and C. Van Broeckhoven, 2012, "A C9orf72
Promoter Repeat Expansion in a Flanders-Belgian Cohort with Disorders of the
Frontotemporal Lobar Degeneration-Amyotrophic Lateral Sclerosis Spectrum: A
Gene ldentification Study.", The Lancet. Neurology, Vol. 11, No. 1, pp. 54-65.

Gijselinck, 1., S. Van Mossevelde, J. van der Zee, A. Sieben, S. Engelborghs, J. De Bleecker,
A. Ivanoiu, O. Deryck, D. Edbauer, M. Zhang, B. Heeman, V. Bdumer, M. Van den
Broeck, M. Mattheijssens, K. Peeters, E. Rogaeva, P. De Jonghe, P. Cras, J.-J. Martin,
P. P. de Deyn, M. Cruts, and C. Van Broeckhoven, 2015, "The C9orf72 Repeat Size
Correlates with Onset Age of Disease, DNA Methylation and Transcriptional

Downregulation of the Promoter.", Molecular psychiatry.

Glajch, K. E., and G. Sadri-Vakili, 2015, "Epigenetic Mechanisms Involved in Huntington’s
Disease Pathogenesis.”, Journal of Huntington’s disease, Vol. 4, No. 1, pp. 1-15.

Gorman, G. S., G. Pfeffer, H. Griffin, E. L. Blakely, M. Kurzawa-Akanbi, J. Gabriel, K.
Sitarz, M. Roberts, B. Schoser, A. Pyle, A. M. Schaefer, R. McFarland, D. M.
Turnbull, R. Horvath, P. F. Chinnery, and R. W. Taylor, 2014, "Clonal Expansion of
Secondary Mitochondrial DNA Deletions Associated With Spinocerebellar Ataxia
Type 28.", JAMA neurology, Vol. 72, No. 1, pp. 1-6.

Hannula-Jouppi, K., M. Muurinen, M. Lipsanen-Nyman, L. E. Reinius, S. Ezer, D. Greco,

and J. Kere, 2014, "Differentially Methylated Regions in Maternal and Paternal



74

Uniparental Disomy for Chromosome 7.", Epigenetics : official journal of the DNA
Methylation Society, Vol. 9, No. 3, pp. 351-365.

Hart, M. P., J. Brettschneider, V. M. Y. Lee, J. Q. Trojanowski, and A. D. Gitler, 2012,
"Distinct TDP-43 Pathology in ALS Patients with Ataxin 2 Intermediate-Length
polyQ Expansions.”, Acta neuropathologica, Vol. 124, No. 2, pp. 221-30.

He, J., M. Mangelsdorf, D. Fan, P. Bartlett, and M. A. Brown, 2015, "Amyotrophic Lateral
Sclerosis Genetic Studies: From Genome-Wide Association Mapping to Genome

Sequencing.”, The Neuroscientist : a review journal bringing neurobiology, neurology

and psychiatry, Vol. 21, No. 6, pp. 599-615.

Henkel, J. S., D. R. Beers, S. Wen, A. L. Rivera, K. M. Toennis, J. E. Appel, W. Zhao, D.
H. Moore, S. Z. Powell, and S. H. Appel, 2013, "Regulatory T-Lymphocytes Mediate
Amyotrophic Lateral Sclerosis Progression and Survival.", EMBO molecular
medicine, Vol. 5, No. 1, pp. 64-79.

Hernandez, D. G., M. A. Nalls, J. R. Gibbs, S. Arepalli, M. van der brug, S. Chong, M.
Moore, D. L. Longo, M. R. Cookson, B. J. Traynor, and A. B. Singleton, 2011,
"Distinct DNA Methylation Changes Highly Correlated with Chronological Age in the
Human Brain", Human Molecular Genetics, Vol. 20, No. 6, pp. 1164-1172.

Holoch, D., and D. Moazed, 2015, "RNA-Mediated Epigenetic Regulation of Gene
Expression”, Nat Rev Genet, VVol. 16, No. 2, pp. 71-84.

Houseman, E. A., S. Kim, K. T. Kelsey, and J. K. Wiencke, 2015, "DNA Methylation in
Whole Blood: Uses and Challenges.”, Current environmental health reports, Vol. 2,
No. 2, pp. 145-54.

Huisman, M. H. B., M. Seelen, S. W. de Jong, K. R. I. S. Dorresteijn, P. T. C. van Doormaal,
A. J. van der Kooi, M. de Visser, H. J. Schelhaas, L. H. van den Berg, and J. H.
Veldink, 2013, "Lifetime Physical Activity and the Risk of Amyotrophic Lateral



75

Sclerosis.”, Journal of neurology, neurosurgery, and psychiatry, Vol. 84, No. 9, pp.
976-81.

Irwin, S., M. Vandelft, D. Pinchev, J. L. Howell, J. Graczyk, H. T. Orr, and R. Truant, 2005,
"RNA Association and Nucleocytoplasmic Shuttling by Ataxin-1.", Journal of cell
science, Vol. 118, No. Pt 1, pp. 233-242.

Ji, J., J. Sundquist, and K. Sundquist, 2015, "Association of Alcohol Use Disorders with
Amyotrophic Lateral Sclerosis: A Swedish National Cohort Study.", European journal
of neurology : the official journal of the European Federation of Neurological
Societies, Vol. 23, No. 2, pp. 270-5.

Jiralerspong, S., Y. Liu, L. Montermini, S. Stifani, and M. Pandolfo, 1997, "Frataxin Shows
Developmentally Regulated Tissue-Specific Expression in the Mouse Embryo.",
Neurobiology of disease, Vol. 4, No. 2, pp. 103-113.

Jobling, R. K., M. Assoum, O. Gakh, S. Blaser, J. A. Raiman, C. Mignot, E. Roze, A. Diirr,
A. Brice, N. Lévy, C. Prasad, T. Paton, A. D. Paterson, N. M. Roslin, C. R. Marshall,
J. P. Desvignes, N. Roéckel-Trevisiol, S. W. Scherer, G. A. Rouleau, A. Mégarbané,
G. lIsaya, V. Delague, and G. Yoon, 2015, "PMPCA Mutations Cause Abnormal
Mitochondrial Protein Processing in Patients with Non-Progressive Cerebellar
Ataxia", Brain : a journal of neurology, Vol. 138, No. Pt 6, pp. 1505-1517.

Kanehisa, M., S. Goto, Y. Sato, M. Kawashima, M. Furumichi, and M. Tanabe, 2014, "Data,
Information, Knowledge and Principle: Back to Metabolism in KEGG.", Nucleic acids
research, Vol. 42, No. Database issue, pp. D199-205.

Kazantsev, A. G., and S. M. Hersch, 2007, Drug targeting of dysregulated transcription in

Huntington’s disease, Progress in Neurobiology.

Kazantsev, A. G., and L. M. Thompson, 2008, "Therapeutic Application of Histone

Deacetylase Inhibitors for Central Nervous System Disorders."”, Nature reviews. Drug



76

discovery, Vol. 7, No. 10, pp. 854-68.

Kearney, M., R. W. Orrell, M. Fahey, and M. Pandolfo, 2012, "Antioxidants and Other
Pharmacological Treatments for Friedreich Ataxia.”, The Cochrane database of

systematic reviews, Vol. 4, pp. CD007791.

Kenna, K. P., P. T. C. van Doormaal, A. M. Dekker, N. Ticozzi, B. J. Kenna, F. P. Diekstra,
W. van Rheenen, K. R. van Eijk, A. R. Jones, ... J. E. Landers, 2016, "NEK1 Variants
Confer Susceptibility to Amyotrophic Lateral Sclerosis”, Nature Genetics.

Ketelaar, M. E., E. M. W. Hofstra, and M. R. Hayden, 2012, "What Monozygotic Twins
Discordant for Phenotype Illustrate about Mechanisms Influencing Genetic Forms of

Neurodegeneration.”, Clinical genetics, Vol. 81, No. 4, pp. 325-33.

Kim, K., K. Lee, H. Bang, J. Y. Kim, and J. K. Choi, 2015, Intersection of genetics and

epigenetics in monozygotic twin genomes, Methods.

Kinsley, L., and T. Siddique, 2015, “Amyotrophic Lateral Sclerosis Overview,”
GeneReviews(®). University of Washington, Seattle.

Klein, H.-U., and P. L. De Jager, 2016, "Uncovering the Role of the Methylome in Dementia
and Neurodegeneration”, Trends in Molecular Medicine.

Knothe, C., H. Shiratori, E. Resch, A. Ultsch, G. Geisslinger, A. Doehring, and J. Létsch,
2016, "Disagreement between Two Common Biomarkers of Global DNA
Methylation.”, Clinical epigenetics, Vol. 8, pp. 60.

Kohli, M. A., K. John-Williams, R. Rajbhandary, A. Naj, P. Whitehead, K. Hamilton, R. M.
Carney, C. Wright, E. Crocco, H. E. Gwirtzman, R. Lang, G. Beecham, E. R. Martin,
J. Gilbert, M. Benatar, G. W. Small, D. Mash, G. Byrd, J. L. Haines, M. A. Pericak-
Vance, and S. Ziichner, 2013, "Repeat Expansions in the C9ORF72 Gene Contribute

to Alzheimer’s Disease in Caucasians.", Neurobiology of aging, Vol. 34, No. 5, pp.



77

1519.e5-12.

Kriaucionis, S., and N. Heintz, 2009, "The Nuclear DNA Base 5-Hydroxymethylcytosine Is
Present in Purkinje Neurons and the Brain", Science, VVol. 324, No. 5929, pp. 929-930.

Kumaran, D., K. Balagopal, R. G. Tharmaraj, S. Aaron, K. George, J. Muliyil, A. Sivadasan,
S. Danda, M. Alexander, and G. Hasan, 2014, "Genetic Characterization of

Spinocerebellar Ataxia 1 in a South Indian Cohort", BMC Med Genet, Vol. 15, pp.
114.

Kwiatkowski, T. J., D. A. Bosco, A. L. Leclerc, E. Tamrazian, C. R. Vanderburg, C. Russ,
A. Davis, J. Gilchrist, E. J. Kasarskis, T. Munsat, P. Valdmanis, G. A. Rouleau, B. A.
Hosler, P. Cortelli, P. J. de Jong, Y. Yoshinaga, J. L. Haines, M. A. Pericak-Vance, J.
Yan, N. Ticozzi, T. Siddique, D. McKenna-Yasek, P. C. Sapp, H. R. Horvitz, J. E.
Landers, and R. H. Brown, 2009, "Mutations in the FUS/TLS Gene on Chromosome
16 Cause Familial Amyotrophic Lateral Sclerosis.”, Science (New York, N.Y.), Vol.
323, No. 5918, pp. 1205-8.

La Spada, A. R., and J. P. Taylor, 2010, "Repeat Expansion Disease: Progress and Puzzles

in Disease Pathogenesis.”, Nature reviews. Genetics, Vol. 11, No. 4, pp. 247-58.

Labuda, M., D. Labuda, C. Miranda, J. Poirier, B. W. Soong, N. E. Barucha, and M.
Pandolfo, 2000, "Unique Origin and Specific Ethnic Distribution of the Friedreich
Ataxia GAA Expansion.", Neurology, Vol. 54, No. 12, pp. 2322-4.

Laffita-Mesa, J. M., P. O. Bauer, V. Kouri, L. Pefia Serrano, J. Roskams, D. Almaguer
Gotay, J. C. Montes Brown, P. A. Martinez Rodriguez, Y. Gonzalez-Zaldivar, L.
Almaguer Mederos, D. Cuello-Almarales, and J. Aguiar Santiago, 2012, "Epigenetics
DNA Methylation in the Core Ataxin-2 Gene Promoter: Novel Physiological and
Pathological Implications.”, Human genetics, Vol. 131, No. 4, pp. 625-38.

Lahut, S., O. Omiir, O. Uyan, Z. S. Agim, A. Ozoguz, Y. Parman, F. Deymeer, P. Oflazer,



78

F. Kog, H. Ozcelik, G. Auburger, and A. N. Basak, 2012, "ATXN2 and Its
Neighbouring Gene SH2B3 Are Associated with Increased ALS Risk in the Turkish
Population.”, PloS one, Vol. 7, No. 8, pp. e42956.

Lee, J., Y. J. Hwang, K. Y. Kim, N. W. Kowall, and H. Ryu, 2013, "Epigenetic Mechanisms
of Neurodegeneration in Huntington’s Disease.", Neurotherapeutics : the journal of
the American Society for Experimental NeuroTherapeutics, Vol. 10, No. 4, pp. 664—
76.

Lee-Liu, D., L. I. Almonacid, F. Faunes, F. Melo, and J. Larrain, 2012, "Transcriptomics
Using next Generation Sequencing Technologies.”, Methods in molecular biology
(Clifton, N.J.), Vol. 917, pp. 293-317.

Libri, V., C. Yandim, S. Athanasopoulos, N. Loyse, T. Natisvili, P. P. Law, P. K. Chan, T.
Mohammad, M. Mauri, K. T. Tam, J. Leiper, S. Piper, A. Ramesh, M. H. Parkinson,
L. Huson, P. Giunti, and R. Festenstein, 2014, "Epigenetic and Neurological Effects
and Safety of High-Dose Nicotinamide in Patients with Friedreich’s Ataxia: An
Exploratory, Open-Label, Dose-Escalation Study."”, Lancet (London, England), Vol.
384, No. 9942, pp. 504-13.

Lin, M. T., and M. F. Beal, 2006, "Mitochondrial Dysfunction and Oxidative Stress in
Neurodegenerative Diseases.”, Nature, VVol. 443, No. 7113, pp. 787-795.

Lin, M. T., I. Cantuti-Castelvetri, K. Zheng, K. E. Jackson, Y. B. Tan, T. Arzberger, A. J.
Lees, R. A. Betensky, M. F. Beal, and D. K. Simon, 2012, "Somatic Mitochondrial
DNA Mutations in Early Parkinson and Incidental Lewy Body Disease”, Annals of
Neurology, Vol. 71, No. 6, pp. 850-854.

Ling, S.-C. C., M. Polymenidou, and D. W. Cleveland, 2013, "Converging Mechanisms in
ALS and FTD: Disrupted RNA and Protein Homeostasis.”, Neuron, Vol. 79, No. 3,
pp. 416-38.



79

Liu-Yesucevitz, L., A. Bilgutay, Y.-J. Zhang, T. Vanderweyde, T. Vanderwyde, A. Citro, T.
Mehta, N. Zaarur, A. McKee, R. Bowser, M. Sherman, L. Petrucelli, and B. Wolozin,
2010, "Tar DNA Binding Protein-43 (TDP-43) Associates with Stress Granules:
Analysis of Cultured Cells and Pathological Brain Tissue."”, PloS one, Vol. 5, No. 10,
pp. €13250.

Lund, M., L. J. Diaz, M. F. Ranthe, H. Petri, M. Duno, 1. Juncker, H. Eiberg, J. Vissing, H.
Bundgaard, J. Wohlfahrt, and M. Melbye, 2014, "Cardiac Involvement in Myotonic
Dystrophy: A Nationwide Cohort Study", European Heart Journal, Vol. 35, No. 32,
pp. 2158-2164.

MacDonald, M., 1993, "A Novel Gene Containing a Trinucleotide Repeat That Is Expanded
and Unstable on Huntington’s Disease Chromosomes", Cell, Vol. 72, No. 6, pp. 971—
983.

Mackenzie, I. R. A., O. Ansorge, M. Strong, J. Bilbao, L. Zinman, L.-C. Ang, M. Baker, H.
Stewart, A. Eisen, R. Rademakers, and M. Neumann, 2011, "Pathological
Heterogeneity in Amyotrophic Lateral Sclerosis with FUS Mutations: Two Distinct
Patterns Correlating with Disease Severity and Mutation."”, Acta neuropathologica,
Vol. 122, No. 1, pp. 87-98.

Madrid, A., and R. S. Alisch, 2016, "New Hope: The Emerging Role of 5-

Hydroxymethylcytosine in Mental Health and Disease™, Epigenomics.

Magana, J. J., L. Velazquez-Pérez, and B. Cisneros, 2013, Spinocerebellar ataxia type 2:
Clinical presentation, molecular mechanisms, and therapeutic perspectives, Molecular

Neurobiology.

Manal, M., M. J. N. Chandrasekar, J. Gomathi Priya, and M. J. Nanjan, 2016, "Inhibitors of
Histone Deacetylase as Antitumor Agents: A Critical Review", Bioorganic Chemistry,
Vol. 67, pp. 18-42.



80

Mankodi, A., E. Logigian, L. Callahan, C. McClain, R. White, D. Henderson, M. Krym, and
C. A. Thornton, 2000, "Myotonic Dystrophy in Transgenic Mice Expressing an
Expanded CUG Repeat."”, Science (New York, N.Y.), Vol. 289, No. 5485, pp. 1769-73.

Marques, S. C. F., C. R. Oliveira, C. M. F. Pereira, and T. F. Outeiro, 2011, "Epigenetics in
Neurodegeneration: A New Layer of Complexity”, Progress in Neuro-
Psychopharmacology and Biological Psychiatry, Vol. 35, No. 2, pp. 348-355.

Martin, L. J., and M. Wong, 2013, "Aberrant Regulation of DNA Methylation in
Amyotrophic Lateral Sclerosis: A New Target of Disease Mechanisms.",

Neurotherapeutics :  the journal of the American Society for Experimental

NeuroTherapeutics, Vol. 10, No. 4, pp. 722-33.

Mato, J. M., M. L. Martinez-Chantar, and S. C. Lu, 2008, "Methionine Metabolism and Liver
Disease.”, Annual review of nutrition, Vol. 28, pp. 273-293.

Mattsson, P., I. Lonnstedt, I. Nygren, and H. Askmark, 2012, "Physical Fitness, but Not
Muscle Strength, Is a Risk Factor for Death in Amyotrophic Lateral Sclerosis at an
Early Age.", Journal of neurology, neurosurgery, and psychiatry, VVol. 83, No. 4, pp.
390-4.

McMurray, C. T., 2010, "Mechanisms of Trinucleotide Repeat Instability during Human
Development.”, Nature reviews. Genetics, Vol. 11, No. 11, pp. 786-99.

Meltz Steinberg, K., T. J. Nicholas, D. C. Koboldt, B. Yu, E. Mardis, and R. Pamphlett,
2015, "Whole Genome Analyses Reveal No Pathogenetic Single Nucleotide or
Structural Differences between Monozygotic Twins Discordant for Amyotrophic
Lateral Sclerosis.”, Amyotrophic lateral sclerosis & frontotemporal degeneration,
Vol. 16, No. 5-6, pp. 385-92.

Meola, G., and R. Cardani, 2015, "Myotonic Dystrophies: An Update on Clinical Aspects,

Genetic, Pathology, and Molecular Pathomechanisms.”, Biochimica et biophysica



81

acta, Vol. 1852, No. 4, pp. 594-606.

Michal Freedman, D., R. W. W. Kuncl, S. J. J. Weinstein, N. Malila, J. Virtamo, and D.
Albanes, 2013, "Vitamin E Serum Levels and Controlled Supplementation and Risk
of Amyotrophic Lateral Sclerosis.”, Amyotrophic lateral sclerosis & frontotemporal
degeneration, Vol. 14, No. 4, pp. 246-51.

Miller, R. G., J. D. Mitchell, and D. H. Moore, 2012, "Riluzole for Amyotrophic Lateral
Sclerosis (ALS)/motor Neuron Disease (MND).", The Cochrane database of

systematic reviews, Vol. 3, pp. CD001447.

Mirkin, S. M., 2007, "Expandable DNA Repeats and Human Disease.”, Nature, Vol. 447,
No. 7147, pp. 932—40.

Mohan, A., M. Goodwin, and M. S. Swanson, 2014, "RNA-Protein Interactions in Unstable
Microsatellite Diseases.", Brain research, VVol. 1584, pp. 3-14.

Morgan, S., and R. W. Orrell, 2016, "Pathogenesis of Amyotrophic Lateral Sclerosis",
British Medical Bulletin.

Muthuswamy, S., and S. Agarwal, 2015, "Friedreich Ataxia", The Neurologist, VVol. 20, No.
3, pp. 51-55.

Mutz, K.-O., A. Heilkenbrinker, M. Lonne, J.-G. Walter, and F. Stahl, 2012, "Transcriptome
Analysis Using next-Generation Sequencing”, Current Opinion in Biotechnology, pp.
22-30.

Nalavade, R., N. Griesche, D. P. Ryan, S. Hildebrand, and S. Krauss, 2013, "Mechanisms of
RNA-Induced Toxicity in CAG Repeat Disorders.”, Cell death & disease, Vol. 4, No.

8, pp. e752.

Nan, X., H. H. Ng, C. A. Johnson, C. D. Laherty, B. M. Turner, R. N. Eisenman, and A.



82

Bird, 1998, "Transcriptional Repression by the Methyl-CpG-Binding Protein MeCP2
Involves a Histone Deacetylase Complex."”, Nature, Vol. 393, No. 6683, pp. 386-9.

Ng, C. W, F. Yildirim, Y. S. Yap, S. Dalin, B. J. Matthews, P. J. Velez, A. Labadorf, D. E.
Housman, and E. Fraenkel, 2013, "Extensive Changes in DNA Methylation Are
Associated with Expression of Mutant Huntingtin.”, Proceedings of the National
Academy of Sciences of the United States of America, Vol. 110, No. 6, pp. 2354-9.

Ng, H. H., Y. Zhang, B. Hendrich, C. A. Johnson, B. M. Turner, H. Erdjument-Bromage, P.
Tempst, D. Reinberg, and A. Bird, 1999, "MBD?2 Is a Transcriptional Repressor
Belonging to the MeCP1 Histone Deacetylase Complex."”, Nature genetics, Vol. 23,
No. 1, pp. 58-61.

Nihei, Y., D. Ito, and N. Suzuki, 2012, "Roles of Ataxin-2 in Pathological Cascades
Mediated by TAR DNA-Binding Protein 43 (TDP-43) and Fused in Sarcoma (FUS)",
Journal of Biological Chemistry, Vol. 287, No. 49, pp. 41310-41323.

Ohka, F., A. Natsume, K. Motomura, Y. Kishida, Y. Kondo, T. Abe, Y. Nakasu, H. Namba,
K. Wakai, T. Fukui, H. Momota, K. Iwami, S. Kinjo, M. Ito, M. Fuijii, and T.
Wakabayashi, 2011, "The Global DNA Methylation Surrogate LINE-1 Methylation Is
Correlated with MGMT Promoter Methylation and Is a Better Prognostic Factor for
Glioma.", PloS one, Vol. 6, No. 8, pp. €23332.

Orsini, M., A. B. Oliveira, O. J. M. Nascimento, C. H. M. Reis, M. A. A. Leite, J. A. de
Souza, C. Pupe, O. G. de Souza, V. H. Bastos, M. R. G. de Freitas, S. Teixeira, C.
Bruno, E. Davidovich, and B. Smidt, 2015, "Amyotrophic Lateral Sclerosis: New
Perpectives and Update.", Neurology international, VVol. 7, No. 2, pp. 5885.

Ozoguz, A., O. Uyan, G. Birdal, C. Iskender, E. Kartal, S. Lahut, O. Omiir, Z. S. Agim, A.
G. Eken, N. E. Sen, P. Kavak, C. Saygi, P. C. Sapp, P. Keagle, Y. Parman, E. Tan, F.
Kog, F. Deymeer, P. Oflazer, H. Hanagasi, H. Giirvit, B. Bilgi¢, H. Durmus, M. Ertas,
D. Kotan, M. A. Akalin, H. Giilliioglu, M. Zarifoglu, F. Aysal, N. Dosoglu, K.



83

Bilguvar, M. Giinel, O. Keskin, T. Akgiin, H. Ozcelik, J. E. Landers, R. H. Brown, and
A. N. Basak, 2015, "The Distinct Genetic Pattern of ALS in Turkey and Novel
Mutations", Neurobiology of Aging, Vol. 36, No. 4, pp. 1764.e9-1764.e18.

Pagon, R. A., T. D. Bird, C. R. Dolan, K. Stephens, M. P. Adam, S.-M. M. Pulst, R. A.
Pagon, T. D. Bird, C. R. Dolan, K. Stephens, M. P. Adam, and S.-M. M. Pulst, 2015,

"Spinocerebellar Ataxia Type 2", GeneReviews™.

Park, J. H., B. R. Yoon, H. J. Kim, P. H. Lee, B. O. Choi, and K. W. Chung, 2014,
"Compound Mitochondrial DNA Mutations in a Neurological Patient with Ataxia,

Myoclonus and Deafness", Journal of Genetics, Vol. 93, No. 1, pp. 173-177.

Parkinson, M. H., S. Boesch, W. Nachbauer, C. Mariotti, and P. Giunti, 2013, "Clinical
Features of Friedreich’s Ataxia: Classical and Atypical Phenotypes.", Journal of
neurochemistry, Vol. 126 Suppl., pp. 103-17.

Peric, S., T. Nisic, M. Milicev, I. Basta, I. Marjanovic, M. Peric, D. Lavrnic, and V.
Rakocevic Stojanovic, 2013, "Hypogonadism and Erectile Dysfunction in Myotonic
Dystrophy Type 1.", Acta myologica : myopathies and cardiomyopathies : official
journal of the Mediterranean Society of Myology / edited by the Gaetano Conte
Academy for the study of striated muscle diseases, Vol. 32, No. 2, pp. 106-9.

Plongthongkum, N., D. H. Diep, and K. Zhang, 2014, "Advances in the Profiling of DNA
Modifications: Cytosine Methylation and beyond", Nature Reviews Genetics, Vol. 15,
No. 10, pp. 647-661.

Przedborski, S., M. Vila, and V. Jackson-Lewis, 2003, "Neurodegeneration: What Is It and
Where Are We?", The Journal of clinical investigation, Vol. 111, No. 1, pp. 3-10.

Quade, D., 2012, "Rank Analysis of Covariance”, Journal of the American Statistical

Association.



84

Qureshi, 1. A., and M. F. Mehler, 2011, "Advances in Epigenetics and Epigenomics for
Neurodegenerative Diseases.”, Current neurology and neuroscience reports, Vol. 11,
No. 5, pp. 464-73.

Ragione, F. Della, M. Vacca, S. Fioriniello, G. Pepe, and M. D. Esposito, 2016, "MECP2 ,
a Multi-Talented Modulator of Chromatin Architecture”, Briefings in functional

genomics, pp. 1-12.

Rasmussen, K. D., and K. Helin, 2016, Role of TET enzymes in DNA methylation,
development, and cancer, Genes and Development.

Reddy, K., B. Zamiri, S. Y. R. Stanley, R. B. Macgregor, and C. E. Pearson, 2013, "The
Disease-Associated r(GGGGCC)n Repeat from the C9orf72 Gene Forms Tract
Length-Dependent Uni- and Multimolecular RNA G-Quadruplex Structures.”, The
Journal of biological chemistry, Vol. 288, No. 14, pp. 9860-6.

Renton, A. E., A. Chio, and B. J. Traynor, 2014, "State of Play in Amyotrophic Lateral
Sclerosis Genetics.", Nature neuroscience, Vol. 17, No. 1, pp. 17-23.

Renton, A. E., E. Majounie, A. Waite, J. Simon-Sanchez, S. Rollinson, J. R. Gibbs, J. C.
Schymick, H. Laaksovirta, J. C. van Swieten, ... B. J. Traynor, 2011, "A
Hexanucleotide Repeat Expansion in COORF72 Is the Cause of Chromosome 9p21-
Linked ALS-FTD.", Neuron, Vol. 72, No. 2, pp. 257-68.

Richards, R. I., S. E. Samaraweera, C. L. van Eyk, L. V O’Keefe, and C. M. Suter, 2013,
"RNA Pathogenesis via Toll-like Receptor-Activated Inflammation in Expanded
Repeat Neurodegenerative Diseases."”, Frontiers in molecular neuroscience, Vol. 6,

No. September, pp. 25.

Rohrer, J. D., A. M. Isaacs, S. Mizielinska, S. Mead, T. Lashley, S. Wray, K. Sidle, P. Fratta,
R. W. Orrell, J. Hardy, J. Holton, T. Revesz, M. N. Rossor, and J. D. Warren, 2015,

"C9orf72 Expansions in Frontotemporal Dementia and Amyotrophic Lateral



85

Sclerosis.”, The Lancet. Neurology, Vol. 14, No. 3, pp. 291-301.

Rosen, D. R., T. Siddique, D. Patterson, D. A. Figlewicz, P. Sapp, A. Hentati, D. Donaldson,
J. Goto, J. P. O’Regan, and H. X. Deng, 1993, "Mutations in Cu/Zn Superoxide
Dismutase Gene Are Associated with Familial Amyotrophic Lateral Sclerosis.",
Nature, Vol. 362, No. 6415, pp. 59-62.

Ross, O. A., N. J. Rutherford, M. Baker, A. I. Soto-Ortolaza, M. M. Carrasquillo, M.
DeJesus-Hernandez, J. Adamson, M. Li, K. Volkening, E. Finger, W. W. Seeley, K. J.
Hatanpaa, C. Lomen-Hoerth, A. Kertesz, E. H. Bigio, C. Lippa, B. K. Woodruff, D. S.
Knopman, C. L. White, J. A. Van Gerpen, J. F. Meschia, I. R. Mackenzie, K. Boylan,
B. F. Boeve, B. L. Miller, M. J. Strong, R. J. Uitti, S. G. Younkin, N. R. Graff-Radford,
R. C. Petersen, Z. K. Wszolek, D. W. Dickson, and R. Rademakers, 2011, "Ataxin-2
Repeat-Length Variation and Neurodegeneration.”, Human molecular genetics, Vol.
20, No. 16, pp. 3207-12.

Riib, U., L. Schéls, H. Paulson, G. Auburger, P. Kermer, J. C. Jen, K. Seidel, H.-W. W. Korf,
and T. Deller, 2013, "Clinical Features, Neurogenetics and Neuropathology of the
Polyglutamine Spinocerebellar Ataxias Type 1, 2, 3, 6 and 7.", Progress in
Neurobiology, Vol. 104, No. 1873-5118 (Electronic), pp. 38-66.

Rubinsztein, D. C., J. Leggo, R. Coles, E. Almqgvist, V. Biancalana, J. J. Cassiman, K.
Chotai, M. Connarty, D. Crauford, A. Curtis, D. Curtis, M. J. Davidson, A. M. Differ,
C. Dode, A. Dodge, M. Frontali, N. G. Ranen, O. C. Stine, M. Sherr, M. H. Abbott,
M. L. Franz, C. A. Graham, P. S. Harper, J. C. Hedreen, and M. R. Hayden, 1996,
"Phenotypic Characterization of Individuals with 30-40 CAG Repeats in the
Huntington Disease (HD) Gene Reveals HD Cases with 36 Repeats and Apparently
Normal Elderly Individuals with 36-39 Repeats.”, American journal of human
genetics, Vol. 59, No. 1, pp. 16-22.

Russ, J., E. Y. Liu, K. Wu, D. Neal, E. Suh, D. J. Irwin, C. T. McMillan, M. B. Harms, N. J.
Cairns, E. M. Wood, S. X. Xie, L. Elman, L. McCluskey, M. Grossman, V. M. Van



86

Deerlin, and E. B. Lee, 2015, "Hypermethylation of Repeat Expanded C9orf72 Is a
Clinical and Molecular Disease Modifier.", Acta neuropathologica, Vol. 129, No. 1,
pp. 39-52.

Ryu, H., K. Smith, S. I. Camelo, I. Carreras, J. Lee, A. H. Iglesias, F. Dangond, K. A.
Cormier, M. E. Cudkowicz, R. H. Brown, and R. J. Ferrante, 2005, "Sodium
Phenylbutyrate Prolongs Survival and Regulates Expression of Anti-Apoptotic Genes
in Transgenic Amyotrophic Lateral Sclerosis Mice.", Journal of neurochemistry, Vol.
93, No. 5, pp. 1087-98.

Sarda, S., and S. Hannenhalli, 2014, "Next-Generation Sequencing and Epigenomics

Research: A Hammer in Search of Nails", Genomics Inform, Vol. 12, No. 1, pp. 2-11.

Satterfield, T. F., and L. J. Pallanck, 2006, "Ataxin-2 and Its Drosophila Homolog, ATX2,
Physically Assemble with Polyribosomes”, Human Molecular Genetics, Vol. 15, No.
16, pp. 2523-2532.

Schapira, M., and C. H. Arrowsmith, 2016, "Methyltransferase Inhibitors for Modulation of
the Epigenome and beyond", Current Opinion in Chemical Biology, Vol. 33, pp. 81—
87.

Seelen, M., P. T. C. van Doormaal, A. E. Visser, M. H. B. Huisman, M. H. J. Roozekrans,
S. W. de Jong, A. J. van der Kooi, M. de Visser, N. C. Voermans, J. H. Veldink, and
L. H. van den Berg, 2014, "Prior Medical Conditions and the Risk of Amyotrophic
Lateral Sclerosis.”, Journal of neurology, Vol. 261, No. 10, pp. 1949-56.

Seitz, H. K., and F. Stickel, 2007, "Molecular Mechanisms of Alcohol-Mediated

Carcinogenesis.", Nature reviews. Cancer, Vol. 7, No. 8, pp. 599-612.

Slatkin, M., 2009, "Epigenetic Inheritance and the Missing Heritability Problem™, Genetics,
Vol. 182, No. 3, pp. 845-850.



87

Smith, B. N., S. Newhouse, A. Shatunov, C. Vance, S. Topp, L. Johnson, J. Miller, Y. Lee,
C. Troakes, K. M. Scott, A. Jones, 1. Gray, J. Wright, T. Hortobagyi, S. Al-Sarraj, B.
Rogelj, J. Powell, M. Lupton, S. Lovestone, P. C. Sapp, M. Weber, P. J. Nestor, H. J.
Schelhaas, A. A. Ten Asbroek, V. Silani, C. Gellera, F. Taroni, N. Ticozzi, L. Van den
Berg, J. Veldink, P. Van Damme, W. Robberecht, P. J. Shaw, J. Kirby, H. Pall, K. E.
Morrison, A. Morris, J. de Belleroche, J. M. B. Vianney de Jong, F. Baas, P. M.
Andersen, J. Landers, R. H. Brown, M. E. Weale, A. Al-Chalabi, and C. E. Shaw,
2013, "The C9ORF72 Expansion Mutation Is a Common Cause of ALS+/-FTD in
Europe and Has a Single Founder.", European journal of human genetics : EJHG, Vol.
21, No. 1, pp. 102-8.

Soellner, L., M. Begemann, D. J. Mackay, K. Grenskov, Z. Tiimer, E. R. Maher, 1. Karen
Temple, D. Monk, A. Riccio, A. Linglart, I. Netchine, and T. Eggermann, 2016,
"Recent Advances in Imprinting Disorders.", Clinical genetics.

Sreedharan, J., V. B. lan P. Blair, Tripathi, C. Hu, Xun Vance, J. C. Rogelj, Boris Steven
Ackerley, Durnall, K. L. Williams, E. Buratti, F. Baralle, J. de Belleroche, J. D.
Mitchell7, P. N. Leighl, A. Al-Chalabil, and C. E. Christopher C. Miller, Garth
Nicholson, Shaw, 2008, "TDP-43 Mutations in Familial and Sporadic Amyotrophic

Lateral Sclerosis”, Science, Vol. 1668, No. 2008, pp. sciencemag.

Subramony, S., and T. Ashizawa, 2014, “Spinocerebellar Ataxia Type 1,” GeneReviews(®).
University of Washington, Seattle.

Suchy, J., S. Lee, A. Ahmed, and T. B. Shea, 2010, "Dietary Supplementation with S-
Adenosyl Methionine Delays the Onset of Motor Neuron Pathology in a Murine Model
of Amyotrophic Lateral Sclerosis.”, Neuromolecular medicine, VVol. 12, No. 1, pp. 86—
97.

Suelves, M., E. Carrio, Y. Nafiez-Alvarez, and M. A. Peinado, 2016, "DNA Methylation
Dynamics in Cellular Commitment and Differentiation”, Briefings in Functional

Genomics, pp. elw017.



88

Talbot, K., 2014, Amyotrophic lateral sclerosis: Cell vulnerability or system vulnerability?,

Journal of Anatomy.

Taroni, F., and S. DiDonato, 2004, "Pathways to Motor Incoordination: The Inherited

Ataxias.", Nature reviews. Neuroscience, Vol. 5, No. 8, pp. 641-655.

Theadom, A., M. Rodrigues, R. Roxburgh, S. Balalla, C. Higgins, R. Bhattacharjee, K.
Jones, R. Krishnamurthi, and V. Feigin, 2014, "Prevalence of Muscular Dystrophies:

A Systematic Literature Review.", Neuroepidemiology, Vol. 43, No. 3-4, pp. 259-68.

Thomas, E. A., 2015, "DNA Methylation in Huntington’s Disease: Implications for

Transgenerational Effects.”, Neuroscience letters.

Tremolizzo, L., P. Messina, E. Conti, G. Sala, M. Cecchi, L. Airoldi, R. Pastorelli, E. Pupillo,
M. Bandettini Di Poggio, M. Filosto, C. Lunetta, C. Agliardi, F. Guerini, J. Mandrioli,
A. Calvo, E. Beghi, and C. Ferrarese, 2014, "Whole-Blood Global DNA Methylation
Is Increased in Amyotrophic Lateral Sclerosis Independently of Age of Onset.”,
Amyotrophic lateral sclerosis & frontotemporal degeneration, Vol. 15, No. 1-2, pp.
98-105.

Tsuji, S., 2010, "Genetics of Neurodegenerative Diseases: Insights from High-Throughput
Resequencing”, Human Molecular Genetics, Vol. 19, No. R1, pp. R65-70.

Uysal, F., G. Akkoyunlu, and S. Ozturk, 2015, "Dynamic Expression of DNA
Methyltransferases (DNMTSs) in Oocytes and Early Embryos.”, Biochimie, Vol. 116,
pp. 103-113.

van Blitterswijk, M., B. Mullen, M. G. Heckman, M. C. Baker, M. DeJesus-Hernandez, P.
H. Brown, M. E. Murray, G.-Y. R. Hsiung, H. Stewart, A. M. Karydas, E. Finger, A.
Kertesz, E. H. Bigio, S. Weintraub, M. Mesulam, K. J. Hatanpaa, C. L. White, M.
Neumann, M. J. Strong, T. G. Beach, Z. K. Wszolek, C. Lippa, R. Caselli, L. Petrucelli,
K. A. Josephs, J. E. Parisi, D. S. Knopman, R. C. Petersen, I. R. Mackenzie, W. W.



89

Seeley, L. T. Grinberg, B. L. Miller, K. B. Boylan, N. R. Graff-Radford, B. F. Boeve,
D. W. Dickson, and R. Rademakers, 2014, "Ataxin-2 as Potential Disease Modifier in
C90RF72 Expansion Carriers.”, Neurobiology of aging, Vol. 35, No. 10, pp.
2421.e13-7.

van Rheenen, W., A. Shatunov, A. M. Dekker, R. L. McLaughlin, F. P. Diekstra, S. L. Pulit,
R. A. A. van der Spek, U. Vdsa, S. de Jong, ... J. H. Veldink, 2016, "Genome-Wide
Association Analyses Identify New Risk Variants and the Genetic Architecture of

Amyotrophic Lateral Sclerosis", Nature Genetics.

Vance, C., B. Rogelj, T. Hortobagyi, K. J. De Vos, A. L. Nishimura, J. Sreedharan, X. Hu,
B. Smith, D. Ruddy, P. Wright, J. Ganesalingam, K. L. Williams, V. Tripathi, S. Al-
Saraj, A. Al-Chalabi, P. N. Leigh, I. P. Blair, G. Nicholson, J. de Belleroche, J.-M. J.-
M. Gallo, C. C. Miller, C. E. Shaw, T. Hortobagyi, K. J. De Vos, A. L. Nishimura, J.
Sreedharan, X. Hu, B. Smith, D. Ruddy, P. Wright, J. Ganesalingam, K. L. Williams,
V. Tripathi, S. Al-Saraj, A. Al-Chalabi, P. N. Leigh, I. P. Blair, G. Nicholson, J. de
Belleroche, J.-M. J.-M. Gallo, C. C. Miller, and C. E. Shaw, 2009, "Mutations in FUS,
an RNA Processing Protein, Cause Familial Amyotrophic Lateral Sclerosis Type 6",
Science, Vol. 323, No. 5918, pp. 1208-1211.

Waddington, C. H., 1968, "Towards a Theoretical Biology", Nature, Vol. 218, No. May, pp.
525-527.

Wade, P. A., A. Gegonne, P. L. Jones, E. Ballestar, F. Aubry, and A. P. Wolffe, 1999, "Mi-
2 Complex Couples DNA Methylation to Chromatin Remodelling and Histone
Deacetylation."”, Nature genetics, Vol. 23, No. 1, pp. 62-6.

Wang, H., E.J. O’Reilly, M. G. Weisskopf, G. Logroscino, M. L. McCullough, M. J. Thun,
A. Schatzkin, L. N. Kolonel, and A. Ascherio, 2011, "Smoking and Risk of
Amyotrophic Lateral Sclerosis: A Pooled Analysis of 5 Prospective Cohorts.",

Archives of neurology, Vol. 68, No. 2, pp. 207-13.



90

Warby, S. C., R. K. Graham, and M. R. Hayden, 2014, “Huntington Disease,”
GeneReviews(®). University of Washington, Seattle.

Weidner, C. 1., Q. Lin, C. M. Koch, L. Eisele, F. Beier, P. Ziegler, D. O. Bauerschlag, K.-H.
Jockel, R. Erbel, T. W. Miihleisen, M. Zenke, T. H. Briimmendorf, and W. Wagner,
2014, "Aging of Blood Can Be Tracked by DNA Methylation Changes at Just Three
CpG Sites.", Genome biology, Vol. 15, No. 2, pp. R24.

Whaley, N. R., S. Fujioka, and Z. K. Wszolek, 2011, "Autosomal Dominant Cerebellar
Ataxia Type I: A Review of the Phenotypic and Genotypic Characteristics."”, Orphanet

journal of rare diseases, Vol. 6, pp. 33.

Williams, J. R., D. Fitzhenry, L. Grant, D. Martyn, and D. A. Kerr, 2013, "Diagnosis
Pathway for Patients with Amyotrophic Lateral Sclerosis: Retrospective Analysis of
the US Medicare Longitudinal Claims Database.”, BMC neurology, Vol. 13, No. 1, pp.
160.

Wood, H., 2013, "Neurodegenerative Disease: Altered DNA Methylation and RNA Splicing
Could Be Key Mechanisms in Huntington Disease"”, Nature reviews. Neurology, Vol.
9, No. 3, pp. 119.

Xi, Z., I. Rainero, E. Rubino, L. Pinessi, A. C. Bruni, R. G. Maletta, B. Nacmias, S. Sorbi,
D. Galimberti, E. I. Surace, Y. Zheng, D. Moreno, C. Sato, Y. Liang, Y. Zhou, J.
Robertson, L. Zinman, M. C. Tartaglia, P. St George-Hyslop, and E. Rogaeva, 2014,
"Hypermethylation of the CpG-Island near the C9orf72 G4C:-Repeat Expansion in
FTLD Patients.”, Human molecular genetics, Vol. 23, No. 21, pp. 5630-7.

Xi, Z., Y. Yunusova, M. van Blitterswijk, S. Dib, M. Ghani, D. Moreno, C. Sato, Y. Liang,
A. Singleton, J. Robertson, R. Rademakers, L. Zinman, and E. Rogaeva, 2014,
"Identical Twins with the C9orf72 Repeat Expansion Are Discordant for ALS.",
Neurology, Vol. 83, No. 16, pp. 1476-8.



91

Xi, Z., L. Zinman, D. Moreno, J. Schymick, Y. Liang, C. Sato, Y. Zheng, M. Ghani, S. Dib,
J. Keith, J. Robertson, and E. Rogaeva, 2013, "Hypermethylation of the CpG Island
near the G4C2 Repeat in ALS with a C9orf72 Expansion.”, American journal of human
genetics, Vol. 92, No. 6, pp. 981-9.

Yamakawa, M., D. Ito, T. Honda, K. Kubo, M. Noda, K. Nakajima, and N. Suzuki, 2015,
"Characterization of the Dipeptide Repeat Protein in the Molecular Pathogenesis of
CcOFTD/ALS.", Human molecular genetics, Vol. 24, No. 6, pp. 1630-45.

Yandim, C., T. Natisvili, and R. Festenstein, 2013, "Gene Regulation and Epigenetics in

Friedreich’s Ataxia.", Journal of neurochemistry, Vol. 126 Suppl., pp. 21-42.

Yoo, Y.-E., and C.-P. Ko, 2011, "Treatment with Trichostatin A Initiated after Disease Onset
Delays Disease Progression and Increases Survival in a Mouse Model of Amyotrophic
Lateral Sclerosis.”, Experimental neurology, Vol. 231, No. 1, pp. 147-59.

Zhang, F. F. F., R. Cardarelli, J. Carroll, S. Zhang, K. G. G. Fulda, K. Gonzalez, J. K. K.
Vishwanatha, A. Morabia, and R. M. M. Santella, 2011, "Physical Activity and Global
Genomic DNA Methylation in a Cancer-Free Population.”, Epigenetics, Vol. 6, No. 3,
pp. 293-9.

Zhou, B., C. Liu, Y. Geng, and G. Zhu, 2015, "Topology of a G-Quadruplex DNA Formed
by C9orf72 Hexanucleotide Repeats Associated with ALS and FTD.", Scientific
reports, VVol. 5, pp. 16673.

Zoghbi, H. Y., and A. L. Beaudet, 2016, "Epigenetics and Human Disease", Cold Spring
Harbor Perspectives in Biology, Vol. 8, No. 2, pp. 1-28.





