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ABSTRACT

THE GENETICS OF SPORADIC ALS: THE FIRST TURKISH GWAS
AND NOVEL SNP AND CNV ASSOCIATION

Selective degeneration of both lower and upper motor neurons located in the brain
cortex, brainstem and ventral horn of the spinal cord result in amyotrophic lateral sclerosis
(ALS). ALS is the most frequent late-onset motor neuron disorder and so far no cure or
treatment for ALS has been developed. The vast majority of ALS cases are sporadic,
approximately 10% of patients have a family history. At least 25 genes and several loci
have been identified so far in familial cases. The genetic factors that contribute to ALS
correspond to atmost 10% in sporadic cases so there is a huge genetic gap in SALS. The
missing part of genetic factors needs to be revealed to fill the lacking players in the
mechanisms underlying disease pathogenesis. GWAS enables large scale cohort studies
between cases and controls to pinpoint new candidate genomic regions that may be
associated with disease phenotype. In the framework of this thesis, we aimed to investigate
sporadic ALS patients to identify novel Single Nucleotide Polymorphisms (SNPs), Copy
Number Variations (CNVs) and genes, associated with ALS, using GWAS and
computational biology approaches. First, we analyzed single marker associations of SNPs
in the regions of fALS-causing genes in two published datasets. The ACA haplotype in
TARDBP locus was found to be associated with ALS. Next, we performed GWAS on
Turkish ALS samples, which included 116 sALS patients and 109 controls. We identified
two SNP clusters in TMEM90B and CPNE5 genes associated with ALS, yet all SNPs
failed to keep the significance after Bonferroni correction. Third, we performed genome-
wide CNV analysis using raw data of GWAS and the PennCNV tool. We identified several
novel and reported CNVs in gene and intergenic regions. To the best of our knowledge,
this is the first ALS-GWAS of sALS patients in Turkey. We hope that the findings of this
thesis in first-stage GWAS and genome-wide CNV analyses will shed light to the unknown
genetics of SALS and help to pave the ways in the identification of novel genes associated

with SALS pathogenesis.



Vi

OZET

SPORADIK ALS GENETIGi: iLK TURK GWAS CALISMASI
VE YENI SNP VE CNV ILIiSKILERI

Amiyotrofik lateral skleroz (ALS), beyin korteksi, beyin sapt ve omuriligin 6n
boynuzundaki {ist ve alt motor noronlarin selektif dejenerasyonu sonucunda olusur. ALS,
en yaygimn, ge¢ baslangicli motor noron hastalifidir ve halen tedavisi yoktur. ALS
olgularinin biiylik ¢ogunlugu sporadikken yiizde onluk kisminda aile Gykiisii vardir.
Ailesel olgularda, bugiine kadar en az yirmibes gen ve birka¢ lokus tanimlanmistir.
Sporadik ALS olgularinin yiizde onluk kism1 genetik faktorlerle agiklanabilirken, sporadik
olgularin biiyiik bir kisminin genetigi bilinmemektedir. Bu genetik faktorlerin bulunmasi,
ALS patogenezine neden olan yeni mekanizmalarin ortaya ¢ikmasina yardimci olacaktir.
GWAS, genetik faktorleri belli olmayan hasta olgularini, saglikli birey gruplariyla
kiyaslayarak hastalik fenotipine neden olabilecek aday bolgelerin tanimlanmasin
saglamaktadir. Bu tez g¢ergevesinde, GWAS yontemi ve ileri biyoinformatik yontemleri
kullanilarak sporadik ALS hastalarinda yeni varyantlarin (SNP ve CNV) ve gen
bolgelerinin bulunmasi hedeflendi. Ilk olarak daha dénceden yaymlanmis iki GWAS verisi
kullanilarak ailesel ALS’ye neden olan genlerdeki SNP’ler arastirildi. Sonug olarak,
TARDBP gen bélgesinde ACA haplotipinin ALS ile iligkili oldugu goriildii. ikinci
asamada, 116 sporadik olgu ve 109 saglikli birey kullanilarak Tiirk toplumunda ilk defa
ALS-GWAS calismast gerceklestirildi. TMEM90B ve CPNES gen bdlgelerinde bulunan
iki SNP kiimesi ALS ile iliskilendirildi ancak Bonferroni diizeltmesi sonucunda SNP’ler
anlamlarin yitirdi. Ugiincii asamada, GWAS ham verisi kullanilarak, PennCNV programi
ile, genom-capinda CNV analizi yapildi. Genomun intergenik ve gen lokuslarinda bir¢ok
yeni ve daha once tanimlanmig CNV bulundu. Tez g¢ercevesinde yapilan bu ilk-asama
GWAS calismasi bilgimiz dahilinde olan ilk Tirk ALS-GWAS"hdir. Bundan ve CNV
analizlerinden ¢ikan 6n bulgularin, genetigi biiylik oranda ¢dziilmemis olan sporadik
ALS’ye 151k tutmasi beklenmektedir; ayrica bu bulgular ALS patogenezinde etkin yeni
genlerin bulunmasi ve dolayisiyla ALS’ nin karmagik patogenezinin anlagilmasi yoniinde

de umut vericidir.
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1. INTRODUCTION

Neurodegenerative disorders, including Alzheimer’s disease, Parkinson’s disease
and Motor Neuron Disorders (MNDs), all result from the death of neurons in different
parts of the brain (Bertram and Tanzi, 2005). Their common features are: (i) they are
represented as familial or sporadic, (ii) they are mostly late-onset where multiple genetic
and environmental factors exhibit effects and (iii) protein aggregates are observed (Gandhi
and Wood, 2010).

Familial forms allow understanding the pathogenesis of disease and unraveling the
underlying mechanisms causing the disease phenotype. Effects of multiple genetic and
environmental factors make the sporadic forms complex diseases. The molecular
pathogeneses of neurodegenerative diseases are associated with inner and outer
accumulation of misfolded protein aggregates in neuronal and non-neuronal cells, for
instance amyloid-beta-positive inclusions in Alzheimer’s disease, alfa synuclein-positive
inclusions in Parkinson’s disease (Polymenidou and Cleveland, 2011) and SOD1- or TDP-

43-positive inclusions in Amyotrophic Lateral Sclerosis (ALS).

Selective degeneration of motor neurons causes MNDs. ALS, also known as Lou
Gehrig’s disease or Motor Neuron Disease, is the most frequent late-onset MND. ALS was
first recognized by the French neurologist Frangois Aran in 1848 and was named
progressive muscular atrophy with family history (Aran, 1848). Another French
neurologist, J. M. Charcot, reported it as non-hereditary in 1869 (Charcot, 1869). ALS
affects both lower and upper motor neurons (LMN, UMN), located in the brainstem,
ventral horn of the spinal cord (LMN) and cortex of the brain (UMN) (Figure 1.1).
Degeneration of these particular neurons results in muscle atrophy and weakness,
spasticity and hyperreflexia (Rowland & Shneider, 2001). The muscle weakness turns
progressively into paralysis until death occurs, due to respiratory failure within 3-5 years
after the first symptoms appear. Only half of ALS cases can survive lower than 5 years.
Up to now, no cure or treatment has been developed for ALS (Bento-Abreu et al., 2010).

The only drug, riluzole that inhibits the release of glutamate and blocks AMPA receptors,



shows slight effects as up to 3 months of survival (Bellingham, 2011). The devastating
effects of ALS make the life quality of patients even worse than in other

neurodegenerative diseases.

UMNs

BRAINSTEM
(BULBAR)
LMNs

Tongue

Arm muscle

Axon bundles
(nerves)

Rib muscles
involved in

SPINAL LMNs breathing

Leg muscle

Figure 1.1. The affected neurons of the central nervous system in ALS.

ALS is the most common adult-onset motor neuron disease with a prevalence of 4-6
individuals per 100000 people and an incidence of 2-3 cases per 100000 per year. There is
a slight variation of incidence within genders, men to women ratio is 1.2-1.5:1. The mean
age of onset is between 55-60, however juvenile cases are also present (Kiernan et al.,
2011).

The vast majority of ALS cases are sporadic, approximately 10% of patients have a
family history. Familial ALS (fALS) cases are inherited in autosomal dominant with
complete/incomplete penetrance, autosomal recessive and X-linked dominant manners.
Although the genetic cause of sporadic cases is not known, familial and sporadic ALS
(SALS) patients share similar clinical and neuropathological features. There is a
heterogeneous distribution in terms of types of symptoms, age of onset, disease duration
among ALS patients, even within family members of the same family (Cozzolino et al.,
2012).



1.1. Genetics of ALS

Although the exact etiology of ALS has not been clarified yet, identification of
fALS-causing genes shed light onto the underlying pathogenic mechanisms, such as
disease initiation and progression (Table 1.1). The discovery of Cu/Zn Superoxide
Dismutase (SOD1) gene (Rosen et al., 1993) has dramatically promoted acceleration in
genetic research of ALS. To date at least 20 genes and several loci have been identified
(Andersen and Al-Chalabi, 2011). Genetic variations have also been associated with
sporadic ALS using genome-wide association studies (GWAS). Moreover, in fALS, even

though the genetic factors, which cause familial ALS are discovered to a great extent, the

pathogenic mechanisms of mutated proteins are not well understood. (Ferraiuolo et al.,

2011).
Table 1.1. Genes associated with familial ALS.
ALS symbol / Chromosome Type of )
) Protein name Reference
Gene Name Locus Inheritance/ Onset
AD, AR, de novo Superoxide
ALS1/SOD1 21g22.1 ) ] Rosen et al. (1993)
mutations / Adult dismutase 1
ALS2 / ALS2 2033.2 AR/ Juvenile Alsin Yang et al. (2001)
ALS3 /Unknown 18921 AD/Adults Unknown Hand et al. (2002)
ALS4/SETX 9034 AD/Juvenile Senataxin Chen et al. (2004)
ALS5/SPG11 15q21.1 AR/Juvenile Spatacsin 0”3?;3;% ;t al.
AD, AR, de novo
mutations/Adult
ALS7 /Unknown 20p13 AD/ Adult Unknown Sapp et al. (2003)
Vesicle-associated
ALSS/ VAPB 20013.3 AD/Adult membrane protein- Nishimura et al.
associated protein B (2004)
(VAPB)
ALS9/ANG 14911.2 AD/Adult Angiogenin Greer(l\zné)%)%et al.
ALS10/ TAR DNA-binding | Gitcho et al. (2008)
TARDBP '
(2008)
ALS11/FIG4 6021 AD/Adult Polyphosphoinositide
a phosphatase (FIG4) Chow et al. (2009)
ALS12/0PTN 10p15-p14 AD, AR/ Adult Optineurin (OPTN) | van Es et al. (2009)
ALS13/ATXN2 12g24 AD/Adult Ataxin 2 Elden et al. (2010)
ALS14/VCP 9p13-p12 AD/ Adult Valosin-containing | johnson et al. (2010)

protein (VCP)




Table 1.1. Genes associated with familial ALS (cont.).

X-linked/ Adult -
ALS15/UBQLN?2 Xpll Ubiquilin 2

p (UBOLN2) Deng et al. (2011)

ALS16/ 9p13.3 AD/ Adult o N"n';’pi‘;‘d Luty et al. (2010)

AR/ Juvenile receptor -Sai

SIGMAR1 (SIGMAR1) Al-Saif et al. (2011)
Renton et al., 2011

ALS- Chromosome 9 open ' ’
FTD2/CORF72 | P22 ADI/Adult reading frame 72 | DS Hlemandez

AD: Autosomal dominant
AR: Autosomal recessive

1.1.1. Genes associated with fALS

10 loci and genes, summarized below, comprise the majority of known fALS cases.

1.1.1.1. ALS1: Cu/Zn Superoxide Dismutase (SOD1). SOD1 is ubiquitously expressed

and functions as a catalyst for removing free radicals in cells It has five exons and encodes

153 amino acids, which are evolutionarily conserved. Mutations in SOD1 are responsible
for 20% of familial ALS and for 2% of all ALS cases (Rosen et al., 1993). Up to now,
more than 160 disease-causing mutations, distributed over all five exons of the gene, have

been described (http://alsod.iop.kcl.ac.uk/). Most of these are missense mutations,

moreover several insertions/deletions have been reported that cause truncation of the

protein.

Mutations in SODL1 can alter the metal binding sites resulting in inefficient binding
of copper and zinc residues or affect the tertiary structure of the protein, resulting in
improper folding and formation of unstable homodimers. In vitro and in vivo studies
reliably showed that the enzymatic activity of the mutated sodl is retained; the enzyme
gains a toxic function in the cell when mutated, and sequesters the native SOD1 to form
accumulations in the cell body (Polymenidou and Cleveland, 2011). Animal studies also
confirmed that SOD1 mutated mice models did not show an ALS phenotype (Reaume et
al., 1996). How, the toxic gain of function of the mutated SOD1 protein leads to ALS still

remains a mystery.

1.1.1.2. ALS2: Alsin (ALS2). Alsin is composed of 34 exons and has two isoforms of

1657 and 396 amino acids. Alsin is suggested to play a role in endosomal motility and
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degradation, vesicular trafficking and cytoskeletal organization, because of its localization
in the cell (Hadano et al., 2010). Mutations in exon 34 of ALS2 cause sometimes a
juvenile onset, slowly progressive ALS phenotype or infantile hereditary spastic
paraparesis (Yang et al., 2001; Hadano et al., 2001). Until today, only a few mutations
have been identified in juvenile cases, no adult patient has been detected with an Alsin
mutation. Like SOD1, animal models of alsin did not show any upper or lower motor

neuron loss (Deng et al., 2007).

1.1.1.3. ALS4: Senataxin (SETX). Senataxin is composed of 26 exons and has three

isoforms. The SETX gene encodes 2677 amino acids. Mutations in SETX can cause
several phenotypes, such as cerebellar ataxia, oculomotor apraxia, peripheral neuropathy
immunodeficiency and ALS (Moreira et al., 2004; Chen et al., 2004). Only dominantly
inherited mutations in the SETX gene are observed in few fALS and some SALS cases.
Patients with SETX mutations show juvenile onset and slow progression (Hirano et al.,
2011). The function of the senataxin protein is not known, however, it shows homology to
Senlp of fungi, which functions as an RNA helicase. It is suggested that it may play roles
in RNA maturation and is involved in double-strand DNA break damage response
(Suraweera et al., 2009; De Amicis, 2011).

1.1.1.4. ALS10: TAR DNA-binding protein (TDP-43). The TDP-43 gene contains six

exons encoding for a 414 aa protein. It functions as a regulator of transcription and

splicing (Tollervey et al., 2011). Like alsin and senataxin, TDP-43 is also associated with
another neurological disease which is Frontotemporal Dementia (FTD). In 2006, TDP-43
inclusions were found in affected neurons of SALS and FTD patients (Arai et al., 2006;
Neuman et al., 2006). In normal cells, TDP-43 is mostly localized in the nucleus, but when
mutated, TDP-43 loses its function and the ubiquitinated form is exported to the
cytoplasm. This mislocalization raises the possibility of a gain of toxic function of TDP-43
like SOD1 (Giordana et al., 2009). Until now, 44 different mutations with mostly
autosomal dominant, but also autosomal recessive (rare) inheritance have been reported in
fALS and sALS patients (http://alsod.iop.kcl.ac.uk/), accounting for 4% and 1%,
respectively (Daoud et al., 2009; Da Cruz and Cleveland, 2011).
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1.1.1.5. ALS6: Fused in Sarcoma (FUS). Mutations found in the TDP-43 gene promoted

the discovery of a new candidate, FUS, which has a similar function. FUS is located on
chromosome 16g11.2 which was since long associated with ALS. The mutation screening
of the FUS gene revealed that approximately 4% of fALS and 1% of SALS cases are
affected due to FUS mutations (Millecamps et al., 2010; Tsai et al., 2011). Up to now, 44

mutations have been described in ALS patients.

1.1.1.6. ALSS8: Vesicle-associated membrane protein (VAMP)-associated protein type B
(VAPB). VAPB encodes for a 99 amino acid long protein, which is localized mainly in the

endoplasmic reticulum (ER). It plays role in intracellular membrane transportation, from
ER to Golgi and from ER along to axon. Mutations in VAPB gene cause late onset
muscular atrophy Finkel type and juvenile onset, slowly progressive ALS (Nishimura et
al., 2004; Chen et al., 2010). Mutations found in patients are rare and the mutated protein
promotes insoluble aggregates in the cell. Animal models of the VAPB gene in Drosophila
show that when its mutated form is overexpressed, mislocalization of the protein and
aggregate formation are present in the neurons, resulting in neuronal death (Ratnaparkhi et
al., 2008).

1.1.1.7. ALS9: Angiogenin (ANG). Angiogenin located on chromosome 14, is a hypoxia-

regulated gene and encodes 147 amino acids. It was first associated with ALS since single
nucleotide polymorphisms observed in ANG in Irish and Scottish families resulted in ALS
(Greenway et al., 2004). Further studies in different populations (US, German and French)
showed that missense mutations, found in the ANG gene of fALS and sALS patients, are
associated with the disease phenotype (Greenway et al., 2006; Paubel et al., 2008;
Fernandez-Santiago et al., 2009). The ANG protein has ribonuclease activity in the cell
and is highly expressed in the nucleus and cytoplasm of spinal cord ventral horn neurons.
Expression studies showed that the mutated form is unable to enter the nucleus, therefore

it can not perform its RNase activity (Wu et al., 2007).

1.1.1.8. ALS13: Ataxin-2 (ATXNZ2). Ataxin-2 encodes for a 1313 amino acid protein,

which includes a polyglutamine (polyQ) repeat in exon-1. The CAG repeats in normal

alleles of ATXN2 gene vary, however the most prominent length of repeats of the normal

allele is 22. CAG repeats with a threshold of 34 repeats or more are associated with



spinocerebellar ataxia type 2 (SCA2) (Elden et al., 2010). In addition, due to two SNPs
(rs695871 and rs695872), located upstream of the CAG repeat region, distinct genotypes
are observed in controls (GT) versus patients (CC). Recently, intermediate-length (27-33)
polyQ repeats were reported to be an increased risk factor for ALS in different populations
(Yuetal.,, 2011; Van Damme et al., 2011; Gellera et al., 2012).

1.1.1.9. ALS15: Ubiquilin-2 (UBQLNZ2). Ubiquilin-2, ubiquitin-like protein 2, consists of

one exon and encodes for 624 amino acids. Ubiquilin-2 is a member of the ubiquitin-like

protein family. In humans, this family contains four ubiquilin members that are
characterized by two domains, located at the N- and C- terminals, a ubiquitin-like domain
(UBL) and a ubiquitin-associated domain (UBA). The function of ubiquilins is to deliver
ubiquitinated proteins to the proteasome for degradation. The UBL and UBA domains
enable the protein to bind to the subunit of the proteasome and to the poly-ubiquitinated
proteins. According to the predicted structure of ubiquilin-2, the protein contains a UBL,
four heat shock chaperonin-binding motifs (STI1) and 12 PXX repeats. The mid part of
the protein varies among the other members of the ubiquitin-like protein family due to
characteristic roles. Only ubiquilin-2 contains a unique 12 PXX repeat. Recently, five
different UBQLN2 mutations in the PXX domain were reported to be associated with
ALS. The inheritance pattern is X-linked dominant. Immunohistochemistry analysis of
patients showed that UBQLN2-positive and skein-like inclusions are present in the spinal
cord and hippocampal sections (Deng et al., 2011). In cell culture studies, it has been also
shown that ubiquilin-2 is co-localized with the C-terminal of TDP-43 and forms

aggregates in the cell cytoplasm (Brettschneider et al., 2012).

1.1.1.10. ALS-FTD2: C90ORF72. The product of the C9ORF72 gene is a hypothetical
protein that is composed of 481 amino acids. The function of the protein has not been

characterized yet. One key point is that the gene contains hexanucleotide repeats
(GGGGCQ), in intron 1. C9ORF72 is located on 9p21.2, which was previously associated
with ALS by linkage analysis (Morita et al., 2006; Vance et al., 2006). The locus remained
as a mystery until 2011 though several GWAS indicated this locus as an ALS-associated
region (van Es et al., 2009; Laaksovirta et al., 2010; Shatunov et al., 2010). Finally,
further focusing on this region, where especially three genes, MOBKL2B, IFNK and
C9ORF72 were of prime importance, are located, C9ORF72 was defined as the



responsible gene. Resequencing analysis showed that expansion of a hexanucleotide repeat
(GGGGCC), is observed in ALS-FTD patients. Normally the number of repeats is lower
than 23, however patients can have up to 1600 repeats (Renton et al., 2011; Delesus-
Hernandez et al., 2011). The frequency of the C9ORF72 hexanucleotide repeat expansion
is found to be 37.6% in fALS and 6.3% in SALS patients in a large scale study population
(Majounie et al., 2012). In a recent functional study, ALS and FTLD-TDP cases with the
C90RF72 expansion revealed UBQLN-positive cytoplasmic inclusions and extensive
UBQLN-positive aggregates. Thus, not only UBQLN2 mutations, but also COORF72
expansions cause UBQLN2 pathology in both fALS and SALS cases (Brettschneider et al.,
2012).

1.2. Molecular Mechanisms Involved In ALS Pathology

The etiology of ALS is still elusive and the pathological mechanisms are not fully
determined yet, although many genetic factors and clinical features have been identified.
The genetic factors associated with ALS take roles in different parts of cellular
mechanisms. Therefore, many potential pathogenic processes underlying ALS have been
proposed. Common clinical features of SALS and fALS patients and identification of
fALS associated genes in some SALS patients interrogate sharing common mechanisms in

disease pathology (Kiernan et al., 2011).

As a result of all findings, multiple and partly overlapping mechanisms interplay
roles in ALS pathogenesis. These mechanisms are involved in excitotoxicity, protein
aggregation, oxidative stress and impairments in RNA processing, mitochondrial function
and axonal transport. Beside intracellular mechanisms, extracellular non-cell autonomous
events are also considered, such as neuro-inflammation, glutamate excitotoxicity and

reduced lactate release, caused by neighboring cells (Ferraiuolo et al., 2011) (Figure 1.2).
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Figure 1.2. Pathological mechanisms in ALS (Ferraiuolo et al., 2011).

All the mechanisms above have effects on motor neuron vulnerability, they are
complex and multifactorial. Although at least 20 genes have so far been associated with
fALS, there are still more than 50% of fALS cases whose defects need to be determined.
The important point is whether these mechanisms work together, or not. It is shown in
tissue samples from SOD1 mutated fALS patients that the inclusions in the cellular matrix
are SOD1-positive and TPD43-negative. This indicates that different players in different
mechanisms can cause motor neuron degeneration. SOD1-related mechanisms such as
oxidative stress can also trigger other mechanisms in the cell, for example, excitotoxicity,
mitochondrial impairment, protein aggregation leading to neurodegeneration. Another
important key point is that different types of protein aggregations are found in SALS and
fALS cases. Several recent histopathology studies of SALS cases showed that without any
mutations in TDP-43 or SOD1, misfolded SOD1 and loss of nuclear-localized TDP-43 are
observed in cytoplasmic inclusions (Andersen and Al-Chalabi et al., 2011).
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In conclusion, ALS is a complex and multifactorial disease when its etiology,
genetic heterogeneity and pathologic mechanisms are considered. The effects of
environmental factors are still under investigation especially in SALS cases.

1.3. Genome-wide Association Studies
Genome-wide association studies (GWAS) are robust, unbiased and high throughput

techniques which can test SNPs, located in the human genome, for association with a

disease between a large case and control population (Figure 1.3).
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Figure 1.3. Design and analysis of a Genome-wide Association Study (Manolio, 2010).
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Before the completion of the human genome project and identification of hundreds
of thousands SNPs in the HapMap project, researchers performed candidate gene
association studies which were small-scale, low-resolution and most importantly time
consuming. With the technological advances in microarray platforms, statistical tools and
the relevance of SNPs, located all throughout the human genome and in numbers higher
than expected (to date >10000000) powerful genome-wide association approaches,
became technically possible and feasible (International HapMap Consortium, 2007;
Manolio, 2010).

A disease with complex traits, involving many genes and environmental factors
contributing to disease phenotype, is hard to explain by old fashion methodologies. Two
hypotheses have been proposed to complex disease susceptibility: (i) the common disease,
common variant (CDCV) hypothesis, suggesting a high frequency and low penetrance
genetic variations contributing to disease susceptibility, (if) common disease rare variant
(CDRV) hypothesis claiming that common disease is also caused by multiple rare
variations with high penetrance. According to these first hypotheses, GWAS using SNPs
would be a powerful tool to identify novel variants associated with complex disease,
however, this was not the case (Schork et al., 2009).

Genome-wide association studies are based on SNPs which are the most frequent
genomic variations on the genome. A SNP can only be defined as SNP if it is observed at
least in 1% of the population. To date the human genome has been shown to contain more
than 10 million common SNPs with a minor allele frequency lower than 5% (Manolio,
2010). SNPs that are close to each other segregate together resulting in reduction in
genetic diversity. SNPs that are transmitted to the next generation within a block allow us
to tag lots of SNPs as a tagged-SNP and capture maximum information by using a
minimum number of SNPs. Today, DNA microarrays containing 1 million SNPs, can
cover approximately 90% of the 10 million SNPs on the human genome (Wellcome Trust
Case Control Consortium, 2007; McCarthy et al., 2008).

The result of a huge GWAS of a case-control population, contains an enormous
output of data. To analyze such big data, powerful association tests and statistical tools are

needed for avoiding false positive results to start with. In such a study, more than 500000
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comparisons are made to test the associations, and it is possible to obtain false positive
results (Hunter et al., 2007). To eliminate false positive outcomes from GWAS, a large set
of sample size is required. This is also required for stringent statistical thresholds of
multiple testing, such as Bonferroni correction. To achieve genetic variation, associated
with a particular disease phenotype, without having false positive and negatives, a serial of

experiments are needed (Gandhi and Wood, 2010).

In the first stage of a large GWAS, significant SNPs are defined; this is called the
discovery set. In the second stage, SNPs that are significantly associated, are genotyped in
a smaller population group and so on in the third stage (Pearson and Manolio, 2008)
(Figure 1.4).
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Figure 1.4. Stages of a GWAS and meta-analysis (Manolio, 2010).
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These processes basically help to identify false positives and validate true positive
associations. Sometimes, pooling results of independently performed GWAS, also called
meta-analysis, can improve the power of associated SNPs. Independent studies may give

low signals before combining the results in meta-analysis (Mok et al., 2011) (Figure 1.4).

Identification of associated SNPs simply by considering the absolute p-values is not
enough as a significant evidence. To obtain stronger associations, they need to be
evaluated by multiple testing and odds ratio (OR) (Barrett et al., 2009). Finally,
confirmation should be performed by genetic and functional analyses (Jakobsdottir et al.,
2009; Hindorff et al., 2009).

To date 1223 GWAS have been published in 237 traits and more than 1400 trait-
associated SNPs have been reported as significant (p< 5x 10) (Figure 1.5). The number
of studies performed on complex traits using high-throughput GWA methodology is

increasing every day (http://www.genome.gov/gwastudies) (Figure 1.6). This promising

methodology enables a genome-wide scan to discover genetic variants for common
diseases. This idea has been proven in several diseases such as age-related macular
degeneration and Crohn’s disease (Maller et al., 2006; Barrett et al., 2008).

O Amyotrophic lateral sclerosis
O Aizheimer disease
@ Parkinson's disease

Figure 1.5. Schematic distribution of significantly associated SNPs on human
chromosomes.


http://www.genome.gov/gwastudies)%20(Figure

14

Many variants have been associated with those diseases. Individuals carrying one or more

of these variants, have an increased risk for developing the disease.

The identification of variants in the CFH gene, associated with age-related macular
degeneration, suggests that the complement mediated inflammation pathway possibly
plays a role in disease pathogenesis (Klein et al., 2005). This findings lead to generate
animal models with the aim of developing new therapies against pathogenesis of macular

degeneration (Rohrer et al., 2009).

On the other hand, GWAS are not as accurate as it was thought previously. Although
GWAS have achieved their goal to unravel new disease-associated genes, loci and
variations, there are several studies without any replicated results, such as GWAS of
schizophrenia (Sullivan et al., 2008; Shi et al., 2009). In general, all GWAS results of
complex diseases, e.g. neurodegenerative diseases, including Parkinson’s disease,
Alzheimer’s disease and ALS, have shown that all associations can explain only a small
portion of the disease pathogenesis, the majority of unknown genetic factors still remain

unsolved (Gandhi and Wood, 2010). This phenomenon is called “missing heritability”.
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Figure 1.6. Distribution of increasing number of GWAS done up to June 2011.

Although GWAS identified more than thousand variants in complex diseases and
traits, the presence of the high missing heritability in those diseases fails to satisfy the

expectations. This can be explained due to overestimation of the total heritability of the
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complex phenotypes or underestimation of the effect sizes of the common variants. The
associated SNP might not directly be the cause of a disease but can represent a SNP cluster
that has a larger effect size. In another case, common variants cannot cover the rare
variants (minor allele frequency (MAF) <0.01), resulting in loss of association, which
cannot be captured by GWAS (Durbin et al,. 2010). It requires other techniques, such as
Whole Exome Sequencing and Whole Genome Sequencing. In addition to these, epistasis
(gene x gene and gene x environment) interactions and epigenetics can explain a part of
the missing heritability (Zuk et al., 2012). All in all, unraveling the missing heritability of
disease will allow us to understand the contribution of all DNA sequence variants
(common or rare) to molecular mechanisms of complex disease development (Marian,
2012).

1.3.1. GWAS in Neurodegenerative Diseases

Up to now, more than 10 GWAS studies have been performed in Parkinson’s

disease, Alzheimer’s disease and ALS (http://www.genome.gov/gwastudies). The majority

of these studies had inconsistent results. Replication stages failed to validate initial stage
(discovery) or another independent study (Schymick et al., 2007; Dunckley et al., 2007).
Only a minority is able to confirm results found in an independent study (Cronin et al.,
2007; van Es et al., 2007). In Alzheimer’s disease, the only genetic risk factor, which has
been consistently identified and confirmed in GWAS, is ApoE-g4 (Lambert et al., 2009;
Harold et al., 2009). Meanwhile, two groups showed associated variants, located in the
CLU and CR1 gene loci, however the associated SNPs were not overlapping. Despite the
identification of these, previously unknown two genes by GWAS, it is not able to
understand the disease pathogenesis in sporadic forms. In Parkinson’s disease, different
variants in the MAPT, SNCA and PARK16 genes were found to be associated with
disease susceptibility. Furthermore, other susceptibility regions have been found as
associated, yet they have not been replicated in any other study (Simén-Sanchez et al.,
2009; Satake et al., 2009; Edwards et al., 2010). Additional studies are required for non-
replicated, associated variants, such as meta-analysis or functional studies, in order to
understand whether these are false positives or population- specific results (Gandhi and
Wood, 2010; Manolio, 2010).
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1.3.2. GWAS in ALS

As mentioned earlier, the genetics of SALS is still poorly understood. With the
advances in GWAS, it was thought that GWAS would provide effective information to
understand the fundamental mechanisms that cause the disease pathology. (Dunckley et
al., 2007). From 2007 to 2011, comprehensive, unbiased high-throughput GWAS
technology was not able to identify novel variants or new candidate genes, which would
give insights into the disease pathogenesis. In addition, the pathways and mechanisms
already known in disease development have not been validated. Eleven GWAS have been
performed in ALS between 2007 and 2011 (Table 2). A high number of samples has been
used from different countries, including Ireland, USA, UK, Finland, Germany, Sweden,
Netherlands and France. Although several candidate genes, survival factors, and a
candidate locus have been associated with ALS in these studies (van Es et al., 2009;
Shatunov et al., 2010), yet only one gene (DPP6) and one locus (9p21) have been
replicated in other studies. The DPP6 gene was validated by two different groups who
used the same samples in their study design, but has not been identified in other

populations (van Es et al., 2007; Cronin et al., 2008).

The locus on chromosome 9p21 has been first associated with ALS in studies of
Finland and UK populations in 2010 (Laaksovirta et al., 2010; Shatunov et al., 2010). In
contrast to other studies, the Finnish study also included fALS patients in the study
population. Shatunov et al. also identified significant association in the same locus. A
combined meta-analysis study, including five different populations, defined a twenty-SNP
haplotype block located in this locus. As a result of all these series of GWAS analyses,
C90RF72 was identified as a candidate gene for ALS development. Resequencing
analysis of this locus revealed that GGGGCC hexanucleotide expansions in the first intron
of the CO9ORF72 gene were present in ALS patients, but not in controls (Renton et al.,
2011; DeJesus-Hernandez et al., 2011).



Table 1.2. GWAS in ALS.

First Author Sample size Ethnicity Replication Ethnicity Region Genes Strongest SNPs P-value Platform (# of SNPs)
(year published) Sample size
Schymick JC 276 cases, us - - 10g26.2 Intergenic rs4363506 7 x 10-7 Illumina (549,062)
(2007) 276 controls 2p24.2 Intergenic rs16984239 2x10-6
8024.23 Intergenic rs12680546 3x10-6
20q13.2 ZFP64 rs6013382 5 x 10-6
9g31.3 SUsSD1 rs2782931 6 x 10-6
4q31.3 KIAAL1727 rs11099864 9 x10-6
Dunckley T 386 cases, White 901 cases, Whites - - - - Affymetrix and Illumina (776955)
(2007) 542 controls 1025 controls | non-whites
Van Es MA 737 cases, Dutch 1030 cases, Dutch 12p11.23 ITPR2 rs2306677 3x10-6 Illumina (311946)
(2007) 721 controls 1195 controls | Belgian
Swedish
Cronin S (2007) 221 cases, Irish 737 cases, Irish 7036.2 DPP6 rs10260404 3x10-6 Illumina (497917)
211 controls 737 controls Dutch
us
Van Es MA 737 cases, Dutch 1030 cases, Dutch 7036.2 DPP6 rs10260404 5x10-8 Illumina (311946)
(2007) 721 controls 1195 controls | Belgian 15021.3 LIPC 1s3825776 9 x10-6
Swedish 2p24.2 Intergenic rs7580332 9 x10-6
Cronin S (2008) 958 cases, Irish 309 cases, Irish 7936.2 DPP6 rs10260404 3x10-6 Illumina (287522)
932 controls Polish 404 controls us
Dutch
Chio A (2009) 553 cases, European 3149 cases, European - - - - Illumina (545066)
2338 controls 3335 controls




Table 1.2. GWAS in ALS (cont.).

First Author Sample size Ethnicity Replication Ethnicity Region Genes Strongest SNPs P-value Platform (# of SNPs)
(year published) Sample size
Landers JE 1821 cases, us 538 cases, us 1g24.2 KIFAP3 rs1541160 2 x 10-8 (survival) Illumina (288357)
(2009) 2258 controls | European 556 controls European 7936.1 ZNF746 rs855913 4x10-8
18g12.1 B4GALT6 rs10438933 1x10-6
2p16.1 EFEMP1 rs7577894 1x10-6
5023.2 CSNK1G3 rs11241713 3 x10-6
1924.2 SELL rs3177980 4 x 10-6
6p22.3 ATXN1 rs697739 4 x 10-6
2024.3 SCN7A rs13015447 7 x10-6
3p26.3 CNTN4 rs2619566 7 x 10-6
Van Es MA 2323 cases, Dutch 2532 cases, Dutch 19p13.1 UNCI13A rs12608932 3x10-14 Illumina (292768)
(2009) 9013 controls | US 5940 controls | US 19p21.2 MOBKL2B, rs2814707 7x10-9
Belgian UK 9p21.2 IFNK, C9orf72 1x10-8
Irish Irish Xq13.3 MOBKL2B, rs3849942 6 x 10-7
Swedish Swedish 12p12.3 IFNK, C9orf72 2x10-6
Polish Intergenic rs5937496
German Intergenic rs9971637
Laaksovirta H 405 cases, Finnish - - 9p21.2 MOBKL2B,IF rs3849942 9x10-11 Illumina (318167)
(2010) 497 controls 21922.11 NK,C9orf72 rs13048019 3x10-8
SOD1
Shatunov A 4857 cases, UK - - 9p21.2 Intergenic 2-SNP haplotype 5x10-11 Illumina (227475)
(2010) 8987 controls | US 9p21.2 Intergenic 2-SNP haplotype 8 x 10-10
Dutch 11q14.3 Intergenic rs1488902 3x10-6
Irish 1823 Intergenic rs4799088 9x10-6
Italian
French
Swedish

Belgian
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1.4. Copy Number Variations

CNVs are the changes in number of copies of a particular fragment of DNA. This
can be either deletion or duplication of the fragment. A CNV can range from 1-kilo base
up to mega bases. The genome-wide presence (spreads) of CNVs were detected in several
studies, including healthy populations (Conrad et al., 2010; Redon et al., 2006). Thus
widespread deletions and duplications of CNVs in the human genome were reported in
several different studies (Ku et al., 2010). The identification and characterization of CNVs
allow the understanding of their importance in the human genome defining all genetic
components of the genome (Feuk et al., 2006), yet the significance of CNVs has not been
distinguished due to lack of information of their rare presence and absence in healthy
controls. In contrast with SNPs, the frequency of CNVs are mostly lower than 5%
throughout the genome, and they are composed of more than 1000 nucleotides. In fact,
structural variants, including insertions, deletions and CNVs, are rare throughout the
genome; their presence affects cellular metabolisms in the cell (Stranger et al., 2007).
Losses (deletion) or gains (duplication), caused by chromosome rearrangements, can alter
the expression levels and/or lead to truncation of proteins, which influence the risk of
complex diseases especially in sporadic cases. Several recent studies reported CNVs to be
associated with autoimmune disorders and Crohn’s disease, schizophrenia, and epilepsy

(Fellermann et al., 2006; Stefansson et al., 2008; Brunetti-Pierri et al., 2011).

1.4.1. Copy Number Variation Studies in ALS

There are only four genome-wide CNV studies on ALS in literature. Unlike other
neurological diseases, such as schizophrenia and autism, no significant associations with
CNVs have been identified in ALS (Cronin et al., 2008; Wain et al., 2009). Only the
DPP6 and NIPAL loci are candidates for further investigation (Blauw et al., 2010). All of
these studies use genome-wide SNP intensity data to analyze CNVs. The analysis of raw
intensity data requires sophisticated algorithms such as QuantiSNP and PennCNV (Wang
et al., 2007). In a recent study, duplication of the SMN1 gene, which is responsible for
spinal muscular atrophy, has been associated with sporadic ALS as a risk factor (Blauw et
al., 2012); furthermore homozygous SMNZ2 deletions are associated with ALS as a

protective factor in the Swedish population (Corcia et al., 2012).
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All in all, multiple rare CNVs, including both deletions and duplications, may play
roles in disease susceptibility and pathology of sporadic ALS, may be even more than

common variants.



21

2. PURPOSE

The array technology and GWAS opened a new era in understanding complex
diseases. Although it was initially thought that common variants, captured in GWAS,
would largely unravel the mechanisms underlying complex disease pathogeneses, efforts
and great expenses spent on GWAS did not fulfill the expectations of many scientists. The
main reasons behind this are the drawbacks of GWAS due to its SNP coverage.

To date, 11 GWAS have been completed in ALS and the platforms (arrays) used in
study design are mostly 300k and 500k SNP arrays; this indicates that at most 500000
SNPs capture 90% of the three billion base pairs of the human genome. The captured
tagged-SNPs represent mainly common SNPs. Although these tag SNPs also cover some

rare variants, these are usually not captured in association tests.

Several genes and SNPs were shown to be associated with ALS, however none of
them was found to be an ALS-causing variant, with the only exception of COORF72. This
can be either due to small effect size of common alleles or due to underestimation of effect
size of rare variants. In addition, these data contain more information than we can retrieve
and interpret so far. The data generated are still expected to explain the missing heritability
using different methodology approaches and how common or rare variants direct us to

solve the missing heritability.

In this respect, this study has several aims:

e to analyze raw data obtained in previously published GWAS and find new (novel)

variants which might have larger effect sizes.

o to apply GWAS for the first time to a Turkish case and control cohort.

e to analyze other common and rare variants such as CNVs to understand their roles

in disease phenotype.
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3. MATERIALS

3.1. Subjects: Study Groups

Three subject groups used in this study and their features are summarized in Table
3.1: (i) the Turkish dataset contains Turkish patients and Turkish control samples, (ii) the
other two datasets selected include samples of the US and Irish populations and are
obtained from dbGap.

3.1.1. The Turkish Genome-wide Association Study

ALS patients were referred to us from different hospitals and neurology clinics
throughout Turkey. EI Escorial criteria were applied for clinical diagnosis (Brooks et al.,
2000). All patients gave written informed consent to participate in the study and the
approval of the use of patient samples was obtained from The Ethics Committee of
Bogazigi University. Control samples were collected anonymously from the Microbiology
Department of Haydarpasa State Hospital (Istanbul).

For this study, 130 sALS patients (75 males and 55 females) and age- and sex-
matched healthy controls were selected for SNP genotyping. The mean age of onset of
SALS patients was 48.1, ranging from 17 to 79 years, and the mean age of controls was

55.1, ranging from 23 to 84 years.

3.1.2. The US Genome-wide Association Study (Schymick et al., 2007)

The study was carried out by Bryan J. Traynor and co-workers. Samples were
obtained from the NINDS Neurogenetics Repository at the Coriell Institute for Medical
Research, NJ, USA. 276 white, non-Hispanic US individuals diagnosed with sporadic ALS
were selected for the study. The case and controls groups, selected from the same ethnic
background, were, however, not age- and sex-matched. The mean age of patients at onset

was 54,8, ranging from 26 to 87 years. Two hundred seventy five neurologically normal,
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white, non- Hispanic controls were selected from many different sites of the US. Controls

consisted of 131 men and 144 women, the mean age was 68 years (range 55-88).

3.1.3. The Irish Genome-wide Association Study (Cronin et al., 2007)

The study was carried out by Orla Hardiman and co-workers. The Irish dataset
included 221 sALS patients and 211 controls. DNA samples were collected at the ALS
clinic in Beaumont Hospital, Dublin. All patients met the criteria of SALS, according to the
El Escorial criteria. 221 sALS patients included 120 males and 101 females and the mean
age of patients at onset was 61 years; 211 controls consisted of 112 males and 99 females

with mean age of 58 years.

Table 3.1. Characteristics of the Turkish, US and Irish populations used in this study.

Population Type Total | Male | Female | Mean age at Mean age at
onset (years) | sample collection
(years)

Turkish SALS 130 75 55 48 55
Controls 130 75 55 - 55

us SALS 276 - - 54 -
Controls 275 131 144 - 68

Irish SALS 221 120 101 61 -
Controls 211 112 99 - 58

3.2. Genotyping

3.2.1. The US Population

DNA samples of all ALS patients in this study were assayed with the Illumina
Infinium 11 HumanHap550 SNP chips (Illumina, San Diego, CA, USA). 555352 SNPs
from phase | and Il of the HapMap Project were genotyped. Out of 275, 227 control
samples were assayed with the Illumina Infinium IlI 240S SNP chip according to the
manufacturer’s protocol. These data were combined with previously generated genotype
information of the same 227 control samples containing 317511 SNPs. In addition, 48

additional control samples were genotyped with HumanHap550 SNP chips. In total, the
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control dataset with 275 genotyped samples was obtained, containing the same 555352
SNPs as the ALS samples (Schymick et al., 2007).

3.2.2. The Irish Population

The DNA samples of the Irish individuals were genotyped using Hlumina Infinium Il
550K SNP chips (Illumina, San Diego, CA, USA) at the Laboratory of Neurogenetics,
Bethesda, according to manufacturer protocols. 561466 SNPs of each individual were
assayed in this study (Cronin et al., 2007).

3.3. Equipment

Table 3.2. Devices used for bioinformatic analyses.

Device Manufacturer
Laptop Computer R522, Samsung, Korea
Desktop Computer HP Pavillion Elite, USA
Laptop Computer MacBook Pro, Apple, USA
Desktop Computer iMac, Apple, USA

3.4. Databases and Bioinformatic Tools

Several databases and softwares were used during dataset arrangements and

statistical analyses.

3.4.1. Databases

3.4.1.1. Database of Genotypes and Phenotypes (dbGAP). dbGAP is a public repository

that is hosted by the National Center for Biotechnology Information (NCBI). It stores and
distributes data and results of studies that have investigated genotype-phenotype
correlations, such as genome-wide association studies, medical sequencing and molecular

diagnostic assays (http://www.ncbi.nlm.nih.gov/gap).
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3.4.1.2. Single Nucleotide Polymorphism Database (dbSNP). dbSNP is the online database

of short genomic variants including single nucleotide polymorphisms and short

deletions/insertions and microsatellite markers in various species. The database is hosted
by NCBI in collaboration with the National Human Genome Research Institute
(http://www.ncbi.nlm.nih.gov/sites/entrez?db=snp).

3.4.1.3. GeneCards. GeneCards is an online searchable database that contains all human

genes with their available features in topics of transcriptomic, genetic, proteomic,
functional and disease information from various integrated sources. It provides user-
friendly access and hyperlinks to other databases to achieve more information

(http://www.genecards.org/).

3.4.1.4. International Haplotype Map Project (HapMap). The HapMap project data is a

free, online database that contains common patterns in human genetic variations (SNPs,
haplotypes) of four different populations (African, Asian and European ancestry). The
project is funded by agencies from Japan, the United Kingdom, Canada, China, Nigeria,

and the United States (http://hapmap.ncbi.nlm.nih.gov/).

3.4.1.5. University of California Santa Cruz (UCSC) Genome Browser. The UCSC

Genome Browser is an online, massive database that contains more than 30 genomes of

different species. Genome browser allows to explore any region interested on the
chromosomes and to visualize any information belonging to the region of interest.
Visualization and analysis tools are present under tracks, such as genes and gene
prediction, expression, regulation and variation and repeats. The browser is hosted by the
UCSC (http://genome.ucsc.edu).

3.4.1.6. Database of Genomic Variants (DGV). The Database of Genomic Variants is

another online database that contains comprehensive summary of structural variations of
the human genome. The Database includes only the structural variations identified in
healthy control samples. DGV is supported by the Genome Canada/Ontario Genomics
Institute, the McLaughlin Centre for Molecular Medicine, the Wellcome Trust and the

Canadian Institutes for Health Research (http://projects.tcag.ca/variation/).
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3.4.1.7. ALS Online Genetic Database (ALSoD). ALSoD is the only database that contains
all the published information about ALS. It is funded by ALS Association, ALS Society of

Canada, Ingenuity Systems, MND Association in Iceland and coordinated by Prof. Ammar
Al-Chalabi. Several well-known laboratories throughout the world are involved in
gathering information to the database

(http://alsod.iop.kcl.ac.uk/misc/labs.aspx).

3.4.2. Bioinformatic Tools

3.4.2.1. PLINK. This software is a free, open source whole genome association analysis

toolset that performs basic and large-scale computational genotype/phenotype correlation
analysis and rearrangements. The software was developed by Shaun Purcell at the Center
for Human Genetic Research, Massachusetts General Hospital (MGH) and the Broad
Institute of Harvard and MIT (http://pngu.mgh.harvard.edu/purcell/plink/).

3.4.2.2. Haploview 4.2 version. The Haploview software performs LD and haplotype block

analysis by using SNP information. Additional tests are also included for association and
multiple testing. The software was developed at Mark Daly's lab at the Broad Institute by
Jeffrey Barrett, David Bender, Julian Maller and Jesse Whitworth

(http://www.broad.mit.edu/haploview/haploview).

3.4.2.3. SNP Annotation and Proxy Search (SNAP). SNAP is an online software that finds

the proxy SNPs according to linkage disequilibrium and the distance between them. It
correlates linkage between SNPs presence in different commercial genotyping arrays. Pair-
wise linkage disequilibrium is established based on genotype data from the International
HapMap Project and 1000 Genome Projects. The software was developed by Robert
Handsaker and Andrew Johnson from Broad Institute

(http://www.broadinstitute.org/mpa/snap/).

3.4.2.4. PennCNV: Copy Number Variation Detection. PennCNV is a free tool for

detecting Copy Number Variations from SNP genotyping arrays. The software uses signal

intensity data from Illumina and Affymetrix arrays. It detects CNV calls using a hidden
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Markov model (HMM) algorithm for genotyped individuals. The software was developed
by Wang Kai from the University of Pennsylvania

(http://www.openbioinformatics.org/penncnv/).
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4. METHODS

The experimental strategy of this study is summarized in Figure 4.1.

Experimental Strategy

Schymick/Cronin
datasets

A 4

[ Role of fALS genes in SALS }

Turkish ALS GWAS

* SNP Association
Analysis

* Sample Selection

* Genotyping

* Statistical Analysis

[0 Single Marker Analysis }

 Haplotype block Analysis * Genome'WId?
* Confidence interval CNV Analysis

* Logistic regression

[ Tools: PLINK and HAPLOVIEW J Tools: PLINK and PennCNV

Figure 4.1. The experimental strategy followed in this work. In the first part of this study,
the experimental flow indicated with light blue was followed. Then the dark blue part was
performed.

4.1. Study Design of the US and Irish Datasets

Raw genotype data of the Cronin study (Cronin et al., 2007) consisted of 221 SALS
cases and 211 neurologically normal controls from the Irish population. The Schymick
study (Schymick et al., 2007) included 276 sALS cases and 268 neurologically normal
controls from the US population. Any individuals that have genotype rate lower than 99%
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in the Schymick study, and 99% in the Cronin study were excluded from datasets. Also,
SNPs that have failed in missingness test, with a call rate lower than 99%, were excluded
from both data. SNPs in each data were tested by HWE and were required to have a p-
value equal or higher than 0.05 and a MAF equal or greater than 0.01. As a result, a total of
17 individuals in Schymick and 9 individuals in Cronin datasets were excluded from this
study due to low genotyping rates. 26685 and 23324 SNPs failed in missingness test,
respectively. A total of 527801 SNPs in the Schymick and 538142 SNPs in the Cronin
datasets were able to pass the criteria to be used in single marker and haplotype analyses

applied in this study.

4.2. Single Marker and Haplotype Association Analyses

SNPs present in both datasets were synchronized and included in analysis. After
synchronization, allelic and genotypic association tests were computed for each SNP using

PLINK, and summary statistics were generated.

All the SNPs located within the genomic regions of the candidate genes and the 10kb
flanking regions from both ends were retrieved using PLINK version 1.07 (Purcell et al.,
2007). SNPs were used for haplotype-based case-control association tests, using PLINK
and HAPLOVIEW version 4.2 (Barrett et al., 2005) . Haplotypes within each gene region
were defined by using confidence intervals (Gabriel et al., 2002). To test blocks, logistic
regression and OMNIBUS were used to perform haplotype-based association tests.
Frequency in samples, ORs, and asymptotic p-values of each block were calculated.
Different combinations of blocks generated were tested in both datasets and the tests
resulted in relatively precise and consistent p-values. To validate results obtained from the

Schymick and Cronin studies, the procedure above was applied to Turkish samples.
4.3. Fine Mapping of SNPs and Haplotypes
The USCS Genome Browser was used to examine SNPs within gene loci. Location

of each SNP and region of haplotypes, covering certain SNPs, were also determined (5’

and 3’ UTRs, intergenic, intronic and exonic regions).
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4.4. The Turkish Genome-wide Association Study

All DNA samples of patient and control individuals were SNP-genotyped at the
Ozcelik Lab, Samuel Lunenfeld Research Institute, Mount Sinai Hospital, Toronto,
Canada. Among a total of 260 Turkish individuals, 225 were included in the final analyses
(116 sALS patients and 109 Turkish controls). Genotyping of 15 samples had to be
replicated. DNA samples which did not pass quality control were excluded from the study.
All samples were assayed using the lllumina HumanOmniExpress SNP array (lllumina,
CA, USA) for 733202 SNPs, selected from the HapMap Project. The raw genotype data
were rearranged by the bioinformatics team of the Ozcelik lab to use appropriate input
format for the PLINK software.

4.5. Statistical Analysis of Turkish GWAS

Standard quality control procedures were applied to all genotyped individuals and
SNPs. Individuals with a call rate below 95% were excluded from the study population.
Also SNPs that have call rates less than 95%, MAFs less than 0.01 and Hardy-Weinberg
disequilibrium (HWE) p-values less than 0.05 were excluded using the PLINK toolset. For

SNP association tests, each SNP was tested using allelic and genotypic models.

4.6. CNV Analysis

Genome-wide data of Turkish GWAS was used in CNV analysis. The SNP
information of each individual was extracted from GWAS data. 733202 SNPs were
included with Log R Ratio (LRR) and B allele frequency (BAF) values. The PennCNV
software was used for quality control and CNV analysis. To remove artificial genomic
waves, the genomic waviness adjustment procedure of PennCNV was applied. The

generated CNV calls were filtered using confidence value to discard false positives.
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5. RESULTS

5.1. Summary Statistics of the US (Schymick) and Irish (Cronin) Datasets

In this study we have taken advantage of the publicly available GWA data from two
other populations reported by Schymick et al. (276 cases, 268 controls) (Schymick et al.,
2007) and Cronin et al. (221 cases, 211 controls) (Cronin et al., 2007). Individuals with
genotype rate lower than 99% in the Schymick study, and 99% in the Cronin study were
excluded from the analysis. As a result, a total of 17 individuals in Schymick and 9
individuals in Cronin datasets were excluded from this study due to low genotyping rates.
Also, 45136 SNPs in Schymick and 23324 SNPs in Cronin datasets that failed to have a
call rate lower than 99% were also excluded. Based on the deviation from HWE p-value
and MAFs, 43541 and 43425 SNPs failed, and thus excluded from the study. A total of
477045 SNPs in the Schymick and 494717 SNPs in the Cronin datasets matched the
criteria, and therefore included in the analysis (Table 5.1).

Table 5.1. Summary statistics of Schymick and Cronin datasets.

Schymick Cronin
Total individuals 544 432
Individuals with 99% call rate 527 423
(individuals with call rates lower than 99%) (17) (9)
Total SNPs 565722 561466
SNPs with call rates higher than 99% 520586 538142
(SNPs with call rates lower than 99%) (45136) (23324)
HWE (p< 0.05) 20815 19025
MAF (< 0.01) 22726 24400
After cut-offs applied (SNPs passed quality control) 477045 494717

5.2. Genetic Association of fALS-causing Genes in SALS

In this part of the study, SNPs located in the region of fALS-causing genes were
investigated. Eight fALS genes were included in the analysis. Genes and locations were

obtained from HapMap (http://hapmap.ncbi.nim.nih.gov/) (Table 5.2).
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Table 5.2. fALS-causing genes that are included in the analysis.

Gene region | Gene region Gene region | Gene region
No Gene Chr | (Hapmap) (Hapmap) (10Kb (10kb
Symbol extended) extended)
Start End
Start End
1 SOD1 21 31943806 31973112 31933806 31983112
2 ALS2 2 202263522 202363983 202253522 202373983
3 SETX 9 134116649 134230193 134106649 134240193
4 FUS 16 31088954 31120598 31078954 31130598
5 VAPB 20 56387651 56465367 56377651 56475367
6 ANG 14 20212609 20242183 20202609 20252183
7 | TARDBP 1 10985266 11018135 10975266 11028135
8 DCTN1 2 74431790 74471472 74421790 74481472

In eight gene loci, a total of 106 SNPs from 8 fALS genes that were common in both

Schymick and Cronin datasets were extracted (Figure 5.3). A total of four SNPs in

Schymick and two SNPs in Cronin datasets were eliminated since they either failed the
HWE test (p< 0.05) or had a low MAF (< 0.01).

Table 5.3. fALS genes and their common SNPs in Schymick and Cronin datasets.

After MAF (< 0.01)
Number of SNPs and HWE (< 0.05)
Number of SNPs
Gene Lo((.:::tgon ggz(zg;; Schymick | Cronin [ Schymick | Cronin Cc;nlglrgs?n
SOD1 | 21g22.11 9310 4 6 4 6 4
ALS2 2033.2 80927 29 32 26 32 23
SETX 9934.13 9363 30 30 30 30 28
FUS 16p11.2 11683 3 3 2 1 1
VAPB | 20913.33 [ 61980 24 25 24 25 24
ANG 14911.1 10010 15 16 15 16 14
TARDBP | 1p36.22 13383 8 7 8 7 7
DCTN1 2p13 30934 5 5 5 5 5
Total - - 118 124 114 122 106

5.2.1. Single marker analysis

Among 106 SNPs investigated, only 11 SNPs in three genes (TARDBP, DCTNL1,
VAPB) in the Schymick dataset, and eight SNPs in five genes (TARDBP, DCTN1, VAPB,
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ANG, SOD1) in the Cronin dataset have significant associations with a p-value <0.05,
whereas both were observed to be as non-significant in the second dataset. However, we
have identified two SNPs, rs2273348, ps=0.0098; p.=0.0215 and rs12711521, ps=0.0098;
pc=0.0278, within TARDBP region which were significantly associated with SALS risk in
both Schymick and Cronin datasets, respectively (Figure 5.1c and 5.1d).
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Figure 5.1. Haplotype block analysis of the TARDP region using confidence intervals.
Haplotype blocks of TARDBP in (a) Cronin and (b) Schymick. Single marker associations
of SNPs of TARDBP in (c) Cronin and (d) Schymick datasets, haplotypes observed using
Haploview in (e) Cronin and (f) Schymick datasets. Red indicates significant haplotypes
(p<0.05).
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5.2.2. Haplotype block analysis

Since the single marker analysis has not shown informative and consistent
associations between the datasets, we have applied haplotype analysis to find more
appropriate genetic profiles associated with SALS. Haplotypes within each gene region
were defined using confidence intervals (Gabriel et al.) by Haploview tool (Figure 5.1e
and 5.1f). To test defined blocks, logistic regression and omnibus tests were used to
perform haplotye-based association analysis for all genes studied via the PLINK tool.
Frequency in samples, ORs and asymptotic p-values of each block were calculated in both
datasets.

Among 72 different haplotypes and 19 different blocks in the Cronin dataset, only
four haplotypes in TARDBP, ANG and VAPB genes and two of those haplotype blocks
showed significance with p<0.05 (Table 5.4a). Among 72 different haplotypes and 17
different blocks in the Schymick dataset, a total of nine haplotypes in TARDBP, DCTNL,
ALS2 and VAPB genes and four of those haplotype blocks showed significance with a
p<0.05 (Table 5.4b). In the region of TARDBP, VAPB, ANG, DCTN1 and ALS2 genes,
few haplotypes showed high ORs with p<0.05 with no replication/validation in both

datasets.

Remarkably, a 16kb haplotype block covering TARDP region between chromosome
1, positions between 10997007-11013503 (flanked by SNPs rs3765896 and rs12711521
found to be significantly associated with SALS in both datasets (Table 5.4a and 5.4b).
Furthermore the haplotype ACA showed a significantly increased risk of ALS (OR=1.5
and p=0.00862) in the Schymick dataset, however, the same haplotype was found to have a
significantly decreased risk of ALS (OR=0.649 and p=0.0247) in the Cronin dataset.



Table 5.4. Haplotype-based association test using logistic regression and omnibus, (a) Cronin and (b) Shymick datasets.

Logistic Regression Omnibus
Number
Gene Start .
. of SNPs | Chr o End position Start SNP End SNP Haplotype F OR |[STAT | p-value | STAT | p-value
region position
TARDBP 3 1 10997007 11013503 rs3765896 | rs12711521 ACA 0.831 |0.649| 5.04 | 0.0247 | 6.05 | 0.0485
ANG 5 14 20219909 20226288 rs17277571 | rs8008440 GAAGG 0.483 |0.741| 5.01 | 0.0252 | 5.88 | 0.208
VAPB 2 20 56388714 56389876 rs6015260 rs713406 CT 0.398 |0.711| 5.55 | 0.0185 | 7.09 | 0.0289
VAPB 12 20 56394865 56456968 rs6092640 rs4549163 | AGGCTCCAGTCA [0.0993| 1.74 | 5.18 | 0.0228 | 8.22 | 0.222
b
Logistic Regression Omnibus
Number
Gene Start .
) of SNPs | Chr o End position Start SNP End SNP Haplotype F OR |STAT | p-value | STAT | p-value
region position
TARDBP 2 1 10985630 10993239 rs11121676 | rs12744501 CcC 0.203 | 0.689| 6.12 | 0.0134 | 7.62 | 0.0222
TARDBP 2 1 10985630 10993239 rs11121676 | rs12744501 CT 0642 | 1.4 | 6.78 |0.00923 | 7.62 | 0.0222
TARDBP 3 1 10997007 11013503 rs3765896 | rs12711521 ATC 0.0209|0.332| 5.14 | 0.0234 | 8.74 | 0.0126
TARDBP 3 1 10997007 11013503 rs3765896 | rs12711521 ACA 0.806 | 1.49 | 6.42 | 0.0113 | 8.74 | 0.0126
DCTN1 2 2 74432044 74448522 rs3771744 rs909177 AA 0.129 | 0.658 | 4.81 | 0.0283 | 4.63 | 0.0987
ALS2 2 2 202273815 202275009 rs11300 rs3731707 GT 0.155 | 0.679| 4.86 | 0.0275 | 4.86 | 0.0881
ALS2 9 2 202329233 202365438 rs10211216 | rs7597686 CCACAATGG 0.146 | 0.686| 4.47 | 0.0344 | 6.51 0.26
VAPB 2 20 56379407 56382611 rs6064647 rs6015258 GC 0.261 | 0.73 | 4.81 | 0.0283 | 4.89 | 0.0866
VAPB 6 20 56456968 56465163 rs4549163 rs5007291 GCGCCG 0.134 |0.644| 5.6 0.018 | 9.86 | 0.197
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5.2.3. Fine mapping of TARDP region

Contradictory OR values in the two datasets led to further investigation of the
TARDBP region. We have observed that the frequency of the ACA haplotype, as well as
the individual SNPs within that region, differed in cases and controls in both datasets. To
understand the differences, the frequency of each single SNP was examined, and the
frequencies of minor alleles of SNPs and fold changes between cases and controls of

datasets were compared and investigated (Figure 5.2).
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Figure 5.2. Minor allele frequencies of SNPs located in the TARDBP region from cases
and controls of Cronin and Schymick datasets and fold changes between cases and
controls. MAFs of SNPs located in TARDBP region of cases, controls and CEU
population (dbSNP) (a) in Cronin (b) in Schymick datasets. and fold changes between
cases and controls of (c) Cronin and (d) Schymick datasets. (e) Fold change between
controls of Cronin and Schymick datasets.
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The fold changes (MAF of cases observed/MAF of controls observed) of cases and
controls among rs6704113, rs11121675, rs11121676 in both datasets displayed a slight
decrease. However, fold changes among rs3765896, rs2273348, rs12711521 indicated
opposite results (Figure 5.2a-d). Frequencies of controls of datasets significantly differed
in those SNPs that were involved in the ACA haplotype block (Figure 5.2e). Decreased
presence of haplotype frequency was observed in sALS cases of Cronin dataset. On the
other hand, the same haplotype block had frequencies of 0.836 in cases and 0.773 in
controls which showed an increase in cases of Schymick dataset (Figure 5.1c-d). To find
the contradictory frequencies of certain SNPs in the TARDBP locus, whether it was caused
by loci of interest or population variety, a larger locus including the TARDBP locus was
investigated. The locus between positions 10900kb and 11150kb was plotted using the
Hapmap Genome Browser (release 27). Both datasets showed similar patterns with LD of

CEU population as expected (Figure 5.3).

In total, datasets contained 37 common SNPs. Their compact LD views are shown in
Figure 5.4a and 5.5a. The observed minor allele frequency of each SNP in cases versus
controls and the MAF of each SNP in the Hapmap Project of CEU population were plotted
(Figure 5.4b and 5.5b) and also fold changes between cases and controls were calculated
and plotted (Figure 5.4c and 5.5¢). The fold changes in the Cronin study demonstrated
significant alterations starting from TARDBP locus and ending at 11150kb. An increase of
~40% observed in rs3765896, rs2273348, rs12711521 which were included in the ACA
haplotype and the 40% increased fold change was observed till end of the locus. The fold

change was not altered dramatically at first half of the whole locus.

Like Cronin, the Schymick dataset showed significant alterations (decrease) starting
at the TARDBP locus and continued to the end of rs17036350. The fold changes of the
first half of the locus demonstrated slight increases and decreases around 10%, however,
the second half showed a dramatic decrease up to 50%. It seemed that first one half of the
large locus in chromosome 1, the maintenance was apparently preserved and the SNPs
frequencies were relatively conserved in both datasets. At second half of the locus, starting
from TARDBP promoter region, significant alterations, decreases and increases were

observed which support unstable chromosome loci in that region of chromosome 1.
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Schymick. Black triangle displays the region of TARDBP gene.
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5.3. Statistical Analysis of the Turkish GWAS

5.3.1. Summary statistics of the Turkish GWAS

The Turkish GWAS study was performed with 225 individuals including 116 ALS
patients and 109 healthy controls. A total of 733202 SNPs from each individual were
genotyped using the lllumina HumanOmniExpress SNP array platform. Standard quality
control parameters were applied to all individuals and SNPs using PLINK toolset. Two
individuals with a call rate lower than 95% were excluded from the study. Total
genotyping rate of the remaining individuals was 0.9977. Also, 4137 SNPs with call rates
less than 95% were removed from the study. In addition, 97931 SNPs were eliminated
according to HWE (p <0.05) and MAF (<0.01) criteria. In total, 631134 SNPs passed the
standard quality control procedure and were included in association analysis (Table 5.5).

Table 5.5. Summary statistics of the Turkish GWAS.

Total individuals 225
Individuals with 99% call rate 223
(Individuals with call rates lower than 99%) (2)
Total SNPs 733,202
SNPs with call rates higher than 95% 729,065
(SNPs with call rates lower than 95%) (4,137)
HWE (p< 0.05) 27,195
MAF (< 0.01) 70,736
After cut-offs applied (SNPs passed quality control) | 631,134

5.3.2. Allelic and genotypic association test results of the Turkish GWAS

In total, 631134 out of 733202 SNPs passed the quality control tests. Allelic and
genotypic association tests were performed with these qualified SNPs. The Manhattan plot
distribution of SNP associations was displayed (Figure 5.6). Also top significant (lowest p-
value) SNPs found in both allelic and genotypic association tests were summarized (Table
5.2 and 5.3). The SNP with lowest p-value 4.95 x 10 in allelic test was rs6616711 and in
genotypic test with p=3.84x107 was rs4863387. Although those SNPs were highly
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significant, they failed to keep the significance (p<0.05) after applying multiple testing
such as Bonferroni correction, Benjamini & Hochberg (1995) step-up FDR control
(FDR_BH) and Benjamini & Yekutieli (2001) step-up FDR control (FDR_BY)
procedures. At SNP level, according to multiple corrections, none of the SNPs were found
to be associated with ALS, yet by looking at association tests, SNPs located in two gene
regions, CPNE5 and C200RF39 (TMEMO90B), were shown to have the strongest, although
non-significant, association with ALS (Table 5.6 and 5.7).
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Figure 5.6. p-values from the Turkish genome-wide association study. 114 Turkish ALS
patients and 109 healthy controls were included in this study. Each dot represents a SNP
on the chromosomes. The SNPs with rs-numbers had the lowest p-values. Horizontal axis
indicates chromosomes and positions, 23 being the X chromosome. Vertical axis shows -
logio p-values of SNPs.
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Table 5.6. SNPs with lowest p-values and their adjusted p-values in allelic test.

# | CHR SNP UNADJ GC BONF | FDR_BH | FDR_BY
1 23 /rs6616711 4.95E-07 | 1.28E-06 | 0.3121 0.3121 1
2 4 /rs4863387 1.33E-06 | 3.22E-06 | 0.8406 0.4203 1
3 6 /rs68191 2.74E-06 | 6.30E-06 1 0.557 1
4 4 /rs1073671 3.53E-06 | 7.97E-06 1 0.557 1
5 5 /rs1184440 5.66E-06 | 1.24E-05 1 0.6093 1
6 13 /rs11618883 6.99E-06 | 1.51E-05 1 0.6093 1
7 23 /rs5913336 8.17E-06 | 1.74E-05 1 0.6093 1
8 6 CPNE5/rs10947628 9.11E-06 | 1.93E-05 1 0.6093 1
9 6 CPNE5/rs13193217 9.48E-06 | 2.00E-05 1 0.6093 1
10 6 /rs6932373 1.02E-05 | 2.13E-05 1 0.6093 1
11 23 /rs5918294 1.06E-05 | 2.22E-05 1 0.6093 1
12 6 CPNEb5/rs916295 1.46E-05 | 2.99E-05 1 0.6704 1
13 20 TMEMO90B/rs4815285 | 1.54E-05 | 3.14E-05 1 0.6704 1
14 12 /rs12580191 1.71E-05 | 3.47E-05 1 0.6704 1
15 20 /rs6123735 1.88E-05 | 3.78E-05 1 0.6704 1
16 19 Irs7247623 2.23E-05 | 4.42E-05 1 0.6704 1
17 23 NSBP1/rs1954611 2.83E-05 | 5.52E-05 1 0.6704 1
18 23 /rs17328555 2.83E-05 | 5.52E-05 1 0.6704 1
19 2 CD207/rs3755348 2.94E-05 | 5.73E-05 1 0.6704 1
20 20 TMEMO90B/rs6138332 | 3.27E-05 | 6.33E-05 1 0.6704 1
21 2 /rs1562256 3.35E-05 | 6.46E-05 1 0.6704 1
22 1 /rs4113453 3.44E-05 | 6.64E-05 1 0.6704 1
23 9 CTNNAL1/rs866311 3.44E-05 | 6.64E-05 1 0.6704 1
24 20 TMEMO90B/rs1883924 | 3.46E-05 | 6.66E-05 1 0.6704 1
25 15 RYR3/rs12911184 3.77E-05 | 7.21E-05 1 0.6704 1
26 2 CD207/rs4852708 3.88E-05 | 7.41E-05 1 0.6704 1
27 21 /rs2823121 3.89E-05 | 7.42E-05 1 0.6704 1
28 5 /rs2967099 4.21E-05 | 8.00E-05 1 0.6704 1
29 2 /rs42799 4.22E-05 | 8.01E-05 1 0.6704 1
30 20 TMEMO90B/rs6049781 | 4.25E-05 | 8.08E-05 1 0.6704 1

* Red indicates SNPs located in the same gene region

* UNADJ: Unadjusted p-value
* GC: Genomic-control corrected p-values
* BONF: Bonferroni single-step adjusted p-values

* FDR_BH: Benjamini & Hochberg (1995) step-up FDR control
* FDR_BY:: Benjamini & Yekutieli (2001) step-up FDR control



Table 5.7. SNPs with the lowest p-values in genotypic test.

# | CHR SNP Allele 1 | Allele 2 | Chi Square | P-value
1 4 /rs4863387 G A 24.94 3.84E-06
2 20 TMEM90B/rs4815285 A G 24.72 4.30E-06
3 4 /rs1073671 A G 21.75 1.90E-05
4 20 TMEM90B/rs4815278 A G 21.48 2.17E-05
5 5 /rs1184440 G A 21.27 2.41E-05
6 20 TMEMO90B/rs6049781 A G 21.16 2.54E-05
7 4 /rs2877520 A G 21.04 2.71E-05
8 20 TMEMO90B/rs1883924 A G 20.87 2.94E-05
9 6 CPNE5/rs10947628 G A 19.85 4.90E-05
10 20 TMEMO90B/rs6138330 A G 19.58 5.59E-05
11 6 CPNE5/rs916295 A C 19.42 6.07E-05
12 2 CTNNAZ2/rs11677290 G A 19.06 7.26E-05
13 20 TMEMO90B/rs4815286 A G 18.76 8.44E-05
14 20 TMEM90B/rs6138332 A G 18.67 8.82E-05
15 2 CTNNAZ2/rs11695685 A G 18.59 9.21E-05
16 19 /rs7247623 C A 18.57 9.29E-05
17 6 CPNE5/rs13193217 G A 18.48 9.68E-05
18 14 /rs1205103 G A 9.558 0.008403
19 4 /rs4588426 G A 9.556 0.008414
20 4 /rs3797042 G A 9.556 0.008414
21 3 PDIA5/rs1969262 G A 9.555 0.008415
22 1 PTGER3/rs2182325 A G 9.555 0.008419
23 21 /rs2850030 C G 9.551 0.008434
24 14 /rs1956299 A G 9.551 0.008435
25 6 /rs10214692 A G 9.544 0.008463
26 16 /rs1465452 A G 9.543 0.008467
27 12 GALNT6/rs2288369 G A 9.543 0.008467
28 2 ATP6V1B1/rs11695103 G A 9.54 0.008482
29 6 FYN/rs9372311 G A 9.538 0.008489
30 8 NRG1/rs7002063 G A 9.538 0.008489

* Red indicates SNPs located in the same gene region
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5.3.3. Haplotype block analysis of C200RF39 (TMEMO90B) and CPNES5 gene regions

According to single marker association tests, many of the SNPs in the TMEM90B
and CPNES5 gene regions were shown to be among the top 30 significant (Table 5.6 and
5.7). The SNPs genotyped in the region of these genes and their flanking regions (200kb
from each side) were extracted. All these SNPs with p-values (obtained in allelic test) were

plotted using LocusZoom tool (http://csg.sph.umich.edu/locuszoom/). In addition,

recombination rates and linkage disequilibrium of those regions were displayed by
information from CEU (Caucasian European) population of 1000 genomes project (Figure
5.7aand 7b).

In the TMEMO90B gene, a certain SNP cluster located between position 24.4 Mb and
24.6 Mb on chromosome 20 gave higher p-value signals. The p-value signals of the
neighboring regions of the gene were drastically low (Figure 5.7a). Like TMEMO90B, in the
CPNES5 gene, a certain region between 36.8 Mb and 36.9 Mb on chromosome 6 was shown
to have higher p-value signals (Figure 5.7b). These genes represent significant difference
when cases and controls were compared. These regions were further investigated via

haplotype block analysis using Haploview and PLINK tools.

5.3.3.1. Haploview results using confidence intervals (Gabriel et al., 2002). In haplotype
block analysis, SNPs located in TMEM90B and CPNE5 were extracted via PLINK and
analyzed by Haploview. 55 SNPs in TMEM90B and 77 SNPs in CPNE5 gene were
included in the analyses. 11 and 14 blocks were defined via confidence intervals in
TMEMO90B and CPNES5, respectively (Figure 5.8a and 8b).

In the region of TMEM90B, among 11 blocks, seven of them had significant
haplotypes (Figure 5.9). In block 4, the AAGG haplotype showed a highly significant p-
value: 7.71x10” and retained its significance after 10000 permutations (p=0.0014). The
GA haplotype in block 5, GAAA in block 6, CGGCAG in block 7, GGGA and AAGG in
block 8, AGAA and AGAG in block 9 and GCGG in block 10 were found to show high
significance, and they were still significant (p<0.05) even after 10000 permutations applied

(Figure 5.9a, 9b and 9c). The significant blocks were present between the middle part and


http://csg.sph.umich.edu/locuszoom/
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the end of the gene where SNPs with lowest p-values were located and gave a peak in that

region.
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Figure 5.7. Allelic association test results using LocusZoom. (a)Association results of
SNPs located in the TMEM®90B gene region. (b) Association results of SNPs located in the
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Figure 5.9. Haplotype block analysis of TMEM90B gene region via Haploview tool.
Each block and their features are demonstrated. Haplotypes in each block, frequencies in
the population, case-control ratios, chi-squares, p-values and permutated p-values are
explained in integrated tables. Red indicates significant haplotypes which were lower
than p=0.05 in both tests. (a) block 1-4, (b) block 5-7 and (c) block 8-11.

In the CPNES5 gene region, out of 14, eight blocks included significant haplotypes.
Many haplotypes were found to be as significant (p<0.05), however, they failed to keep
their significance after 10000 permutations. The AAGGAGACAAGC haplotype in block
2, CGG in block 3, GCACG in block 6, AG in block 7 and AA and AG haplotypes in
block 8 preserve their significance even after 10000 permutations. The haplotypes with
lowest p-values (~9.5x10°°) were observed in block 3 and 6. Their adjusted p-values after
10000 permutations were still highly significant (p=5x10) (Figure 5.10a and 5.10b).
Like TMEMO90B, significant haplotypes were defined where SNPs with lowest p-values

obtained from allelic test were located in the CPNE5 gene region.

5.3.3.2. PLINK results using logistic reqgression. To validate the results obtained from

Haploview tool and calculate the OR, the same analyses were performed using

haplotype-based logistic regression test by PLINK tool. Same haplotype blocks were
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generated for logistic regression test. Logistic regression test provides OR which enables
to interpret whether associated haplotypes were a risk or a protective haplotype block.
Haplotypes in each block and their generated p-values were almost consistent with the
results of the Haploview tool. Some haplotypes failed to keep their significance after
Bonferroni threshold specific for that block.

In the TMEMO90B gene, none of haplotypes in block 1, 2 and 3 were significant as
they were found in Haploview. In block 4, GGAG and AAGG haplotypes were found to
be significant. According to ORs, GGAG (OR=1.76) was found to be a risk haplotype
and AAGG (0.44) was found to be protective in the population. Furthermore GGAG
haplotype did not keep the significance after Bonferroni correction (p<0.01=0.05/5). Like
in block 4, two haplotypes were defined as significant in each block from block 5-10.
Significant haplotypes, GG in block 5, GAGG in block 6, AGACCG in block 7, AAGG
in block 8, AGAG in block 9 and ACAA in block 10, were found as risk haplotypes. On
the other hand, significant haplotypes, GA in block 5, GAAA in block 6, CGGCAG in
block 7, GGGA in block 8, AGAA in block 9 and GCGG in block 10 were found as
protective when cases and controls were analyzed. When p-values of risk and protective
haplotypes were defined in each block, p-values of protective haplotypes were found to

be more significant than the risk haplotypes (Table 5.8).

In the CPNES5 gene region, haplotypes in block 9, 10, 11, 12, 13 and 14 were not
found significant. The results of these haplotypes were also not shown as significant in
Haploview analysis. However, in blocks 1-8, several haplotypes were found to be
significantly associated with ALS, although the significance of some could not retained
after Bonferroni correction. The haplotypes with lowest p-values were CGG in block 3,
GCACG in block 6 and GG in block 8. Haplotypes in block 3 and 8 had high ORs, 2.37
and 2.47 which indicated them as risk haplotypes, however, haplotype in block 6 had
reduced OR=0.396, indicating a protective haplotype. Unlike haplotypes of TMEM90B,
haplotypes with lowest p-value in each block can be either risk-conferring or protective
haplotype (Table 5.5).

In block 1, GC and AA haplotypes were found to be significant, yet they lost their
significance after Bonferroni corrections (p<0.0166). In block 2, GCAAAGGAAGAA



o1

and AAGGAGACAAGC haplotypes had significant p-values even when Bonferroni
threshold was applied (p<0.007). The AAGGAGACAAGC haplotype has an OR=2.12
and GCAAAGGAAGAA haplotype has an OR=0.54. Block 2 represents two significant
haplotypes, one was observed with a higher frequency in controls and the other was
higher in cases (Figure 5.5a). CAG haplotype in block 3, GA and AC in block 5, and
AAGAG in block 6 did not keep their significance after applying Bonferroni correction.

AG and AA in block 7 and GG and AA in block 8 had significant p-values. AG in

block 7 and GG in block 8 were considered as risk haplotypes according to their ORs,

whereas the other two haplotypes were protective. When these two neighboring

haplotypes were considered as a 4-SNP haplotype block, two distinct haplotypes were
present, one risk (AGGG) and one protective (AAAA) haplotype (Table 5.9).
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Figure 5.10. Haplotype block analysis of CPNES5 gene region via Haploview tool. Each
block and their features are demonstrated. Haplotypes in each block, frequencies in the
population, case-control ratios, chi-squares, p-values and permutated p-values are
explained in integrated tables. Red indicates significant haplotypes which were lower
than p=0.05 in both tests. (a) block 1-4, (b) block 5-8 and (c) block 9-14.



Table 5.8. Haplotype-based case-control logistic regression test for haplotype block associations of TMEM90B gene region via PLINK.

ni:gggr ';lfu Sml\liF?; E:Sg%g: Chr Start SNP End SNP Haplotype | Frequency | Odds Ratio p-value
Blockl 3 3 20 TMEMO90B/rs6049735 | TMEMO90B/rs16986675 AGA 0.121 1.61 0.117
Blockl 3 3 20 TMEMO90B/rs6049735 | TMEMO90B/rs16986675 GAG 0.37 0.798 0.233
Blockl 3 3 20 TMEM90B/rs6049735 | TMEM90B/rs16986675 AGG 0.491 1 0.992
Block?2 2 3 20 TMEM90B/rs6076231 | TMEM90B/rs6138309 GG 0.236 1.18 0.447
Block2 2 3 20 TMEM90B/rs6076231 | TMEMO90B/rs6138309 GA 0.0563 1.47 0.358
Block2 2 3 20 TMEM90B/rs6076231 | TMEM90B/rs6138309 AA 0.707 0.779 0.23
Block3 2 3 20 TMEM90B/rs6132742 | TMEM90B/rs6138318 AG 0.247 0.943 0.788
Block3 2 3 20 TMEM90B/rs6132742 | TMEM90B/rs6138318 GG 0.13 1.23 0.484
Block3 2 3 20 TMEMO90B/rs6132742 | TMEM90B/rs6138318 GA 0.623 0.954 0.819
Block4 4 5 20 TMEM90B/rs6049781 | TMEM90B/rs1980821 GGAA 0.272 1.39 0.122
Block4 4 5 20 TMEM90B/rs6049781 | TMEM90B/rs1980821 GGAG 0.209 1.76 0.0226
Block4 4 5 20 TMEM90B/rs6049781 | TMEM90B/rs1980821 AAGG 0.424 0.44 0.000114
Block4 4 5 20 TMEM90B/rs6049781 | TMEM90B/rs1980821 GAGG 0.0239 1.47 0.559
Block4 4 5 20 TMEM90B/rs6049781 | TMEM90B/rs1980821 GGGG 0.0631 1.88 0.134
Block5 2 3 20 TMEMO90B/rs13039850 | TMEM90B/rs17250061 GG 0.209 1.76 0.0224
Block5 2 3 20 TMEMO90B/rs13039850 | TMEM90B/rs17250061 AA 0.34 1.31 0.167
Block5 2 3 20 TMEMO90B/rs13039850 | TMEM90B/rs17250061 GA 0.45 0.518 0.00133
Block6 4 5 20 TMEM90B/rs6083562 | TMEM90B/rs6138332 AAAA 0.187 0.641 0.0688
Block6 4 5 20 TMEM90B/rs6083562 | TMEM90B/rs6138332 GAAA 0.205 0.476 0.00224
Block6 4 5 20 TMEM90B/rs6083562 | TMEM90B/rs6138332 GAGA 0.0899 0.952 0.882
Block6 4 5 20 TMEM90B/rs6083562 | TMEM90B/rs6138332 GGGG 0.217 1.6 0.0504




Table 5.8. Haplotype-based case-control logistic regression test for haplotype block associations of TMEMO90B gene region via PLINK (cont.).

ni:ggér ';lfu Sml\lilgg E:F';m%g: Chr Start SNP End SNP Haplotype | Frequency | Odds Ratio p-value
Block6 4 5 20 TMEMO90B/rs6083562 | TMEM90B/rs6138332 GAGG 0.298 1.71 0.01
Block7 6 6 20 TMEMO90B/rs6036843 | TMEM90B/rs11699265 | CGGCAA 0.172 1.76 0.0321
Block? 6 6 20 | TMEM90B/rs6036843 | TMEM90B/rs11699265 | AAGACG 0.108 1.14 0.658
Block7 6 6 20 TMEMO90B/rs6036843 | TMEM90B/rs11699265 | AGACCG 0.208 1.93 0.00791
Block7 6 6 20 | TMEM90B/rs6036843 | TMEM90B/rs11699265 | CGACCG 0.0111 1.37 0.74
Block? 6 6 20 | TMEM90B/rs6036843 | TMEM90B/rs11699265 | AGGCAG 0.025 0.787 0.7
Block7 6 6 20 | TMEMO90B/rs6036843 | TMEM90B/rs11699265 | CGGCAG 0.457 0.425 5.95E-05
Blocks 4 5 20 | TMEMO90B/rs4815285 | TMEM90B/rs1883924 GGGA 0.446 0.392 2.59E-05
Block8 4 5 20 TMEMO90B/rs4815285 | TMEM90B/rs1883924 GGAG 0.11 0.913 0.758
Block8 4 5 20 TMEMO90B/rs4815285 | TMEM90B/rs1883924 AAGG 0.233 211 0.00204
Block8 4 5 20 TMEMO90B/rs4815285 | TMEM90B/rs1883924 AGGG 0.175 1.7 0.0422
Blocks 4 5 20 | TMEM90B/rs4815285 | TMEMO90B/rs1883924 GGGG 0.0337 11 0.859
Block9 4 5 20 | TMEMO90B/rs4815293 | TMEM90B/rs13040810 AGAA 0.313 0.488 0.000936
Block9 4 5 20 TMEMO90B/rs4815293 | TMEM90B/rs13040810 GGGG 0.191 1.67 0.041
Block9 4 5 20 TMEMO90B/rs4815293 | TMEM90B/rs13040810 GAAG 0.177 0.816 0.401
Block9 4 5 20 TMEMO90B/rs4815293 | TMEM90B/rs13040810 GGAG 0.0957 0.731 0.349
Block9 4 5 20 TMEMO90B/rs4815293 | TMEM90B/rs13040810 AGAG 0.22 2.14 0.00193
Block10 4 3 20 TMEMO90B/rs6049829 | TMEM90B/rs6049835 GCGG 0.478 0.535 0.00165

* Red indicates significant haplotypes which were lower than p=0.05




Table 5.9. Haplotype-based case-control logistic regression test for haplotype block associations of CPNE5 gene region via PLINK.

nilrgglgr I;lfu ganF?; E:S‘;%g: Chr Start SNP End SNP Haplotype Frequency | Odds Ratio p-value
Blockl 2 3 6 /rs236460 /rs236459 GC 0.459 0.669 0.0402
Blockl 2 3 6 /rs236460 /rs236459 AA 0.493 151 0.031
Blockl 2 3 6 /rs236460 /rs236459 GA 0.0473 0.861 0.733
Block2 12 7 6 rs236452 CPNE5/rs9470387 GCAAAGGAAGAA 0.3 0.542 0.00383
Block2 12 7 6 /rs236452 CPNE5/rs9470387 GAGAAGGAAGAC 0.132 0.781 0.377
Block2 12 7 6 /rs236452 CPNE5/rs9470387 GCAAAGGAAGGC 0.0313 0.51 0.241
Block2 12 7 6 /rs236452 CPNE5/rs9470387 GCAAAGGAAGGA 0.0136 1.65 0.515
Block2 12 7 6 /rs236452 CPNE5/rs9470387 AAGGAGACAAGC 0.269 212 0.00104
Block2 12 7 6 /rs236452 CPNE5/rs9470387 GAGAGAACGAGC 0.159 1.19 0.496
Block2 12 7 6 /rs236452 CPNE5/rs9470387 GAGAAAACAAGC 0.0406 0.592 0.296
Block3 3 4 6 CPNE5/rs7762245 CPNE5/rs3822969 AAA 0.0762 0.689 0.269
Block3 3 4 6 CPNES5/rs7762245 CPNE5/rs3822969 CGG 0.374 2.37 3.29E-05
Block3 3 4 6 CPNE5/rs7762245 CPNE5/rs3822969 AAG 0.222 0.694 0.124
Block3 3 4 6 CPNE5/rs7762245 CPNE5/rs3822969 CAG 0.327 0.604 0.0134
Block4 2 3 6 CPNE5/rs10456444 CPNED5/rs236446 AA 0.227 0.841 0.444
Block4 2 3 6 CPNE5/rs10456444 CPNED5/rs236446 GG 0.47 0.73 0.0883
Block4 2 3 6 CPNE5/rs10456444 CPNED5/rs236446 AG 0.3 1.7 0.0127
Block5 2 3 6 CPNE5/rs11757521 CPNE5/rs11755091 GA 0.0852 211 0.0365
Block5 2 3 6 CPNE5/rs11757521 CPNE5/rs11755091 AA 0.0202 1.2 0.786
Block5 2 3 6 CPNE5/rs11757521 CPNE5/rs11755091 AC 0.895 0.523 0.0416




Table 5.9. Haplotype-based case-control logistic regression test for haplotype block associations of CPNE5 gene region via PLINK (cont.).

nilrggtr I;lfu ganF?; E:S‘;%g: Chr Start SNP End SNP Haplotype Frequency | Odds Ratio p-value
Block6 5 6 6 CPNE5/rs236444 CPNE5/rs236432 AAGAA 0.184 1.53 0.0878
Blocké 5 6 6 CPNE5/rs236444 CPNE5/rs236432 AAGAG 0.0805 2.03 0.0442
Blocké 5 6 6 CPNED5/rs236444 CPNE5/rs236432 GAAAG 0.0128 2 0.452
Block6 5 6 6 CPNES5/rs236444 CPNES5/rs236432 AAACG 0.0293 112 0.84
Block6 5 6 6 CPNES5/rs236444 CPNES5/rs236432 GAACG 0.0835 2.03 0.0479
Block6 5 6 6 CPNES5/rs236444 CPNE5/rs236432 GCACG 0.587 0.396 1.60E-05
Block? 2 3 6 CPNE5/rs3752482 CPNES5/rs763048 GG 0.13 0.83 0.483
Block? 2 3 6 CPNE5/rs3752482 CPNES5/rs763048 AG 0.3 2.09 0.000826
Block7 2 3 6 CPNE5/rs3752482 CPNE5/rs763048 AA 0.57 0.599 0.0092
Block8 2 3 6 CPNE5/rs10947628 CPNE5/rs916297 AA 0.488 0.487 0.000339
Block8 2 3 6 CPNE5/rs10947628 CPNE5/rs916297 GG 0.399 2.47 2.89E-05
Block8 2 3 6 CPNE5/rs10947628 CPNE5/rs916297 AG 0.108 0.741 0.308
Block9 2 3 6 CPNE5/rs236411 CPNE5/rs236410 AA 0.321 1.08 0.709
Block9 2 3 6 CPNE5/rs236411 CPNE5/rs236410 GC 0.33 1.17 0.432
Block9 2 3 6 CPNE5/rs236411 CPNE5/rs236410 AC 0.35 0.815 0.28
Block10 4 4 6 CPNED5/rs236402 CPNE5/rs236393 GAAA 0.242 1.09 0.689
Block10 4 4 6 CPNED5/rs236402 CPNE5/rs236393 AGAC 0.11 0.783 0.391
Block10 4 4 6 CPNED5/rs236402 CPNE5/rs236393 AAAC 0.0767 1.58 0.208

* Red indicates significant haplotypes which were lower than p=0.05
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5.3.4. Single marker association and haplotype block analysis of TARDBP locus in

Turkish GWAS

The locus that was found to be significant in both datasets, was investigated in the
Turkish population after the completion of the Turkish ALS-GWAS. 17 SNPs in the locus

of TARDBP gene were obtained. The single marker association demonstrated that none of
these 17 SNPs were associated with ALS (Table 5.10).

Table 5.10. Single marker associations of SNPs located in the TARDBP region.

SNP As}so\o“c;?(;ced Casié;%r;trol Chi Square p-value
/rs6704113 A 0.969, 0.958 0.384 0.5355
/rs11121675 A 0.596, 0.573 0.245 0.6207
/rs7517230 A 0.704, 0.670 0.59 0.4424
/rs11121676 G 0.811, 0.798 0.124 0.7243
TARDBP/rs9430335 A 0.792,0.773 0.232 0.6302
TARDBP/rs3765895 G 0.798,0.771 0.503 0.4783
TARDBP/rs3765896 A 0.794,0.771 0.353 0.5524
TARDBP/rs2273348 G 0.746, 0.736 0.052 0.8193
MASP2/rs2273347 G 0.752,0.739 0.109 0.7408
MASP2/rs1033638 G 0.783, 0.766 0.187 0.6657
MASP2/rs1782455 A 0.785, 0.766 0.232 0.63
MASP2/rs2273346 A 0.965, 0.963 0.008 0.9272
MASP2/rs12711521 A 0.750, 0.729 0.247 0.6194
MASP2/rs3765901 A 0.702, 0.697 0.011 0.9173
MASP2/rs2273344 A 0.746, 0.729 0.152 0.6965

At haplotype level, two different SNP clusters were analyzed by Haploview. The

first cluster included 17 SNPs genotyped in the Turkish GWAS, however, none of the

blocks were shown to be statistically significant. Moreover seven SNPs, commonly found

in Cronin and Schymick datasets, were investigated. In the Turkish dataset, six of seven

SNPs were common. When haplotype block analysis was performed with these SNPs, the

results were the same as in analysis of 17 SNPs (Figure 5.11).
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Figure 5.11. Haplotype block analysis of the TARDP region using confidence intervals in
Turkish GWAS. Haplotype blocks observed using Haploview and integrated table showing
the haplotypes in each block and their p-values.

5.3.5. Single marker and haplotype block association analyses of the TMEM90B and

CPNES gene regions in Schymick and Cronin datasets

TMEMO90B and CPNES5 gene regions identified in the Turkish GWAS were tested
for their presence in the Schymick and Cronin datasets. Single marker associations of the
TMEMO90B gene region showed only one significant SNP (rs6076248, p=0.0080) in
Cronin dataset (Figure 5.12a). In addition, none of the SNPs in Schymick dataset was
found to be statistically significant. In the CPNE5 gene region, rs236427, rs1864750,
rs1010791, rs236419, rs236444, rs236452 and rs9296197 in Schymick and rs236410 and
rs958423 in Cronin were not as significant as they are in the Turkish dataset (unadjusted
p<0.05) (Figure 5.12b).
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Figure 5.12. Allelic association test results using GWADView. (a)Association results of
SNPs located in the TMEMO90B gene region. (b) Association results of SNPs located in the

CPNES5 gene region. Horizontal axis demonstrates chromosome positions. Left vertical

axis shows -logiop-values of SNPs. Each dot represents a SNP. Green dots: Turkish

GWAS, blue dots: Cronin dataset and red dots: Schymick dataset.
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After Bonferroni correction, all SNPs failed to pass the significance threshold.
Furthermore haplotype blocks of those regions were also checked by Haploview. In the
TMEMO90B gene, almost no haplotypes showed any association. The TA haplotype in
block 2 in Schymick and one CT haplotype in block 9 in Cronin had border-line
significance (p<0.05). Those haplotypes did not overlap with the associated regions found
in the Turkish population. On the other hand, in the CPNE5 gene, several significant
haplotypes (most of them were border-line significance) were identified in both datasets.
Few associated blocks overlapped in those datasets, for example the block 10 in Schymick
and the block 13 in Cronin, however, they were not found to be associated in Turkish
dataset (Appendices A-D). In summary, the comparison of SNPs located at TMEM90B
and CPNES5 genes in three GWAS datasets did not show any correlation in terms of single

marker and haplotype block associations.

5.4. Genome-wide CNV Analysis of Turkish ALS Population

CNV analyses were carried out for 116 ALS patients and 109 neurologically healthy
individuals using the PennCNV software to identify potential gene deletions or
duplications impacting ALS in the Turkish population. Analysis of the 733K markers with
default parameters of the program yielded ~25000 CNV calls. These calls were computed
using Log R Ratio (LRR) and B allele frequency (BAF) values obtained from the array. To
eliminate false positives, the first waviness factor of each individual was adjusted.
According to GC content of the genome, signal intensities coming from different parts of
the genome vary. GC model signal adjustment would reduce false positive calls in
individuals with high fluctuation of signal waviness. After signal adjustment, 18200 CNV
calls were generated. Second, individuals with high number of CNV calls and CNV calls
with low confidence value were eliminated. Two ALS patients and three healthy controls
were discarded due to excess amount of CNV presence. Approximately 10000 CNV calls

in five individuals were excluded.

Confidence value is another important threshold for eliminating false positive CNV
calls. This value is calculated by PennCNV according to likelihood of a CNV state for a
given region. 3000 calls were excluded from CNV analysis due to low confidence
threshold (conf>10.00).
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5.4.1. Summary statistics of genome-wide CNV analysis
After exclusion of CNVs calls based on several criteria, 5000 CNVs were taken into
count and 115 ALS patients and 106 controls were included in the analysis. Average CNV

number per individual in cases was 23.8 and in controls 20.7 (Table 5.11).

Table 5.11. Summary statistics of CNV analysis.

ALS patients Control
Number of Samples (n) 115 106
Average CNV number per individual 23.8 20.7
Range of CNVs observed in individuals 9-85 7-76
Average SNP number per CNV 14 15
Average CNV length (kb) 87.1 85.2
Range of CNV lengths 97 bp-8438 kb 33 bp-3538 kb

5.4.2. Overlapping and discrete CNVs

Among 5000 CNV calls, many overlapping and discrete regions were detected.
Some regions also showed discrete and overlapping CNV patterns in individuals, with
common and rare CNVs. Many of the common CNVs observed in the Turkish population
were located in previously identified CNV regions as expected (see CNV column: “located
in CNV region”, Tables 5.12 and 5.13). Most of the CNV calls observed in cases and
controls were in balance. The highest frequency difference observed in cases and controls

are summarized in Tables 5.12 and 5.13.

All CNV calls were visualized by plotting signal intensities of each SNP (Log R
Ratio value) to examine whether CNV calls were true or false-positive. Two CNV calls of
individuals, with deletions on chromosome 11, were plotted between positions 50.4 Mb
and 51.1 Mb which is indicated at the top of Table 5.12. According to the plotted region in
red, intensity captured from the chip was below the average line, indicating a deletion
occurred in that region (Figure 5.13). The region was searched in DGV and HapMap
databases and this novel and intergenic CNV is found to be located in the vicinity of the

centromere.
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Figure 5.13. Plotting CNV calls of ALS-274 and Control-329 using signal intensities by
PennCNV. Both individuals have one copy deletion (CN=1) on chromosome 11, between
positions 50.4 Mb and 51.1 Mb. Each dot represents its Log R Ratio and B Allele
Frequency of a SNP. Red indicates SNPs in the CNV site, blue represents SNPs
neighboring the CNV region.

Two CNV calls of individuals with duplications on chromosome 1, between
positions 97.83 Mb and 97.85 Mb were also plotted. As indicated in Table 5.12, it was in
the DPYD gene region. According to the plotted area in red, there was an increased
intensity above average intensity line, resulting in one copy duplication in that particular
region (Figure 5.14). When its location was examined, this CNV was found to be reported
previously in the territory of the DPYD gene. Duplication is detected in a small region of

the gene containing exonic and intronic parts.

In addition, several novel CNV regions were found and those regions might be
specific to the Turkish population. Also, approximately 500 CNV calls were observed only
in one individual. There are several CNVs that were seen in only ALS patients (Table
5.14). In general they were not frequent, but some of them were seen in gene regions.
When they were searched in CNV databases, they were found to be absent in all databases,
which make them candidates for ALS susceptibility. One example for rare CNVs observed
in only cases is deletion in the ACYP2 gene (Table 5.14). Two of the four CNV calls of
individuals on chromosome 2, positions between 54.2 Mb and 54.37 Mb were plotted. One
copy deletion was seen in both individuals. This novel CNV is detected in the intronic part

of the gene (Figure 5.15).
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Table 5.12. Overlapping CNVs observed in analysis.

CHR | start Position | end position length | CNV state genes CNV % cases | % controls | p-value FIIES;:CrtS
Test
11 50545009 50586426 41417 | state2,cn=1 intergenic novel 18.26% 1.89% 6.82E-05 | 3.23E-05
19 20860930 20875787 14857 | state2,cn=1 intergenic novel, near ZNF85 13.04% 1.89% 0.001874 | 0.001403
12 36404411 36411114 6703 state2,cn=1 centromeric located in CNV region | 21.74% 7.55% 0.003103 | 0.002411
2 39372016 39428488 56472 | state5,cn=3 MAP4K3 novel 12.17% 1.89% 0.003196 | 0.002535
3 84486776 84510027 23251 | state5,cn=3 intergenic novel 9.57% 0.94% 0.004717 | 0.003902
6 31389749 31393270 3521 statel,cn=0 intergenic located in CNV region 6.96% 0.00% 0.0007 0.004764
3 89485137 89499861 14724 | state2,cn=1 EPHA3 located in CNV region 1.74% 10.38% 0.006399 | 0.0062208
5 151496845 151499002 2157 state2,cn=1 intergenic located in CNV region 4.35% 15.09% 0.006495 | 0.0058109
1 97830032 97841389 11357 | state5,cn=3 DPYD located in CNV region | 10.43% 1.89% 0.009154 | 0.007979
4 153010030 153012241 2211 state2,cn=1 intergenic located in CNV region | 10.43% 1.89% 0.009154 | 0.007979
3 163644310 163671428 27118 | state5,cn=3 intergenic near CNV region 0.87% 7.55% 0.012102 | 0.0129209
2 89731562 89757456 25894 | state2,cn=1 centromeric located in CNV region 5.22% 0.00% 0.003431 | 0.0186203
2 208064053 208066082 2029 state2,cn=1 intergenic located in CNV region 1.74% 10.38% 0.006399 | 0.0062208
1 150519809 150526366 6557 state2,cn=1 intergenic near CNV region 0.00% 3.77% 0.010781 | 0.051363
11 107166452 107175438 8986 state5,cn=3 intergenic novel 6.96% 0.94% 0.023853 | 0.0237312
13 63241820 63285508 43688 | state5,cn=3 intergenic located in CNV region 6.96% 0.94% 0.023853 | 0.0237312
7 61792309 61797361 5052 state2,cn=1 centromeric located in CNV region | 10.43% 2.83% 0.024742 | 0.0217869
13 62890418 62903462 13044 | state5,cn=3 intergenic near CNV region 4.35% 0.00% 0.00765 | 0.0365634
11 48820745 48835439 14694 | state2,cn=1 intergenic located in CNV region | 20.87% 10.38% 0.032811 | 0.0247327
9 138380284 138416305 36021 | state5,cn=3 CARD9 located in CNV region 0.00% 3.77% 0.010781 | 0.0247327
10 58574865 58606945 32080 | state2,cn=1 intergenic located in CNV region 0.00% 3.77% 0.010781 | 0.0247327
6 62237262 62247872 10610 | state2,cn=1 intergenic located in CNV region | 11.30% 3.77% 0.035823 | 0.030501
15 54580082 54588851 8769 state2,cn=1 intergenic located in CNV region 0.87% 5.66% 0.042188 | 0.0475191
12 58222193 58228389 6196 state2,cn=1 intergenic located in CNV region | 20.00% 10.38% 0.047618 | 0.0355077




Table 5.13. Discrete CNVs observed in analysis.

CHR | start Position | end position | length | CNV state genes CNV % cases | % controls | p-value Fisher's
Exact Test
19 32455280 32620453 165,173 | state2,cn=1 intergenic located in CNV region | 11.30% 0.94% 0.001583 | 0.0011082
13 20626134 20630348 4,214 | state5,cn=3 C130RF3 novel, near CNV 9.57% 0.94% 0.004717 | 0.0039018

region

6 31389749 31393270 3,521 | statel,cn=0 intergenic located in gCNV region 6.96% 0.00% 0.0007 | 0.0047641
3 89485137 89499861 14,724 | state2,cn=1 EPHA3 located in CNV region 1.74% 10.38% 0.006399 | 0.0062208
6 62237262 62281216 43,954 | state2,cn=1 intergenic located in CNV region 8.70% 0.94% 0.008111 | 0.0072081

3 84408677 84534756 126,079 | state5,cn=3 intergenic novel 6.09% 0.00% 0.001548 | 0.00944

11 50432844 50654074 221,230 | state2,cn=1 intergenic novel 6.09% 0.00% 0.001548 | 0.00944
2 208064053 208066082 2,029 | state2,cn=1 intergenic located in CNV region 1.74% 9.43% 0.011671 | 0.0116196
1 25470862 25515182 44,320 | state2,cn=1 RHD located in CNV region 7.83% 0.94% 0.01392 | 0.0131629
2 39365941 39442301 76,360 | state5,cn=3 MAP4K3 novel 7.83% 0.94% 0.01392 | 0.0131629
11 48704187 48845702 141,515 | state2,cn=1 intergenic located in CNV region 7.83% 0.94% 0.01392 | 0.0131629
12 58221292 58228389 7,097 | state2,cn=1 intergenic located in CNV region | 15.65% 5.66% 0.017075 | 0.0138436
2 89731562 89757456 25,894 | state2,cn=1 intergenic located in CNV region 5.22% 0.00% 0.003431 | 0.0186203
1 97830032 97844111 14,079 | state5,cn=3 DPYD located in CNV region 4.35% 0.00% 0.00765 | 0.0365634
13 62890418 62903462 13,044 | state5,cn=3 intergenic novel 4.35% 0.00% 0.00765 | 0.0365634
19 20860930 20880696 19,766 | state2,cn=1 intergenic novel, near ZNF85 4.35% 0.00% 0.00765 | 0.0365634




Table 5.14. Rare CNVs (including overlapping and discrete CNVs) observed in analysis (p>0.05 according to Fisher’s exeact test).

. . Fisher's
[0) 0, -

CHR | start Position | end position length CNV state genes CNV Yo cases | % controls | p-value Exact Test
2 54343530 54356415 12885 state2,cn=1 ACYP2 novel 3.48% 0.00% 0.017223 | 0.0714798
4 62506258 62566026 59768 state5,cn=3 LPHN3 novel 3.48% 0.00% 0.017223 | 0.0714798
6 19153539 19156752 3213 statel,cn=0 intergenic located in CNV region 3.48% 0.00% 0.017223 | 0.0714798
8 2798648 2815064 16416 state5,cn=3 CSMD1 novel 3.48% 0.00% 0.017223 | 0.0714798
9 10394336 10455615 61279 state5,cn=3 PTPRD novel 3.48% 0.00% 0.017223 | 0.0714798

RTEL1Z,
TNFRSF6B,
20 | 61791411 | 61844885 | 53474 | state5cn=3 | o vor | located in CNV region | 3.48% 0.00% | 0.017223 | 0.0714798
ARFRP1,
ZGPAT
TNFRSF18,
TNFRSF4,
SDF4, UBE2J2,
1 1128775 1239049 110274 state5,cn=3 SCC%I(\)IRI&:IZD located in CNV region 5.22% 0.94% 0.06991 0.0737016
CENTBS,
PUSL1,
CPSF3L
47647579 47654762 7183 state5,cn=3 intergenic located in CNV region 5.22% 0.94% 0.06991 | 0.0737016
7999428 8005061 5633 state2,cn=1 intergenic novel 5.22% 0.94% 0.06991 | 0.0737016
12 7891602 7993653 102051 state5,cn=3 SLC2A14 located in CNV region 5.22% 0.94% 0.06991 0.0737016
11 | 17254239 | 17295708 | 41464 | state5,cn=3 NUCB2 novel, near CNV 6.96% 1.89% | 0.070061 | 0.0660045

region
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6. DISCUSSION

Many neurological diseases, mental and neurodegenerative, have unknown or
poorly-known etiologies. These are commonly known as complex disorders. To understand
the etiology, the mechanisms involved in disease development and pathology have to be
fully determined. Genetics and genetic studies have been crucial to identify genetic causes
and factors leading to neurological diseases in recent years, which permit insights into

disease pathology.

Until 2006, many Mendelian genes had been discovered in neurological diseases by
candidate gene or linkage approaches. In the last five years, improvements in technology,
especially in chip array platforms, enhanced the discovery of novel genes and loci. The
advances in array technologies allow high throughput screening of the whole genome and
genotyping of many samples simultaneously sparing substantial time. The unsolved part of
complex diseases, mainly the sporadic forms, account for more than 90% of diseases.
GWAS enable to perform large scale cohort studies between cases and controls to discover
new candidate genomic regions that may be associated with disease phenotype. In the last
five years, a tremendous amount of GWAS have been performed and thousands of variants
and regions have been identified as candidate loci (Figure 1.6).

In ALS, like in most neurodegenerative and complex diseases, the unknown part of
the pie is again 90%, which consists of the sporadic forms. On the other hand, more than
25 genes were identified in familial form of ALS, which account for only 50% of fALS.
The missing part of genetic factors is still needed to be deciphered to complete the lacking

players in the mechanisms underlying ALS pathogenesis.

In literature, 11 large scale GWAS on ALS have been reported so far. These have
identified several SNPs and loci associated with ALS. However, none of those have been
replicated in an independent study until today. The only recent exception is a chromosome
9p21 locus which was found to be associated with ALS in several populations (van Es et
al., 2009; Laaksovirta et al., 2010; Shatunov et al., 2010), several neighboring SNPs
located in that loci displayed high signals. Unlike chromosome 9p21, the top significant
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SNPs associated with ALS in other studies, did not gather a SNP cluster in a specific gene
region or loci. The studies of Schymick and Cronin were the first trials in ALS-GWAS.
Their results demonstrated significant associations of ZFP64, SUSD1, KIAA1727 and
DPP6 (Table 1.2). Only DPP6 was replicated in another GWAS, however the same study
population was used in both studies.

This thesis compiles the results of the first Turkish GWAS in ALS.

6.1. Genetic Association of fALS-causing Genes in SALS

In this part of this thesis, we aimed to investigate genetic association of SNPs,
located in fALS-causing genes using SALS-GWAS data. For this purpose, two previously
published GWAS from Schymick and Cronin were used. Besides identification of common
low-risk loci in GWAS, we investigated Mendelian genes that result in disease phenotype.

Identifying rare but high-risk markers would allow us new insights into SALS genetics.

In this respect, we analyzed single marker associations of SNPs in the regions of
fALS-causing genes. Only two SNPs within TARDBP gene were shown to have border
line significance in both datasets. After Bonferroni correction, both SNPs failed to keep
significant association. Next, we investigated haplotypes that might be seen in both
populations. Interestingly, only one haplotype, ACA, located in TARDBP gene (16kb) was
co-inherited significantly in both datasets. However, when we calculated their ORs and
considered case-control frequencies, a controversial correlation between both datasets, was
found. Further, we investigated MAFs of SNPs in cases and controls in Schymick and
Cronin datasets; in addition, MAFs of controls were also compared to data from the

HapMap European population.

In fine-mapping analysis of a larger region (250kb), in order to see whether the
controversial relationship between both datasets is caused by an experimental error, the
same pattern of difference was observed in a more than 100kb region. The controls of two
datasets gave also controversial results at TARDBP region. Next, we questioned whether
CNVs are located in this very region and found previously reported CNVs nearby (Redon

et al., 2006). When we investigated the same region for a haplotype block and for CNVs,
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neither the same haplotype block nor any CNVs were found in the same region of
TARDBP locus in our Turkish cohort. These findings show us that population-specific

results should be interpreted carefully, even if they are significant.

6.2. The Turkish ALS-GWAS

We have performed GWAS with 116 ALS patients and 109 controls on a 733k SNP
platform, to reveal novel SNPs associating with the disease phenotype. Genotyping of 15
samples were replicated due to low coverage. Out of the total of 225 individuals
(116+109), two did not pass the quality control (QC) due to low genotyping rate. Among
733k SNPs, approximately 100k SNPs were eliminated according to genotyping rates,
HWE p-values and MAFs. We ended up with 223 individuals, including 114 cases and 109

controls and 631134 SNPs for association analyses.

In allelic and genotypic association tests, several markers (SNPs) were associated
with ALS. Although many of those SNPs have low p-values, none of the SNPs could reach
a genome-wide significance after Bonferroni corrections. When we analyzed the
association results of the genotypic and allelic test, among the top 30 SNPs, several SNPs
located in the region of two genes, TMEM90B (chromosome 20) and CPNE5
(chromosome 6), were found to be dominating. Associations of these two genes with ALS

had not been previously shown and seem to be a novel finding.

Focusing to those genes by narrowing down to their gene-coding regions, the 3’ end
of TMEM90B and CPNES5 had the highest signals within gene and neighboring intergenic
regions. In haplotype block analysis, several blocks were in LD and showed significant
association. In TMEM90B, among 11 haplotype block regions, seven blocks contained
significant haplotypes. According to their p-values and OR, haplotypes with lowest p-
values and highest frequencies, had low OR=~0.5 that represent protective haplotypes. In
other words, those haplotypes located between block 4-10 had higher frequencies in
controls compared to cases (Figure 5.10). On the other hand, in CPNES5, haplotypes with
lowest p-values had high ORs (>2.0), pointing to higher susceptibility to ALS
development, whereas there were also haplotypes with low ORs representing protective

effects.
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The TMEMO90B gene, also known as C200RF39 or SYNGL, encodes for the synapse
differentiation inducing 1 protein. Its proposed function is regulation of AMPA receptor
content at synapses and involvement in postsynaptic development and maturation. The
protein is potentially a cell membrane protein, by comparing its similarity to known
proteins. It has a long cytoplasmic domain, two helical and two extracellular matrix
domains and a poly-glu domain with five glutamic acids. Its expression is observed mainly
in parts of central nervous system, such as brain, cortex, cerebellum and the spinal cord.
The critical role of this protein in the nervous system justifies the results obtained in our
GWAS study.

The CPNE5 gene, also known as Copine-5, encodes for a calcium-dependent
phospholipid binding protein. It may have a role in regulation of membrane trafficking; it
is also expressed in several tissues, such as brain, spinal cord and kidney, also in neural
progenitor cells and in the differentiated neurons during development of murine (Ding et
al., 2008).

According to their functional properties, both TMEM90B and CPNE5 can be
promising candidates for investigating their potential roles in ALS development. In the
literature, there are only very few reports about their functions and functional structures.
Further investigation of expression profiles and protein functions of those proteins are

required to gain a deeper knowledge about their role in ALS.

In conclusion, in our ALS-GWAS, we identified two novel gene loci on
chromosomes 6 and 20. Being the first GWAS performed in Turkish SALS patients,
however, this study needs replication in another and larger cohort. Increasing the sample
size would favourably affect the genome-wide significance of SNPs analyzed. Further, the
regions identified have to be investigated in more detail and risk-conferring and protective
haplotypes defined should be validated in new SALS cases. Finally, these regions should
be re-sequenced to define causative variants. The preliminary findings of this GWAS study
are expected to shed some more light on the unknown and very complex genetics of
sporadic ALS patients.
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6.3. Genome-wide CNV Analysis of the Turkish ALS population

So far only four genotyping studies in ALS worldwide have investigated CNVs. The
latest study by Blauw et al.,2010, reported 2 genes; DPP6 previously found to be
associated with ALS in a SNP GWAS (Van Es et al., 2007) and NIPAL1 known to be
causative for hereditary spastic paraparesis type 6 (Rainier et al., 2003). However,
independent replication of the DPP6 study by the above group did not validate the same

association (Blauw et al., 2010).

In this last part of our GWAS study, results of 116 ALS patients and 109 controls
were subjected to CNV analysis. After the QC analysis, two ALS patients and three
controls were eliminated. To reduce false positive CNV calls, GC model adjustment
procedure was applied. First, we executed the program with default parameters to see the
total CNV call outcomes, thus were able to determine how many false CNV calls we
eliminated after QC. In default parameters, we identified 25000 CNVs, however, with the
adjustment and QC analysis we only obtained 8000 CNV calls. Another important
parameter was to check confidence value of each CNV which defines the probability of
likelihood of CNVs present in a given state. 3000 CNVs were eliminated due to low

probability of CNVs given in that state (confidence value<10).

Among 5000 CNV calls, several types of CNVs were observed: deletions (statel,
cn=0), partial deletions (state2, cn=1), partial duplications (state5, cn=3) and duplications
(state6, cn=4). Some CNVs were observed in both case and control samples. Most of the
CNVs identified in our Turkish cohort were, as expected, already reported in population
databases (HapMap and DGV databases). Some CNVs, present in both cases and controls,
were tested by Chi-square and Fischer’s exact test and were found to be still disease-

associated.

When we compared CNV analysis results with versus without signal adjustment, the
total amount of CNV calls decreased drastically per individual. Without signal adjustment,
the average was approximately 85 CNV calls per individual, whereas, after adjustment, the
average became 24 and 21 CNV calls in cases and controls, respectively. In the literature,

several studies on healthy controls use the same strategy. It has been shown in a report that
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in CEU (Caucasian European) population, the mean number of CNVs detected per
individual is 21 (Wang et al.,, 2007). In southeastern populations, the mean was
approximately 45 CNVs per individual (Ku et al., 2010). CNV analysis with signal
adjustment showed, on the other hand, that the vast majority of false positive CNV calls
were eliminated. Our data, with an average number of 21 CNVs per individual, is in

concordance with the CEU population.

When CNVs were categorized, common and rare CNV calls, and overlapping and
discrete CNV calls were obtained. Most of the CNVs categorized were found to be located
in CNV regions (previously reported in databases). Some of them, on the other hand, are
located in gene regions, such as MAP4K3, DPYD, ACYP2, LPHN3, CSMD1 and PTPRD.

As described in the results section, one of our top genes, MAP4K3, was found to
have a duplication. Since it was shown in only two controls but not in any other
populations, this CNV is novel in our cohort and its presence is high in ALS patients.
According to literature, only one study reported a male Korean individual with an InDel in
the MAP4K3 gene (Ahn et al., 2009) and no association with ALS has been reported so
far. MAP4K3 is ubiquitously expressed in all tissues examined with high levels in heart,
brain, placenta, skeletal muscle, kidney and pancreas and lower levels in lung and liver. It
has multiple functions in signal transduction of mammalian cells. One of them is to
activate JNK pathway in response to stress. The second function is to induce the activation
of the TORC1 complex to trigger cellular responses against starvation. Also, MAP4K3 is
reported as a proapoptotic kinase that enhances mitochondrial apoptosis (Lam et al., 2010).
Mutations in MAP4K3 have been shown to cause pancreatic cancer (Jones et al., 2008).
Moreover, loss of function and over-expression of MAP4K3 protein were reported to
affect cell growth and viability in the Drosophila wing (Resnik-Docampo and de Celis,
2011). These findings suggest that MAP4K3 is an important player in cell growth and cell
survival. The alterations in gene expressions or protein levels might affect the cell viability
in the central nervous system and we know that motor neuron survival is a key point in
ALS.

Overlapping and discrete CNVs which are mainly common CNVs, did not reveal any

novel regions in our study. Although they were observed in the control population in
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related databases, they were also found to be associated with ALS when statistical tests
were applied. In addition, rare CNVs have been observed in some patients. In the region of
the ACYP2, LPHN3, CSMD1 and PTPRD genes, deletions and duplications have been
observed. These regions are novel and so far not reported in databases, thus need to be
further investigated in terms of their functions in the cell, involvement in cellular pathways

and association with other diseases.

In this part of the study, we used the advantage of SNP raw data to investigate
potential CNVs in ALS patients and controls. The potential CNVs were interpreted by
PennCNV which is a powerful open source tool. We used this tool because it has a
sophisticated hidden Markov model and several parameters for reduction of false positive
CNV calls. Unfortunately, PennCNV predicts CNVs according to data, coming from the
SNP array, so its accuracy is not 100%, although more than 10000 false positive CNV calls
were eliminated. Thus, the results obtained by PennCNV need further validation analyses.
One option is to use another CNV prediction tool to confirm whether the CNVs detected
can be observed by the other tool. Another option is the construction of a custom CNV
microarray, which would include the candidate regions predicted by PennCNV tool.
Screening candidate loci between cases and controls would not only test the precision and
the power of CNV detection with PennCNV, but it would also more reliably reveal the
ALS-related CNVs.

To sum up, in the framework of this study, we were not able identify a common
CNV in ALS patients. This may have several reasons:
e heterogeneity between ALS cases
(i) unigue CNVs among patients
(if) genetic diversity seen in the Turkish population

e rare CNVs which would not show significance in GWAS

On the other hand, we detected many rare CNVs in our ALS cohort. Those rare
variants may be present in patients with similar symptoms, so these CNVs need fine-
mapping experiments which would give more accurate and informative results on the
association of CNVs with ALS.



APPENDIX A: HAPLOTYPE BLOCK ANALYSIS OF TMEM90B
GENE REGION IN SCHYMCIK STUDY USING HAPLOVIEW

Table A.1. Haploview results of TMEMO90B gene region in Schymick dataset.

Haplotype Freq. in population Case, control ratios Chi Square | p-value
Block 1
AC 0.494 0.494, 0.495 0.002 0.9679
GC 0.4 0.391, 0.408 0.313 0.5761
AT 0.105 0.114, 0.094 1.121 0.2897
Block 2
TA 0.678 0.706, 0.648 4.058 0.044
CG 0.257 0.239, 0.276 1.947 0.1629
CA 0.057 0.050, 0.066 1.245 0.2646
Block 3
ACCACC 0.585 0.592, 0.577 0.218 0.6409
GTCGTC 0.258 0.236, 0.282 2.837 0.0921
ACTGCT 0.092 0.095, 0.089 0.111 0.7393
GCCGCC 0.037 0.048, 0.026 3.491 0.0617
Block 4
AA 0.446 0.442,0.451 0.086 0.7693
AG 0.443 0.453, 0.433 0.416 0.519
GG 0.111 0.106, 0.117 0.309 0.5785
Block 5
CA 0.445 0.434, 0.457 0.526 0.4684
TA 0.362 0.365, 0.360 0.032 0.8586
CG 0.193 0.201, 0.184 0.485 0.4861
Block 6
TTCCC 0.236 0.243,0.228 0.36 0.5483
GCCCA 0.235 0.226, 0.245 0.516 0.4725
GTCCA 0.189 0.195, 0.182 0.286 0.593
GCCTA 0.183 0.180, 0.185 0.037 0.8475
TTTCC 0.104 0.105, 0.104 0.002 0.9655
TTCCA 0.038 0.036, 0.040 0.162 0.6869
Block 7
CACAGGTTCA 0.234 0.254,0.214 2.294 0.1298
CGCGGACTTA 0.226 0.217, 0.237 0.635 0.4256
TGTGGGCCCG 0.189 0.197, 0.182 0.387 0.5339
CGCGGACCCA 0.16 0.157, 0.164 0.099 0.7525
CGCGAGCTTA 0.125 0.124,0.128 0.038 0.8457
CGCGGGCCCA 0.041 0.037, 0.046 0.549 0.4589
Block 8
TA 0.518 0.542, 0.492 2.619 0.1056
CG 0.477 0.456, 0.500 2.018 0.1554
Block 9
AAG 0.662 0.679, 0.644 1.407 0.2356
AGA 0.253 0.237,0.271 1.561 0.2115
GAG 0.062 0.062, 0.061 0.003 0.9581
AGG 0.016 0.015, 0.018 0.17 0.6801

*Red indicates significant haplotypes which were lower than p=0.05




APPENDIX B: HAPLOTYPE BLOCK ANALYSIS OF TMEM90B
GENE REGION IN CRONIN STUDY USING HAPLOVIEW

Table B.1. Haploview results of TMEM90B gene region in Cronin dataset.

Haplotype Freq. in population Case, control ratios Chi Square | p-value

Block 1
TA 0.597 0.588, 0.606 0.273 0.6012
TG 0.223 0.243, 0.204 1.863 0.1722
CG 0.175 0.166, 0.185 0.514 0.4734

Block 2
AAT 0.45 0.425,0.476 2.249 0.1337
GAC 0.268 0.272, 0.264 0.069 0.7923
AGT 0.248 0.270, 0.226 2.17 0.1407
AAC 0.03 0.026, 0.033 0.416 0.5192

Block 3
AGG 0.612 0.617, 0.607 0.093 0.7601
GAG 0.275 0.284, 0.267 0.32 0.5717
GGA 0.07 0.059, 0.081 1.618 0.2034
GGG 0.042 0.038, 0.045 0.313 0.5757

Block 4
CTA 0.439 0.439, 0.440 0.002 0.9662
TTG 0.221 0.225, 0.217 0.093 0.7608
CTG 0.202 0.186, 0.219 1.485 0.2231
CCG 0.136 0.148, 0.123 1.052 0.3052

Block 5
CTC 0.405 0.403, 0.406 0.009 0.9228
TTT 0.295 0.293, 0.297 0.017 0.8966
CCC 0.223 0.230, 0.217 0.218 0.6404
TTC 0.067 0.059, 0.075 0.787 0.3749
CTT 0.01 0.015, 0.006 1.786 0.1814

Block 6
AAGCGCGGG 0.252 0.251, 0.253 0.002 0.9675
CGGCTCGGA 0.214 0.204, 0.224 0.482 0.4874
CAGCTTAGG 0.167 0.160, 0.174 0.307 0.5798
CGGTTCGGA 0.16 0.169, 0.150 0.57 0.4502
AAACGCGAG 0.138 0.148,0.128 0.662 0.416
AAGCTCGGG 0.023 0.016, 0.031 1.95 0.1626
CGGTTCGGG 0.017 0.016, 0.017 0.001 0.9787
CGGTTCGAG 0.013 0.016, 0.010 0.786 0.3752
CAGCGCGGG 0.012 0.012, 0.012 0 0.9825

Block 7
ATCA 0.381 0.385, 0.376 0.069 0.7924
ACCA 0.267 0.270, 0.264 0.034 0.853
GCCG 0.167 0.160, 0.174 0.308 0.5791
GCTA 0.139 0.153,0.126 1.227 0.2679
GCCA 0.045 0.033, 0.057 2.896 0.0888
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Table B.1. Haploview results of TMEMO90B gene region in Cronin dataset (cont.).

Haplotype

Freq. in population Case, control ratios Chi Square | p-value

Block 8
AA 0.538 0.507, 0.569 3.271 0.0705
GG 0.46 0.491, 0.429 3.277 0.0703

Block 9
TC 0.734 0.749, 0.719 0.958 0.3278
CT 0.242 0.213,0.271 3.864 0.0493
CcC 0.014 0.021, 0.007 2.941 0.0863

*Red indicates significant haplotypes which were lower than p=0.05
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APPENDIX C: HAPLOTYPE BLOCK ANALYSIS OF CPNES5 GENE
REGION IN SCHYMICK STUDY USING HAPLOVIEW

Table C.1. Haploview results of CPNE5 gene region in Schymick dataset.

Haplotype Freq. in population Case, control ratios Chi Square | p-value
Block 1
CA 0.485 0.499, 0.471 0.823 0.3644
CG 0.273 0.286, 0.259 1.001 0.3171
TG 0.237 0.209, 0.267 5.007 0.0252
Block 2
CATCGAACTC 0.332 0.336, 0.331 0.025 0.8737
AGTTAGGTCC 0.203 0.212,0.195 0.428 0.5128
AGCCAGATCT 0.174 0.153,0.199 3.947 0.047
AGTCGAACTC 0.128 0.135,0.122 0.372 0.5418
AGCCAGATCC 0.05 0.041, 0.060 2.021 0.1552
CATCGAACCC 0.043 0.046, 0.040 0.246 0.6202
AGTTAGATCC 0.043 0.044, 0.042 0.019 0.8894
Block 3
CCCCTC 0.342 0.352,0.332 0.474 0.4914
CTCCCC 0.227 0.197,0.259 5.723 0.0167
TCTACC 0.146 0.151, 0.140 0.262 0.6088
TCCACC 0.11 0.119,0.101 0.85 0.3566
TCCCCC 0.094 0.095, 0.093 0.013 0.9094
TCCACT 0.073 0.075, 0.071 0.052 0.819
Block 4
CAG 0.511 0.520, 0.502 0.345 0.5568
TAA 0.276 0.258, 0.297 2.02 0.1553
TAG 0.157 0.167,0.146 0.894 0.3443
TGG 0.054 0.053, 0.055 0.019 0.8892
Block 5
GCAGGAGAT 0.563 0.589, 0.538 2.741 0.0978
AAGGTAAGC 0.148 0.123,0.176 5.887 0.0153
GCAGGAGAC 0.098 0.096, 0.101 0.07 0.7906
GAAAGAGGC 0.093 0.092, 0.095 0.031 0.8597
AAGGTGGGC 0.046 0.049, 0.042 0.374 0.541
AAAGGAGGC 0.013 0.011, 0.016 0.468 0.494
Block 6
TGC 0.449 0.457, 0.440 0.305 0.581
CGC 0.363 0.348, 0.378 1.008 0.3154
CAT 0.107 0.106, 0.108 0.005 0.9411
CGT 0.078 0.086, 0.070 0.936 0.3333
Block 7
CG 0.477 0.469, 0.486 0.312 0.5767
AG 0.406 0.418, 0.393 0.66 0.4165
CA 0.117 0.113,0.121 0.14 0.708
Block 8
GG 0.465 0.471, 0.458 0.175 0.6755
AT 0.348 0.345, 0.352 0.055 0.8146
AG 0.187 0.184,0.190 0.062 0.8035
Block 9
TTTAC 0.525 0.540, 0.510 0.976 0.3232
CCTGT 0.221 0.231,0.211 0.568 0.4512




Table C.1. Haploview results of CPNE5 gene region in Schymick dataset (cont.).

Haplotype Freq. in population Case, control ratios Chi Square | p-value
CTCGT 0.124 0.104, 0.146 4.207 0.0402
TTTGT 0.111 0.105, 0.119 0.536 0.4643
Block 10
GCTTT 0.253 0.266, 0.239 1.047 0.3061
GCTGT 0.216 0.191, 0.243 4,217 0.04
GCTTC 0.205 0.220, 0.188 1.561 0.2116
AACTT 0.188 0.184, 0.192 0.113 0.7372
GCCTT 0.075 0.060, 0.091 3.563 0.0591
GACTT 0.059 0.073, 0.043 4.04 0.0444
Block 11
TT 0.514 0.504, 0.526 0.512 0.4744
TG 0.375 0.387, 0.362 0.713 0.3984
CG 0.111 0.109, 0.113 0.027 0.8704
Block 12
CAG 0.361 0.367, 0.354 0.194 0.6597
CGG 0.287 0.274,0.302 1.054 0.3046
TAG 0.209 0.223,0.194 1.335 0.2479
CAA 0.143 0.137,0.150 0.381 0.5369
Block 13
GGT 0.371 0.377,0.365 0.164 0.6857
AGT 0.269 0.252, 0.289 1.801 0.1796
GTC 0.229 0.237,0.221 0.372 0.5417
GTT 0.127 0.128, 0.125 0.026 0.8722
Block 14
AA 0.452 0.473,0.431 1.895 0.1686
CA 0.293 0.290, 0.297 0.058 0.8101
CG 0.247 0.231, 0.265 154 0.2146

*Red indicates significant haplotypes which were lower than p=0.05
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APPENDIX D: HAPLOTYPE BLOCK ANALYSIS OF CPNES5 GENE

Table D.1. Haploview results of CPNES5 gene region in Cronin dataset.

REGION IN CRONIN STUDY USING HAPLOVIEW

Haplotype Freq. in population Case, control ratios Chi Square | p-value

Block 1
CT 0.447 0.453, 0.442 0.089 0.7649
CcC 0.317 0.317,0.317 0 0.9949
TC 0.234 0.230, 0.238 0.076 0.7829

Block 2
GAACCAAGG 0.344 0.347,0.342 0.03 0.8623
TGATTGGAG 0.181 0.176, 0.186 0.149 0.6995
TGACCAAGG 0.18 0.181, 0.180 0.002 0.9664
TGGCTGAAA 0.167 0.152,0.183 1.482 0.2234

TGGCTGAAG 0.063 0.078, 0.048 3.283 0.07

TGATTGAAG 0.036 0.035, 0.037 0.03 0.8628

Block 3
GCCCTC 0.306 0.318, 0.294 0.551 0.4578
GTCCCC 0.236 0.239, 0.233 0.044 0.8345
ACTACC 0.19 0.195, 0.186 0.114 0.7354
ACCACC 0.105 0.106, 0.104 0.007 0.9321
ACCCCC 0.077 0.068, 0.086 0.99 0.3197
ACCACT 0.074 0.070, 0.078 0.221 0.6385

Block 4
CG 0.458 0.453, 0.463 0.081 0.7756
TA 0.333 0.342,0.324 0.34 0.5599
TG 0.208 0.202,0.214 0.17 0.6804

Block 5
CCA 0.677 0.683,0.671 0.132 0.7166
TAG 0.214 0.209, 0.219 0.128 0.7204
CAA 0.086 0.082, 0.090 0.184 0.6678
TAA 0.018 0.024,0.012 1.609 0.2047

Block 6
CcC 0.78 0.782,0.779 0.012 0.9128
AT 0.173 0.174,0.171 0.008 0.9301
AC 0.047 0.045, 0.050 0.137 0.7114

Block 7
GA 0.686 0.695, 0.676 0.341 0.5592
AG 0.158 0.166, 0.151 0.325 0.5689
GG 0.156 0.140,0.173 1.744 0.1867

Block 8
AT 0.618 0.627, 0.609 0.275 0.6003
GC 0.302 0.305, 0.300 0.027 0.8694
GT 0.077 0.068, 0.086 0.953 0.329

Block 9
CG 0.762 0.769, 0.754 0.274 0.6007
CA 0.119 0.116,0.122 0.087 0.7687
TA 0.115 0.108,0.123 0.51 0.4749

Block 10
AG 0.439 0.486, 0.390 7.824 0.0052
CG 0.422 0.387, 0.457 4.227 0.0398
CA 0.139 0.127,0.152 1.157 0.2822




Table D.1. Haploview results of CPNES5 gene region in Cronin dataset (cont.).
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Haplotype Freq. in population Case, control ratios Chi Square | p-value
Block 11
GC 0.51 0.524, 0.497 0.615 0.433
AA 0.342 0.329, 0.355 0.599 0.4388
AC 0.148 0.147,0.149 0.005 0.9446
Block 12
ATATG 0.525 0.542, 0.507 1.045 0.3066
GCACA 0.232 0.225, 0.238 0.193 0.6605
GTGCA 0.141 0.143,0.138 0.045 0.8312
ATACA 0.087 0.075, 0.100 1.64 0.2003
Block 13
GCAAA 0.238 0.221,0.255 1.346 0.2459
GCAAG 0.21 0.211, 0.209 0.003 0.9541
GCACA 0.208 0.202,0.214 0.198 0.6566
AAGAA 0.196 0.191, 0.202 0.146 0.7029
GCGAA 0.086 0.117, 0.055 10.501 0.0012
GAGAA 0.06 0.055, 0.065 0.357 0.5501
Block 14
GTG 0.382 0.401, 0.364 1.235 0.2664
GTT 0.277 0.268, 0.286 0.347 0.5558
ATT 0.234 0.220, 0.247 0.858 0.3544
GCG 0.105 0.110, 0.100 0.24 0.6244
Block 15
GGGT 0.289 0.276, 0.302 0.657 0.4177
GGTC 0.226 0.218,0.235 0.361 0.5481
AGGT 0.212 0.211,0.212 0.001 0.9819
GAGT 0.148 0.171,0.124 3.798 0.0513
GGTT 0.12 0.123,0.117 0.056 0.8133

*Red indicates significant haplotypes which were lower than p=0.05
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