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ABSTRACT

AMYOTROPHIC LATERAL SCLEROSIS IN TURKEY:
STUDIES ON FAMILIAL AND SPORADIC ALS
USING HIGH-THROUGHPUT GENOMIC TECHNOLOGIES

Amyotrophic Lateral Sclerosis (ALS) is a late-onset neurodegenerative disease,
characterized by death of motor neurons in cortex, brainstem and spinal cord. It is a
multifactorial disease with interacting pathogenic mechanisms. Most incidences are
sporadic (SALS), while 10 per cent of cases have a family history (FALS). The genetics of
ALS is complex; eight genes and six loci with autosomal dominant (AD), autosomal
recessive and X-linked patterns of inheritance have been identified thus far.

In the framework of this study, 198 Turkish ALS cases were investigated for
possible mutations in the SOD1 gene. Five FALS cases were shown to carry disease-
causing SOD1 mutations, while six were carriers of a rare polymorphism. In the next step,
AD, nonconsanguineous FALS and juvenile cases were analyzed for the TDP-43, FUS and
ANG genes via DNA sequencing. One homozygous D90A case, represented as recessive,
was investigated by haplotype analysis and was compared to 21 Scandinavian ALS cases
in search of a common ancestry. Additionally, 15 FALS and 13 juvenile cases, who were
negative for the tested genes, were analyzed by whole genome genotyping for
identification of new ALS genes. While no significant regions were obtained, a recessive
family was preselected for the identification of homozygosity regions. Five candidate
genes located within homozosity regions were examined in one of the family member; no
mutations were identified. The same individual was also assessed by whole exome
resequencing. Furthermore, this study also contributed to a collaborative genome-wide
association study in SALS, where 14 month-survival advantage was shown for
homozygous CC allele at rs1541160 SNP in the gene coding KIFAP3. This is the most
comprehensive study performed in Turkey on the molecular genetics of ALS. The high-
throughput methodologies used and the findings presented in this thesis are expected to

shed light to the complex pathogenesis of amyotrophic lateral sclerosis.
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OZET

TURKIYE’DE AMIiYOTROFIK LATERAL SKLEROZ:
AILESEL VE SPORADIK ALS’DE
YUKSEK-OLCEKLI GENOMIK YONTEMLERIN UYGULANMASI

Amiyotrofik Lateral Skleroz (ALS), korteks, beyin sap1 ve omurilikteki motor
ndronlarin 6liimi ile karakterize olan, ge¢ baslangicl nérodejeneratif bir hastaliktir. Birbiri
ile iliskili patojenik mekanizmalar1 igeren ¢ok faktorlii bir hastaliktir. ALS’deki olgularin
yiizde 90’1 sporadik iken (SALS), yiizde 10’unda aile 6ykiisii gézlenir (FALS). ALS’nin
genetigi karmagiktir; bugiine kadar otozomal dominant (OD), otozomal resesif ve X’e bagl

gecis Ozellikli sekiz gen ve alt1 degisik lokus tanimlanmistir.

Bu ¢alisma cercevesinde, 198 Tiirk ALS hastas1 SOD1 genindeki olas1 mutasyonlar
icin aragtirildi. Bes FALS olgusunun, hastaliga neden olan SOD1 mutasyonu tasidigi
gosterilirken, yedi tanesi seyrek gozlenen bir polimorfizmin tasiyicisiydi. Bir sonraki
asamada, OD ve akraba iligkisi olmayan FALS ve jivenil olgular, DNA sekanslama
yontemi ile, TDP-43, FUS and ANG genleri agisindan incelendi. Ayrica, resesif olarak
kalitilan bir homozigot D90A FALS olgusu, ortak kalitimin tanimlanmasi amaciyla, 21
Iskandinav ALS olgusu ile haplotip analizi ile incelendi. En son asamada, calisilan
genlerde mutasyon bulunmayan 15 FALS ve 13 juvenil olgu, yeni ALS genlerinin
tanimlanmasi i¢in tiim genom genotipleme analizi ile degerlendirildi, ama heniiz anlaml
bir bolge bulunamadi. Resesif bir aile, homozigotluk haritalamasi i¢in se¢ildi ve bu ailenin
bir bireyinde, homozigot bolgeler igerisinde yer alan bes aday gen incelendi. Ayn1 birey,
‘whole exome resequencing’ ile de degerlendirildi. Tez gergevesinde, ayrica SALS
olgularinda yapilan kolaboratif bir genom-¢ap1 SNP analizi, KIFAP3 genindeki rs1541160
SNP’inin homozigot CC alelinin ALS’de yasami 14 ay uzatma avantaji sagladigini
gosterdi. Bu ¢alisma ALS’nin molekiiler patogenezi {izerine Tiirkiye’de bugiine kadar
yapilmis en kapsamli g¢alismadir. Kullanilan yiiksek-0l¢ekli genomik yontemlerin ve
sunulan bulgularin  ALS’nin  kompleks patogenezinin anlasilmasimna 1s1k tutacagi

umulmaktadir.
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1. INTRODUCTION

Amyotrophic Lateral Sclerosis (ALS) is one of the most common late-onset
neurodegenerative diseases. It was first described by Jean-Martin Charcot in 1869 (Charcot
et al., 1869). Today, it is also known as Motor Neuron Disease or Lou Gehrig’s Disease,
after the death of the famous baseball player from ALS in 1941 (Oliveira et al., 2009).

In general terminology, ‘Motor Neuron Disease’ is used to define a diverse group
of inherited disorders with their own recognizable clinical features and a definite final
destination of loss of upper and/or lower motor neurons. ALS is the most common subtype,
thus is also named as ALS/MND. The diagnosis is mainly of exclusion of other subtypes.
Today, the most reliable and uniform diagnosis is based on El Escorial criteria which
determines the classification and diagnosis of suspected, possible, probable and definite
ALS cases, depending on clinical, electrophysiological and neuropathological
examinations (Appendix C) (Hand et al., 2002).

ALS is characterized by the selective death of motor neurons in the motor cortex,
brainstem and spinal cord (Figure 1.1). The clinical picture is determined by the ‘center of
gravity’ of the progression of the disease (Shaw, 2001). While spasticity, slow speech, and
clonic jaw reflexes are the representatives of upper motor neuron (UMN) degeneration,
athrophy, fasciculations and weakness are of lower motor neuron (LMN) degeneration
(Lomen-Hoerth, 2008; Aguilar et al., 2007).

‘Amyotrophic’, a combination of Greek terms where ‘a’ stands for negative, ‘myo’
for muscle and “trophic’ for nourishment, describes the progressive skeletal muscle atrophy
due to the progressive loss of motor neurons. The atropy of the large motor neurons in the
spinal cord replaces them with fibrous astrocytes which results in the hardening of the
anterior and lateral columns, hence the term ‘lateral sclerosis’ (Hirano, 1991; Aebischer et
al., 2007).
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Figure 1.1. Affected regions in ALS

ALS is a progressive disease in which weakness in extremities results in total
paralysis, except for extraocular muscles and pelvis sphincter which are controlled by
motor neurons in the oculomotor nuclei in the brainstem and Onuf’s nuclei in the spinal
cord, respectively (Shaw et al., 2005; Cluskey et al., 2001). Generally, sensory and
cognitive functions are mostly spared. Even though several studies have shown executive
dysfunction and mild memory decline, implying cognitive impairment, more research is
needed for a definite understanding (Abrahams et al., 2005).

ALS has an incidence of two to three per 100,000, fairly uniform throughout the
world, with several exceptional high incidence foci, like the island of Guam and the Kii
peninsula (Shaw et al., 2005). The prevelance is six to ten per 100,000 (Roman et al.,
1996). Although ALS is mostly described as late-onset, juvenile forms are also observed
(Figure 1.2a). Death occurs within two to five years as a result of respiratory failure
(Cleveland, 1999) (Figure 1.2b). However, long-term survival is also observed which is
associated with the site of symptom onset (Figure 1.2c).
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Figure 1.2. Demographics in ALS (adapted from Strong, 2003)

Approximately, 10 per cent of ALS cases are familial (FALS), whereas sporadic
ALS (SALS) comprises 90 per cent (Julien, 2001). Interestingly, FALS and SALS are
almost indistinguishable in terms of clinical features. However, minor differences are
present. First of all, the age of onset is around 46 years in FALS, compared to 56 years for
SALS. Secondly, the male:female ratio is 1:1 in FALS, whereas it is 1.7:1 in SALS
(Veldink et al., 2003). However, the ratio in SALS decreases with increasing age and
reaches a 1:1 ratio after 70 years of age. Thirdly, the prognosis of FALS patients is usually
longer than SALS patients (Hand et al., 2002).

1.1. Histopathological Featuresof ALS

The pathological findings specific to ALS have been grouped into four different
stages, depending on the time course of muscle strength changes in an ALS mouse model.
These are pre-muscle weakness stage (PMW), during which muscle strength is maintained
at the normal level, rapid decline stage (RD), during which there is a sharp decline in
muscle strength up to 50 per cent, slow decline stage (SD), during which a slow decline in
ability is observed and paralysis (Para), during which paralysis of limb muscles has begun
and the mouse can no longer hold onto the wire (Kong et al., 1998). The time and amount
of degeneration of axons in spinal cord is in concordance with the motor neuron loss which

is indicative of reciprocal interaction of these cells (Figure 1.3).

The most prominent feature of the PMW stage is the presence of abnormal
mitochondria, including dilated and disorganized cristae, leakage of the outer membrane,

broken outer membrane and early vacuoles that still carry remnants of mitochondria



(Jaarma et al., 2001). The fragmentation of the neuronal Golgi apparatus begins before the
onset of RD stage (Stieber et al., 2000). Neurofilament accumulations can be observed
adjacent to vacuoles in axons which suggest that failure in slow axonal transport begins
before the onset of the RD stage. However, the vacuolation is a transient process: its
occurrence is in concordance with the onset of muscle weakness, but the vacuolation

decreases in size and number toward the end stage (Kong et al., 1998).
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Figure 1.3. a. number of degenerating axons at different disease stages; b. number

of motor neurons at different disease stages (Kong et al., 1998).

Other histopathological findings include: i. reactive gliosis, ii. reduced caliber of
distal axons, iii. neurofilament (NF) and periferin accumulation in axons and neuronal cell
bodies, iv. perikaryal inclusions, consisting of phophorylated NFs, and sometimes SOD1
and ubiquitin, v. conglomerate hyaline inclusions, consisting of phosporylated and
nonphosporylated NFs (Rowland et al., 2001, Aguilar et al., 2007), vi. Lewy-body like

inclusions and vii. attenuation of dendrites.

1.2. Molecular Geneticsof ALS

An important breakthough in unraveling the molecular mechanisms of ALS was
achieved when Deng et al. discovered the gene responsible for a group of FALS cases in
1993. This major locus has been localized to chromosome 21g22.1; it encodes the
Superoxide Dismutase 1 (SOD1) enzyme (Deng et al., 1993). SOD1 has been related to
dominant pattern of inheritance in FALS cases. It is responsible for 20 per cent of all

FALS cases which corresponds to 2 per cent of all ALS cases. Mutations in the SOD1 gene



have also been reported for SALS cases, however, the number is fairly small. Since then,
many studies have identified different loci/genes responsible for FALS (Table 1.1).

Table 1.1. Genes responsible for FALS

Inheritance Chromosomal
ALSType Onset ) Gene Function
Pattern L ocation
Superoxide dismutase,
ALS1 AD Adult 21¢g22.1 SOD1 L
Antioxidant defence
. ) Guanine nucleotide exchange factor for
ALS2 AR Juvenile | 2933 Alsin
RAB5A
ALS3 AD Adult 18921 Unknown | Unknown
ALS4 AD Juvenile | 9934 SETX DNA/RNA helicase, DNA repair
ALS5 AR Juvenile | 15q15.1-g21.1 Unknown | Unknown
ALS6 AD Adult 16q12 FUS DNA-RNA binding, RNA processing
ALS7 AD Adult 20p13 Unknown | Unknown
ALS8 AD Adult 20913.3 VAPB Vesicle-associated membrane protein
. potent inducer of
ALS9 AD and sporadic Adult 14q11.2 ANG o . .
neovascularizationa and angiogenesis
ALS10 AD Adult 1936 TDP-43 DNA-RNA binding
ALS-FTD AD and sporadic 2913 DCTN1 Promotion of synapse stability
ALS-FTD-2 AD Juvenile | 9913.2-21.3 Unknown | Unknown
ALS-FTD-PD | AD 17q Unknown | Unknown
ALS-FTD-PD AD 17921 MAPT Assembly of microtubules

In search of understanding ALS, since both FALS and SALS show similar clinical
and pathological characteristics, SOD1, which seems to be the predominant protein

responsible for the disease, has been investigated throughly.

1.3. Superoxide Dismutase 1 (SOD1)

Superoxide Dismutase 1 (SOD1) is a small cytosolic protein which is ubiquitously
expressed in most cells, including red blood cells (Siddique et al., 1996). It is highly
abundant in neurons, comprising approximately lper cent of total cytosolic protein
(Cleveland, 1999). In humans, it is located on chromosome 21g22.1 and spans 12 kb of

DNA. It has five exons and four introns.

The genomic organization of SODL1 is very similar among species. The promoter
region comprises TATA and CCAAT boxes, as well as several highly conserved GC-rich

regions. Such a high incidence of homology in the 5 flanking region implies that intense




evolutionary factors have preserved key regulatory regions for this gene. The 3" end has
poly A sequences that determine the establishment of two mature mRNA transcripts of 0.7
and 0.9 kb (Zelko et al., 2002).

The five exons encode a 21 kDa protein of 153 highly conserved amino acids
which functions as a homodimer. The polypeptide chain is folded into a flattened cylinder
of eight strands of antiparallel B-structure, which are arranged in two interlocking Greek
key motifs to form the B-barrel (Siddique et al., 1996). Inside this B-barrel extends two
large nonhelical loops (Figure 1.4). One of these loops contains the essential residues for
the establishment of the electrostatic guidance of O, while the second one contributes to
the dimer interface. Stable dimers are formed by strong hydrophobic interactions between
individual monomers at the interface. At the end of the B-barrel, each monomer contains a
cave-like active site, embedding one atom of copper and zinc. Copper (Cu*?) binding is
coordinated by four histidine residues (His46, His48, His63 and His120), while zinc ion
(Zn*?) is coordinated by three histidines (His63, His71, His80) and one aspartic acid
(Asp83). Thus, His63 is in interaction with both atoms, forming a histidine bridge
(Valentine et al., 1999). Cu*? is essential for the dismutase activity, whereas Zn*? is
involved in structural stability of the enzyme, maintaining pH stability of the dismutation
reaction and the rapid dissociation of the H,O, produced (Cozzolino et al., 2008).

137

134

Loop IV

His71
O

Figure 1.4. Secondary structure of SOD1. Beta strands are shown as blue arrows.
Gray spheres: Zn-bindings residues; green spheres: Cu-binding residues
(Shaw et al., 2007).



SODL1 is one of the most important antioxidant enzymes in the cell. The major
function of the enzyme is to detoxify O,  via forming O, and H,0,. H,O; is then further
detoxified to H,O by either glutathione peroxidase or catalase (Figure 1.5). In this respect,
O, is guided to the Cu-containing active site through a positively-charged electrostatic
guidance channel. This channel is established by twenty-one highly conserved amino
acids, and the positive charge is produced by the amino acids Lys122, Lys134 and
Argl143. Argl43 stabilizes the position of O, in relation to the Cu atom. The electrostatic
guidance channel narrows down in a stepwise fashion from a 24A° to a 10A° width and
ends up in an opening of less than 4A° just above the Cu atom. Such a structure enables
selective access of small negatively charged O, to the active site. The dismutase activity
occurs at a rate of 2 x 10° M™ sec™ (Siddique et al., 1996).

glutathione peroxidase

20"+ 0, H0,—. H,0

\ A
SOD-Cu!* N/ » SOD-Cu?'
(reduced) <€ ’/ — (oxidized)
N -
0, 0,

Figure 1.5. SOD1-mediated dismutation of superoxide (Cleveland, 1999).

1.4. Mutationsin SOD1 Gene

Until today, 148 distinct mutations have been identified in the SOD1 gene (Jonsson
et al., 2009). Most of them are missense mutations, while the rest represent insertions,
deletions and splice junction mutations. Polymorphisms have also been detected in SOD1
(Shaw, 2005).

Physical properties of SOD1 (half-life, stability, protein solubility, etc.) differ
greatly between various SOD1 mutations, but they do not appear to correlate with severity
of the disease (Elliott, 2001). The enzymatic activity of mutant SOD1 enzyme differs, such
that some are almost inactive (H46R), while others retain dismutase activity (G93A)
(Simpson et al., 2006). More interestingly, there seems to be no correlation between the

age of onset or duration of the disease with the dismutase activity. Different mutations do



not exhibit different clinical phenotypes. Similarly, FALS patients with SOD1 mutations
are clinically almost indistinguishable from SALS patients (Cole et al., 1999). Different
mutations do not seem to affect the onset of the disease. However, they do have an affect
on the progression and survival. In North America, the most common mutation among
FALS cases is A4V, which exhibits an aggressive rapid progression; death occurs usually
within 1.2 years from the age of onset (Rosen et al., 1993). Survival for most SOD1
mutation carriers ranges from three to five years, while H46R, G41D, G93C and G37R
have the longest duration of about 18-20 years. Still, even patients of the same family with
the same SOD1 mutation can exhibit significant phenotypic differences (Siddique et al.,
1996). This suggests that phenotype is finalized with the combinatorial effects of genetic

and environmental factors (Shaw, 2005).

SOD1-linked FALS cases were associated with autosomal dominant inheritance
pattern. However, today, five different modes of inheritance have been linked to SOD1-
FALS: dominant inheritance with high penetrance, dominant inheritance with reduced

penetrance, recessive inheritance, compound heterozygosity and a de novo mutation.

1.5. Possible Mechanismsinvolved in AL S Pathogenesis

The cytoplasmic dismutase activity of mice carrying a mutation in the SOD1 gene
is usually 30-70 per cent of the normal activity (Siddique et al., 1996). Such a decrease
may result from the random dimerization of mutant and wild-type heterodimers, which are
highly unstable. Formation of an unstable structure also decreases the half-life of the
protein: the half-life of the normal SOD1 protein is about 30 hours, whereas half-life of
A4V is about seven hours (Siddique et al., 1996). Thus, the initial idea favored the concept
that motor neuron degeneration was related to the loss of cell’s ability to overcome free

radical toxicity.

However, studies with transgenic and knockout mice revealed that the basic
mechanism, leading to FALS or SALS phenotype, is not the reduction in dismutase
activity (Brown, 1998). Although several mutations, such as A4V or G85R, have reduced
dismutase activity, others, such as G37R, G93A or D90A establish normal levels. There is

no correlation between the phenotype and the extent of residual SOD1 dismutase activity.



While the deletion of both alleles, thus the absence of normal SOD1 protein, causes no
change in phenotype, transgenic mice expressing a mutant protein show progressive motor
neuron loss. These results indicate that the scavencing capacity of SOD1 is not related to
toxicity. Similarly, the overexpression of the wild-type protein exhibits no phenotypic
difference, whereas the overexpression of mutant SOD1 produces a lethal, paralytic state
(Elliott, 2001). Overall results imply that mutant SOD1-induced disease is not a
consequence of a reduction in dismutase activity, but rather a ‘gain-of-function’. Today,

eight different mechanisms have been shown to contribute to this gain-of-toxic function.

1.5.1. Oxidative Damage

Reactive oxygen species (ROS) are by-products of aerobic metabolism (Coyle et
al., 1993; Lenaz, 1998). The accumulation of ROS may be very toxic to cells, thus ROS
are removed/converted by antioxidant defence mechanisms, including: i. removal by
superoxide dismutase, catalase and peroxidase, ii. scavenging by low molecular weight
agents (coenzyme Q), iii. limiting the avaliability of prooxidants, iv. removal or repairment
of damaged proteins by heat shock proteins. However, in case of SOD1-linked ALS, the
system ‘leaks’, such that mutations in SODL1 alter the conformation of the protein, leading
to a more open conformation where aberrant substances can reach the active site. This

toxic property has been associated with two hypotheses (Bendotti et al., 2004).

1.5.1.1. Peroxidase hypothesis. In addition to dismutase activity, SOD1 also has peroxidase

activity where it uses the H,O,, produced through dismutase reaction, as a substrate to
generate hydroxyl radicals in a Fenton-type reaction (Bar, 2000). However, this reaction is

self-limiting.

On the other hand, most FALS mutations exhibit enhanced peroxidase activity.
These mutations alter the highly conserved interactions within the homodimer structure.
Change in Zn*%-binding capacity leads to destabilization of the protein backbone which
causes the opening of the active channel (Yim et al., 1996). As a result, Cu*? located at the
active site becomes more accessible to H,O,. Such an interaction causes an increase in the
generation of hydroxyl radicals. Higher concentrations of hydroxyl radicals, generated by

enhanced peroxidase activity of the mutant SOD1 enzymes, cause damage to cellular
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macromolecules, including SOD1 itself. As a result, SOD1 is inactivated and Cu*? is
released (Kang et al., 2000).

However, similar evidence for hydroxyl radicals is not found in many other
transgenic mouse models at any stage of the disease. Also, vitamin E does not appear to
alter the outcome of the disease (Ahmed et al., 2000). These results indicate that either
different mutations produce disease via different mechanisms or the enhanced peroxidase

activity is not necessary for neuronal death.

1.5.1.2. Peroxynitrate hypothesis. Some mutations in FALS cause the clumsy binding of

Cu*? to the active site which decreases the normal SOD1 activity, resulting in higher O,
concentration. O, can interact with nitric oxide more easily than with native SOD1. NO is
a free radical synthesized by nitrite oxide synthases (NOS) in a Ca**-dependent manner
(Estéves et al., 2002). Thus, its activity can be upregulated in conditions, where
intracellular Ca*? is raised, such as during glutamate excitotoxicity, which is significantly

observed in ALS. The interaction results in increased nitrotyrosine levels.

Also, in the case of Zn*?-deficiency, mutant subunits of SOD1 fail to bind or retain
Zn*? efficiently (Liohev et al., 2003). In this case, rather than acting as a scavenger of Oy,
Zn*?-deficient SOD1 steals e- from cellular antioxidants and transfer these e- to O, to
produce O, (Williamson et al., 2000). Then, this superoxide combines with NO to form
peroxynitrite.

Neurofilaments are exceptionally vulnerable to nitration. The interaction between
NFs and Zn**-deficient SOD1 is a vicious cycle: As more Zn*? is bound to NFs, more
Zn*2-deficient SOD1 accumulates and more peroxynitrite is generated, which nitrates NFs,
causing more NFs to accumulate until enough peroxynitrite is produced to trigger
apoptosis of the cell (Morrison et al., 2000).

On the other hand, both mechanisms regarding oxidative damage by the
peroxynitrite reaction have contradictory experimental results. While Cu* seems like
important for proper dismutase activity, when copper chaperones (CCS) were removed,

Cu*? loading to SOD1 was reduced at least 90 per cent, but no change in disease onset,
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progression or pathology was observed (Subramania et al., 2002). Similarly, in a cell
culture model, limiting NO synthesis by inhibition of NOS by 14-folds was expected to
ameliorate disease. However, neither the onset nor the progression of the disease were
altered (Cleveland et al., 2001). Thus, the predominant role of oxidative damage in ALS
pathogenesis should still be considered with caution.

1.5.2. Glutamate-induced Excitotoxicity

Glutamate is the major excitatory amino acid (EAA) neurotransmitter in the central
nervous system (Brown et al., 2000). It is released from the presynaptic neuron to the
synaptic cleft via a Ca*>-dependent mechanism and binds to two types of receptors on the
postsynaptic membrane: ionotrophic (NMDA, AMPA and kainite receptors) and
metabotrophic receptors (Figure 1.6) (Hand et al., 2002). NMDA channels are blocked
with Mg*? at resting state and Mg*? blockage is removed upon membrane depolarization
(Brown et al., 2000). AMPA and kainite receptors are the primary regulators of fast
excitatory neurotransmission (Kwak et al., 2005). Binding of glutamate to AMPA opens
up the associated ion channels, resulting in the entry of Na™ and H,O. This depolarization,
leading to the opening of NMDA receptor-linked Na*-Ca*? channels, facilitates Ca*

influx, resulting in the excitation of neurons.

Glutamate-induced excitotoxicity is a pathological process which causes
degeneration of motor neurons due to the distruption of intracellular Ca"® homeostasis and
production of free radicals (Heath et al., 2002). The involvement of glutamate in ALS
pathogenesis was first thought upon when increased levels of glutamate and aspartate were
detected in cerebrospinal fluid of ALS mice (Hand et al., 2002).

Excess activation by glutamate can cause cell death via increase in Ca* level
(Julien, 2001). Thus, it should be removed from the synaptic cleft. The activity of
glutamate at the synaptic cleft is regulated by receptor inactivation and high-affinity
glutamate up-take by transporter proteins, named excitatory amino acid transporters,
EAAT (Figure 1.6). So far, five EAAT (EAATL1-5) have been identified. Among these,
EAAT?2 is expressed specifically in astrocytes (Maragakis et al., 2001). 60-70 per cent of

SALS patients were shown to have a loss of 35-95 per cent of EAAT2 protein in the motor
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cortex and spinal cord (Cluskey et al., 2001), while no change in number of astrocytes
occurred (Lin et al., 1998; Maragakis et al., 2004). Several studies have shown that the
decline in EAAT2 protein levels is a consequence of aberrant translation or post-

translational processing, such as exon skipping and intron retention (Deitch et al., 2002).

Normal Glutamate Regulation Glutamate Regulation in
electncal signal ' SOD1-linked ALS

electncal signal

giutamate

&8 jiutamate transporier
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glutamate excrtotoxicity

T glutamale receplor

=T

Figure 1.6. Glutamate release mechanism in normal and ALS cases
(http://www.als-mda.org)

The inadequate removal of glutamate due to EAAT2 deficiency results in increase
of glutamate concentration in the synaptic cleft (Boillée et al., 2006). Continuous binding
to the postsynaptic membrane causes continuous stimulation of Ca*’-permeable AMPA
channels, resulting in futher depolarization and Ca*? release to cytoplasm. Motor neurons
are highly vulnerable to such a condition because of two main properties: i. low Ca*-
buffering capacity due to low expression of Ca**binding proteins (Van Damme et al.,
2002) and ii. relatively high expression of Ca*’-permeable AMPA receptors, lacking
GluR2 subunit (high Ca*? permeability) (Van Den Bosch et al., 2006). At the final curtain,
mitochondria get into action; however, in ALS, mitochondria also lose their Ca**-buffering
ability after a certain time (Menzies et al., 2002). Thus, motor neurons are taken to
apoptosis.

Today, although glutamate-induced excitotoxicity being a cause or consequence in

ALS pathogenesis is still discussed, so far, the only ‘effective treatment” in ALS has been
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an anti-glutamate drug, riluzole (Labomblez et al., 1996), which impedes disease
progression via inhibition of glutamergic transmission, an implication of a crucial role of

excitotoxicity in ALS pathology (Meininger et al., 2000).
1.5.3. Protein Aggregation

When a protein is misfolded in cytoplasm, firstly, chaperon proteins act upon and
refold the abnormal protein. If not succeded, ubiqutin-proteosome pathway (UPS) is
activated where the misfolded protein is first ‘tagged’ by ubiquitins (Ub) and then
degraded to small fragments by proteosome (Ross et al., 2005). However, this mechanism

is compromised in most neurodegenerative diseases.

Conformational instability of mutant SOD1 results in the formation of intracellular
aggregates, a very common hallmark of neurodegenerative diseases (Pasinelli and Brown,
2006). These aggregates occur before the onset of disease in motor neurons and astrocytes
and increase in abundance during progression (Mendonc et al., 2006). They are ‘non-
native, sub-microscobic and detergent-insoluble structures which include mutant SOD1, as
well as CCS, heat shock proteins (HSP), NFs, Bunina bodies, Ub and hyaline inclusions
(Cozzolino et al., 2008). Aggregation of mutant SOD1 is selective for motor neurons. The
sequence of events is misfolding, followed by polyUb, accumulation, aggregation and
inhibition of UPS (Figure 1.7) (Urushitani et al., 2002).
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Figure 1.7. Possible cellular effects of mutant SOD1 aggregation (Boillée et al., 2006)
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However, there is still uncertainty as to whether: i. protein aggregates are toxic for
the cell because they sequester other proteins necessary for normal cellular functions and
disrupt retrograde transport (Bruijn et al., 2004), ii. these structures are beneficial such that
they help the removal of toxic material from the cytoplasm or iii. they are harmless by
products of degenerating process (Shaw, 2005).

1.5.4. Cytoskeletal Abnor malities and Defectsin Axonal Transport

Motor neurons are composed of a cell body, extensive dendrites and axonal
processes and this special morphology is established by cytoskeletal elements and
continuous transport of organelles from the cell body to the axonic end (anterograde
transport by kinesins) and vice versa (retrograde transport by dyneins). The neuronal

cytoskeleton is composed of microtubules, actin and neurofilaments (Strom et al., 2008).
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Figure 1.8. Axonal transport in motor neurons (Pasinelli and Brown, 2006)

Neurofilaments, the major type of IF in motor neurons, are cytoskeletal proteins
that are subcategorized as light (NF-L), medium (NF-M) and heavy (NF-H) (Julien et al.,
2000). While NF-L forms the core of the NF neurofibril, the tail domains of NF-M and
NF-H spread radically from the neurofibril to establish the spacing between adjacent
neurofibrils and interactions with other proteins. NF-L is responsible for forming
heterodimers with NF-M and NF-H to establish the proper 10 nm filaments, while NF-H
and NF-M control axonal caliber (Lee et al., 1996).
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NFs are detected in the form of spheroids in motor neurons of 1 per cent of SALS
patients. Accumulations in cell body and proximal axons of motor neurons can occur in
mice overexpressing NF-L or NF-H subunits or in mice expressing mutations in NF-L (Xu
et al., 1993; Cote et al., 1993; Lee et al., 1994). Also, one per cent of SALS patients were
shown to carry mutations in the KSP repeat region of NF-H (Figlewicz, 1994).
Interestingly, the overexpression of NF-H, despite of forming accumulations, improves
survival as of six months in mutant SOD1 mice. Two hypotheses are suggested. The first
one claims that NFs act as Ca*? chelators . They have multiple Ca**-binding sites. Thus, by
scavenging the toxic amount of Ca*? that accumulated due to glutamate excitotoxicity, the
motor neurons are rescued (Cluskey et al., 2001). Alternatively, the second hypothesis
suggests the role of acting as a sink for ROS. This way, the destructive effects of these
toxic molecules are reduced (Couillard-Despres et al., 1998). However, no definite change

in pattern or amount of protein-bound neurotoxicity has been detected so far.

Both anterograde and retrograde transports are disturbed in ALS (Sasaki et al.,
1996). Fast and slow axonal transports are responsible for transport of cargo necessary for
synaptic activity and axonal cytoskeletal of cytosolic proteins, respectively (Barry et al.,
2007). Dynein protein works in complex with dynactin and mutations have been detected
in the p150 subunit of dynactin (Laird et al., 2005). The expression of this mutant in

transgenic mice results in 60 per cent decrease in motor neuron number (Puls et al., 2003).

Mutant SOD1 interaction with dynein-dynactin complex may be through several
pathways: i. sequestration of dynein, ii. disassembly of microtubule formation and
disruption of stability, iii. interuption of motor activity of dynein, iv. disruption of dynein-
dynactin complex, v. interruption of interaction of dynein-dynactin complex with

microtubule or vi. ‘masking’ of cargo-binding proteins (Strém et al., 2008).

In total, the aberrant increase in dynein-mutant SOD1 interaction and decline in
dynein-dynactin function have several consequences: i. reduced transport of neurotrophic
factors, responsible for long-term survival of motor neurons, ii. disruption of distribution
and dynamics of mitochondria and iii. impairment of structure and function of ER-Golgi
network (Burkhardt et al., 1997). When a certain threshold is reached, deficits in reduced

retrograde transport can no longer be tolerated by motor neurons; thus, motor neuron



16

degeneration occurs (Strom et al., 2008). On the other hand, dynein displays an autophagic
function where it binds misfolded proteins at the distal end and transports them
retrogradely to the cytoplasm. In the cytoplasm, aggresomes are formed and attached to the
membrane with the guidance of lysosomes (Johnston et al., 2002; Taylor et al., 2003).
Considering the tendency of mutant SOD1 to interact with dynein-dynactin complex, such
an interaction between the mutant protein and the transport protein complex may be
beneficial for the sequestration of mutant SOD1 into aggresomes and inhibition of its toxic
effects via autophagy (Gal et al., 2007).

1.5.5. Mitochondrial Involvement in ALS

Mitochondria are the ‘powerhouses of cells’ due to their ATP-producing ability
(Menzies et al., 2002). They have three main functions in cells: i. supplying energy (ATP)
for various cellular functions through respiratory chain reaction, ii. establishing Ca*
homeostasis in neurons via sequestering excess cytoplasmic Ca*? and iii. leading cells to
enter apoptosis when cellular toxicity cannot be controlled. In general, they build up a

balance between life and death in cells (Hervias et al., 2006).

In ALS, mitochondria display both morphological and functional changes
(Manfredi et al., 2005). Morphological changes include the formation of vacuoles through
the expansion of the outer membrane, together with the shrinkage of the inner membrane
and dilated structure with disorganized cristea (Xu et al., 2004). These morphological

changes bring about several functional defects:

e mitochondria membrane becomes depolarized which reduces the efficiency of the
respiratory chain reaction,

e decline in bioenergetic occurs as a result of decrease in the capacity to consume O,
and to synthesis ATP,

e Ca'? -buffering capacity is impaired. This has two main consequences. Firstly,
mitochondria are in charge of short-term buffering of Ca*2. When there is repetitive
stimulation by glutamate (like in ALS), decline in such a property results in
accumulation of Ca' in cytoplasm, leading to glutamate-induced excitotoxicity

(Tateno et al., 2004). Meanwhile, elevated Ca* level destructs mitochondrias’
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integrity and encourage free radical production from mitochondria, leading to
cumulative oxidative stress (Reynolds 1999). Such an increase in ROS inactivates
Ca*?-binding proteins, resulting in further excitotoxicity (Figure 1.9) (Hervias et al.,
2006).
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Figure 1.9. Mitochondrial dysfunction in ALS (Manfredi et al., 2005)

Meanwhile, mutant SOD1 penetrates into mitochondria and localizes to inner
membrane, matrix and outer membrane (Kwong et al., 2006). Defects in morphology and
decline in function trigger apoptotic pathway with the release of cytochrome c. Factors that
initiate cytochrome c release are: i. translocation of proapoptotic Bax to mitochondria, ii.
the porous structure of outer membrane, iii. entry of mutant SOD1 to mitochondrial
interspace and iv. interaction of mutant SOD1 with Bcl-2 in mitochondria (Ly et al., 2006).

The outcome of these events is apoptosis (Pasinelli and Brown, 2006).

1.5.6. Non-cell autonomous Natur e of Motor Neuron Death

The first evidence of the contribution of nonneuronal cells in ALS pathogenesis
was that expression of mutant SOD1 in neither motor neurons nor glia cells on its own
resulted in motor neuron degeneration (Pramatarova et al., 2001; Gong et al., 2000). Then,
chimeric animal models were constructed. When mutant SOD1-expressing motor neurons
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were neighbored with nontransgenic glial cells, delayed onset and extended survival were
observed. In a reciprocal cross, motor neurons with wild-type SOD1 were again affected,
probably due to mutant SOD1-expressing glial cells (Lobsiger et al., 2007). Thus, it is
concluded that mutant SOD1 expression in motor neurons determine disease onset, while
mutant SOD1 expression in glial cells mediates disease progression (Clement et al., 2003).
Today, it is strongly accepted that neurodegeneration of motor neurons in ALS is a
consequence of toxicity by combinatorial contributions of vulnerable motor neurons and

their neighboring non-neuronal cells (Lobsiger et al., 2007).

Glial cells are microglia, astrocytes and oligodendrocytes. The possible
involvement can be generalized as either direct toxicity or reduction in the supporting
function to neurons (Figure 1.10). Astrocytes play a vital role in the regulation of motor
neurons’ function and viability via the ‘shaping’ of synaptic integrity, strength and
plasticity through the release of neurotrophic factors (BDNF, CNTF, GDNF and VEGF)
and regulation of synaptic glutamate level (EAAT2 transporter) (Jullien, 2007; Staats et
al., 2009). Astrogliosis have multiple effects:

e EAAT2 level is highly decreased, leading to excitotoxicity.

e Activated astroglia lose their ability of providing neurotrophic factors to motor
neurons.

e The integrity of synaptic cleft is disturbed.

e Inflammatory response elements are released.

e NF-xB stimulates the release of cyclooxygenase 2 (COX2). This increases the
synthesis rate of prostaglandins, resulting in the free radical generation and
triggering of glutamate release from astrocytes. Such events will exarburate the
situation via both oxidative stress and excitotoxicity.

e NO synthesis is highly initiated. NO can diffuse through cell membrane, infuse to
motor neuron cytoplasm, interact with mutant SOD1 and produce peroxynitrate.
Reciprocally, ROS in motor neurons can interact with glutamate transporters on the

surface of astrocytes and disrupt their transport ability.
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e Neuronal differentiation is induced. Meanwhile, motor neurons are encouraged to
become sensitive to AMPA-mediated glutamate stimulation, meaning high
permeability to Ca*?, and thus vulnerability.

e Chromagranins, chaperon-like proteins, induce release of mutant SOD1 to the
extracellular space. This alerts microglia and inflammatory elements are released
(Van Den Bosch et al., 2008).

Aactivate
Astlrga::ymde F

o v ot
" Tewic Facters
leg NOand NGF)

Astrocyte
tivated

Glutamatergic
ﬁ'oumn J icroglia

Miroans

Toxic Factors
(g NO and
THF@Y

Mutart SODTY)
Containing
Agoregales

Muotor Newran
S Terminal
S, Retraction

Muscla
e NSy

Normal Early Phase Symptomatic End Stage

S

Muscle

Figure 1.10. Crosstalk between glial cells and motor neurons (Boillée et al., 2006).

Proliferation of activated microglia is a prominent hallmark in ALS, occurring
before disease onset (Alexianu et al., 2001). Microglias, macrophages of the CNS, are
activated upon inflammation. Microgliosis is a consequence of ‘prolonged/aberrant
inflammatory response or a sustained secretion of proinflammatory cytokines’ (Neusch et
al., 2007). During microgliosis, NADPH oxidases-dependent oxygen species are produced.

No definite involvement of oligonucleotides in ALS pathogenesis has been proved.
However, the presence of these cells in mutant SOD1-induced aggregations aroused

interest (Neusch et al., 2007).

In conclusion, the general picture shows that there is a vicious cycle where the

inflammatory response generated by glial cells induces proinflammatory elements from
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neurons that induce glial cells back and in the final stage, cells are driven to apoptosis
(Boillée et al., 2006).

1.6. A Special Focuson Three Autosomal Dominant AL S Genes

1.6.1. TAR DNA binding protein

TAR DNA binding protein (TDP-43) is a 414 aminoacid protein which is coded by
the TARDBP gene on chromosome 1. It is ubiquitously expressed in all tissues, including
heart, lung, muscle and brain (Kwong et al., 2007). It has six exons and is alternatively
spliced to form at least four isoforms (Figure 1.11). The expressed protein consists of two
highly-conserved RNA recognition motifs, named RRM1, responsible for binding to
single-stranded UG or TG repeats with high affinity, and RRM2, responsible for RNA
binding and nuclear export of the protein, and a glycine-rich region at the C-terminal,
which may be responsible for protein-protein interactions, its exon skipping and splicing
inhibitory activity (Buratti et al., 2001; Wang et al., 2004).
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Figure 1.11. The structure and functions of TDP-43 (Buratti et al., 2009)

TDP-43 is very important since it binds both DNA and RNA, thereby exhibits

diverse functions, including regulation of transcription, pre-mRNA splicing, mMRNA
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stability, mRNA translocation, cell death, neuronal activity response, CDK6 expression

and the maintenance of nuclear shape.

In normal conditions, TDP-43 is predominantly located in the nucleus, only a small
portion is present in the cytoplasm. However, in ALS, biochemical modifications
(ubiquitination, hyperphosporylation and degradation) occur which causes changes in the
localization and the function of the protein (Figure 1.11). Firstly, there is an obvious
increase in the cytoplasmic level where it tends to aggregate and form insoluble ubiquitin-
positive inclusions with C-terminal fragmented, hyperphospotylated TDP-43 (Pesiridis et
al., 2009). These inclusions are present in both SALS and non-SOD1 linked FALS cases.
However, the absence of these aggregates in SOD1-FALS cases evokes the idea that the
motor neuron degeneration may be different for SOD1-positive and non-SOD1 cases
(Cook et al., 2008). Secondly, under normal conditions, TDP-43 is responsible for the
regulation of phosporylation processes. However, in disease state, it itself is
hyperphosporylated. Thirdly, the degradation of the protein is established by UPS. Unlike
wild-type TDP-43, the mutant protein cannot interact with UPS, thus it accumulates in the

cytoplasm.

Thus far, 70 different mutations have been identified. These are all missense
mutations, except for one truncating mutation (Van Damme et al., 2009). They are majorly
in highly-conserved amino acids in exon 6. These mutations at different sites may exhibit
their deletorious effects through hyperphosphorylation or increasing the tendency to
aggragate via the formation of disulfide bonds. All mutations have been linked to
autosomal dominant inheritance with mostly extremity involvement. They are responsible
for 4.8 per cent of FALS cases (Corrado et al., 2009).

Today, it is still doubtful whether mutant TDP-43 exhibits a loss of function or a
gain of function effect. Loss of function theory declares that since it is involved in the
regulation of major cellular events, many cellular processes will be mysregulated.
Meanwhile, gain of function theory states that the deletorious effect of the mutant protein
is more destructive to the cell than the absence of nuclear TDP-43. Yet, there is still a lot to

be discovered.
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1.6.2. Fused in Sarcoma

In the light of the finding of TDP-43 DNA-RNA binding protein in ALS, Vance et
al. sequenced other DNA-RNA binding genes in a large British family with FALS and
identified a mutation in the Fused in Sarcoma (FUS) gene (Lagier-Tourenne et al., 2009).

FUS gene, located on chromosome 16, is a 526 amino acid protein which consists
of 15 exons. It has a SYQC-rich region at the N-terminal which functions as a
transcriptional activation domain, two G-rich regions, an RNA binding domain, a
Cys2/Cyse-zinc finger domain and RGG-rich region at the C-terminal which contains a
nuclear localization signal domain (Figure 1.12). It is ubiquitously expressed in all cells.
Under normal physiological conditions, it is predominantly located in the nucleus
(Morohoshi et al., 1998).
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Figure 1.12. Schematic representation of FUS

FUS is also involved in the regulation of transcription, mRNA splicing, translation
and mRNA transport to cytoplasm (Vance et al., 2009).

FUS have been shown to be the third most significant gene responsible for
autosomal dominantly inherited FALS (4 per cent) (Sleegers et al., 2009). These cases are
represented with symmetrical, proximal and axial weakness at onset which is fairly
different from classical ALS where a single limb at the distal is affected (Ravits et al.,
2007). The age of onset and duration vary between and within mutations. Most mutations
are the substitution of arginine at the carboxyl terminus. Analysis of brain and spinal cord
specimen form ALS patients carrying a FUS mutation showed the normal presence of FUS

in nuclei but abnormal aggregates in cytoplasm. It is still not clear whether it is the loss of
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function or the gain of function of FUS that creates a disease pathology, but the discovery
of TDP-43 and FUS, two RNA binding proteins, arises the attention on genes involved in
RNA processing (Traynor et al., 2009).

1.6.3. Angiogenin

Angiogenin (ANG) is a member of the pancreatic RNAse superfamily which is
responsible for new blood vessel formation. It has been conserved in all vertebrates. ANG

gene is located on chromosome 14 and encodes a 14kDa product (Greenway et al., 2006).

ANG is stimulated upon hypoxia and triggers angiogenesis. It is also expressed in
the nervous system where it acts as a hypoxia inducible factor; thus, it exhibits a
neuroprotective role for motor neurons under hypoxia or excitotoxicity (Kieran et al.,
2005). It also acts on endothelial cells in the nervous system and helps maintanance of

normal vasculation.

Thus far, 14 missense mutations have been identified. ANG has been described as
the second most frequent gene shown to be responsible for ALS, following SOD1, at least
in some populations (Kishikawa et al., 2008). These mutations are different from other gene
mutations in that they exhibit a definite loss of function effect. The mutated protein lacks the

ability to stimulate neurite outgrowth and to protect neurons from hypoxia (Wu et al., 2007).

1.7. D9OA-SOD1 Mutation: a Possible Protective Factor in Homozygotes

Following the identification of SOD1 as an ALS-causing gene, many mutations
were identified, all of which were linked to autosomal dominant pattern of inheritance,
including D90A (Robberect, 2000). However, in 1995, in a study by Andersen et al., D90A
heterozygotes (2.5 per cent of the Scandinavian population) were shown to be
phenotypically normal, while only D90A homozygotes displayed ALS phenotype
(Andersen et al., 1995; Sjélander et al., 1998). In North American and most European
populations, D90A heterozygotes exhibit a rather aggressive phenotype where the
symptoms can initiate from any territory and the disease progression is rapid (Robberect et

al., 1996; Parton et al.,, 2002). Meanwhile, D90A homozygotes in Scandinavian
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populations share a highly distinctive phenotype of a limb-onset slow-progression with a
median survival of 11.7 years (Andersen et al., 1996). Also, mutations that cause gain-of-
function are inherited in a dominant manner. Indeed, the same mutation exhibiting both
dominant and recessive pattern of inheritance for the same disease is very unique (Jonsson
et al., 2002).

Such a diversity in the clinical picture and transmission between populations arose
the idea of a possible protective factor linked to D90A-SODL1 in Scandinavian populations
(Andersen et al.,1997). This factor not only reduces the susceptibility to the harmful effects
of the mutant SOD1, but also modifies the clinical phenotype of Scandinavian D90A
homozygotes. This hypothesis initiated linkage studies (Al-Chalabi et al.,1998). The

existance of a protective factor were supported by six notions:

e DO90A mutation is inherited in an autosomal dominant manner by default since
recessive families share a single common founder whereas dominant families share
several.

e DOI0A is located nearby a B-barrel on the periphery of SODZ1, it has little influence
on dimer-dimer interaction or the catalytic activity; it is a highly conserved
position. However, another mutation at the same position (D90V) is dominantly-
inherited which disproves the emphasis on unimportant position.

e When toxic gain-of-function is considered, having two copies of the mutant allele
should exabarate the disease phenotype. N86S is located at a similar position to
D90A. N86S homozygotes exhibit a very severe phenotype with an onset of 13
years and survival of 14 weeks whereas D90A homozygotes, by contrast, exhibit a
milder slowly-progressive phenotype (Hayward, 1997).

e While dominant D90A cases show a great diversity in phenotype, recesssive cases
show a uniform clinical picture.

e The allele frequency in Northern Scandinavia is 2.8 per cent (Beckman et al.,
1973), while it is 0.03 per cent in UK (Harris et al., 1974). However, the presence
of both recessive and dominant D90A families in Scandinavia cannot be a

consequence of high incidence, since none of the heterozygotes in the recessive
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families develop ALS (even some who are> 90 years old) and >50 per cent of
heterozygotes in other European populations do.

e The risk of D90A heterozygotes in Scandinavian populations is not any higher than
of the rest of the population, while in Non-Scandinavian populations, the presence
of a single mutant allele increases the risk of develeoping ALS (Broom et al.,
2009).

These studies argued that D90A common founder arosed 895 generations ago
where the recessive haplotype was of Scandinavian origin, going back to 63 generations

and was distributed thoughout the world by Viking migration (Broom et al., 2006).

Linkage is “the tendency of genes or loci to be inherited together as a result of their
close proximity on a single chromosome’ (Strachan and Read, 1999). Since this modifier
factor is believed to be population-specific, it should be segregating along with D90A
mutation, probably closely located to the SOD1 gene. Thus, the strategy in search of a
modifying protective factor is linkage analysis which aims to statistically associate a
genetic variant with a disease, based on the cosegregation of variants and disease in
families. Different groups have studied recessive and dominant D90A pedigree in only
Scandinavian, only European and both Scandinavian and European population (Figure
1.13) (Al-Chalabi et al.,1998; Parton et al., 2002).

In 2006, Broom et al analyzed promoters and coding sequences of the four genes
that reside between Shylock and Goneril (LOC150051, FBXW1BP1, KIAA1172 and
LOC140282) (Broom et al., 2006). None of the identified 15 variations was associated
positively with D90A homozygosity.

Since sequence alterations that reside in the noncoding regions may also affect the
expression of the splicing of a gene, the next aim was the sequencing of the entire 265 kb
region between Shylock and Goneril. Scandinavian D90A homozygote and heterozygote
samples were further analyzed using microsatellite markers. No polymorphic repeat
sequences were detected downstream of SOD1. However, recombination was observed in
five novel polymorphic markers upstream of SOD1 which enabled the narrowing of the

candidate region t0107 kb between M20 and Goneril. Single nucleotide polymorphisms



26

(SNP) analysis within this region did not reveal any recombination event, thus the whole
conserved 107 kb region was fully sequenced. The candidate protective factor should be: i.
present homozygously in D90A homozygote recessive families, ii. absent in affected
D90A heterozygote dominant families, iii. present in D90OA heterozygote Scandinavian
populations and iv. absent in affected D90A heterozygote non-Scandinavian populations.
In total, 1130 potential insertion-deletions and 291 SNPs were identified; however none of

these variations revealed a positive association (Broom et al., 2009).
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Figure 1.13. The results of the first (a) and second (b) linkage studies around the
SOD1 gene in D90A homozygous patients (revised from Broom et al., 2006)

In conclusion, the current data indicate that Scandinavian D90A haplotype is not
linked to a protective factor. The difference in mode of inheritance and phenotype was
addressed by two hypothesis: i. D90OA is a only a benign mutation that can exhibit a disease
phenotype when present in two copies. In non-Scandinavian dominant pedigrees, D90A
acts as a risk factor that contributes to the disease-causing effect of another yet unidentified
cause of ALS. In line of this idea, transgenic mice develop the disease only if they have
high level of D90A expression (Brannstrom et al., 1998; Zetterstrom et al., 2007; Jonsson
et al., 2009) or ii. there is more than one protective factor in Scandinavian population.
Thus, D90A heterozygotes in recessive families do not necessarily lose the protective

factor through recombination.
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1.8. Genome-wide Association Studiesin ALS

Genome-wide association (GWA) approach is defined as a study investigating
genetic variations across the entire genome for the identification of genetic associations
between observable traits or presence/absence of a disease. In this respect, together with
clinical and phenotype data, it increases the chance of unraveling biological processes
affecting health state. It relies on the ‘common disease, common variant’ notion which
defends the genetic risk for a common disease being mostly related to small number of
common genetic variants (Chanock et al., 2007; Hunter et al., 2008; Pearson et al., 2008).

Common SNP contributes to disease causation (common variant model)
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Figure 1.14. Common variants in disease (adapted from Mullen et al., 2009)

The initial GWA analysis is based on the search for single base variations, called as
SNPs, which occur more frequently in patients with a particular disease with respect to
normal individuals. It is proposed that through generations, a single DNA base is
transmitted (blue) until a variant occurs (yellow) which becomes a SNP (Figure 1.14).
Initially, the new variant is rare. It exhibits such a small effect so that it is not removed by

selection; thus, by random chance through generations, it becomes more frequent.
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Several SNPs cluster together on a chromosomal region where they are inherited as
blocks, named as haplotype blocks. The human genome is composed of 3 billion bases.
Thus far, more than 12 million SNPs have been identified. Since it would be time-
consuming and expensive to detect changes in all SNPs individually, a more practical
approach has been preferred where SNPs in linkage disequlibrium within a haplotype
block is used as a proxy. These are named as ‘tagged-SNPs’ (Beckmann et al., 2007).
Tagged-SNPs point out chromosomal regions with different haplotype distributions in
healthy and diseased individuals. In a further attempt, each region would be studied in
detail for the identification of location of the definite variant and the corresponding gene.
Clearly, this approach increases the sensibility and speed of research.

GWA approach has been more practical, informative and applicable after the
establishment of three major practices: the discovery of >10.000.000 SNPs, the
construction of the HapMap Project which supplies information on the association between
the alleles of the neighbouring SNPs and the development of high-throughput genotyping
technologies (Traynor et al., 2007; Wang et al., 2009). The successful applications of this
approach have identified novel genetic loci for common diseases, such as age-related
macular degeneration (Klein, 2005), type 2 diabetes (Frayling, 2007), heart disease
(McPherson, 2007) and cancer (Easton, 2007).

However, when ALS is concerned, the picture becomes more complicated. Various
genes have been identified for FALS. The genetics of SALS, on the other hand, is not well-
defined; it has still not been completely classified as monogenic, multigenic or
multifactorial (interaction of genetic and environmental factors) (Schymick et al., 2007). It
is proposed that sporadic forms of ALS are caused by multiple genetic variants which are
relatively weak contributors to risk by themselves. Different GWA studies have identified
several ALS-associated loci (Table 1.2). However, attempts have not been as successful as
expected until now and contradictory results exist. In complex disorders, only a small
percentage of the results (1 per cent) could be replicated. For example, the study by
Landers et al. could not replicate three previously reporter variants in ITPR2, DPP6 and

FLJ10986, which were claimed to be involved in susceptibility (Appendix F).
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Table 1.2. Genetic variants (SNPs) in SALS that have been identified by GWA

Stud
Gene Localization | Putative Function Y . Replicated
Population
alter expression of neuronal US Caucasin Yes; US Caucasin,
DPP6 7036.2 ) )
A-type K channels Irish Dutch, Polish
possible role in energy )
FGGY 1p32.1 ) US Caucasin No
metabolism
mediated intracellular Ca* Dutch, Belgian,
ITPR2 12p11 . No
release Swedish
regulates release of )
] ) Dutch, Belgian,
UNC13A 19p13.3 neurotransmitters, like Glu, at ) ) No
Swedish, Irish,
neuromuscular synapses
Dutch, Belgian,
rs2814707 )
9p21.2 -- Swedish, No
rs3849942

German, Polish

1.9. Copy Number Variation

Although much has been expected of SNPs in explaining most common disease,

they have been shown to be responsible only for 2-15 per cent (McCarroll, 2008).

Recently, importance of structural genetic variation in the modification of gene expression

and disease phenotype has raised recognition (lonita-Laza et al., 2009). Among these, copy

number variation (CNV) is defined as a structural variation in genome which results in

copy number changes in a specific region that spans more than 1000 bases (Freeman et al.,

2006). It is considered as a rare variant when observed with a frequency of < 1 per cent.

Currently, there are >3600 CNV loci, corresponding to 18 per cent of the whole genome
(Blauw et al., 2008).

Several distinguishing features of CNVs compete with SNP analysis. Firstly,

although spread widely in the entire genome, SNPs are only one base changes; thus, only

minority which affect functional elements may cause a phenotypic variation. On the other
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hand, CNVs are large regions, from kilobases to megabases. In this respect, although they
are less abundant, any variation in copy number will surely affect a wide range of genes
(Sebat et al., 2004). Secondly, when the causative variation is distributed throughout the
genome, tagged-SNPs are deficient in discrimination of controls and affected individuals.
CNV analysis is more advantageous since it does not require a specific haplotype pattern,
but rather relate the overall gene dosage to phenotype (Beckmann et al., 2007). Since the
discovery of importance of CNVs in disease, new generation SNP arrays have been
developed which also include SNPs within definite and potential CNV regions (McCarroll,
2008).

In a recent paper by Blauw et al., 406 SALS cases with Dutch origin and 450
healthy controls were sujected to whole genome CNV analysis (Blauw et al., 2008). This
study revealed CNVs mapped to 935 non-overlapping loci which were insignificant after
Bonferroni correction. Further analysis revealed 2238 CNVs with deletions and
duplications which affected 2021 genes. However, among these, only gene, named as
ENSG00000186259, was homozygously deleted in a majority of patients. Other genes that
were mentioned as plausible candidates were ANXAS5, GEMIN6 and MTMR7. However,

the results of this study have not been replicated yet.
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PURPOSE

The aetiology of ALS was a total mystery until the identification of SOD1 as the
major gene in FALS which opened up a new era in the investigation of disease-causing
mechanisms. Several SOD1-related/induced pathways have been defined in different
SOD1 mouse models and cell lines. Recently, two genes have also been implicated in

familial cases. In this respect, this study aims

e to search for possible mutations in the previously defined ALS genes in 198
Turkish ALS cases.

Thus far, animal models and cell lines of previously defined ALS genes have not
been as informative as expected since they are responsible in total for only ~2 per cent of
all cases. Thus, it is important to identify other genes involved in the disease for
understanding the pathogenesis. In this respect, this study aims to identify new ALS genes
in FALS via

e the utilization of whole genome genotyping strategy in familial and juvenile cases,
e the establishment of a new approach, named whole exome sequencing, which
amplifies ~180,000 coding exons of 18,673 protein-coding genes and 551 miRNA

exons at once.

ALS is a complex genetic disease with phenotypic heterogenity. This brings about
the importance of relative contributions of genetic and environmental factors. Along this
line, this study will contribute to a large-scale genome-wide association study which aims
to identify genetic variants that are associated with differing phenotypes in SALS,

including site of onset, age of onset, risk and duration of the disease.

Overall, the investigation of the molecular genetics of FALS and SALS from both
overlapping and differing perspectives by the utilization of different approaches is

expected to identify new ALS-causing genes and modifiers of the phenotype.
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3.1. DNA Samples

3.1.1. DNA Samplesof Turkish ALS Patients
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In the framework of this thesis, a total of 198 ALS patients were analyzed. Among

these, 29 were of familial type, while 156 were sporadic and 13 were juvenile patients.

Samples referred by each center are shown in Table 3.1.

Table 3.1. Centers that have sent ALS samples to NDAL

Medical Center Sample Number
Istanbul University, Capa Medical School, Dept. of Neurology 68
Cukurova University, Medical School, Dept. of Neurology 63
Personal Contacts 20
ALS Association 15
Izmir SSK Education Hospital, Dept. of Neurology 8
Siireyya Paga Clinic, Dept. of Neurology 6
Istanbul University, Cerrahpasa Medical School, Dept. of Neurology 4
Kahramanmaras Yenisehir Hospital, Dept. of Neurology 3
Sisli Etfal Hospital, Dept. of Neurology 2
Ege University, Medical School, Dept. of Neurology 2
Amerikan Hospital, Dept. of Neurology 1
Yeditepe University, Medical School, Dept. of Neurology 1
Adnan Menderes University, Medical School, Dept. of Neurology 1
Celal Bayar University, Medical School, Dept. of Neurology 1
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3.1.2. Patient AL S147 and Family Members

Blood samples from the family members of patient ALS147 were collected for

haplotype analysis.

Patient ALS147 originates from Milas, Mugla. The parents of the index case were
first cousins (Figure 3.1). His mother is at her 80s; she is phenotypically normal. His father
passed away at ~70 years of age, he was also phenotypically normal. His older sister was

diagnosed with ALS at the age of 48. She passed away relatively soon due to bad

caregiving.
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Figure 3.1. Family tree of ALS147

The first symptoms of the index case were weakness in legs, dizziness, sore throat
and depression at the age of 48. Within six months, weakness started spreading to other
extremities; now, he walks with canes. Meanwhile, difficulties in swallowing and
breathing have also developed. However, he can still feed normally. Having the disease for
five years, when compared to classical ALS progression, his clinical picture can be

described as ‘slowly progressive’.
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For haplotype analysis of patient ALS147, comparative linkage study was

established with samples shared generously by Peter Andersen from Umea University. The

origins and genotypes of these samples are shown in Table 3.2.

Table 3.2. Origins and genotypes of Scandinavian samples

Scandinavian 1D SOD1 Mutation Ethnicity Comments
6 D90A homozygous Swedish --
208 D90A homozygous Finnish -
292 D90A homozygous Finnish --
327 D90A homozygous Finnish --
339 D90A homozygous Finnish -
340 D90A heterozygous Finnish PD; mother of SOD339
356 D90A homozygous Finnish -
463 D90A homozygous Finnish -
466 D90A homozygous Swedish --
578 D90A homozygous Finnish -
586 D90A homozygous Swedish -
727 D90A homozygous Swedish --
789 D90A homozygous Swedish --
822 D90A homozygous Finnish -
1235 D90A homozygous Norwegian -
1339 D90A homozygous Swedish --
1546 D90A homozygous Russia --
1609 D90A homozygous Swedish -
1846 D90A heterozygous Swedish -
1950 D90A heterozygous Norwegia --
3867 D90A heterozygous Germany --
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3.1.4. Mutational Analysis of Autosomal Dominant and Nonconsanguinious Familial
and Juvenile ALS Casesin the Turkish Cohort

Autosomal dominant cases are described in Table 3.3, detailed information on
familial and juvenile cases are shown in Tables 3.4 and 3.5, respectively. These cases are

characterized with late age of onset and more than one affected individual within the

pedigree.
Table 3.3. Autosomal dominant FALS cases
ALSID Age ot Consanguinity Other affected family members
Onset
ALS56 46 no Mother and older sister
ALS57 51 no Mother (ALS59): ALS-like symptoms.
ALS59 ~60 no Son (ALS57)
ALS170 48 no Younger brother (ALS171) and younger sister (ALS172)
ALS171 47 no Older (ALS170) and younger sisters (ALS172)
ALS172 45 no Older brother (ALS171) and older sister (ALS170)
ALS184 45 no Grandfather, uncle, father and older brother; all ex.
ALS215 60 no Father and younger sister
ALS220 45 o Father, uncle and her father’s cousin; all ex
Her cousin; alive
Table 3.4. Familial ALS cases
ALSID Inheritance | Ageof Consanguinity | Other affected family members
Pattern Onset
ALS41 AR FALS 18 no Grandmother similar to ALS
ALS46 AD FALS 23 yes Father died of ALS
Older sister died of ALS.
ALS68 AR FALS 44 yes Another older sister suspected of ALS; died of another
reason
ALS97 AR FALS 46 not reported Younger stepsister died of ALS.
ALS173 AR FALS 58 no Two younger sisters (ALS174 and ALS189)
ALS174 AR FALS -- no Older (ALS173), younger sisters (ALS189)
ALS189 AR FALS -- no Two older sisters (ALS173 and ALS174)
ALS175 FALS 22 no Two younger brothers similar to ALS
ALS202 FALS 56 no Younger brother died of ALS.
ALS223 FALS 44 no His cousin had ALS; died of another reason.
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Table 3.5. Juvenile ALS cases

ALSID Inheritance Ageof Consanguinity Other affected family members
Pattern Onset

ALS49 Juvenile 9 yes -
ALS85 Juvenile 17 no Older brother (ALS86)
ALS86 Juvenile 19 no Younger brother (ALS85)
ALS96 Juvenile 9 yes -
ALS132 Juvenile 14 yes Younger sister (ALS133)
ALS133 Juvenile 16 yes Older brother (ALS132)
ALS135 Juvenile 12 not reported -
ALS150 Juvenile 16 yes -
ALS155 Juvenile - not reported -
ALS157 Juvenile - not reported Younger brother (ALS158)
ALS158 Juvenile - not reported Older brother (ALS157)
ALS167 Juvenile 13 yes -
ALS178 Juvenile 17 no -

3.2. Fine Chemicals
3.2.1. Primersfor PCR Amplification and DNA Sequencing of SOD1
The primers for the amplification of all five exons of the SOD1 gene were as
described in Deng et al., 1993. They were purchased from Roche, Germany. The
sequences are shown in Table 3.6. The primers in bold were also used for DNA

sequencing.

Table 3.6. Primer pairs used in PCR amplification of the SOD1 gene

Primer Name Primer Sequence Product Size (bp)
Exon 1 Forward | F-5 TTCCGTTGCAGTCCTCGGAAC 156
Exon 1 Reverse R-5" CGGCCTCGCAAACAAGCCT

Exon 2 Forward | F-5° TTCAGAAACTCTCTCCAACTT 207
Exon 2 Reverse R-5" ACGTTAGGGGCTACTCTAGT

Exon 3 Forward | F-5" TGGGAACTTTAATTCATAATT 182
Exon 3 Reverse R-5" AGTATACCATATGAACTCCA

Exon 4 Forward | F-5° CATCAGCCCTAATCCATCTGA 236
Exon 4 Reverse R-5" CCGACTAACAATCAAAGTGA

Exon 5 Forward | F-5" AGTGATTTACTTGACAGCCCA 216
Exon 5 Reverse R-5" TTCTACAGCTAGCAGGATAACA
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3.2.2. Primersfor PCR Amplification of Microsatellite Markers

Microsatellite markers used in the haplotype analysis of the D90A homozygote
Turkish patient were suggested by Peter Andersen (University of Umed) and the primers
for PCR amplification were designed using Primer3 program. The sequences were
confirmed with Entrez Mapviewer and BLAST programs (Figure 3.2). These primers were
ordered from Roche, Germany.

| | | | | | |
| | 1 | I 1 |

5.8 Mb 0.5 0.51 08 1.8 1.22 Mb

D215272:25378523-25378731: D215213:31200227-31200373;
DZ1S1Z270:31706761-31706950; D215263:32221933-32222107;
S0D1: 31953806-319263112;

D215224: 33856250-33856382: D215219:35083921-35084097

Figure 3.2. The positions of the microsatellite markers on chromosome 21. The numbers

below arrows are the distances between each marker, represented in Mb
The exact size of each PCR product was determined by GeneScan Analysis. For
this purpose, forward primers, labeled with FAM at the 5’ end, were used. They were

purchased from Roche, Germany. The sequences of the primers are listed in Table 3.7.

Table 3.7. Primer pairs used in the PCR amplification of microsatellite markers

Microsatellite M ar ker Primer Sequence

D21S213 Forward (5FAM-) TAGAGGCTTGAATTGGCTGG
D21S213 Reverse GTGTTTCATTAGACACACACCC
D21S219 Forward (5"FAM-) GCCTCTTGACTTTTTGGC
D21S219 Reverse GCTGCAAGCCTTCTACATT

D21S224 Forward (5FAM-) GATCTATGGCTAACCACTAA
D21S224 Reverse ATGATAATGTTCCTCACTGTTT
D21S263 Forward (5'FAM-) GTTAAGGGTGAAATTGGCTT
D21S263 Reverse TGGAGATAGCATCACACTAACA
D21S272 Forward (5FAM-) TTGGCTTTGGAACCAG
D21S272 Reverse CATCAGCAAGGGTCCTC

D21S1270 Forward (5'FAM-) AGAGCAATATAGAGCAGACAAGT
D21S1270 Reverse AATGGAACAATTTTATCCTTAGTTT
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3.2.3 Primersfor PCR Amplification of TDP-43

The primers were designed using Primer3 program (Table 3.8). The sequences were
confirmed by Geneviewer, Entrez Mapviewer and BLAST programs. They were purchased
from Invitrogen, USA. The primers in bold were also used for DNA sequencing.

Table 3.8. Primer pairs used in the PCR amplification of TDP-43

Primer Name Primer Sequence Product Size (bp)
Exon 1 Forward | ATCACTACCCTTACCTTCACC 573
Exon 1 Reverse | TCGTGGTCTTCCAAACTTGTC

Exon 2 Forward | AGAGGGAGAGATTGTAATCCG 615
Exon 2 Reverse | AAGGTAACAAGATTGTGGCTGG

Exon 3 Forward | TTAAGCCACTGCATCCAGTTG L2
Exon 3 Reverse TATTCAGCATGCACTAAGGGC

Exon 4 Forward | ACGTTACTCTTCACTGAAGCC 240
Exon 4 Reverse GAATAGCAATTAGCTGCATGGG

Exon 5 Forward | GACTGAAATATCACTGCTGCTG 265
Exon 5 Reverse | TTGAATTCCCACCATTCTATACC

3.24. Primersfor PCR Amplification of ANG

The primers for the amplification and direct DNA sequencing of the coding
sequence of the ANG gene and its 40 bp flanking region, were as described by Greenway
et al. (Table 3.9) (Greenway et al., 2004). They were purchased from Invitrogen, USA.
The primers in bold were also used for DNA sequencing.

Table 3.9. Primer pair used in the PCR amplification of ANG

Primer Name Primer Sequence Product Size (bp)
Exon 1 Forward | TGTTCTTGGGTCTACCACACC
Exon 1 Reverse | AATGGAAGGCAAGGACAGC

550

3.25. Primersfor PCR Amplification of FUS

For the amplification of 15 exons of FUS, the primer sequences in Vance et al.,

2009 were used (Table 3.10). They were confirmed by Geneviewer, Entrez Mapviewer and
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BLAST programs. They were purchased from Invitrogen, USA. The primers in bold were

also used for DNA sequencing.

Table 3.10. Primer pairs used in the PCR amplification of FUS

Primer Name Primer Sequence Product Size (bp)
Exon 1 Forward ACCCTCTACCTGCCCTACG

Exon 1 Reverse GTCCCACTGAAAACGAAAAG 290
Exon 2-3Forward | TTCATCAGTGCTTGAGTTAAGG 449
Exon 2-3 Reverse | AACAGGACCAGACTCCGTC

Exon 4 Forward | TGAGAGGCTGGCTTTATGAG 304
Exon 4 Reverse TGCTGGTCCCTTTATCATTC

Exon 5 Forward TGTTGGGTACAGAGAATGGAC

Exon 5 Reverse AGCCTCAGCAACAGAGACAG 375
Exon 6 Forward TTCTTTTGTCCTTCATTGCC

Exon 6 Reverse ATGCACTAGGGACTGGCTTC a4
Exon 7 Forward GGTCAGGAAGGGATGTATTTTAG

Exon 7 Reverse AACAGGTGGCATTCTACCCTAC 23
Exon 8 Forward | CCTGTTGACTAACGGCTCATC 178
Exon 8 Reverse TCTCAGACCTAAATCACTGGGG

Exon 9 Forward | TGATACCAGTTGCTTGATGG 205
Exon 9 Reverse TGCTGGCAACCATTAAAGAC

Exon 10 Forward | AGTAACTGGGAAGAGGGGAG

Exon 10 Reverse TATGGCTTGTTTCCTAAGGC 321
Exon 11 Forward | CGCTTCTCTTGTATTTTCGG

Exon 11 Reverse CATTCCATGCAAGCCTTTAC 247
Exon 12 Forward | GTGCAGAAGATGGTAAAGGC

Exon 12 Reverse CTTCTTTGGAAAACACGCAC 304
Exon 13 Forward | TCCTCACTGTATCTCTAAAGTCACC 203
Exon 13 Reverse CATATTCCCATTCCCCTATG

Exon 14 Forward | CACATGGGTAAGAAAGGCAG 248
Exon 14 Reverse TCTCAACAAAACCCTGTTATCC

Exon 15 Forward | TACTCGCTGGGTTAGGTAGG

Exon 15 Reverse TTCCAGGAAAGTGAAAAGGG 3
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3.2.6. Primersfor PCR Amplification of CPEB3
The primers used in the amplifications of CPEB3 are shown in Table 3.11. Exon 1
of CPEB3 was divided into three different fragments for a more convenient amplification.

All primers were designed by Geneviewer, Entrez Mapviewer and BLAST programs.

They were purchased from Invitrogen, USA. The primers in bold were also used for

DNA sequencing.

Table 3.11. Primer pairs used in the PCR amplification of CPEB3

Primer Name Primer Sequence Product Size (bp)
Exon 1 Forward-a | GGTGGCGATGGATTTTCGC

Exon 1 Reverse-a | AAGTGCCTCCGAAGACTGG >02
Exon 1 Forward-b | AGGACAGCTTCTTCCAGGG

Exon 1 Reverse-b | AGGCTGCATTCACGCTTTGG 39
Exon 1 Forward-c | ACCAGCAAGCCGTCCTCG

Exon 1 Reverse-c | AGCTGGACATTGCTGCCCT 470
Exon 2 Forward TTCATGTCATCAATCCACAGC

Exon 2 Reverse TGACTGATAACAATCCACCTTG 4
Exon 3 Forward ACTGCTTTGGCCTTTGATAGC

Exon 3 Reverse CTTTCAGCGGAAGGTTAAAATG 290
Exon 4 Forward TCCTGTTAATCTTGGAAAAGCC

Exon 4 Reverse ACCAAATAGTCTCACCTCCTATGC a4
Exon 5 Forward AAAAGACATGTTTTGTGCTCTTC

Exon 5 Reverse GAAACAATCAGTGTGCTTCAGG 308
Exon 6 Forward ATTTGCCAAAATGAAACAACAG

Exon 6 Reverse CTACTGCATAGCAAGGCCAAG 340
Exon 7 Forward TTTGTTTGGGTCATGTTCATTG

Exon 7 Reverse TTGGGAGAAAACCTTTAATCCTG o
Exon 8 Forward CAGTGAGGACCTTCCCTACTTG

Exon 8 Reverse GATCATAAGGTGCCTTTCTTCC o
Exon 9 Forward CAGTATCAGCAGAGTTGAAAGC

Exon 9 Reverse GAGAACGAATGCACAGATTTCC 400
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3.2.7. Primersfor PCR Amplification of USP53

The primers used in the amplifications of USP53 are shown in Table 3.12. Exon 4
and 5 were combined for a more convenient amplification. All primers were designed by
Geneviewer, Entrez Mapviewer and BLAST programs. They were purchased from

Invitrogen, USA. The primers in bold were also used for DNA sequencing.

Table 3.12. Primer pairs used in the PCR amplification of USP53

Primer Name Primer Sequence Product Size (bp)
Exon 1 Forward CATCAGGAAAGATATGGACTTGG

Exon 1 Reverse CAGCCAAAACACTTTTGCTCC r
Exon 2 Forward AAGTTACTTGTTCGCCTTTTGC

Exon 2 Reverse ACTGTTAATCACCTGACAGTGAAC 3
Exon 3 Forward CTGAAATGTCGTTAAAGCTGGC

Exon 3 Reverse AAGTTGAGGCTTGAAGGATGG 348
Exon 4-5 Forward | GATTAGAGAGGAAAGCTGAAAAGC

Exon 4-5 Reverse GAGAGGGGAAATTCATGTATGC >4
Exon 6 Forward TCACTTTATGGAAATGTACTTTATGG

Exon 6 Reverse ATCAATATATGCTTCACAAACTTAGG n
Exon 7 Forward TGACTTCAAGAGTTTTATTTCTGC

Exon 7 Reverse GTTTGTAATTGAAAGCCATTCC >0z
Exon 8 Forward AACAATGTGATGTCAGTGGTGC

Exon 8 Reverse AATGGACTGGTTTAAAAGCTGG >4
Exon 9 Forward AACTCAGAGTCTGTCTTTTCATGT

Exon 9 Reverse AGCCTCTTCTGTGATTGTGTGA 47
Exon 10 Forward ATTCAAACATCTCTTCTCATGGG 101
Exon 10 Reverse CATGGAATCAAACTGGTCAGG

Exon 11 Forward AAAATACAACATGCATCTCCAGTG

Exon 11 Reverse GAGTGAACTCTCACCTCTTC 038
Exon 12 Forward-a | TCATTAAGCATACACAAGGACTGG

Exon 12 Reverse-a GCTGCTATCACAGCTGTTTCC 47
Exon 12 Forward-b | TCAAGTAAATCCCAGATTCTTGC

Exon 12 Reverse-b GTACCATTTCCATCGATAACAGG >33
Exon 12 Forward-c | TTGTAGAGGGTAAAGTGCATGG

Exon 12 Reverse-c GATGATACCAATTGAAGTCTGTGC >t
Exon 13 Forward GCAGTCCATAATACCTGATGTG

Exon 13 Reverse TCAATGTGGAAAGTATAGCATGC 377




Table 3.12. Primer pairs used in the PCR amplification of USP53 (continued)

Primer Name Primer Sequence Product Size (bp)
Exon 14 Forward GAAATTTTGCATAAAGCATTCC 424

Exon 14 Reverse ATTCCCAATAAGAAAGGCATC

Exon 15 Forward-a | TGACATAAAGAGTTTGGATTTGG 502

Exon 15 Reverse-a TATTTTGTTGCTGGATGAGAGG

Exon 15 Forward-b | TGAATGCAAATTTTCTGAGTGG 547

Exon 15 Reverse-b GTTAGTTGAGGAGCTGGATGG

Exon 15 Forward-c | TCAGAGAAAAGCGAATCTACACC 545

Exon 15 Reverse-c GGCCTCTGAGAAGTAAAAGTTGG
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3.2.8. Primersfor PCR Amplification of UCHL 3

The primers used in the amplifications of UCHLS3 are shown in Table 3.13. Exon 1
and 2 were combined for a more convenient amplification. All primers were designed by
Geneviewer, Entrez Mapviewer and BLAST programs. They were purchased from

Invitrogen, USA. The primers in bold were also used for DNA sequencing.

Table 3.13. Primer pairs used in the PCR amplification of UCHL3

Primer Name Primer Sequence Product Size (bp)
Exon 1-2 Forward | GAGCGGTTAAGAGGGTGAGAG

Exon 1-2 Reverse CCCTCAAGAAATTAAATCCCAG 7
Exon 3 Forward CCTTTATAGGTATTAGATACAGAG

Exon 3 Reverse TGCCTAATTTTATGCAAGAAGGG o
Exon 4 Forward GCATTTTTTCTTTTACAGACTGAG

Exon 4 Reverse GAAGAAAGAATTAGAGCACCACC 323
Exon 5 Forward AAAATAAAGCATTCCCTGCTTCC

Exon 5 Reverse GGCAACTTATCAGCATTTGTGG >4
Exon 6 Forward TACAGCAATTCATTTGATTACCC

Exon 6 Reverse TTGTCAAAACATGTCCTTTTGC 122
Exon 7 Forward TCCATTATACCAAACATTAAGCC

Exon 7 Reverse AAAAGGAAAACTGTCGCTATGTC 372
Exon 8 Forward GGAAAATGGAAGTTGAAAGCAC

Exon 8 Reverse TTGGATTTTCTAGAGAGAACAAGG 203
Exon 9 Forward TCATTTGGAAAAGGAAGTTTGC

Exon 9 Reverse CATTGCACCTTTAACCTGGAG 361
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3.2.9. Primersfor PCR Amplification of RAB27A

The primers used in the amplifications of RAB27A are shown in Table 3.14. All
primers were designed by Geneviewer, Entrez Mapviewer and BLAST programs. They
were purchased from Invitrogen, USA. The primers in bold were also used for DNA

sequencing.

Table 3.14. Primer pairs used in the PCR amplification of RAB27A

Primer Name Primer Sequence Product Size (bp)
Exon 1 Forward | TTAGGTCTTCAAGGATGGTGAAC

Exon 1 Reverse | TGTTGCCTGGATTGAACATAAC 4%
Exon 2 Forward | ACATGGTTGTATTCCAGATGGC

Exon 2 Reverse | CATAACCTCTCCCTTGACCTTG 418
Exon 3Forward | TCACAAGCTGGTTCTTGTCATC

Exon 3 Reverse | CTCCTCCAAAACGATTTGTCAC 4
Exon 4 Forward | TATTTCTGCCCCAACTATTCAG

Exon 4 Reverse | GTTTGAGAAAATGGGACCAAAG >
Exon 5 Forward | CTGGGGTGGTAAAATGTTTGTC

Exon 5 Reverse | GAACCGGATGCTTTATTCGTAG 4

3.2.10. Primersfor PCR Amplification of IL21

The primers used in the amplifications of IL21 are shown in Table 3.15. Exon 1
was a noncoding region. All primers were designed by Geneviewer, Entrez Mapviewer and
BLAST programs. They were purchased from Invitrogen, USA. The primers in bold were

also used for DNA sequencing.

Table 3.15. Primer pairs used in the PCR amplification of 1L21

Primer Name Primer Sequence Product Size (bp)
Exon 2 Forward | TCCCTGAAGGATGAATAAATAGG

Exon 2 Reverse | TCATGCTAATGTCTTTCTTATTGG 487

Exon 3Forward | GCTCCTTTCTCTCTTATCTGCG

Exon 3 Reverse | TGGCTACAGGTGTGTGTGTATG o

Exon 4 Forward | TTTCATTGATTTCTAGACATGCC

Exon 4 Reverse | CCCATCGCTAATATATTGTACTCC 328
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3.2.11. Probesfor Expression Analysis

The probes used for quantitation of BAGALT6, KIFAP3 and ADAMTSL17 are
shown in Table 3.16. Following is the schematic representation of chromosomal location

of the probes used in this study (Figure 3.3).

Table 3.16. Probes used in gene expression analysis

SNP/Probe D | Corresponding gene | Alleles
Hs00191135 B4GALTG6 A—G
Hs00183973 KIFAP3 T—C
Hs00946074 KIFAP3 T—-C
Hs00330236 ADAMTS17 A—G
A. |human:18:27457131-27518626 {.3![8_ Q
Bacaurs
TagMan GeX Assays 2 ‘ . . = -
Thd i ]
NM_0047753 BN + + + + ]
b ey [ AR A
b |human:1:168157094-168310503 chil a
KIFAPS
. it o 1 P L .
o H - BRER
NM_014970.2 | - et Eh - -
....... e P Lblosiosetbo A SioEystems
C. |human:15:98331993-98699650 chils aQ
:mMTS]?
s S T : oo 1 TN e
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NM_1300572 [ ot —
. -_:i.:r;.‘.l,':;.l:;:.l.‘.: a O - show GenBank mRNAs :. 2 é‘,ﬁ',";‘,‘,'_m,

Figure 3.3. Schematic representation of chromosomal location of the probes



45

As internal control, human B-2-microglobulin was used. All probes were purchased

from Applied Biosystems, USA

3.2.12. Antibodiesfor Western Blot Analysis

KIFAP3 and secondary antibodies were purchased from Santa Cruz Biotechnology,

USA,; actin antibody was from Sigma Aldrich, USA. The properties are as listed in Table

3.17.
Table 3.17. Antibodies used in Western blot analysis
_ Commercial .
Antibody Status Sour ce Concentration | Property
Code
primary mouse aa 494-793
KIFAP3 | sc-55598 200pg/ml _
Ab monoclonal at C-terminal
_ primary rabbit aa1l-11
Actin A2066 200ug/ml )
Ab polyclonal at C-terminal
horseradish
goat secondary )
_ sc-2005 Goat 200ug/mi peroxidase
anti-ouse Ab )
conjugated
horseradish
donkey secondary )
_ sc-2020 Donkey 200ug/mi peroxidase
anti-goat Ab )
conjugated
) ) horseradish
rabbit secondary | rabbit )
) ab7132 1.000 mg/ml peroxidase
anti- goat Ab polyclonal )
conjugated

3.2.13. Brain Tissue Lysatesfor Western Blot Analysis

Brain tissue lysates were purchased from Abcam, USA. The properties are

represented in Table 3.18
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Table 3.18. Brain lysates used in Western blot analysis

Commercial Code | Source Property Concentration

ab29466 whole brain | adult normal | 3.750 mg/ml

ab30078 cerebellum | adult normal | 3.750 mg/mi
3.3. Enzymes

3.3.1. PCR Amplification

GoTaq DNA Polymerase : 5 U/ul, Promega, USA
ExTag DNA Polymerase : 5 U/ul, Takara, Japan
Tagq DNA Polymerase : Invitrogen, USA

3.3.2. Total RNA preparation
AmpliTaq Gold® : Applied Biosystems, USA

3.3.3. ¢cDNA Synthesisfrom Total RNA

RT Enzyme Mix : Invitrogen, USA
RNaseOUT : Invitrogen, USA
E.coli RNase H : Invitrogen, USA

3.3.4. Real-time Quantative Polymerase Chain Reaction (QRT-PCR)

Platinum®Taq DNA Polymerase : 60U/ml
Invitrogen, USA)



3.3.5. Restriction Enzyme Analysis

Ital : 10 U/ul,

Roche, Germany
3.4. Buffersand Solutions

3.4.1. DNA Extraction
Lysis Buffer : 155 mM NH,CI

10 MM KHCO;

1 mM NaEDTA (pH 7.4)
Nuclease Buffer : 10 mM Tris-HCI (pH 8.0)

400 mM NaCl

2 MM NaEDTA (pH 7.4)

Sodium Chloride (NaCl) : 5 M saturated stock solution

Sodiumdodecylsulphate (SDS) : 10 per cent SDS (w/v) (pH 7.2)

Sigma, Germany

Proteinase K : 20 mg/ml in H,0
Promega, USA

Ethanol ) Absolute Ethanol

Riedel de-Héen, Germany

TE Buffer : 20 mM Tris-HCI (pH 8.0)
1 mM Na,EDTA (pH 8.0)
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3.4.2. Polymerase Chain Reaction (PCR)

3.4.2.1. PCR of Exon 1 of SOD1and microsatellite markers.

MgC|2

10X MgCl, Free Buffer

Deoxyribonucleotides (ANTP)

Betaine

DMSO

25 mM in dH,O

Takara, Japan

20 mM Tris-HCI (pH 8.0)
100 mM KCI

0.1 mMEDTA

1 MmDTT

0.5 per cent Tween®20
0.5 per cent Nonidet P-40
50 per cent Glycerol

Takara, Japan

25 mM, Takara, Japan

5M, Sigma, Germany

Proprietary formulation

Qiagen, Germany

3.4.2.2. PCR of exons 2, 3, 4 and 5 of SOD1.

5X MgCI; Free Buffer

Magnesium Chloride (MgCl,)

Deoxyribonucleotides
(ANTP)

Proprietary formulation
Promega, USA

25 mM in dH,0
Promega, USA

100 mM of each dNTP
Promega, USA
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3.4.2.3. Restriction enzyme analysis.

SUuRE/Cut Buffer H : 10X Enzyme Buffer for Ital

Roche, Germany

3.4.2.4. PCR of TDP-43, FUS and ANG

2X PCR PreMix® : Epicentre Biotechnologies, USA

3.4.2.5. Total RNA preparation and real-time guantative PCR.

2X Platinum®PCR Supermix : 40 mM Tris-HCL (Ph 8.4)
100 mM KCL
6 mM MgCl,
400 uM dGTP, dATP, dCTP
800 uM dUtp
40 U/ml UDG
Stabilizers

Invitrogen, USA
AccuGene Mol BioGrade water : Cambrex, USA
DEPC-treated H,O : MP Biochemicals Inc, USA
3.4.3. Gel Electrophoresis

3.4.3.1. Agarose gel eletrophoresis for PCR of SOD1 and microsatellite markers.

Agarose ; Agarose Basica Le, Prone, EU

1 or 2 per cent Agarose Gel : 1 or 2 per cent Agarose in 0.5X TBE Buffer,
containing 0.5 pug/ml Ethidium Bromide



DNA Ladder

Ethidium Bromide (EtBr)

6X Loading Dye

10X TBE Buffer

1000 bp (Invitrogen, USA)
50 bp (MBI Fermentas, Lithunia)
100 bp (Promega, USA)

10 mg/mi

10 mM Tris-HCI (pH 7.6)

0.03 per cent Bromophenol Blue
0.03 per cent Xylene Cyanol FF
60 per cent glycerol

60 MM EDTA

Fermentas, Lithuania

0.89 M Tris-Base
0.89 M Boric acid
20 mM Na;EDTA (pH 8.3)

3.4.3.2. Acgarose gel electrophoresis for detection of RNA concentration

AccuGENE 10X MOPS Buffer

1.25 per cent SeaKem Gold Agarose :

Formaldehyde RNA Loading Buffer :

3.4.3.3. Gel electrophoresis of proteins

Novex 10 per cent Tris-Glycine
1.0mm Gel

SimplyBlue™ SafeStain

Cambrex, USA

Cambrex, USA

Cambrex, USA

Invitrogen, USA

Invitrogen, USA
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3.4.4. Whole Genome Genotyping of Turkish Familial and Juvenile ALS Cases

Sterile water : American Bioanalytical, USA
MA1 : [llumina, USA

MAZ2 ) "

FMS

PM1 ) "

100 per cent 2-propanol

RA1 ) "

PB1

XC1 ) "

XC2

XC3 ) "

XC4

TEM ) "

ST™M

ATM ) "

95 per cent formamide ; EMD Chemicals, USA



3.4.5. Western Blot Analysis

Precision Plus Protein

Kaleidoscope Standards

Blotting-Grade Blocker

RIPA Buffer

BupH Phosphate Buffered Saline
(PBS)

SuperSignal West Femto Maximum
Sensitivity Substrate

Novex Tris-Glycine SDS 10X
Running Buffer

Novex Tris-Glycine SDS 2X
Sample Buffer

Novex Tris-Glycine 25X

Transfer Buffer

Methanol

B-Mecaptoethanol

Protease Inhibitor Mixture Tablets

SDS

BIO-RAD, USA

BIO-RAD, USA

Fisher Scientific, USA

Pierce Biotechnology, USA

Pierce Biotechnology, USA

Invitrogen, USA

Invitrogen, USA

Invitrogen, USA

Sigma Aldrich, USA

Sigma Aldrich, USA

Roche, Germany

Sigma Aldrich, USA
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3.5. Chemicals

Specific chemical solutions, including RNAse Away, were all purchased from

Molecular BlOproducts, USA. Alconox powder detergent was supplied from Illumina,

USA.

BCA Protein Assay Kit

REPLI-g Mini Kit

XCell 1™ Blot Module Kit CE

96-well Plate

96-well plate sealer

96-well semi/skirted PCR Plate

Adhesive PCR Films

Aluminum Sealing

Autoclave

Balances

3.6. Kits

Fisher Scientific, USA

Qiagen, USA

Invitrogen, USA

3.7. Equipment

Applied Biosystems, USA

EdgeBio, USA

Eppendorf, Germany

Applied Biosystems, USA

Fisher Scientific, USA

Model MAC-601, Eyela, Japan
Model ASB260T, Astell, UK

Electronic Balance Model VA124
Gec Avery, UK
Electronic Balance Model CC081
Gec Avery, UK
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Benchtop 96 Tube Working Rack Stratagene, USA

Benchtop Cooler : StrataCooler® 96
Stratagene, USA

Centrifuges : Centrifuge 5415C, Eppendorf, Germany
Centrifuge 5804, Eppendorf, Germany
Universal 16R, Hettich, Germany
Allegra X22-R, Beckman Coulter, USA
Eppendorf Centrifuge 5810
Eppendorf, USA

Deep Freezers : 2021D (-20°C), Arcelik, Turkey
Sanyo (-70°C), Sanyo, Japan

Documentation System : GelDoc Documentation System
BIO-RAD, USA

Electrophoretic Equipments : i-MyRun-N, CosmoBio., Ltd. Japan

Minicell Primo E320, Thermo, USA

Mini Sub Cell GT, BIO-RAD, USA

XCell SureLock™ Mini-Cell, Invitrogen, USA
Wide Sub Cell GT BIO-RAD, USA
Sequi-Gen Cell, BIO-RAD, USA

Gel loading tips : Invitrogen, USA
Heat Blocks : Thermostat Heater 5320
Eppendorf, Germany

Illumina, USA

Hyb Chamber Gasket : Illumina, USA



Hybridization Bags

Hybridization Oven

Hyperfilm ECI-high performance

chemiluminescence film 8x10 inch :

Incubator

Invitrolon™ PVDF membrane

Laboratory Air Gun

Magnetic Stirrer

Nutator Mixer

Ovens

Power Supplies

Refrigerator

Reservoir
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VWR, USA

IHlumina, USA

Amersham Biosciences, USA

Hybex Microsample Incubator
SciGene,USA

Invitrogen, USA

Illumina, USA

Chiltern Hotplate Magnetic Stirrer,
HS31, UK

VWR, USA

MD 554, Microwave Oven
Arcelik, Turkey

EN 400 (37°C), Nuve, Turkey
BD53 (56°C), Binder, Germany

ECPS 3000/150

Constant Power Supply
Pharmacia, Sweden

Model 200, BRL, USA
Powerpac 1000, BIO-RAD, USA

4250T, Arcelik, Turkey

Corning Incorporated Costar, USA



Spectrophotometer

TagMan 7900HT Sequence
Detection System

Tecan Freedom Evo

Thermocyclers

Vacuum Desiccor

Vortex

Water Purification

NanoDrop ND-1000, Thermo, USA

Applied Biosystems, USA

Tecan, Switzerland

C312, Techne, UK
Techgene, Progene, UK

Touchgene Gradient, Progene, UK

iCycler, BIO-RAD, USA

Barnstead Reservoir,
Thermo Scientific, USA

Fisons WhirliMixer, UK

Reax Top, Heidolph, Germany

Illumina, USA

Millipore, USA
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4. METHODS

4.1. DNA Extraction from White Blood Cdlls

DNA from each sample was obtained via two alternative extraction methods.

4.1.1. Sodium Chloride Extraction

To extract genomic DNA from white blood cells (leukocytes), 10 ml of peripheral
blood samples were collected in anticoagulant (K;EDTA) containing tubes. First, 30 ml
cold lysis buffer was added on the blood samples to lyse the membrane of leukocytes.
Following the incubation at 4°C for 15 minutes, they were centrifuged at 5K for 10 minutes
at 4°C. This results in the precipitation of the cellular nuclei. After discarding the
supernatant, the pellet was resuspended in 10 ml cold lysis buffer and centrifuged again at
5K for 10 minutes at 4°C. The nuclear pellet was resuspended in lysis buffer and
centrifuged at the same conditions until a clean pellet was obtained. In order to lyse the
nuclear envelope, the nuclear pellet was resuspended in nuclease buffer. The nuclear
proteins were degraded by treating the suspension with proteinase K (150 pg/ml) and SDS
(0.14 per cent). Then, the suspension was incubated at either 37°C for overnight or at 56°C

for three hours.

Following the incubation, the degraded proteins were precipitated by treating the
suspension with 5 ml of cold distilled water and 5 ml of 5M NaCl solution. The tubes were
shaken vigorously and centrifuged at 5K for 20 minutes at room temperature which
resulted in the precipitation of proteins in the pellet. The supernatant, containing the
genomic DNA, was transferred into a new Falcon tube. In order to precipitate the DNA,
two volumes of cold absolute ethanol were added to the supernatant. The tubes were gently
inverted until DNA threads were visible. By fishing out with a pipette, the DNA was
quickly taken into an Eppendorf tube and left to dry. When all ethanol was evaporated, the
DNA was dissolved in TE buffer and stored at 4°C.
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4.1.2. Extraction by MagNa Pure Compact I nstrument

MagNA Pure Compact Instrument is a specifically designed robotic system which
extracts nucleic acids (DNA and RNA) from blood or tissue samples. The extraction
principle relies on the specific binding affinity of magnetic beads to DNA. Following
lysing of cell membrane and nuclear envelope, DNA binds to magnetic beads; thus, it is
isolated from remnants of the cell. DNA is ‘freed’” of beads during elution step. There are
two different MagNA Pure Compact Nucleic Acid Isolation Kits: i. small volume kit
requires 500 pl of blood and ii. large volume kit requires 1 ml of blood. Final elution

volumes are 100 and 200 pl of DNA, respectively.

4.2. Quality Control of Genomic DNA

4.2.1. Qualitative Analysisby Agarose Gel Electrophoresis

Genomic DNA was analyzed on a 1 per cent agarose gel, which was prepared by
dissolving 1 g of agarose in 100 ml 0.5X TBE buffer. Agarose was dissolved in TBE
buffer by boiling it in a microwave. EtBr, which intercalates into DNA and thus enables its
visualization under UV light, was added into the agarose solution with a final
concentration of 0.5 pg/ml. Then, the homogenous mixture was poured onto an
electrophoresis plate and left to polymerize at room temperature. For loading, DNA
samples were mixed with 10X loading dye to a final concentration of 1X. The gel was
placed into an electrophoresis tank, containing 0.5X TBE and run at 150 volt for 15-20
minutes, depending on the size of the expected fragment. When migration was completed,

the gels were visualized under UV light and documented.

4.2.2. Quantitative Analysis by Spectrophotometric Measurement of DNA

DNA concentrations were also measured by a spectrophotometer. 50 pug of double
stranded DNA has an absorbance of 1.0 at 260 nm (ODyg). Each sample was diluted to a
factor and the absorbance was read at 260 nm in a spectrophotometer. The concentration

was calculated by the following equation:
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50 pg/ml x OD4gp X dilution factor = concentration of genomic DNA (ug/ml)
4.3. SOD1 Analysis

4.3.1. PCR Amplifications of Exons

Polymerase Chain Reaction (PCR) is used to amplify the region of interest. The
amplification of each exon was established by the addition of 10 ng (exon 2, 3, 4 and 5) or
100 ng (exon 1) of DNA template to PCR reagents.

Following amplification, PCR products were run on two per cent agarose gels. A 5
pl aliquot of each product was mixed with 5 pl 1X loading dye and run at 150 volt with
100 bp DNA ladder for 10-15 minutes. The gels were visualized under UV light and

documented.

4.3.1.1. PCR amplification of exon 1. Exon 1 of the SOD1 gene was amplified by specific

primers (Table 3.5). The reagents used are shown in Table 4.1 and Hot Start PCR
amplification protocol is as follows:

Table 4.1. PCR reagents used for the amplification of SOD1 exon 1

Reagent Volume (ul) [Stock] [Final]

Buffer (25 mM MgClI, included) 25 10X 1X (2.5 mM MgCl,)
dNTP 2 2.5 mM 0.2mM
Betaine 6.5 5M 1.3M
DMSO 0.32 100 per cent 1.28 per cent
Forward Primer 0.4 10 uM 0.16 uM
Reverse Primer 0.4 10 uM 0.16 uM
ExTaq Polymerase 0.2 5U/ul 1U/ul

Initial denaturation: 94°C 5 minutes

Hot start: 80°C hold

Denaturation: 94°C 45 seconds

Annealing: 59.5/61.9°C 45 seconds 40 cycles

Extension: 72°C 45 seconds

Final Extension: 72°C 5 minutes
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4.3.1.2. PCR amplification of exons 2, 3, 4 and 5. The amplifications of exons 2 through 5

were established by specific primers (Table 3.5). The annealing temperatures for the
amplification of each exon are shown in Table 4.2. The reagents are listed in Table 4.3 and

the amplification protocol is as below:

Initial denaturation: 94°C 4 minutes

Denaturation: 94°C 30 seconds

Annealing: AA°C 30 seconds 32 cycles
Extension: 72°C 30 seconds

Final Extension: 72°C 8 minutes

Table 4.2. Annealing temperatures for the amplification of SOD1 exons 2, 3, 4 and 5

Exon Number | Annealing Temperature (°C) | MgClzVolume (ul) | [MgCl,]
2 52.2 2.0 2mM
3 54.5 2.5 2.5mM
4 59.4 2.0 2 mM
5 57.3 2.0 2mM

Table 4.3. PCR reagents used for the amplifications of SOD1 exons 2, 3,4 and 5

Reagent Volume (ul) [Stock] [Final]
Buffer 2.5 5X 1X
MgCl, asinTable4.2 | 25mM as in Table 4.2
dNTP 2 25 mM 0.2 mM
Forward Primer 0.5 20 uM 0.4 uM
Reverse Primer 0.5 20 uM 0.4 uM
GoTaq Polymerase 0.2 5U/ul 10U/l

4.3.2 DNA Sequencing of SOD1

All PCR products were subjected to DNA sequencing (lontek, Istanbul or Refgen
Biyoteknoloji, Ankara). The results, in form of chromatograms,were obtained online as pdf

files.
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4.3.3. Restriction Enzyme Analysis of the D9OA-SOD1 Mutation

D90A mutation which was detected via DNA sequencing of SOD1 exon 4 was
further confirmed by restriction enzyme analysis. DNA samples of the index case and his
family members (Figure 3.1) were once more amplified by PCR, with conditions indicated
in Section 4.3.1.2. The amplified products were applied to a two per cent agarose gel with
100 bp DNA ladder. The gel was allowed to run at 150 volt for 10-15 minutes and
visualized under UV light.

Restriction enzyme digestion was carried out in 10 pl volume containing 1 pl 10X
buffer, 1 unit of Ital restriction enzyme (Table 4.4) and 8 ul of each PCR product. The
tubes were placed in 37°C incubator for overnight. The samples were loaded to a two per
cent agarose gel with 50 bp ladder. The gel was run at 150 volt for 15 minutes and
visualized under UV light.

Table 4.4. Ital restriction enzyme and its recognition site

SOD1 o Restriction Wild-type Mutant Sequence
_ L ocalization o _
Mutation Enzyme Sequence and Digestion Site
D90A exon 4 Ital ACT GAC AAA ACT GC'C AAA

4.4. Haplotype Analysis of D90OA Mutation

4.4.1. PCR Amplification of the Microsatellite Markers

A total of six microsatellite markers located upstream (D21S213, D21S263,
D21S272 and D21S1270) and downstream of SOD1 (D21S219 and D21S224) were used
to construct and compare the haplotype of a Turkish D90OA homozygote ALS family to 22
Scandinavia samples (Figure 3.11).

The following Hot Start PCR protocol was applied for the amplification of five
microsatallite markers (D21S213, D21S224, D21S263, D21S272 and D21S219), using the
specific primers and reagents, as in Table 3.7 and Table 4.6, respectively. The annealing
temperatures are shown in Table 4.5.



Initial denaturation: 94°C 5 minutes

Hot start: 80°C hold

Denaturation: 94°C 45 seconds

Annealing: AA°C 45 seconds 24 cycles
Extension: 72°C 45 seconds

Final Extension: 72°C 5 minutes

Table 4.5. Annealing temperatures for the amplification of microsatellite markers

Microsatellite marker Annealing (°C)
D21S213 52.2/53.9
D21S219 52.2/53.9
D21S224 52.2/53.9
D21S263 56.8/57.6
D21S272 52.2/53.9

Table 4.6. PCR reagents used for the amplifications of markers D21S213, D21S219,
D21S224, D21S263 and D21S272

Reagent Volume (ul) [Stock] [Final]
Buffer (25 mM MgCl; included) 2.5 10X 1X (2.5 Mm MgCl,)
dNTP 2.0 2.5 mM 0.2 Mm
Betaine 6.5 5M 1.3M
DMSO 0.32 100 per cent 1.28 per cent
Forward Primer 0.4 10 uM 0.16 uM
Reverse Primer 0.4 10 uM 0.16 uM
ExTaq Polymerase 0.2 5U/ul 1U/ul

The microsatellite marker D21S1270 was applified with Touchdown PCR

amplification protocol, as shown below, using specific primers (Table 3.7) and reagents

(Table 4.7):
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Initial denaturation: 94°C 4 minutes

Hot start: 80°C hold

Denaturation: 94°C 30seconds )
Annealing: 955C 30 seconds > 5 cycles
Extension: 72°C 30 seconds
Denaturation: 94°C 30 seconds )
Annealing: 54.8°C 30 seconds > 5 cycles
Extension: 72°C 30 seconds )
Denaturation: 94°C 30 seconds |
Annealing: 54.4°C 30 seconds > 10 cycles
Extension: 72°C 30 seconds

Denaturation: 94°C 30 seconds )
Annealing: 54°C 30 seconds > 10 cycles
Extension: 72°C 30 seconds J
Denaturation: 94°C 30 seconds

Annealing: 53.6°C 30 seconds >~ 10 cycles
Extension: 72°C 30 seconds )

Final Extension: 72°C 8 minutes

Table 4.7. PCR reagents used for the amplifications of marker D21S1270

Reagent Volume (pl) [Stock] [Final]
Buffer 2.5 5X 1X
MgCl, 25 25mM 2.5 mM
DMSO 0.32 100 per cent | 1.28 per cent
dNTP 2.0 25mM 0.2 mM
Forward Primer 0.5 20 uM 0.4 uM
Reverse Primer 0.5 20 uM 0.4 uM
GoTag Polymerase 0.2 5U/ul 1U/ul

4.4.2. Determination of Fragment Sizes by GeneScan Analysis

In order to determine repeat genotypes for the selected microsatellite markers, all
samples were subjected to GeneScan Analysis (ABI PRISM® 310 or ABI PRISM® 3130
XL Genetic Analyzer, Refgen Biyoteknoloji, Ankara).
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GeneScan analysis software helps the calculation of sizes of PCR fragments via
comparing their lengths with its size marker. PCR fragments were labelled with FAM at
the 5” end. In every run, control samples were also used. Prior to running PCR products on
ABI PRISM® 3130 XL Genetic Analyzer, all samples were treated with formamide or heat
for denaturation. Each mixture consisted of 1 pl PCR product, 9.8 pl formamide and 0.5 pl
size marker. The optimized injection time was 1.5 kV for 15 seconds and the injection
voltage was 1.6 kV. A 500 bp size standart was used in each run. The data was retrieved as
chromas or ABI PRISM Peak Scanner files when ABI PRISM® 310 or ABI PRISM® 3130

XL Genetic Analyzer were used, respectively.

4.5. Mutational Analysisof Autosomal Dominant and Nonconsanguineous Familial
and Juvenile ALS Casesin the Turkish Cohort

Thus far, besides SOD1, six genes were shown to be responsible for autosomal
dominant late-onset ALS. Among these, TDP-43, ANG and FUS were analyzed in this
Turkish cohort.

Before the amplification of the indicated genes, genomic DNA was subjected to
whole-genome amplification to obtain large quantities of DNA. For this purpose, REPLI-g

Mini Kit protocol was used.

4.5.1. Amplification of Genomic DNA Using the REPLI-g Mini Kit

Before starting with the procedure, 5 pl DNA samples were loaded to 96-well
plates. Buffer DLB was prepared by adding 500 pl of nuclease-free water to the tube. It
was mixed thoroughly and centrifuged. The initial step was the preparation of buffers D1
and N1. Buffer D1 for seven reactions was prepared with 9 ul of reconstituted buffer DLB
and 32 ul of nuclease-free buffer. Again for seven reactions, buffer N1 consisted of 12 pl
of stop solution and 68 pl of nuclease-free water. Following the addition of 5 pl of buffer
D1 into each well, plates were vortexed and centrifuged briefly. 10 ul of buffer N1 was
added to each well and vortexed and centrifuged briefly. Meanwhile, it was important to
thaw DNA polymerase on ice. Other components were thawed at room temperature. The

master mix per sample was prepared on ice with the addition of 29 ul of REPLI-g mini
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reaction buffer and 1 pul of REPLI-g mini DNA polymerase. Samples were run on 0.8 per
cent agarose gel. Agarose was dissolved in 1X TAE buffer by boiling it in a microwave.
Then, the homogenous mixture was poured onto an electrophoresis plate and left to
polymerize at room temperature. Before loading, 2 ng of DNA per sample was mixed with
an equal volume of DNA loading buffer, including EtBr with a final concentration of 1
pg/ml. 10 ul of each sample was run on gel at 120 V for 15 minutes in 1X TAE buffer. The
gel was observed under UV light and documented. Plates were incubated for10-16 hours at
30°C. Amplified DNA was stored at -20°C.

4.5.2. PCR Amplifications of TDP-43, ANG and FUS
The amplification protocol for all genes required 10 ng DNA. The reagents are

shown in Table 4.8. The primer sequences for TDP-43, ANG and FUS are as in Tables 3.8,
3.9 and 3.10, respectively. The protocol was as follows:

Initial denaturation: 95°C 3 minutes
Denaturation: 94°C 40 seconds
Annealing: 58°C 40 seconds 35 cycles
Extension: 72°C 40 seconds
Final Extension: 72°C 10 minutes

Table 4.8. PCR reagents used for the amplifications of TDP-43, FUS and ANG

Reagent Volume (ul) | [Stock] | [Final]
2X PCR PremixD buffer
. 10 pl 2X 1X
(containing MgCl, and dNTP)
Forward Primer 1l 10uM | 0.1 puM
Reverse Primer 1l 10uM | 0.1 puM
Taq Polymerase 0.4 pl 50/ul | 1.6 U/ul

4.5.3. DNA Sequencing of TDP-43, FUS and ANG

Sequencing of samples for TDP-43, ANG and FUS was performed by The W.M.

Keck Foundation Biotechnology Resource Laboratory, New Haven, USA.
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4.6. Whole Genome Genotyping of Turkish Familial and Juvenile ALS Cases

In order to detect DNA concentrations, 2 il of DNA was measured with NanoDrop.
Elution buffer was used as blank. The quality of each sample was detected by running on
0.8 per cent agarose gel. Agarose was dissolved in 1X TAE buffer by boiling it in a
microwave. Then, the homogenous mixture was poured onto an electrophoresis plate and
left to polymerize at room temperature. Before loading, 2 ng of DNA per sample was
mixed with an equal volume of DNA loading buffer, including EtBr with a final
concentration of 1 pg/ml. 10 pl of each sample was run on gel at 120 V for 15 minutes in
1X TAE buffer. The gel was observed under UV light and documented. All sample were
placed into a 96-well plate with a final concentration of 55 ng/ul. The plates were stored at

4°C until the next step.

Figure 4.1. Steps of genotyping array. 1:whole-genome amplification; 2: fragmentation;
3: hybridization; 4: single base extention; 5: staining and 6: imaging (adapted from

Illumina Whole-Genome Genotyping: Infinium® Assay Manual)
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Illumina’s Core BeadArray Technology is the most advanced technology used for
the detection of whole-genome genotypes. BeadChips include 620,901 tagged SNPs
derived from International HapMap Project. They also cover SNPs within 10kb of RefSeq
genes, non-synonymous SNPs, ADME SNPs, and SNPs found in the MHC region. Besides
being a powerful tool in the discovery of structural variations, they have an average of 15-
18 fold redundancy which brings about an advantage in copy number measurements since

it reduces overall noise.

On each bead, 50mer fragments are attached; on each chip, each bead is represented
approxiametely 30 times for statistical significance. In an overall view, genomic DNA is
firstly amplified in an isothermic reaction and then it is fragmented into 300-400 bp
products (Figure 4.1). These fragments are transfered to BeadChips where they hybridize
with their complement sequence. Then, a single base (dintrophenol-labelled and biotin-
labelled ddNTPs) is added to each bead strand so that during the staining process, these
single bases can be recognized by specific primary and secondary antibodies. In the final
stage, a laser system is used to excite the fluorophore of the single-base extension product
on the beads. These signals can be detected by a scanner. Definite SNP genotypes are
determined after data analysis using Illumina's genotyping analysis software. These
experiments were performed in The W.M. Keck Foundation Biotechnology Resource

Laboratory, New Haven, USA.

4.6.1. Amplification of DNA Samples

This step aims to amplify DNA samples. The principle is similar to conventional
PCR. However, it differs in that the amplification occurs at a constant temperature. The

procedure was as follows:

e In MSAL1 plates, 20 ul of MA1 was loaded to each well.

e 4 plof DNA and 4 ul 0.1N NaOH were added.

o Plates were sealed with 96-well cap mat.

e Following vortex at 1600 rpm for 1 minute, plates were centrifuged at 280 xg for 1
minute.

e Samples were incubated for 10 minutes at room temperature.
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e 75 pl MSM was added to each well.
e Plates were sealed with 96-well cap mat, vortexed at 1600 rpm for 1 minute and
centrifuged at 280 xg for 1 minute.

e They were incubated in the Illumina Hybridization Oven overnight at 37°C.

4.6.2. Fragmentation of Amplified DNA

This step aims to fragment DNA enzymatically, using end-point fragmentation.
This approach is more reliable in avoiding over-fragmentation problem. In the preparation
step, the heat block was preheated to 37°C and FMS was thawn to room temperature,
shaked gently and cetrifuged at 280 xg.

The procedure was as follows:

e Plates were centrifuged at 50 xg for 1 minute.

e 50 pl of FMS was added to each well containing samples.

e Plates were sealed with 96-well cap mat, vortexed at 1600 rpm for 1 minute and
centrifuged at 50 xg for 1 minute at 22°C.

e Sealed plates were placed on 37°C heat block for 1 hour.

4.6.3. Precipitation

In this step, 2-propanol and PM1 reagents were used to precipitate DNA. In the
preparation step, PM1 was thawn to room temperature, shaked gently and cetrifuged at 280

xg for 1 minute.The procedure was as follows:

e PM1 was added to each well, containing sample.

o Plates were sealed with 96-well cap mat, vortexed at 1600 rpm for 1 minute.

e Following incubation at 37°C for 5 minutes, plates were centrifuged at 50 xg for 1
minute at 22°C.

e 300ul of 100 per cent 2-propanol was added to each well.

e Plates were sealed with a new, dry cap mat.
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In order to mix the reagents, plates were inverted at least 10 times.

They were incubated for 30 minutes at 4°C.

Following centrifuge at 3000xg for 20 minutes at 4°C, plates were immediately
removed.

Tthe next step was performed to avoid dislodging of the blue pellet. In case of
delay, 20-minute centrifuge was performed before going on with the next steps.
Cap mat was removed and supernatant was discarded by quickly inverting plates
and tapping onto an absorbent pad.

Tapping was performed firmly several times for 1 minute until no liquid was left in
wells.

Uncovered, inverted plates were left on the tube rack for 1 hour at room

temperature until pallet was completely dry.

Resuspension of DNA

DNA present in pallet format should be resuspended. This was established by using

RAL. In the preparation step, lllumina hyridization oven should be preheated to 48°C and

RAL should be thawed to room temperature. The following steps were as follows:

4.6.5.

RAL1 was added to each well, containing DNA pellet.

Plates were sealed with foil by firmly holding the heat-sealer sealing block down
for 5 seconds.

They were placed into the hybridization oven and incubated for 1 hour at 48°C.

Finally, plates were vortexed at 1800 rpm for 1 minute and centrifuged at 280 ng.

Hybridization of DNA onto BeadChips

This step aims to transfer the fragmented, resuspended DNA onto BeadChips. In

the preparation step, heat block and Illumina hybridization ovens were heated to 95°C and

48°C, respectively. The following steps were as follows:
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Hyb Chamber gaskets were placed into Hyb Chamber.

400 pl of RA1 was added onto each of the 8 humidifying buffer reservoirs in each
Hyb Chamber.

They were closed firmly and were left on bench at room temperature until loading
to BeadChips.

Resuspended plates were placed on heat block for the denaturation of samples at
95°C for 20 minutes.

BeadChips were removed from storage (2-8°C). However, they were not
unpackaged until usage.

Following incubation, plates were centrifuged at 280 xg.

BeadChips were removed just prior to DNA loading.

Each chip was placed in a Hyb Chamber insert, in the orientation that barcode
symbol would match on the Hyb Chamber.

38 pl of DNA was added into corresponding wells on BeadChips.

BeadChip barcode should be labelled on lab tracking sheet and they were visually
inspected to ensure that DNA samples were completely covered.

Hyb Chamber inserts with BeadChips were loaded into lllumina Hyb Chamber.
The barcode was placed over the ridges as indicated on the Hyb Chamber.

Backside of lid was placed onto the Hyb Chamber, while front was brought down
slowly because it was important not to dislodge inserts.

Clamps on both sides of Hyb Chamber were tightly closed.

Hyb Chamber was put into Illumina hybridization oven at 48°C in such an
orientation that clamps face right and left side of oven.

The incubation time was at least 16 hours, but not more than 24 hours.

The plate was discarded.

In order to resuspend XC4 reagent for Xstain HD BeadChip, 300 pl of 100 per cent
EtOH was added to XC4 bottle and was shaken vigorously for 15 seconds. It was
left upright on bench overnight.

It was important to resuspend the pellet completely. Thus, if any coating was

observed, it was vortexed at 1625 rpm until total suspension.
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4.6.6. Staining and Finalization of Genotyping

From this step on, the procedure was performed automatically by Tecan Fredom
Eco Robot. The general flow of the procedure was washing away unhybridized and non-
specifically hybridized DNA from chips, adding a single labelled base to beads, staining of

primers, scanning and data analysis using lllumina’'s genotyping analysis software.

4.6.7. Evaluation of Genotyping Data

The final results were evaluated using the BeadStudio program, a program
specifically designed for the analysis of BeadChip genotyping. The data was transfered to a
text file. In the initial step, the efficiency of the experiment must be evaluated according to

the ‘B allele frequency’ and ‘Log R Ratio’ values, using lllumina Genome Viewer.

B allele frequency, also referred as ‘copy angle’ or “allelic composition’, exhibites a
rough representation of genotypes for an individual SNP which may be either AA, AB or
BB (Figure 4.2). Therefore, a successful experiment is represented as three distinct bands,

named as trimodal state.
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Figure 4.2. An example showing B allele frequency in chromosome 2

R measures the signal intensity for a locus. In this respect, log R is an indirect value
of copy number for that locus (Gibbs et al., 2006). It is based on normalized intensity of
data. In this respect, the final log R ratio of a single sample is calculated with the below

formula;
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log, R= log, sample / log, control

For an individual with normal number of alleles, the log R ratio is expected to be O,
mild fluctuations are overlooked (Figure 4.3). While an increase above 2 for this value may
be an indicative of a duplication for that SNP, values below 2 are questioned for possible
deletions. A significant region should have at least two consecutive SNPs with a change in

log R ratio.

Figure 4.3. An example showing log R graph for chromosome 2. The yellow circle

indicates three consecutive SNPs below threshold which may be a good candidate region.

In case of a deletion where only one copy is present, log R ratio is <1 as this value
is directly determined by the DNA copy number. Also, B allele frequency becomes
bimodal since only ‘two genotypes are allowed’ (Yau et al., 2008). On the contrary, in case
of copy number>3, log R ratio becomes >1 and B allele frequency is represented with
additional modes as a result of increased number of genotypes, such as AAA, AAB, ABB,
etc. Basically, these two metrics produced by Illumina enables direct visualization of

structural variations.

Once the samples were visually inspected for quality control for all chromosomes,

further analysis were performed.

4.6.7.1. Loss-of-heterozygosity (LOH). Loss-of-heterozygosity (LOH) analysis aims to

detect long stretches of chromosomal regions with a B allele frequency less than zero. In

this study, blocks of 100 were chosen randomly by the program.
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4.6.7.2. Copy number variation (CNV). Copy number variation analysis aims to detect

any changes in the copy number within the genome. Basically, CN is determined by the
combinatorial evaluation of CNV values and CNV confidence for chromosomal regions in
each sample. While CNV value mostly represents an estimate copy number, CNV
confidence is rather a relative score certifying the accuracy of the copy number estimate.

The exported reports were transferred to an excel file and were run in three
different algorithms (PennCNV, QuatriSNP and Gnosis) which highly increased reliability.
These algorithms were highly specific in detection of heterozygous deletions and
duplications. Homozygous deletions were further analyzed by ‘Homozygous Detector’

program.

4.6.7.3. Further evaluation by PLINK. PLINK is an advanced program designed to

perform a wide spectrum of GWA analysis from basic to complex in a computationally
efficient manner (Purcell et al., 2007). It has been developed by Shaun Purcell at the
Center for Human Genetic Research (CHGR), Massachusetts General Hospital (MGH),
and the Broad Institute of Harvard & MIT, with the support of others.

The initial step was the transfer of data in PLINK format by PLINK Input Report
Plug-in v2.1 program. This program required a ped and a map file which included family
data (family ID, sample ID, sex, relationship, etc) and SNP data (SNP ID, chromosomal
location, size, etc), respectively. The selective parameters that were added for a more

reliable analysis were:

e SNP call rate was adjusted to 100 per cent, meaning that only SNPs which were
efficiently valued in all patients were chosen.

e Minimum allele frequency was determined as 0.05 per cent, indicating that only 5
per cent should have the minor allele.

e Hardy-Weinberg equalibrium was 0.001.

e Individual call rate was set to 97 per cent, indicating that at least 97 per cent of
SNPs should have worked in each individual. Otherwise, that individual will be

eliminated.



74

4.7. Special Focuson a Turkish Autosomal Recessive AL S Family: AL S252, AL S256
and AL S257

In order to determine ALS-specific homozygosity regions, the results of whole
genome genotyping analysis were compared to 112 Turkish patients with cortical
malformations. While some of these control cases belonged to consanguinous families,

others were nonconsanguinous.

Five candidate genes which were suspected to play roles in ALS were selected for
further analysis. This set of new candidate genes were proposed by Arthur L. Horwich
(Eugene Higgins Professor of Genetics and Pediatrics at Yale School of Medicine) through
personal communication of the collaborator of this study, Dr. Murat Gunel (Yale Medical

School Department of Genetics).
4.7.1. PCR Amplifications of CPEB3, IL21, RAB27, UCHL 3 and USP53
The amplification protocol for all genes required 10 ng DNA. The reagents are

shown inTable 4.8. The primer sequences for CPEB3, IL21, RAB27, UCHL3 and USP53

are as in Tables 3.11 to 3.15, respectively. The protocol was as follows:

Initial denaturation: 95°C 3 minutes

Denaturation: 94°C 40 seconds

Annealing: 58°C 40 seconds 35 cycles
Extension: 72°C 40 seconds

Final Extension: 72°C 10 minutes

4.7.2. DNA Sequencing of CPEB3, IL21, RAB27, UCHL 3 and USP53

The sequencing of samples for CPEB3, IL21, RAB27, UCHL3 and USP53 was
been performed by The W.M. Keck Foundation Biotechnology Resource Laboratory,
New Haven, USA.
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4.7.3. Whole Human Exome Analysis

Whole human exome technology is a high-throughput next-generation resequencing
which aims to identify functional variations that are responsible for many diseases. A
single 2.1M array can include the entire human genome, consisting of ~180,000 coding

exons of 18,673 protein-coding genes and 551 miRNA exons.

Basically, genomic DNA was first fragmented, followed by hybridization of
common adaptors which contained universal priming sequences (Figure 4.4). Then, the
sample was hybridized to NimbleGen 2.1M Human Exome Array. This array embedded
~385,000 ‘surface-tethered, single-stranded oligos with high sensitivity to regions of
interest (Turner et al., 2009). Unbound fragments were eliminated by washing step.
Following the target fragment elution, amplification of exomes were established. The
resulting PCR products were purified and subjected to DNA sequencing analysis on the
Illumina platform. Quantitative PCR was performed to detect the relative fold enrichment
of targeted sequences. To narrow down candidate genes, the results were filtered to

eliminate sequences which are indicated in HapMap or SNP Database.

TARGET 4
EXONA &2

TARGET 2=

EXONB & CGTACRRCTAG G

. ' retircichGGRGA
it tACAALTAGC

a4 (T
uT ‘ﬂ

I

TARGET (@8
BXONC 22

Figure 4.4. Schematic representation of whole exome sequencing (www.nimblegen.com)
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4.8. Genome-wide Association (GWA) Study in SALS
4.8.1. Genotyping of samples

In the framework of this study, the expression profiles of five SNPs were
investigated in 88 brain lysates of which 57 were from cerebellum and 32 from cortex. All
cases were sporadic; they were diagnosed as probable or definite ALS. They were all
Caucasian and of European-American descent. While 46 were male, 40 were female and
two were unknown. The initial step was the identication of genotypes. The protocol was as

follows:

¢ Final DNA concentration was adjusted to 2 ng/ul.

e Inan Epperdorf tube, AmpliTaq Gold PCR Master mix was combined with probe.

e The content was mixed gently by hand.

e 2.5 pl of mix was added to each well in an 384-well plate.

e 2.5 pl of DNA was also added to each well and centrifuged briefly.

e For negative control, 2.5 ul of dH,0O was tested in 6 wells; 2.5 pl of mix was added
onto these wells.

e Samples were run on thermocycler, as below:
95°C for 10 minutes
95°C for 15 seconds
] 50 cycles
60°C for 1 minutes

4.8.2. Detection of the Expression Levels of SNPs

4.8.2.1. Total RNA preparation. To determine total RNA concentration of each sample,

1.5 pl of RNA was measured with NanoDrop. Elution buffer was used as blank. The
quality of each sample was detected by running them on 1.25 per cent agarose gels.
Agarose was dissolved in buffer by boiling it in a microwave. Then, the homogenous
mixture was poured onto an electrophoresis plate and left to polymerize at room
temperature. Before loading, 2 ng of RNA sample per sample was mixed with an equal

volume of RNA loading buffer, including EtBr, with a final concentration of 1 pg/ml.
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Then, each tube was denaturated for 15 minutes at 65°C and placed immediately on ice. 10
ul of each sample was run on gel at 60 V for 2.5 hours in 1X MOPS buffer. The gel was

observed under UV light and documented.

4.8.2.2. cDNA synthesis from total RNA. The master mix (Table 4.9) was prepared on ice

with according to the following protocol:

e Master mix for each RNA sample was prepared separately, since RNA volumes
differed and thus water volumes differed.

e Master mix was aliquoted to tubes and RNA (volume determined earlier for 0.5 ug
total RNA) was added.

e Tubes were mixed by hand and then centrifuged.

e Samples were run on ‘cDNA-synthesis program’ on thermocycler; the program was

as below:

25°C for 10 minutes
42°C for 50 minutes
85°C for 5 minutes
4°C hold

e 1l of E.coli RNase H was added to each reaction.
e Tubes were mixed by hand and then centrifuged.

e They were run on thermocycler at 37°C for 20 minutes.

Table 4.9. Reagents used in cDNA synthesis

Reagent Volume (ul) [Stock] | [Final]
RT Reaction Mix 10 2X 0.4X
RT Enzyme Mix 2 -- --
8-X
DEPC-treated H,O -- --
(x: volume for 0.5 ug RNA)

4.8.2.3. Relative quantification of gene expression by qPCR. Quantitative polymerase

chain reaction (QPCR) is a modification of the polymerase chain reaction which is used to
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measure the quantity of complementary DNA that is present in a sample. The initial step
was the preparation of qPCR master mix on ice (Table 4.10). This step must be performed
separately for each target probe. It should be noted that ice bucket cover must be closed to

protect thawed probes/controls from light exposure.

Table 4.10. Reagents of qPCR master mix

Reagent Volume (ul)
2X Platinum PCR Supermix 10
Target Probe (HS1135) 1
Endogenous Control (B2M) 1
MB Grade dH,0 6

The steps of the protocol were as follows:

In the previous step (Section 4.8.2.2), 20 pl cDNA was produced. 60 pl dH,O was

added to each well so that the samples were diluted.

e 2 pul of cDNA template was put into a 384-well plate, containing g°PCR master mix.
It was important to have replicate sets for each sample.

e The plates were covered with translucent PCR sealing film, vortexed shortly at low

speed and centrifuged.

e Itwas placed in TagMan® 7900HT Sequence Detection System.

4.8.2.4. Running samples in TagMan® 7900HT Sequence Detection System. TagMan®

7900HT Sequence Detection System (SDS) aims to determine the quantity of expression of
target genes, based on the flourescent data from each amplicon. The data is displayed as
either linear or logarithmic. Each run should include a calibrator, a sample used as the
basis for comparison of expression results. For example, if an effect of a drug on
expression level is investigated, then the calibrator is the untreated sample. Endogenous
control is an RNA/DNA which is used for normalization of the amount of mRNA target
for differences in the amount of total RNA, added to each reaction. Also, standards should
be used in each run. These are generated from a biological sample, like a cell line, which

simply expresses both target and reference genes.
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The running of samples in TagMan® 7900HT Sequence Detection System was as

follows:

e Wells to be used were chosen, highlightened in trios and labelled.
e B2M was marked as endogenous control for each well.
e This data was saved as .SDS file.

e The analysis program was as below:

50°C for 2 minutes

95°C for 2 minutes

95°C for 15 seconds 40 cycles
60°C for 1 minute

4.8.2.5. Evaluation of qPCR results. Quantitative PCR can be evaluated by two different

analysis methods: absolute quantification is the measurement of the copy number of the
transcript of interest, while relative quantification determines change in expression level of
a target gene relative to a reference group (untreated control or a sample at time zero in a
time-course study) (Livak et al., 2001).

In this study, the relative quantification approach was performed. Each sample
should be studied in replicates. In the final calculation, the expression level of a target gene
is the avarage of its replicates. The ‘“Threshold Cycle’ (Cy) is the cycle number at which
sufficient amount of amplicons have been generated. It is important that C+ value is
consistent within each replicate; standart deviation between each replicate should be <0.3.
PCR efficiency is formulated as:

ACr= CTtarget - Crrreference

‘The Comparative Ct (AACt) Method’ is a similar approach to ‘Relative Standart
Curve Method’, except for the use of arithmetic formulas for evalutaion of data. A valid
AACr reflects the efficiency of target amplification relative to the efficiency of reference

amplication.
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AACT = CTtest sample - CTcalibrator
The software program displayed the standart curve as well as unknowns. The final
calculations were presented as excel sheet. The statistical analysis was performed using
GraphPad Prism 5 Program.

4.8.3. Western Blot Analysis

4.8.3.1. Preparation of cell lysates. The initial step of Western blot analysis was the

preparation of cell lysates from brain samples. The steps were as follows:

e 2 mlof 0.5M of EDTA was added into 100 ml of RIPA buffer to make EDTA with
a final concentration at ImM.

e 10 pl of protease inhibitor was added tol ml of RIPA buffer w/ 1 mM EDTA just
before using for lysis (3 ml RIPA buffer was prepared for 4 unknowns).

e RIPA buffer w/ protease inhibitor was kept on ice before use.

e The culture medium was carefully removed from each flask.

e Each flask was washed with cold PBS twice. It was important to keep the scraper
and 1.5 ml tube cold.

e 0.5 ml cold RIPA buffer was added to each 75cm? flask, containing 5 x 10° Hela
cells.

e The flasks were kept on ice for 5 minutes, followed by swirling twice to spread
RIPA buffer evenly during incubation (20 pl of packed cells was equal to 5 x 10°
which was about 40 mg of cells).

e The lysate was mixed for 30 minutes at 4 °C on a nutator.

e After gathering the lysate to one side of the flask, it was transfered to 1.5 ml
microtubes.

e The tubes were centrifuged in the microcentrifuge at 12,000 rpm for 20 minutes at
4°C.

e The supernatant was transferred to a new tube and kept on ice for the quantification

step.
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4.8.3.2. Quantitative analysis of protein. Quantification of the extracted protein was

performed using the BCA assay Kit. The steps were as below:

e Six standards were prepared on a 96-well plate as shown in Table 4.11.

Table 4.11. Formulas for the dilutions of six standards

Standards | Final Concentration | RIPA Buffer | BSA Stock
(mg/ml) w/Protease (ul) (uh)
Reference 0 50 0
1 0.025 43.75 6.25
2 0.5 37.5 125
3 0.75 31.25 18.75
4 1 25 25
5 1.5 125 37.5
6 2 0 50

e For each sample, 80 pl of BCA working reagent (WR) was prepared. The following
formula was used for the calculation of total volume of WR needed:

(7 Standards + 4 unknowns) x (2 replicates) x 80 pl = 1760 ul of WR

e For each unknown, 500 pl of Reagent A was mixed with 10 ul of Reagent B.

e 80 pl of WR reagent was added to each well on a 96-well PCR plate.

e 4l of each standard point and unknown sample replicate were pipetted.

e The PCR plate was sealed and incubated at 37 °C for 30 minutes.

e The tubes were cooled to room temperature.

e All samples should be tested on NanoDrop within 10 minutes.

e Before actual measurement in NanoDrop, dH,O was used to initialize the
instrument, and WR buffer was used as blank.

e Following the reading of the reference sample, six standards in replicates were
tested.

e The unknown sample reading was adjusted according to standards.
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e All lysates were frozen at -20 °C or -80 °C prior to polyacrylamide gel running.

4.8.3.3. Running lysates on polyacrylamide gel. All lysates were run on polyacrylamide
gel (PAGE).

e The lysates were mixed with 4X Tris-Glycine SDS sample buffer and 2-

mercaptaethanol. The volumes were as:

5 ul of 4X sample buffer + 1 pl of 20X 2-mercaptoethanol +15 ul of sample

e The protein marker was thawed in room temperature. It should not be heated!! 5 pul
of marker was loaded to the gel.

e The samples were boiled at 100 °C for 5 minutes and kept at room temperature.

e 20 pl of each sample was loaded on the gel.

e 1000ml of 1X Tris-Glycine running buffer was prepared from 10X running buffer
stock.

e 10 per cent Tris-Glycine gel (12-well withimm thickness) was warmed up at room
temperature before using.

e After opening the gel package, the buffer inside the package was drained out.

e The gel cassette was rinsed with deionized water.

e First, the tape in the back of the gel was peeled off, and then the comb was pulled
out.

e All wells were dried out and washed with 1X running buffer twice.

e They were filled with running buffer and all bubbles were removed.

e The minigel with Xcell Surelock systems was assembled as instructed.

e The upper chamber was filled with 200 ml of running buffer.

e The samples and the marker were loaded with special fine tips. If all lanes were not
used, the remaining empty wells were filled with loading dye.

e The lower chamber was filled with 600 ml running buffer after sample loading.

e The gel was run at 125V for 1 hour 45 minutes (start: 30-40 mA; end: 8-12 mA).



83

4.8.3.4. Blotting. Following the dissociation of protein lysates on PAGE, the gel was

transferred to membranes for Western blot analysis. The procedure was as follows:

e 500 ml transferred buffer was prepared with 20 ml of 25X of Tris-Glycine transfer
buffer, 100 ml of methanol and 380 ml of ddH-0.

e The PVDF membrane was first soaked into 2.5 ml of methanol for 2 minutes,
followed by rinsing with dH,O briefly and finally soaking into the transfer buffer.
The membrane should not be touched with fingers at any point; forceps may be
used.

e The blotting pads and filter paper were made wet with 400 ml transfer buffer just
before use.

e The gel was removed from the cassette for transfer.

e The gel surface was pre-wetted with some transfer buffer.

o A pre-wet filter paper was placed on top of the gel. Then, the plate was turned over,
so that the gel/filter paper was at the bottom.

e The plate was lifted off, while leaving the gel/filter on a plastic board.

e The top and bottom of the gel were cut off.

e The bubbles were removed from the gel/ membrane and gel/filter paper.

e The ‘sandwich’ structure was assembled, the layers were as follows: 2 blotting pads
at the bottom, 1 pre-wet filter paper, gel, PVDF membrane, 1 filter paper, 3 blotting
pads on top.

e The blot module was inserted into the gel box,

e Adequate amount of transfer buffer was added into the inner chamber to cover the
pads. The chamber should not be overfilled.

e 650 ml of dH,0O was poured into the outer chamber.

e The gel was run at 25V for 2 hours (start current: 106 mA).

4.8.3.5. Blocking of the blots.

o Before the dissembly of the gel, 1X PBS and 3 per cent milk were prepared freshly.
e After transfer, the gel apparatus was turned such that the side of membrane with

protein was up.
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e The PVDF membrane was cut into two pieces. The top left corner on each piece
was cut for orientation.

e Itwasrinsed in 50 ml PBS buffer twice.

e The transfer was blocked with 100 ml of PBS-3 per cent milk for 1 hour at room

temperature while shaking slowly.

4.8.3.6. Primary antibody hybridization.

e 40 pl of primary Ab was added to each 8 ml of PBS-3 per cent milk .

e The hybridization bags were prepared by sealing three sides.

e The blot was placed into each bag and 8 ml of primary Ab was poured in.

e The bags were taped to the clipboard and attached to nutator in the refrigerator and
incubated for overnight at 4° C or 4 hours at room temperature.

e Blots were washed quickly in a container with PBST-0.05 per cent Tween 20 for 5

minutes 3 times.

4.8.3.7. Secondary antibody hybridization.

e The PVDF membrane was incubated with 50 ml PBS-3 per cent milk and 25 pl 2™
antibody (1 to 4000 diluted) for 1 hour.

e It was washed in 50 ml of PBST-0.05 per cent Tween-20 for 5 minutes 3 times.

e The membrane was rinsed with PBS to remove extra Tween-20.

e For the detection of the protein on the blot by ‘west femto maximum sensitivity
substrate’, the pieces of the membrane were lined up and placed in a small box and

were treated with the working solution for 3 minutes.

4.8.3.8. Exposure of the blot.

e The membrane was transferred to a sheet protector and the cut blot pieces were

lined up to the original orientation.
e Following the drying of the gel, it was wrapped properly.

e A blank paper was taped to the blot and exposed to film for 1 minute.
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5. RESULTS

5.1. Mutation Analysison Turkish SALS and FAL S Patients:
Investigation of SOD1 in the Turkish ALS Cohort

5.1.1. PCR Amplification of SOD1

All exons of the SOD1 gene of 198 Turkish ALS patients were amplified as
described in Section 4.3.1.

5.1.2. DNA Sequencing Analysis of FAL S Cases

5.1.2.1. NB86S. In the wild-type sequence, SOD1/codon 86, located in exon 4, is AAT.

DNA sequencing analysis of ALS191 revealed a homozygous AAT—AGT transition at
this position, resulting in an asparagine to serine exchange in both alleles (Figure 5.1). This

mutation is a previously described mutation to cause ALS (www.alsod.org).

Figure 5.1. Chromatogram, showing the sequencing profiles of ALS191,
carrying AAT—AGT transition in exon 4 position 86 (N86S)

The parents of the index case were first cousins. His first symptom was observed at
the age of 28 which was weakness in his right shoulder. The clinical features extended to
weakness in his right arm, right leg and left shoulder within a month. Due to a very

progressive atrophy in legs and arms, he died within four months after diagnosis. There is



86

no apparent neurological disease running in the family, thus, the index patient was referred

to us as ALS case.

Since the index case carried the mutation in a homozygous state, both of the parents
were assumed to be carriers of the mutant allele. The presence of the mutation was
confirmed in the father, but since the mother died at an early age, her DNA sample was not
present. The pedigree was modified accordingly (Figure 5.2). The overall result of the
analysis of the index case and his father indicate autosomal recessive inheritance of the

N86S mutation in this family.

Figure 5.2. Pedigree of ALS191

5.1.2.2. H71Y. In the wild-type SOD1, codon 71, located in exon 3, is CAC. In a juvenile
SALS patient, ALS226, CAC—TAC transition was detected, resulting in a histidine to

tyrosine exchange (Figure 5.3). This is a mutation which has been already reported to

cause ALS (www.alsod.org).

Figure 5.3. Chromatogram, showing the sequencing profile of ALS226,
carrying CAC—TAC transition in exon 3 position 71 (H71Y)
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The index patient was diagnosed with ALS at the age of 19. His initial symptom
was weakness in his left leg which was followed by weakness in his right leg within a
month. He was unable to walk by the end of two months due to a fast progressing atrophy

in legs and arms. He died in less than one year.

DNA sequencing revealed the heterozygous presence of the H71Y mutation in this
patient. This is indicative of the presence of this mutation in at least one of the index case’s
parents. Thus, other family members were also subjected to DNA sequencing for exon 3
(Figure 5.4). While his father and younger brother were carrying the mutant allele
heterozygously, his mother and younger sister had normal alleles.

a. b. c. d.

Figure 5.4. Chromatograms, showing the sequencing profiles of family members of
ALS226, a. father, b. mother, c. older brother and d. younger sister.

The family tree according to the DNA sequencing analysis of exon 3 is below
(Figure 5.5).

—) 0 0 O ¢ O ¢

Figure 5.5. Family tree of ALS226
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5.1.2.3. L144F. In the wild-type SOD1 sequence, codon 144, located in exon 5, is TTG.

ALS61 was shown to have a TTG—TTC transversion at this position, resulting in the

exchange of leucine to phenylalanine (Figure 5.6).

Figure 5.6. Chromatogram, showing the sequencing profile of ALS61,
carrying TTG—TTC transversion in exon 4 position 144 (L144F)

ALS61 was diagnosed with ALS at the age of 52 (Figure 5.7). She is originally
from the Balkan region. Her grandmother and uncle on fatherside, as well as her father and
older brother, were diagnosed with ALS, indicative of dominant inheritance running
through the fatherside. Her first symptoms were weakness in her legs and difficulty in
walking. Recently, having the disease for over six years, she is still able to walk with cane

and eat on her own, indicating a slow progression.

/ﬁ]
0OO000000000000000000

Figure 5.7. Family tree of ALS61
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5.1.2.4. D90A. In the wild-type SOD1 sequence, codon 90 in exon 4 is GAC. DNA

sequencing of ALS147 revealed a homozygous GAC—GCC transversion at this position
which results in the exchange of aspartic acid to alanine (Figure 5.8).

Figure 5.8. Chromatogram, showing the sequencing profile of ALS147,
carrying GAC—GCC transversion in exon 4 position 90 (D90A)

ALS208

]

/a.Lsu?

e

ALS203 ALS207

ALS205 ALS210
l [

ALS204 ALS209

Figure 5.9. Family tree of ALS147

ALS206
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The patient was diagnosed with ALS at the age of 49 (Figure 5.9). His older sister
had died from ALS, her sample was not available any more at the time of analysis. The
initial symptoms of the index patient were weakness in his right leg, imbalance, difficulty
in swallowing and depression. Recently, having the disease for five years, he can still walk
with a cane, has increasing difficulty in swallowing, but can still eat soft food which are

indicatives of slow progression.

The homozygygous presence of D90A was found to be interesting, since it
indicated an autosomal recessive inheritance pattern; available members of the family were

subjected to further investigation (Section 5.2.1).

5.1.25. A4S and IVS-11I-34 A—C transversion. In the wild-type SOD1 sequence,
codon 4, located in exon 1, is GCC. ALS221 was shown to have a GCC — TCC

transversion at this position, resulting in the exchange of alanine to serine (Figure 5.10a).

The patient also carried 1VS-111-34 A—C transversion (Figure 5.10b).

a. b.

Figure 5.10. Chromatograms, showing the sequencing profile of ALS221, carrying both
(a) the GCC — TCC transversion in exon 1 position 4 (A4S) and (b) the IVS-111-34 A—C

transversion

IVS-111-34 is highly conserved in rodents (Figure 5.11). IVS-111-34 A—-C was
described as a rare polymorphism with a frequency of four per cent in normal controls

(Siddique personal communication, Deng et al., 1993).
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rat =sodl CAGCATTCTCTCTATGCATGGTGETEEAGAGGEGTCTGTGGAL

mouse =zodl CAGCACGCTCTGTATGCATGGTGEAGGAGAGGEGTCTGTGGAG

human sodl CAAGATGC TTARC TCTTGTAATAATGGCGATAGC TTTC TGGAG
o i S Ho oyl i o I S S

Figure 5.11. Multiple sequence alignment of a part of intron 3. The nucleotide in

interest is indicated by the arrow, and (*) show the conserved regions.

5.1.2.6. IVS-111-34 A—C transversion. The rare polymorphism at position 34 in intron 3

was detected also in ALS215 in whom no SOD1 mutation was present (Figure 5.12).

/WA

Figure 5.12. Chromatogram, showing the sequencing profile of ALS215,

carrying the IVS-111-34 A—C transversion
The age of onset of the patient was 60. His father and younger sister were

questioned for ALS, they both had passed away (Figure 5.13). He has been suffering from
ALS for two years at the time of DNA analysis.
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Figure 5.13. Family tree of ALS215
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5.1.3. DNA Sequencing Analysis of SALS Cases

DNA sequencing of exon 3 revealed an A—C transversion at nucleotide position 34

. b. c

G C

in intron 3 of ALS patients 1, 40, 120, 122 and 242 in a heterozygote state (Figure 5.14).
a

. d.
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Figure 5.14. Chromatograms, showing the sequencing profiles of SALS patients with

IVS-111-34 A—C transversion. a. ALS1, b. ALS40, c. ALS120, d. ALS122 and e. ALS242.

The family trees of individuals with 1VS-111-34 A—C transversion are shown in
Figures 5.15 through 5.19, respectively. Additionally, their brief clinical informations are
presented in Table 5.1.
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Figure 5.15. Family tree of ALS1
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Figure 5.18. Family tree of ALS122
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Figure 5.19. Family tree of ALS242
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Table 5.1. Brief clinical information of SALS patients with IVS-111-34 A—C transversion

ALSID | Ageof Onset Site of Onset Inheritance Pattern
ALS1 49 Weakness in right arm heterozygote
ALS40 68 Diffulculty in swallowing and talking heterozygote
ALS120 48 Weakness in right arm heterozygote
ALS122 32 Weakness in left hand and leg heterozygote
ALS242 21 Bulbar onset heterozygote
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5.1.4. Overall results of SOD1 Analysisin the Turkish Cohort

All changes that have been detected in SOD1 analysis of ALS patients are compiled
in Table 5.2.

Table 5.2. Overall representation of changes detected in SOD1 analysis

ALSID | ALSType | Defined Mutation/Polymor phism
ALS191 | FALS N86S

ALS226 | FALS H71Y

ALS61 FALS L144F

ALS147 | FALS D90A

ALS221 | FALS A4V and IVS-111-34 A—C Polymorphism
ALS215 | FALS IVS-111-34 A—C Polymorphism
ALS1 SALS IVS-111-34 A—C Polymorphism
ALS40 SALS IVS-111-34 A—C Polymorphism
ALS120 | SALS IVS-111-34 A—C Polymorphism
ALS122 | SALS IVS-111-34 A—C Polymorphism
ALS242 | SALS IVS-111-34 A—C Polymorphism

5.2. Further Analysisof the D9QOA Mutation

5.2.1. DNA Sequencing of the Family Members of Patient AL S147

The replacement of aspartic acid with alanine in the SOD1-D90A mutation is
represented with autosomal dominant inheritance in North American and in most European
populations. The recessive inheritance has been associated only with Northern
Scandinavia. Patient ALS147 originates from Mugla, in Southwestern Turkey, his parents
are first cousins (Section 5.1.2.4). The recessive pattern of inheritance of D90A in this
patient resembled that of Scandinavia. Accordingly, the presence of GAC—GCC
transversion at codon 90 was investigated also in the family members of ALS147

(Figure 3.1). Informed consents were obtained from all analyzed subjects. Following PCR
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amplification of exon 4, the family members of the index case were subjected to DNA

sequencing (Figure 5.20).
a. b. C. d.

.
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Figure 5.20. Chromatograms showing the sequencmg proflles of famlly members of
ALS147. a. ALS203, b. ALS204, c. ALS205, d. ALS206, e. ALS207, f. ALS208,
g. ALS 209 and h. ALS 210.

While his mother (ALS208), his two sons (ALS204 and ALS209) and two
daughters of his older sister, who died of ALS (ALS203 and ALS207), were heterozygous
carriers of the mutant allele, his aunt (ALS206), his younger sister (ALS210) and his wife
(ALS205) had two wild-type alleles (Figure 5.21).
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Figure 5.21. Revised pedigree of ALS147, according to the genotypes at position 90.
Shaded individuals are only carriers; they do not manifest ALS
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5.2.2. Restriction Enzyme Analysis of D90A

The heterozygous presence of the D90OA mutant allele in some family members of
ALS147 was further confirmed by restriction enzyme analysis by Ital. The specific cutting
site of the restriction enzyme is indicated in Table 4.4. GAC—GGC transversion creates a
digestion site for Ital. The digestion of the PCR products with Ital are indicated in Table
5.3. The agarose gel is shown in Figure 5.22.

Table 5.3. Fragment sizes from Ital digestion of exon 4

Genotype of Alleles Digested Product Sizes (bp)
Normal/Normal 147+92

Normal/D90A 147+92+76+68

D90A/D90A 92+76+68

Figure 5.22. RE analysis of D90A mutation by Ital of ALS147 and his family members.
M: 100 bp ladder, lanel-2: index case, lane 3: ALS203, lane 4. ALS204, lane 5: ALS205,
lane 6: ALS206, lane 7: ALS208, lane 8: ALS208, lane 9: ALS209 and lane 10: ALS210.

The summarized results of the restriction enzyme analysis are shown in Table 5.4.
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Table 5.4. Family members of ALS147 and their genotypes at position 90

ALSID | ReationtoALS147 Genotype
(according to presence of D90A allele)

ALS208 | Mother +/-
ALS203 | Daughter of his older sister +/-
ALS207 | Daughter of his older sister +/-
ALS204 | Son +/-
ALS209 | Son +-
ALS206 | Aunt -/-
ALS210 | His younger sister --
ALS205 | Wife -/-

5.2.3. Haplotype Analysis of the D90A Family
Following the approval of recessive pattern in the family, the index case was
subjected to haplotype analysis for a possible ancestral association with Scandinavian

ethnicity.

5.2.3.1. PCR amplification of the microsatellite markers. The evolutionary linkage of the

D90A mutation in the Turkish patient, to the Scandinavian patients was investigated by
comparative Genescan analysis of the index case and his family members with 22
Scandinavian samples. For this purpose, six genetic markers were used (Table 5.5). All
microsatellite markers were amplified as described in Section 4.4.1.

Table 5.5. The sizes of PCR products and corresponding repeat numbers for each markers

Marker PCR Size Repeat Calculation of Sample
(bp) Number Repeat Number
D21S213 147 13TC (x-147) /2
D21S219 177 19GT (x-177) /2
D21S224 133 18 CA (x-133)/2
D21S263 326 9CA (x-326) /2
D21S272 175 9CA (x-175) /2
D21S1270 139 21 CA (x-139) /2
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5.2.3.2. Genescan analysis of the microsatellite markers. Genescan analysis revealed the

fragment sizes for each sample. While a sharp single peak meant homozygosity of that
allele, two peaks represented heterozygous state. Examples to homozygote and
heterozygote patterns for D21S213, D21S219, D21S224, D21S263, D21S272 and
D21S1270 microsatellite marker are shown in Figures 5.23 to 5.28, respectively.

Figure 5.23. Genescan analysis for D21S213 (a) homozygous,

(b) heterozygous individual
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Figure 5.24. Genescan analysis for D21S219 (a) homozygous,

(b) heterozygous individual



100

==
oo |
oo
o
o
Lo
s
o
| I .
- ase| .
| I |

Figure 5.25. Genescan analysis for D21S224 (a) homozygous,
(b) heterozygous individual
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Figure 5.26. Genescan analysis for D21S5263 (a) homozygous,
(b) heterozygous individual

b.

Figure 5.27. Genescan analysis for D21S272 (a) homozygous,

(b) heterozygous individual




101

n e

Figure 5.28. Genescan analysis for D21S1270 (a) homozygous,

(b) heterozygous individual

GeneScan analysis was applied to patient ALS147, his family members and 21
Scandinavian patients. The results of ALS147 and his family members are shown in Figure
5.29. The haplotype patterns of the homozygous index case at the six markers were
compared to Scandinavian patients (Table 5.7).

Table 5.7. Haplotype blocks of patient ALS17 and Scandinavian patients. Red blocks
indicate conserved Scandinavian-originated haplotype.

ALS147

18

10

3

8
16

17
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Figure 5.29. Pedigree and haplotypes of patient ALS147 and family members. Numbers

indicate the repeat number for each microsatellite marker. D90A-associated haplotype is

shown in red.

The haplotype analysis of the index case revealed the presence of identical

haplotype blocks which were transmitted from his heterozygous parents. This pattern (15-

5-4-5-15-17) is identical to Scandinavia, indicating a possible common ancestral

relationship.
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5.3. Further Mutational Analysisof ALS Casesin the Turkish Cohort

Nine autosomal dominant, ten familial and 13 juvenile cases who were negative for

SOD1 were further investigated for possible mutations in TDP-43, ANG and FUS genes.

5.3.1. PCR Amplification and DNA Sequencing Analysis of TDP-43

The exons of the TDP-43 gene were amplified as described in Section 4.5.1. All
familial, juvenile and autosomal dominant ALS cases under study were shown to have

wild-type sequence in all exons of TDP-43.
5.3.2. PCR Amplification and DNA Sequencing Analysisof ANG

The exon of the ANG gene was amplified as described in Section 4.5.1. The
products were subjected to DNA sequencing. Among 13 familial and juvenile cases, seven
were shown to carry a GGT—GGG transversion at codon 11 (Figure 5.30). This is a
previously reported polymorphism, rs11701, with an average heterozygosity of 0.187.
Greenway et al. showed an increased risk for ALS in individuals carrying the mutated G

allele when compared to wild-type T allele.

Figure 5.30. Chromatograms showing sequence profiles of patients carrying rs11701 in
ANG. a. ALS86, b. ALS97, c. ALS135, d. ALS41, e. ALS202, f. ALS223 and g. ALS244
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Among nine autosomal dominant cases, three individuals, two being from the same

family, were shown to carry the same polymorphism (Figure 5.31)

l
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Figure 5.31. Chromatograms showing sequence profiles of patients carrying the rs11701 in
ANG. a. ALS57 b. ALS59 and c. ALS220

The summary of the overall findings in the analysis of ANG gene is exhibited in

Table 5.6

Table 5.6. Presentation of all SNPs identified in ANG in familial, juvenile and

autosomal dominant ALS cases under study

ALSID ! n:)z:zj:ce Identified | Nucleotide | Aminoacid ! ocation Homozygous/
SNP Change Change Heter ozygous
ALS86 Juvenile rs11701 GGT—GGG G—G exon heterozygous
ALS97 AR FALS rs11701 GGT—>GGG GG exon heterozygous
ALS135 Juvenile rs11701 GGT—>GGG G—G exon heterozygous
ALS41 AR FALS rs11701 GGT—-GGG G—G exon heterozygous
ALS202 FALS rs11701 GGT—-GGG G—G exon heterozygous
ALS223 FALS rs11701 GGT—-GGG G—G exon heterozygous
ALS244 FALS rs11701 GGT—>GGG GG exon heterozygous
ALS57 AD rs11701 GGT->GGG G—-G exon heterozygous
ALS59 AD rs11701 GGT->GGG G—-G exon homozygous
ALS220 AD rs11701 | GGT—GGG G—G exon heterozygous
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5.3.3. PCR Amplification and DNA Sequencing Analysisof FUS
All exons of the FUS gene were amplified as described in Section 4.5.1.

ALS97 was shown to carry a C—T transversion in the 5’untranslated region of the

FUS gene (Figure 5.32). This seems to be a rare polymorphism, rs929867, with a
frequency of 0.111.
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Figure 5.32. Chromatogram, showing the rs929867 in the FUS gene of ALS97

Among 13 FALS and juvenile cases, nine were shown to be carriers of a novel

GTA—GTG transversion at codon 10 (Figure 5.33). This variation is silent on aminoacid
level.
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Figure 5.33. Chromatograms showing sequence profiles of patients carrying a novel
GTA—GTG transversion at codon 10 of FUS. a. ALS85, b. ALS86, c. ALS227, d. ALS97,

e. ALS135, f. ALS41, g. ALS173, h. ALS174, 1. ALS189 and j. ALS202
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Eleven cases were shown to carry a TAC—TAT change in exon 4 of the FUS gene
at codon 97 (Figure 5.34). This is a common SNP, named rs1052352, with a frequency of

0.495.

il.

Figure 5.34. Chromatograms showing sequence profiles of patients carrying the rs1052352
in FUS. a. ALS85, b. ALS86, c. ALS227, d. ALS97, e. ALS135, f. ALS41, g. ALS174,
h. ALS202, i. ALS223, j. ALS244 and k. ALS178
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In the familial and juvenile ALS subgroup, GGC—GGA change at codon 49 was

detected in seven cases (Figure 5.35). This is a rare polymorphism, rs741810, with an
average heterozygosity of 0.29.
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Figure 5.35. Chromatograms showing sequence profiles of patients carrying the
rs741810 in FUS a. ALS86, b. ALS135, c. ALS41, d. ALS173, e. ALS174, f. ALS244 and
g. ALS178

DNA sequencing of ALS178 revealed the presence of a novel C—T change in
intron 5 (Figure 5.36).
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Figure 5.36. Chromatogram showing the sequence profile of ALS178 carrying a novel

C—T change in intron 5 of FUS

Eight autosomal dominant cases were carriers of rs1052352, while five were of the
rs741810 variation (Figures 5.37 and 5.38).
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Figure 5.37. Chromatograms showing the sequence profiles of patients carrying the
rs1052352 in FUS. a. ALS56, b. ALS57, c. ALS59, d. ALS220, e. ALS215, f. ALS184,
g. ALS170 and h. ALS171
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Figure 5.38. Chromatograms showing sequence profiles of patients carrying the rs741810
in FUS. a. ALS56, b. ALS59, c. ALS170, d. ALS171 and e. ALS172

ALS57 was shown to carry a T—C change in intron 3, a previously reported SNP,
named rs73530283 (Figure 5.39).
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Figure 5.39. Chromatogram showing the sequence profile of ALS57 carrying rs73530283
in FUS

The overall presentation of all SNPs identified in FUS in familial and juvenile cases
are compiled in Table 5.7, while autosomal dominant ALS cases are shown in Table 5.8

Table 5.7. Summary of SNPs identified in FUS in familial and juvenile ALS cases

ALSID Inheritance Exon I dentified Nucleotide A.acid L ocation Homozygous/
Pattern SNP Change Change Heter ozygous
ALS97 AR FALS 1 rs929867 - - 5'UTR heterozygous
ALS85 Juvenile 1 novel GTA—-GTG VoV exon homozygous
ALS86 Juvenile 1 novel GTA—-GTG VoV exon homozygous
ALS227 FALS 1 novel GTA—-GTG VoV exon homozygous
ALS97 AR FALS 1 novel GTA—-GTG VoV exon homozygous
ALS135 Juvenile 1 novel GTA—-GTG VoV exon homozygous
ALS41 Juvenile 1 novel GTA—-GTG VoV exon homozygous
ALS173 AR FALS 1 novel GTA—-GTG VoV exon homozygous
ALS174 AR FALS 1 novel GTA—-GTG VoV exon homozygous
ALS189 AR FALS 1 novel GTA—-GTG VoV exon homozygous
ALS202 FALS 1 novel GTA—-GTG VoV exon homozygous
ALS86 juvenile 2;3 rs741810 GGC—GGA G—G exon heterozygous
ALS135 juvenile 2;3 rs741810 GGC—-GGA G—-G exon heterozygous
ALS41 AR FALS 2;3 rs741810 GGC—GGA G—-G exon heterozygous
ALS173 AR FALS 2;3 rs741810 GGC—-GGA G—-G exon homozygous
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Table 5.7. Summary of SNPs identified in FUS in familial and juvenile ALS cases

(continued)

ALS174 AR FALS 2;3 rs741810 GGC—GGA G—-G exon heterozygous
ALS244 FALS 2;3 rs741810 GGC—GGA G—G exon heterozygous
ALS178 juvenile 2;3 rs741810 GGC—GGA G—-G exon heterozygous
ALS85 juvenile 4 rs1052352 | TAC—TAT Y-Y exon homozygous
ALS86 juvenile 4 rs1052352 | TAC—TAT Y-Y exon heterozygous
ALS227 FALS 4 rs1052352 | TAC—-TAT Y-oY exon homozygous
ALS97 AR FALS 4 rs1052352 | TAC—TAT Y-oY exon homozygous
ALS135 juvenile 4 rs1052352 | TAC—TAT Y-Y exon heterozygous
ALS41 juvenile 4 rs1052352 | TAC—TAT Y—-Y exon heterozygous
ALS174 AR FALS 4 rs1052352 | TAC—TAT Y-oY exon heterozygous
ALS202 FALS 4 rs1052352 | TAC—TAT Y-Y exon heterozygous
ALS223 FALS 4 rs1052352 | TAC—TAT Y-oY exon heterozygous
ALS244 FALS 4 rs1052352 | TAC—TAT Y-oY exon heterozygous
ALS178 juvenile 4 rs1052352 | TAC—TAT Y-Y exon heterozygous
ALS178 juvenile 5 novel C-T Intron heterozygous

Table 5.8. Summary of SNPs identified in FUS in autosomal dominant ALS cases

ALSID Inheritance Exon I dentified Nucleotide A.acid | ocation Homozygous/
Pattern SNP Change Change Heterozygous
ALS59 AD 2;3 rs741810 GGC—GGA G—-G exon heterozygous
ALS170 AD 2;3 rs741810 GGC—GGA G—-G exon heterozygous
ALS171 AD 2;3 rs741810 GGC—-GGA G—-G exon heterozygous
ALS172 AD 2;3 rs741810 GGC—GGA G—-G exon homozygous
ALS57 AD 2;3 | rs73530283 T—-C -- intron heterozygous
ALS56 AD 4 rs1052352 | TAC— TAT YooY exon heterozygous
ALS57 AD 4 rs1052352 | TAC— TAT YooY exon heterozygous
ALS59 AD 4 rs1052352 | TAC— TAT YooY exon heterozygous
ALS220 AD 4 rs1052352 | TAC— TAT Y—-Y exon homozygous
ALS215 AD 4 rs1052352 | TAC— TAT YooY exon heterozygous
ALS184 AD 4 rs1052352 | TAC— TAT YooY exon homozygous
ALS170 AD 4 rs1052352 | TAC— TAT YooY exon heterozygous
ALS171 AD 4 rs1052352 | TAC— TAT Y-Y exon Heterozygous
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5.4. Whole Genome Analysis of Turkish Familial and Juvenile AL S Cases

Familial and juvenile ALS cases, who did not have mutations in any of the genes
under study, were subjected to whole genome analysis for the identification of new genes.
The evaluation of the chip data in terms of B allele frequencies and log R ratio of each
sample revealed success in 27 out of 28 samples. One sample, ALS132, was shown to be
contaminated, determined by the presence of five distinct bands in B allele frequency

graph in all chromosomes (Figure 5.40)
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Figure 5.40. The B allele frequency analysis of chromosome 2 in ALS132

5.4.1. Chromosomal Regions with Duplications, Homozygous and Heterozygous

Deletions

The samples were analyzed for loss of heterozygosity through the evaluation of
CNV by both PLINK and BeadStudio programs. The change in the level of log R ratio
reflects the type of change in the copy number. Examples to expected patterns for

duplication, homozygous and heterozygous deletions are shown in Figures 5.41, 5.42 and

5.43, respectively.
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Figure 5.41. Changes in patterns of log R and B allele frequencies in duplication
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Figure 5.42. Changes in patterns of log R and B allele frequencies in homozygous deletion

Figure 5.43. Changes in patterns of log R and B allele frequencies in heterozygous deletion

Among changes detected in the copy number, homozygous and heterozygous
regions, which had not been published previously, were selected for further inspection
(Table 5.9).

Table. 5.9. Unreported homozygous and heterozygous deletion regions that have been

detected in familial and juvenile Turkish patient samples

ALSID |Chrom|Loci Start Loci Stop Size (bp) | Typeof Change | Location Genes
ALS252 1 84719557 84733071 13514 Heterozygous intron DLG2
ALS256 1 84719557 84733071 13514 Heterozygous intron DLG2
ALS257 1 84719557 84733071 13514 Heterozygous intron DLG2
ALS135 13 49271585 49271799 214 Heterozygous intergenic --
ALS41 13 49271585 49271799 214 Heterozygous intergenic --
ALS155 13 49271585 49271799 214 Heterozygous intergenic --
ALS189 1 214199501 | 214203243 3742 Heterozygous intron USH2A
ALS173 1 214199501 | 214203243 3742 Heterozygous intron USH2A
ALS135 9 88015587 88029735 14148 Heterozygous exon C9orf153
ALS189 21 46391256 46427893 36637 Heterozygous exon C21orf56, FTCD
ALS173 6 100022903 100032890 9987 Heterozygous exon USP45
ALS49 11 1611186 1611326 140 Homozygous intronic HCCA2
ALS41 11 1611186 1611326 140 Homozygous intronic HCCA2
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Table. 5.9. Unreported homozygous and heterozygous deletion regions that have been

detected in familial and juvenile Turkish patient samples (continued)

ALSG68 11 1611186 1611326 140 Homozygous intronic HCCAZ2
ALS256 12 111503947 111504440 493 Homozygous intergenic --
ALS257 12 111503947 | 111504440 493 Homozygous intergenic --
ALS49 4 19130834 19131054 220 Homozygous intergenic --
ALS167 4 19130834 19131054 220 Homozygous intergenic --
ALS68 4 19130834 19131054 220 Homozygous intergenic --
ALS96 4 19130834 19131054 220 Homozygous intergenic --
ALS133 4 19130834 19131054 220 Homozygous intergenic --
ALS85 4 19130834 19131054 220 Homozygous intergenic --
ALS97 4 19130834 19131054 220 Homozygous intergenic --
ALS227 4 19130834 19131054 220 Homozygous intergenic --
ALS252 4 19130834 19131054 220 Homozygous intergenic --
ALS46 4 19130834 19131054 220 Homozygous intergenic --
ALS178 4 19130834 19131054 220 Homozygous intergenic --
ALS155 4 19130834 19131054 220 Homozygous intergenic --
ALS202 4 19130834 19131054 220 Homozygous intergenic --
ALS46 21 46626358 46628866 2508 Homozygous intron PCNT
ALS46 6 90884890 90885603 713 Homozygous intron BACH?2

Among detected homozygous and heterozygous regions, only three corresponded to
coding regions in the genome. The first heterozygous region was located on chromosome 9
between positions 88,015,587 and 88,029,735 which corresponded to C9orfl53, a
hypothetical protein with an unidentified function. Previous Affimetrix studies showed no
expression in brain. The notions of the absence of this region in any other ALS cases in the
study, as well as its lack of expression in brain, eliminated this region from further

analysis.

The second heterozygous deletion was on chromosome 6, between 100,022,903 and
100,032,890 bp. This region was within the coding region of Ubiquitin-Specific-
Processing protease 45, USP45; it functions as a peptidase in the degradation of proteins.
This region was observed in ALS189. Her two older sisters, ALS173 and ALS174,
suffering from ALS, did not show homozygosity at this region. Thus, although the function
might be relevant with ubiquitin-dependent degeneration observed in ALS, the region was

also neglected.
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The third heterozygous deletion was detected on chromosome 21, between
46,391,256 and 46,427,893 bp. There were two genes within the indicated region. The first
one was formiminotransferase cyclodeaminase (FTCD). It is a bifunctional enzyme which
leads 1-carbon units from formiminoglutamate (a component of the histidine degradation
pathway) to the folate pool. GNF Expression Atlas 2 Data from U133A and GNF1H Chips

exhibited scarce expression of the protein in brain.

The second gene within the region was C2lorf56, a hypothetical protein.
Affymetrix All Exon Microarrays analysis revealed the absence of expression in brain. The
index case with the indicated heterozygous deletion was ALS173. Her two younger sisters
also suffer from ALS; however, they were not homozygous at this region. Considering all,

this region was eliminated from further study.

5.4.2. Detection of Homozygosity Regions

The proper evaluation of homozygosity regions obligates an absolute information
on family history. Each sample registered to our laboratory was required to include
patient’s clinical picture as well as information about family history. However, information
was not always complete or true. The consanguinity analysis performed on these samples
has shown the real consanguinity pattern for all (Appendix D). The revised consanguinity

results are as follows (Table 5.10).

Table 5.10. Revised consanguinity pattern of some ALS cases

ALSID | InheritancePattern | Reported Consanguinity | Revised Consanguinity
ALS157 Juvenile not reported yes
ALS158 Juvenile not reported yes
ALS135 Juvenile not reported no
ALS175 FALS No yes
ALS155 Juvenile not reported yes
ALS97 AR FALS not reported no
ALS223 FALS No no
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Figure 5.44. An example to “Homozygosity Mapping Graph’, showing

homozygous regions of chromosome 1 in ALS and controls

Homozygous regions within the Turkish ALS samples were investigated. To
determine ALS-specific regions, the results were compared with control samples.
Overlapping regions between ALS cases and controls were eliminated. These results were
displayed on *‘Homozygosity Mapping’ graphs. An example is shown in Figure 5.44. The
x-axis shows the chromosomal location in mb, while each number on the y-axis represents
an individual. Blue and red lines indicate ALS cases and controls, respectively. It should
be noted that although the analysis involved 139 individuals in total (27 ALS and 112
controls), the y-axis number varies, since not all individuals have homozygosity for every
chromosome. The grey zones correspond to centromers which do not include any SNPs. In
this study, the significance of detected homozygous regions was compared with 112

controls who were Turkish patients with cortical malformations (Appendix E).

5.5. Special Focuson a Turkish Recessive AL S Family:
AL S252, AL S256 and AL S257

A focused analysis, regarding the detection of homozygous regions, was performed
on a recessive family with affected family members ALS252, ALS256 and ALS257.
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Figure 5.45. Family tree of ALS252, ALS256 and ALS257

The parents of these affected siblings are first cousins (Figure 5.45). The father
suffered from asthma for a long time. He died at the age of 65; he showed no symptoms of
any neurological defect. The first symptoms of the oldest index case, ALS252, appeared at
the age of 48 with numbness first in distal extremities, followed by numbness in tongue.
He can still walk on his own. ALS256 is married to her aunt’s son (motherside). Her first
symptoms occurred at the age of 43. Recently, she became committed to bed. Her youngest
son is suffering from spasticity since birth. The youngest index case, ALS257, has been

suffering from a similar disease since the age of 42. He is currently committed to bed, too.

Homozygous regions in the family were compared to homozygous regions in 112
controls, previously used in homozygosity mapping. The data interpreted from PLINK was

displayed in “Homozygosity Mapper’ graphs. Regions below 1000 kb were neglected.

This inspection revealed 12 regions (Figures 5.46 to 5.54 and Table 5.11). Within
these regions, there were 319 genes and 3279 coding regions. The intervals determined on
chromosomes 10, 12 and 22 were highly observed in controls, thus were eliminated from
further analysis. Also, two regions, chromosomes 9 and 18, were previously reported as
linked to ALS (Hosler et al., 2000, Hand et al., 2002). They were named as ALS-FTD-2
and ALSS3, respectively.



117

Table 5.11. Homozygosity regions common for samples ALS252, ALS256 and ALS257
Size of #of Genes | #of Exons
. . : Type of . .
Chrom# | Loci Start Loci Stop Region within wihin
Change _ _
(bp) Region Region
4 112.034.843 | 127.502.750 | 15.467.907 | exon 78 796
4 183.284.897 | 185.253.393 | 1.968.496 | exon 19 165
5 10.600.018 | 18.828.325 | 8.228.307 | exon 23 365
7 154.553.069 | 154.973.454 420.385 | exon 4 13
9 95.938.257 | 96.844.985 906.728 | exon 16 85
10 73.157.023 | 74.341.617 | 1.184.594 | exon 19 161
10 106.967.316 | 107.982.339 | 1.015.023 | exon 2 10
12 32.976.840 | 34.008.675 | 1.031.835| exon 1 9
12 36.213.381 | 38.326.598 | 2.113.217 | exon 8 93
13 73.984.888 | 78.632.888 | 4.648.000 | exon 28 370
18 41.226.287 | 57.735.477 | 16.509.190 | exon 98 943
22 29.856.811 | 30.899.263 | 1.042.452 | exon 23 269
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Figure 5.46. Homozygous regions on chromosome 4 for ALS252, ALS254, ALS257

and controls.
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Figure 5.47. Homozygous regions on chromosome 5 for ALS252, ALS254, ALS257
and controls
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Figure 5.48. Homozygous regions on chromosome 7 for ALS252, ALS254, ALS257

and controls
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Figure 5.50. Homozygous regions on chromosome 10 for ALS252, ALS254, ALS257

and controls
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Figure 5.51. Homozygous regions on chromosome 12 for ALS252, ALS254, ALS257
and controls
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Figure 5.52. Homozygous regions on chromosome 13 for ALS252, ALS254, ALS257

and controls
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Figure 5.53. Homozygous regions on chromosome 18 for ALS252, ALS254, ALS257

and controls
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Figure 5.54. Homozygous regions on chromosome 22 for ALS252, ALS254, ALS257

and controls
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After the elimination of several homozygosity regions, as indicated above, several
candidate genes were selected for further analysis (Table 5.12). It should be noted that
since some control samples belonged to consanguineous families, they embedded large
regions of homozygosity. In this respect, if regions in the Turkish recessive family
overlapped only with that of these individuals, the control individuals were neglected and

the region was evaluated as significant.

Table 5.12. Candidate selected after the selective evaluation of homozygosity mapping

Gene Full Name Chromosomal L ocation
1L21 interleukin 21 chr4:123,753,315-123,761,661
UCHL3 ubiquitin carboxyl-terminal esterase L3 chr13:75,032,880-75,078,069)
USP53 ubiquitin specific protease 53 chr4:120,407,923-120,413,918
RAB27A | Ras-related protein Rab-27A chrl5: 55,495,164-55,582,001
CPEB3 cytoplasmic polyadenylation element binding chr10:93,798,379-94,040,824

IL21, UCHL3 and USP53 were within homozygosity regions of all three siblings
while missing in controls. RAB27A, a member of the RAS oncogene family, is a
membrane-bound protein which may be involved in protein transport and GTPase-
regulated signal transduction. CPEB, cytoplasmic polyadenylation element binding, is very
highly expressed in brain. Although the definite function is unknown, it was suggested to
be a prion required for memory storage (personal communications Dr. Murat Gunel, Eric

Kandel and Art Hortwitz, Yale University, Medical School).

5.6. Mutation Analyses of CPEB3, IL21, RAB27, UCHL 3 and USP53

in a Recessive Turkish AL S Family

Patient ALS256, a representative of the same autosomal recessive family with three
affected individuals (Section 5.5), was subjected to mutation screening for the candidate

genes.
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5.6.1. PCR amplification and DNA Sequencing of CPEB3

All exons of the CPEB3 gene were amplified as described in Section 4.5.1. ALS256
was shown to carry three variations in the CPEB3 gene. Among these, two were within the
coding regions. rs3824734 is a fairly common polymorphism with a frequency of 0.408. It
represents CCT—CCC transition at codon 86 in exon 1. The second SNP within the coding
region was rs2676811. It results from the transition of TAC—TAT at position in exon 8.
While the former was represented in a heterozygous manner, the latter was present

homozygously. However, both were silent, since no change occurred in type of aminoacid.
The third variation was located at position 21 in intron 6. A—T transversion at this
position was previously reported as a SNP with a frequency of 0.365, named rs1129578.

All variations observed for this gene in ALS256 are displayed in Table 5.13.

Table 5.13. Variations observed in the CPEB3 gene of ALS256

_ Identified _ Aminoacid
Exon Location Nucleotide Change
SNP Change
Exon 1 Codon 86 rs3824734 CCT—CCC homozygous none
Exon 8 Codon 573 rs2676811 TAC—HTAT homozygous none
Intron 21 bp
rs1229578 A—G homozygous --
6 before exon 7

5.6.2. PCR amplification and DNA Sequencing of USP53

All exons of the USP53 gene were amplified as described in Section 4.5.1. Several

variations were detected in the USP53 gene.

Among these, only one variation was within the coding region. It was located at
codon 724 in exon 15 where there was an ATG—ACG transition in a heterozygous
manner. This results in a methionine to threonine exchange which is described as a
tolerable state. One novel insertion was detected in intron 13 which was located 112 bp
before the beginning of exon 14. Another novel variation was a deletion at position 17 in

intron 14. Also, T—C transition at position 98 in intron 14 was a previously reported SNP,
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transition at position 105 in intron 14 which has been named rs10006850. All variations
observed for this gene in ALS256 are displayed in Table 5.14.

Table 5.14. Variations observed in the USP53 gene of ALS256

_ | dentified . Aminoacid
Exon L ocation Nucleotide Change
SNP Change
ATG—ACG
Exon 15 | codon 724 novel heterozygous M—T
(tolerable)
Intron 112 bp before novel homozygous
novel ) ) --
13 exon 14 insertion
Intron - novel homozygous
position 17 novel ) --
14 deletion
Intron .
14 position 98 rs11731675 | T—C homozygous =
Intron .
14 position 105 rs10006850 | G—A homozygous --

5.6.3. PCR amplification and DNA Sequencing of UCHL 3

All exons of the UCHL3 gene were amplified as described in Section 4.5.1. The

investigation by DNA sequencing revealed two variations, both in the intron. The first

variation lied within position 28 in intron 2. This was represented as a homozygous

transition of C—T. It was reported as rs8192738 with a frequency of 0.486. The second

variation was a T—A transversion in a homozygous state in intron 3 position 11. This was

a previously reported common polymorphism (f: 0.485), named rs4884008. Also, a

homozygous transition of G—A at position 108 in intron 7 was observed, named
rs7330411. All variations observed for this gene in ALS256 are displayed in Table 5.15.
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Table 5.15. Variations observed in the UCHL3 gene of ALS256

_ | dentified Nucleotide Aminoacid
Exon L ocation
SNP Change Change
Intron2 position 28 rsg§192738 C—T homozygous --
Intron 3 position 11 rs4884008 T—A homozygous --
Intron 7 | position 108 rs7330411 G—A homozygous --

5.6.4. PCR amplification and DNA Sequencing of RAB27

PCR amplification was performed for all exons of the RAB27 gene as described in
Section 4.5.1. DNA sequencing analysis revealed a G—A transition in a homozygous state
in the 5” untranslated region (Table 5.16). This was a previously reported polymorphism,
named rs72742261.

Table 5.16. Variations observed in the RAB37 gene of ALS256

Exon L ocation Identified SNP | Nucleotide Change | Aminoacid Change

Exon 1 | 5 untranslated rs72742261 G—A homozygous --

5.6.5. PCR amplification and DNA Sequencing of IL21

All exons of the IL21 gene were amplified as described in Section 4.5.1.
Mutational analysis of IL21 in ALS256 revealed only a TGC—TGT transition at codon 43
in exon 3 in a homozygous manner. However, no change occurs in the protein, thus is only
a silent change. It was a rare polymorphism with a frequency of 0.262. The variation

observed for this gene in ALS256 is displayed in Table 5.17.

Table 5.17. Variations observed in 1L21 gene of ALS256

Exon | Location | Identified SNP Nucleotide Change Aminoacid Change
Exon 3 | Codon 43 rs4833837 TGC—TGT homozygous C—C
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5.7. Whole Human Exome Analysis of AL S256

ALS256 was also selected as a proxy for the identification of homozygous regions.

The results of the whole exome analysis are shown in Table 5.18.

Table 5.18. Sequence changes detected in whole exome analysis

A.acid
Chrom | Position Base change Genefull name Status
change

CGG>TGG pyroglutamylated Rfamide coding-

4 122470104 ] ) R371W
homozygous peptide receptor missense
TAC>TCC o coding-

6 10506712 transcription factor AP-2a ] Y407S
homozygous missense
G>A chromosome 6 open reading frame

6 11822640 3UTR
heterozygous 105
AAG>GAG o ) coding-

6 13819263 RAN binding protein 9 ) K152E
homozygous missense
GTC>ATC family with sequence similarity 8, | coding-

6 17710889 ) V268l
heterozygous member Al missense
GGC>GCC o ) coding-

18 42267211 ring finger protein 165 ] G41A
homozygous missense
GAC>GAA ) ] coding-

18 42376722 lipoxygenase homology domains 1 ) D127E
homozygous missense
A>G haloacid dehalogenase-like

18 42889008 3UTR
homozygous hydrolase domain containing 2
CAC>CCC zinc finger and BTB domain- coding-

18 43810098 o ) H464P
homozygous containing 7C missense
C>G

18 45342673 lipase, endothelial 5UTR
homozygous
TGG>GGG methyl-CpG binding domain coding-

18 46060318 i ) W15G
homozygous protein 1 missense
CTG>CCG methyl-CpG binding domain coding-

18 46060329 i ) L11P
homozygous protein 1 missense
GAC>GGC ] ] coding-

22 30347116 phosphatidylserine decarboxylase ) D203G
homozygous missense




Table 5.19. Overall representation of ALS genes analyzed
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# analyzed for
type of # # # analyzed | # analyzed |# analyzed|# analyzed| # analyzed | Whole Exome
disorders | families | affected| for SOD1 [for TDP-43| for FUS | for ANG | for CNVs | Resequencing
FALS 22 29 29/29 9/29 9/29 9/29 15/29 1
JUVENILE 10 13 13/13 4/13 4/13 4/13 13/29 na
SALS 156 156 156/156 na na na na na
TOTAL 198 198 198/198 13/42 13/42 13/42 28 1
Table 5.20. Variations identified in SOD1, TDP-43, FUS and ANG
frequency | frequency nucleotide | aminoacid
gene mutations/SNPs| in FALS |in Juvenile exon change change type effect
SOD1 N86S 1/29 0/29 4 AAT—AGT| Asn-Ser missense GOF
SOD1 H71Y 1/29 0/29 3 CAC—TAC| His-Tyr missense GOF
SOD1 L144F 1/29 0/29 5 TTGHTTC | Leu-Phe missense GOF
SOD1 D90A 1/29 0/29 4 GAC—GCC | Asp-Ala missense GOF
SOD1 A4S 1/29 0/29 1 GCC—TCC | Ala-Ser missense GOF
SOD1 | IVs-11I-34 A—C 2/29 0/29 intron 3 A—C no change| polymorphism | no effect
TDP-43 none
FUS rs929867 1/24 0/13 5UTR - - -—- -
FUS novel 6/24 4/13 1 GTA—-GTG| Val-Val - -
FUS rs741810 8/24 4/13 2 GGC—GGA | Gly-Gly -—- -
FUS r$1052352 14/24 5/24 4 TAC—HTAT| Thy-Thy - -
FUS novel 0/24 1/13 intron 5
ANG rs11701 8/24 2/13 1 GGT-GGG Gly-Gly SNP no effect

Table 5.21. Summary of unreported homozygous and heterozygous deletion regions

detected via whole genome analysis of familial and juvenile cases

frequency | frequency

location gene chrom. | loci start | loci stop size change inFALS |inJuvenile
intron DLG2 1 84719557 | 84733071 13514 heterozygous 3/24 0/13
intragenic 13 49271585 | 49271799 214 heterozygous 1/24 2/13
intron USH2A 214199501 | 214203243 3742 heterozygous 2/24 0/13
exon C90rf153 88015587 | 88029735 14148 heterozygous 0/24 1/13
exon C2lorf56, FTCD 21 46391256 | 46427893 36637 heterozygous 1/24 0/13
exon USP45 6 100022903 | 100032890 9987 heterozygous 1/24 0/13
intron HCCA2 11 1611186 1611326 140 homozygous 2/24 1/13
intergenic 12 111503947 | 111504440 493 homozygous 2/24 0/13
intergenic 4 19130834 | 19131054 220 homozygous 6/24 7/13
intron PCNT 21 46626358 | 46628866 2508 homozygous 1/24 0/13
intron BACH2 6 90884890 | 90885603 713 homozygous 1/24 0/13
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5.8. Genome-wide Association Study in Caucasian SAL S Cases

In a large collaborative study in Cecil Day Lab at MGH in Boston, Landers and
colleagues performed a genome-wide association study, using 279,217 SNPs on 1405
SALS samples (from Boston, National Institute of Neurological Disorders and Stroke
(NINDS), Atlanta, France, London and Netherlands) and 1848 matching controls (Landers
et al., 2009). The study was performed with lllumina BeadArrays at the Broad Institute in
Boston (Boston-Atlanta-London DNA set), the National Institutes of Health (Drs. A.
Singleton and J. Hardy, NINDS/Coriell DNA set), the Centre National de Genotypage at
Evry (French set) and at Rudolf Magnus Institute of Neuroscience, Utrecht (Netherlands
set). The analysis was conducted by PLINK where all data of SALS cases and controls
were considered as one. This approach increases the probability of pinpointing subtle

associations in the presence of adequate number of cases and controls.

Age of Onset

a.

(]

b.

kogeg (P

logw (P)

Figure 5.55. GWAS results according to site of onset, age of onset and survival.
The cut-off value for Bonferroni significance is represented as the dotted red line
(Landers et al., 2009)
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The results of SALS samples were evaluated according to four phenotypes:
susceptibility, site of onset, age of onset and survival. No significant SNP was detected as
associated to susceptibility, age of onset or site of onset (Figure 5.55). In a further effort,
for susceptibility, when only SNPs with a p value < 5x10* were selected, which
corresponded to 153 SNPs in total, still no significant variant was detected. Even
previously reported variants in inositol-triphosphate receptor (ITPR2), DPP6 and
FLJ10986 were not confirmed (Appendix F).

However, a different picture was observed for survival. The rs1541160 SNP
revealed a significant value where the nominal and Bonferroni-corrected P values were
1.84x10® and 0.021, respectively (Figure 5.56a). Several SNPs around this region
exhibited positive values, including four of the imputed SNPs (Figure 5.56D).

d.

log. (P)

L o Cenotyped i
® lirnguted . . . -

(P)

Cortainty

Chromosomal postion (Mb)
Figure 5.56. a. GWAS result on survival, b. a closer view of the rs1541160 region
where dark points are SNPs within this study and light points are imputed SNPs
(Landers et al., 2009)



130

The significance of these results were further confirmed by pairwise linkage
disequilibrium (LD) analysis for 50 SNPs located across this locus (Appendix G). When
SALS cases with different genotypes at rs1541160 were compared in terms of survival, the

presence of the CC genotype favored survival around 14 months when compared to the TT
genotype (Figure 5.57).
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Figure 5.57. The effect of different alleles of rs1541160 on survival in SALS patients
(Landers et al., 2009)

SNP rs1541160 was localized within intron 8 of KIFAP3. The positive effect of the
CC allele was investigated via sequencing of KIFAP3 in homozygous CC and TT
individuals for the possible presence of a variant that may be in close LD with the SNP.
Since no variations were detected in the coding regions of KIFAP3, the involvement of
rs1541160 on survival was questioned for a possible change in the expression level of the
protein in different genotypes.

The predicted changes in expression levels were also analyzed in SNPs with high
scores in each category (Appendix H). This study has contributed to the investigation of

gene expression analyses of KIFAP3, BAGALT6 and ADAMTS17 genes (Table 5.22).

Table 5.22. Three significant SNPs for susceptibility, survival and age of onset

Category SNP Gene Chromosomal Location | p Value
Survival rs1541160 KIFAP3 Chr 1: 168262426 1.84x10°
Susceptibility | rs10438933 | B4GALT6 Chr 18: 27527127 1.18x10°
Age of Onset | rs931892 | ADAMTS17 Chr 15: 96046836 5.33x10
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KIFAPS3 is a regulator protein with two main functions: stimulation of GDP/GTP
exchange reactions in small G-proteins (Rapl and Rho) and inhibition of their interaction
with the membrane. It is very highly expressed in all regions of the brain. BAGALTS, beta-
1,4-galactosyltransferase6, is a lactosylceramide synthase which is an important
component of glycolipid biosynthesis. It is very highly expressed in brain. While
BAGALT6 exhibited a significant value in susceptibility, KIFAP3 was significant in
survival (Table 5.28). The definite function of ADAMTS17 has not been identified yet,
however, a statistically significant value was detected for a SNP in close proximity to the

gene; thus, the expression profile of ADAMTS17 was also investigated.

The expression levels of each protein were questioned by real-time PCR with
specific probes. Total RNA was isolated from both lymphoblastoid cell lines and brain
tissues. The investigation of gene expression levels in individual regions included wild-

type ancestral homozygotes, heterozygotes and derived allele homozygotes for each SNP.

5.8.1. The expression profile of BAGALT6

The expression level of BAGALT6 in SALS was compared within different
genotypes in cortex (Figure 5.58) and cerebellum (Figure 5.59). There was no significant

difference in expression between ancestral and derived homozygotes for this protein.
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Figure 5.58. Hs00191135 expression in cortex, according to alleles
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Figure 5.59. Hs00191135 expression in cerebellum, according to alleles

5.8.2. The expression profile of ADAMTS17

The expression of ADAMTS17 was investigated by probe Hs00330236. There was

no significant change in brain for different genotypes (Figure 5.60).
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Figure 5.60. Hs00330236 expression in brain, according to alleles

When the same analysis was conducted on cortex only, AA exhibited an apparent
difference in expression (Figure 5.61). However, this was due to small and unequal sample

size. Thus, this result was considered not to be reliable.
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Figure 5.61. Hs00330236 expression in cortex, according to alleles

5.8.3. The expression profile of KIFAP3

5.8.3.1. Real-time PCR analysis. Using Hs00183973, a specific probe for KIFAP3, the

relative expression levels of CC, CT and TT were compared both in cortex and cerebellum

(Figures 5.62 and 5.63). In both regions, the expression level in CC was significantly
reduced when compared to TT.
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Figure 5.62. Hs00183973 expression in cortex, according to alleles
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Figure 5.63. Hs00183973 expression in cerebellum, according to alleles

Like Hs00183973, Hs00946074 is also a probe, specific for KIFAP3; thus, it was
used as a ‘confirmation’ probe for expression analysis. The decrease of KIFAP3
expression in the CC genotype was also reflected in the analysis of Hs00946074 in cortex
and cerebellum (Figures 5.64 and 5.65).
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Figure 5.64. Hs00946074 expression in cortex, according to alleles
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Figure 5.65. Hs00946074 expression in cerebellum, according to alleles

5.8.3.2. Western blot analysis of KIFAP3. The change in expression level was also

questioned with Western blot analysis; the expression was investigated in 88 brain lysates
(Figure 5.66).
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Figure 5.66. Western blot analysis of KIFAP3 expression in association with rs1541160
genotype (Landers et al., 2009)

Additional experiments at Cecil Day Lab confirmed the significant decrease of
KIFAP3 protein level in CC homozygotes compared to TT. The results were also

confirmed in occipital lobe samples (Figure 5.67).



136

1.5+ *
=
K=
z | |
D 1.0+
j=1
>
g |
4
— 0.5-
x
[s}]
or
0.0 T T
TT ccC
Brain

Figure 5.67. The relative expression of TT and CC genotypes for rs1541160 in occipital
cortex (Landers et al., 2009)
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6. DISCUSSION

ALS is a progressive neurodegenerative disease, predominantly initiated in mid-
adult life and characterized by the selective death of motor neurons (Cleveland, 1999). The
most predominant neuropathological changes are the appearance of abnormal
mitochondrially-derived vacuoles and the fragmentation of Golgi apparatus, followed by

the degeneration of motor neurons (Jaarsma et al., 2001).

The most intriguing question is ‘why are motor neurons selectively prone to

neurodegeneration in ALS?’ Several features of these cells are suggested for vulnerability:

cell size and long axons

¢ high metabolic rate

e high energy demand

e specific features of motor neuron mitochondria

e NF content and the importance of proper intracellular filament structure and
transport system

e relatively high expression of Ca*’-permeable AMPA receptors, lacking GIuR2
subunit

e high expression of glutamate transporters in the proximity of vulnerable motor
neuron groups

e low expression of Ca**-binding proteins

e high expression of SOD1 (Shaw, 2005).

The mechanism by which mutations in SOD1, the predominant protein described in
ALS, brings about motor neuron injury is not yet well understood, but is considered to be a
toxic gain of function, rather than a loss of normal function. Two supporting findings are i.
the identification of both decreased and normal levels of SOD1 dismutase activity in the
case of SOD1 mutations and ii. the observation of ALS-like clinical phenotype in
transgenic mice overexpressing FALS-linked mutations, while an unaffected clinical

picture is present in mice overexpressing normal SOD1.
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The combination of genetic, pathological and biochemical studies have brought out

possible mechanisms that may provoke the disease or contribute to the disease:

e oxidative damage, an idea which emerged after the the identification of mutations
in SOD1 as the primary cause in ALS,

e excitotoxic death due to glutamate, supported by the obstructive effect of riluzole
via inhibition of glutamergic transmission,

e cytoskeletal abnormalities and transport defects, an idea supported by the abnormal
accumulation of neurofilaments as a pathological finding and the detection of
mutations in dynactin, an important regulator of retrograde transport,

e toxicity due to intracellular protein aggregation and failure in protein folding and
ubiquitination mechanisms, common features of SOD1-linked ALS cases,

e the involvement of mitochondria, an idea dependent on the requirements of high
energy levels of motor neurons and the neuropathological changes in mitochondria,

e the crosstalk between motor neurons and non-neuronal cells, where the
inflammatory response generated by glial cells induces proinflammatory elements
from neurons that induce glial cells back, and in the final stage cells are driven to
apoptosis (Cozzolino, 2008, Lomen-Hoerth, 2008, Figure 6.1).
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Figure 6.1. An overall representation of the proposed mechanisms in ALS
(Lomen-Hoerth, 2008)
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Today, in the concept of understanding the pathogenesis of ALS, it seems more
probable that the death of motor neurons is the result of the convergence of the factors,
stated as ‘probable contributors’. However, it should be noted that the current knowledge
on pathogenic mechanisms is mostly based on studies with mutant SOD1, which is
responsible for only two per cent of all ALS cases. For the vast majority of patients, the
primary cause of disease is unknown. Thus, there is a need to identify new genes
associated with familial forms of ALS (Dion et al., 2009)

6.1. Mutational Analysisof SOD1 in the Turkish ALS Cohort

This study included 198 Turkish ALS patients. Among these, 156 were sporadic,
while 29 were familial and 13 juvenile. The percentages of FALS and SALS were 21 and
79 per cent, respectively, which are consistent with the values stated in literature
(Figure 6.2).

AL S Patientsin the Turkish Cohort
15%

" 0,
6% mSALS

E FALS
Juvenile

79%

Figure 6.2. Distribution of Turkish ALS cases according to different subgroups

DNA sequencing analysis of SOD1 in the Turkish ALS cohort revealed five disease
causing mutations in FALS cases. The number of FALS cases carrying SOD1 mutations
(corresponding to 15.6 per cent of FALS cases and 2.5 per cent of all ALS cases) is in
accordance with the literature, stating 20 per cent involvement of the gene in FALS and 2
per cent involvement in all ALS cases (Figure 6.3). Also, IVS-111-34 A—C transversion
was observed in 2 FALS and 5 SALS cases, corresponding to 3.8 per cent in the study
population. The frequency of IVS-111-34 A—C transversion in the Turkish control samples
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was calculated as 3.4 per cent which was close to the reported percentage in literature (4
per cent) (Deng et al., 1993).

FALS Patientsin the Turkish Cohort
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Figure 6.3. SOD1 gene analysis results of Turkish FALS cases

6.1.1. The N86S Patient

Among cases with SOD1 mutations, three were remarkable. The first interesting
case was a FALS case who was diagnosed at the age of 28. He was shown to carry an
AAT—AGT transition in exon 4 position 86 (N86S) in a homozygous state. This indicated
that both of the parents should be carriers of the mutant allele. The mother died of cirrhosis
at the age of 28; her DNA was not available at the time of analysis. The father is now 54
years old and normally would be expected to develop the disease.

This mutation was first defined in a Japanese family with two affected individuals
who were heterozygous at this position. The father was diagnosed with ALS at the age of
56. He displayed only upper motor neuron symptoms and died within 4 years due to
respiratory failure. Meanwhile, his daughter, who was diagnosed at the age of 36, suffered
from lower limb weakness (lower motor symptoms), and general muscular atrophy occured
nine years after the first symptoms, indicative of a slow progression. She survived for 11
years (Kurahashi et al., 1993). Another study reported a homozygous patient. She was
diagnosed at the age of 13 with lower limb weakness. The disease progressed rapidly. She
died within 14 weeks of diagnosis due to respiratory failure. Similar to the index case of
this study, her parents were heterozygous carriers with no disease phenotype (Hayward et
al., 1998). Overall, there seems to be incomplete penetrance in the clinical representation
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of the disease among ALS cases with N86S mutation, probably depending on the presence

of the mutant allele in homo- or heterozygous state, as well as on the initial site of onset.

SOD1 mutations have been linked to autosomal dominant inheritance. Only few
mutations are known to be represented both dominantly and recessively (Andersen et al.,
1995). In this context, N86S has been represented recessively in this family which brings

about the presence of heterogenity in the mode of transmission.

Considering a toxic gain of function of SOD1 mutants, a double dose of the mutant
protein would be expected to result in a more severe phenotype. The clinical picture of the
index case is consistent with this assumption. However, the absence of disease phenotype
in N86S heterozygotes is still interesting, since arginine at this position displays an
important role in both the protein structure and function. Codon 86 is located within the
B5-strand. A beta barrel is a large beta-sheet which twists and coils to form a closed
structure, so that the first strand is hydrogen-bonded to the last. Meaning, it is responsible
for the establishment of the electrostatic guidance channel, which guides O, to Cu*-
containing active site. In this respect, the presence of a mutation at this position would be
expected to disrupt the proper structure of the active channel, leading to deficiency in the

dismutase activity.

Interestingly, in literature, N86S mutant has been reported as having a wild-type-
like structure where no change in stability or metal coordination properties is observed
(Shaw et al., 2006). Previous reports have shown that it does not affect the enzymatic
activity of SOD1. However, this mutant still aggregates more rapidly than wild-type SOD1
in cell cultures and in vitro (Bergemalm et al., 2006).

The contradiction of having a nativestate-like stability and being more prone to
aggregation may be reasoned as the occurance of aggregation directly from native/-like
state. If so, the conformational changes which lead to aggregation of the mutant protein
may happen after the formation of native-like oligomers. Changes like decrease in net
charge may contribute to formation of oligomers. It is probable that the native-like mutant
SOD1 aggregates may be nontoxic structures which encourage formation of toxic SOD1

aggregates.


http://en.wikipedia.org/wiki/Beta-sheet�
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N86S is represented with a rapid disease progression in less than three years
(Hayward et al., 1996). The index case died within 4 months after diagnosis, which is
consistent with the previously reported N86 homozygous patient profile. Rapid disease
progression in C6F and A4V have previously been related to higher rates of ubiquitination
of the mutant proteins. However, whether this applies to mutants at codon 86 is to be

determined.

A further understanding may be obtained by assessing the sequence variations in
the noncoding regions of SOD1 of the index case and his father. For example, SOD1
protein is vulnerable to alternative splicing defects, since it contains a high number of GC
motifs, especially in intron 1. Thus, a sequence variation in the index case may result in the
abnormal splicing of mutant SOD1, leading to reduction in transcription of the mutant
protein. In a recent study, a patient with homozygous deletion at position 27 exhibited an
ALS phenotype, while eight heterozygous relatives were phenotypically normal. The
mutation at this site was shown to decrease transcription of the protein. Such a reduction

may also explain the phenotypic heterogenity in our N86S family (Dion et al., 2009).

6.1.2. TheH71Y Patient

The second interesting case was also a FALS patient who carried a heterozygous
CAC—TAC transition at position 71 in exon 3, resulting in H71Y mutant SOD1. Exon 3
of SOD1 has been special in that only recently mutations have been identified in this
region. Until then, two possibilities were suggested as to explain the absence of disease-
causing mutations: i. mutations in exon 3 would be lethal in utero, thus no individual was
born with a mutation at this site (Siddique et al., 1996) or alternatively ii. it would be
represented in a benign fashion which indicated that exon 3 integrity was necessary for the
toxic effect of SOD1 (Orrell et al., 1997).

While residues 58-63 within exon 3 structurally construct the symmetrical region 3,
residues 56-79 are responsible for Zn*? binding. His71 is specifically one of the zinc
ligands (Getzoff et al., 1999). Zn*? is required for the stability of SOD1 structure, pH of
the dismutation reaction, as well as the rapid dissociation of the H,O, produced. Thus, as

implicated in the peroxidase hypothesis, the change in the Zn*? binding capacity can result
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in the destabilization of the protein backbone where Cu*? located at the active site becomes
more accessible to H,O,. This causes an excess generation of hydroxyl radicals in cells,

resulting in oxidative damage.

The investigation of the mutation in other family members of this patient revealed
the heterozygous presence of the mutant allele in his father and younger brother, while his
mother and younger sister carried normal alleles. When the facts that the disease was
represented with very fast progression at a very early age, and that the father is still
penotypically normal, are considered, it can be proposed that there has been an increase in
penetrance. However, it is still interesting to observe normal state in heterozygotes when
the structural and functional importance of position 71 are considered. As implicated for
the FALS case with the N86S mutation, it would also be important to search for the
presence of possible sequence variations that may lead to phenotypic heterogenity in this

family.

6.1.3. The D90A Patient

The patient carried a homozygous GAC — GCC transversion at position 90 in exon
4, resulting in the D90A mutant SOD1. His older sister died of ALS, so a family
inheritance can be mentioned. The homozygous representation of the disease in the index
case indicated that both parents should be carriers of the mutant allele. It has been
previously shown that D90A mutation represents mainly an autosomal dominant
inheritance pattern in non-Scandinavian populations, while autosomal recessive inheritance
is pronounced in Scandinavian populations. The inheritance pattern within this family

resembled that of Scandinavian patients.

Also, the clinical picture was in concordance with the literature: while autosomal
dominant D90A cases in non-Scandinavian populations show a diversity in phenotype,
autosomal recessive cases in Scandinavia exhibit a uniform clinical picture with always
limb onset and slow progression. Our index case can still eat and walk on his own after

having the disease for five years, thus can be defined as slowly progressing.
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D90 is located nearby a B-barrel on the periphery of SOD1,; it has little influence on
dimer-dimer interaction or the catalytic activity, it is a highly conserved position.
Interestingly, another mutation at the same position (D90V) is dominantly-inherited which

disproves the implication of an unimportant position.

Diverse clinical picture and mode of transmission have been suggestive of a
possible protective factor in heterozygote D90A-SODL1 individuals in Scandinavian
populations, a statement which has not been proven thus far. Considering the similarity of
the index case with Scandinavian recessive pattern, the index case and his family members

were further subjected to haplotype analysis for a possible ancestral relationship.

6.2. Haplotype Analysisof the Turkish AL S Patient with the Homozygous
D90A Mutation

Linkage analysis relies on ‘the tendency of genes, located at specific loci, to
segregate together due to their physical proximity on a single chromosome’ (Strachan and
Read, 1999). In this respect, linkage analysis can be defined as a study aiming
establishment of linkage between genes. This approach also applies to studies of
association between populations. The investigation of similar haplotypes across individuals

supplies a powerful data for unraveling the migration of civilizations.

In this line, considering the special mode of transmission of D90A in the index
case, the patient’s sample was subjected to haplotype analysis with 21 Scandinavian cases,
using six markers which were proximal to SOD1. The haplotype pattern of the index case

was identical to the conserved Scandinavian haplotype, implying a common ancestry.

Scandinavian populations, mainly Finland and Northern Sweden, are homozygous
and genetically different from most European populations (Nevanlinna et al., 1972,
Andersen et al., 1996). Thus, the haplotype around D90A is unique for this mutation and

the mode of inheritance.

Andersen et al. showed the overrepresentation of highly conserved haplotypes of

D90A homozygotes and heterozygotes in Scandinavian population which converged as



145

they approached to SOD1. This had been the indicative of a common founder 20,000 years
ago in Eurasia. Considering the pattern of inheritance and the clinical representation of the
disease in homozygotes and heterozygotes, the appearance of a second modifying factor
was suggested to occur in B.C. 1,500. in Finland which had been distributed throughout the
world by migrations (Parton et al., 2002).

Suggested Viking Routes
from Bth-11th Cent. CE

‘ A Suggested Routes of Yikings |
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Figure 6.4. Suggested migration routes of Vikings (www.designsofwonder.com)

Inbreeding of Scandinavian populations within themselves led to higher allele
frequency (2.5 per cent) in Finland and North Sweden while the frequency gradually
decreased southwestly in Europe (Westray in the Orkney Isles: 1.5 per cent, 0.3 per cent in
England) (Sjalander et al, 1995, Al-Chalabi et al., 1998).

The phylogeographic analysis of lineages proposed the migration of Vikings from
Scandinavia to all over Europe, including Constantinople (Figure 6.4). From there, they
diverged into two routes; one to Northern Turkey and the other one to Western Turkey.
The family of this study originates from Mugla, a city among the suggested settlement
areas of Vikings, which supports the possible ancestral relationship (Al-Chalabi et al.,
1998).

6.3. Investigation of Mutationsin Other ALS Genes

Recently, different genes have been defined as responsible for ALS (Table 1.1).

Following the subcategorization of the Turkish ALS cohort, autosomal dominant cases as
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well as nonconsanguineous familial and juvenile cases, who were negative for SOD1

mutations, were analyzed for possible mutations in the TDP-43, FUS and ANG genes.

No mutations were identified in any of the cases under study. Several SNPs have
been detected some of which were novel (Tables 5.8, 5.10 and 5.11). The contribution of
TDP-43, FUS and ANG to ALS genetics is a total of ~10 per cent of FALS cases. When
nine AD cases are considered, the absence of a mutation was acceptable since the sample

size was very small (Section 6.4).

Several evidences are present as to the low penetrance in ALS. Considering the
literature-stated influence of susceptibility factors and environment in representation of
disease phenotype as well as the observation of increase in penetrance in a FALS case
within this study, a total of 13 nonconsanguineous FALS and juvenile cases were also
considered for mutation screening in TDP-43, FUS and ANG. However, it is more likely
that a mutation with low penetrance skips a generation in nonconsanguineous families with
respect to consanguineous families; chances are fairly low in the latter; thus,
consanguineous FALS and juvenile cases were eliminated. These genes have been related
with autosomal dominant inheritance. Normally, FALS and juvenile cases within this study
were represented recessively. Thus, the absence of any mutations in nonconsanguineous

FALS and juvenile cases was not suprising.

In conclusion, the mutational analyses of TDP-43, FUS and ANG could not explain
disease state in FALS, juvenile and autosomal dominant cases in the Turkish cohort under

study, indicating new gene/genes as responsible.

6.4. The Discrimination of SALS and FAL SIsNot Always Straightforward
but Important For The Geneticist

Since the distinction between SALS and FALS patients is not always clear, in the
framework of this study, several SALS patients have been referred to our center
erroneously as sporadic (isolated) cases. However, it is important to discriminate between
familial and sporadic ALS, to be able to properly council patients and to choose the correct

molecular strategy. If it can be ascertained that no first and second degree relative has
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(had) ALS, and both parents of the patient have become older than 75 years, the patient can
be considered as sporadic. Some labs do not perform further testing at this stage any more.
If the parents are younger than 75 years or have died at an earlier age, the patient should be
more carefully inspected; especially, recessive inheritance in case of consanguineous
parents should not escape attention. In general, in the framework of this thesis, also SALS

patients were subjected to SOD1 analysis to exclude SOD1 mutations.

In familial cases, we first have tested for SOD1 mutations. If absent, TDP-43, FUS
and angiogenin were screened for, but the yield of testing is generally low. It is of prime
importance to explain in detail the significance of not finding a mutation in these genes to
the patients and their families. In most instances, the patients and families conclude from
the absence of a mutation in these genes that they do not have the disease at all, or they do

not have its familial form, which is misleading(van Damme and Robberecht, 2009).

6.5. Whole Genome Genotyping of Familial and Juvenile AL S Cases
in the Turkish Cohort

The whole genome analyses of Turkish familial and juvenile cases, who tested
negative for SOD1, TDP-43, FUS and ANG, projected several regions with genomic
variations. Among these, only three were within coding regions of the genome. However,
these regions did not reveal any change in other affected individuals of the same families,
thus they were considered insignificant and neglected.

Identification of genes in rare recessive diseases is very difficult because of the
deficits in families with more than one affected individual. In this respect, homozygosity
mapping has been a great tool, since even families with single affected individuals are
informative. It is based on retrieving genomic information from inbred affected individuals
for the identification of a region in the genome where they are all homozygous. The
disease locus is expected to be highly linked to this homozygous region. These imbred
individuals have probably inherited two identical by descent disease alleles from both their
parents (Seelow et al., 2009). Homozygosity mapping has a high power such that a single
affected individual whose parents are first cousins provides the same power of linkage

compared to a family with three affected sibs (Génin et al., 1998). Starting from early 80s,
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this approach has been used for the mapping of many rare recessive diseases, including
Friedreich Ataxia with selective vitamin E deficiency on chromosome 8, Tunisian
autosomal recessive Duchenne-like muscular dystrophy on chromosome 22 and several
others (Hamida et al., 1993; Othmane et al., 1992).

Considering the advantages of homozygosity mapping, FALS and juvenile ALS
cases were subjected to this analysis. To further narrow down the candidate regions, the
same approach was performed on a recessive Turkish family with three affected sibs
(ALS252, ALS256 and ALS257). This family was preselected as a proxy because: i. they
belonged to a consanguineous family, ii. among six siblings, three had been diagnosed with
probable ALS which is a high number in a recessive picture and iii. their ages of onset and
symptoms were identical which is very rarely observed in ALS, where phenotype differs

even within affected family members.

In the framework of this study, several homozygous regions were identified which
pointed out new candidate genes within regions of interest. Although these regions
included many genes, five were chosen as a start. While IL21, UCHL3 and USP53 were
within homozygosity regions of all three siblings, and absent in controls, RAB27A and
CPEB, were not within the detected regions. The two latter proteins were shown to be
important players in ALS mouse models and C. elegans models (unpublished data, Art
Horwich, Yale University Medical School). The proxy case, ALS256, was questioned for
possible mutations in the candidate genes. However, no disease-causing mutations were

identified in any of these genes.

At this point, the search for disease-related genes in these cases requires additional
mutational analyses of new candidate genes which lie within the detected homozygosity

regions.

Homozygosity mapping was also applied to patients ALS157 and ALS158, who
were two brothers with juvenile onset and consanguinity. These regions may be compared
with control samples and new candidate genes may be chosen for mutation analysis
(Appendix K).
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6.6. Whole Exome Resequencing

Today, the significance of genetic variants in the phenotypic representation of
Mendelian and non-Mendelian diseases is undeniable. The genetic base of ~2,600
Mendelian diseases has been identified; most are caused by rare mutations which alter
proteins’ functions. This has been an important observation which encouraged the
establishment of robust sequencing of coding regions, a newly-developed technology,
named ‘whole exome analysis’. As the name implies, the basic principle is sequencing

only the exons within the genome. This has several advantages:

e Majority of variants has been shown to alter protein-coding sequences. In this
respect, splice acceptor and donor sites have been included to this strategy.

e Unlike noncoding regions where variants exhibit neutral or weak effects, most of
the rare nonsynonymous variants are belived to be deletorious. Thus, the exome
includes a highly-enriched part of the genome with variants exhibiting large effects
(Ng et al., 2009).

e It is time-saving with respect to PCR-based methods, since it dramatically reduces
the number of DNA sequencing which also reflects to cost-saving.

e It enables high specificity and sensitivity with capture design algorithm.

e Built-in control probes are used to achieve optimal performance.

Utilization of whole exome resequencing is especially more advantageous in rare

autosomal recessive disorders because:

e Since they are autosomal recessive, the causative variants are unlikely to be present
as SNPs in general population.
e Unlike autosomal dominant cases, only few genes in any affected individual have

two or more rare nonsynonymaous variants.

A successful application of whole exome resequencing in defining candidate genes
involves the detection of coding variants in cases, followed by comparison of the new
findings with genetic variation databases and utilization of control samples via the same

approach for elimination of common variants (Figure 6.5).
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Figure 6.5. A stepwise approach from whole exome resequencing
to determine possible candidate genes (Biesecker, 2010)

In the framework of this study, the same patient, ALS256, was assessed by both
genotyping and whole exome sequencing. Thus, the candidate regions determined in
genotyping were further narrowed down via comparison with the findings of the whole

exome analysis.

In the genotyping analysis, very large segments of homozygosity regions are
detected which include hundreds of genes. The researcher is supposed to make educated
guess to continue with further investigation. In this study, candidate genes were selected
according to brain expression levels or being suggested players in ALS pathogenesis. On
the other hand, the results of the whole exome analysis pinpoints specific changes which

emphasizes the advantages of this new technology in terms of its efficiency and specificity.

The whole exome analysis of our patient revealed 13 sequence changes located on
chromosomes 4, 6, 18 and 22. Among these sequence changes, nine were also within the
homozygous regions detected in the genotyping analysis of the same index case, which
increased the importance of these regions.

Interestingly, ALS3, an autosomal dominant adult subtype of ALS, was linked to
chromosome 18g21. However, no definite location has been identified yet. The genes
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defined in whole exome analysis of the patient are all expressed in brain, some are even
found in large quantities. Although the patient in this study seems to present an autosomal
recessive inheritance pattern, the changes in genes identified via whole exome
resequencing may actually be the gene that lies within the ALS3 locus. Thus, further
analysis of these sequence variations may be important in the identification of ALS3 gene.

At this point, a further step should include the confirmation of detected changes by
Sanger sequencing. Meanwhile, two other siblings should also be analyzed. If any of these
changes are involved in ALS, they should also be present in all three siblings. If any
change is shown to be significant in this family, then the same region should be
investigated in control samples. Only then, the sequence variation can be stated as a

mutation.

6.7. Genome-wide Association Study in Caucasian SAL S Cases

The aetiology of ALS is multifactorial; there is a complex interplay between many
pathological and genetic factors. The underlying cause of ALS remains unknown.
Although the familial form comprises only 10 per cent of cases, SOD1, the major protein
in FALS, is commonly used in genetic studies, basically due to the clinical and
pathological similarities of SOD1-linked FALS and SALS. Identification of novel genes
responsible for the remaining ALS cases may lead to a greater understanding of
mechanisms of cell death in all forms of the disease.

6.7.1. Linkage Analysis

Linkage analysis is a conventional method used for the identification of genes in
monogenic disorders which requires a precise genetic model, gene frequencies and
penetrance of each genotype (Figure 6.6). Today, it serves as a way of gene-hunting and
genetic testing. Many linkage analysis studies have been performed in ALS. Several
genes/loci have been identified, some of which have been investigated within the

framework of this study.



152

ry¥sy!

Famiiy inkage study Genome wida
associalion Sludy

i }

Shared region SNP assockabion
Mutation Common wvariani

}
o e

Figure 6.6. Schematic representation of different approaches used
in the identification of new disease genes (adapted from Mullen et al., 2009)

However, linkage is a specific genetic relationship between loci; it creates
associations within families, but not among unrelated individuals. In this respect, the
picture becomes more complicated in complex disorders, like ALS, where clinical picture
differs between individuals with the same mutation or even between members of the same
family. It is specifically hard to collect samples from multiple families where the same
mutant gene is represented with overlapping phenotype. Also, the method is problematic
and insufficient due to the: i. late onset and age-dependent penetrance of the disease,
ii. relatively short survival of affected individuals and iii. difficulty of obtaining large
pedigrees with several affected individuals (Strachan and Read, 1999). Meanwhile, in
complex diseases, like ALS, the disease phenotype is believed to be the consequence of
multiple different alleles of multiple genes in combination with environmental factors.
Thus, since no single gene is concerned, conventional linkage approach is not effective
(Mullen et al., 2009).

6.7.2. Genome-wide Association Studies

In accordance, genome-wide association approach is highly favored, since this

approach does not require the presence of many affected individuals from the same family
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which is a great advantage for late-onset diseases, like ALS. It mainly depends on the idea
that two unrelated individuals in the same population, who have the same disease allele,
most probably inherited the disease from a common ancestor, so they probably share the
same loci, close to this disease allele because of low recombination rates between close
chromosomal regions. So, association study actually is a kind of linkage analysis in the

population, considering individuals as part of a large family (Strachan and Read, 1999).

Association is simply a statistical statement about the co-occurrence of alleles and
phenotypes. In this respect, association studies aim to identify a combination of mutations
or polymorphisms that segregate with a certain gene and that cause changes in expression
or function of that gene. While such changes do not reveal a disease phenotype on their
own, co-occurrence with a mutation in the disease-related gene results in a disease
phenotype. Such a phenomenon is named as susceptibility. These susceptibility genes may
be of great importance in the explanation of phenotypic differences between patients with

the same mutation or that of patients within the same family (Cardon et al., 2001).

In ALS, usually, progression rate is linear for a given individual; however, it may
vary greatly among different patients where a large spectrum from 1 year to >10 years may
be observed. Such a diversity may be the result of a dosage effect, the ‘relative potency of
a specific underlying pathogenic factor’ or disease-modifying factors. Thus, many
association studies have been conducted in ALS in search of possible genes/modifier
factors (Ravits et al., 2009).

In a small number of SALS patients, a set of mutations in the NF-H gene was found
(Table 6.1). Single cases have been reported with a mutation in EAATZ2, cytochrome ¢ and
APEX nuclease genes (Hand et al., 2002). Apo E has been studied as a candidate risk
factor gene. While two groups have reported an increased risk of developing bulbar onset
ALS in the presence of the Apo E4 allele, other groups were unable to confirm this result.
Deletions in the SMN2 gene were shown to be more frequent in ALS patients with respect
to controls. Furthermore, a mutation in leukemia inhibitory factor (LIF) has been reported
in a set of ALS patients, but not in controls (Robberecht, 2000).
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Table 6.1. Susceptibility and modifier genes in SALS (adapted from Ozoguz et al., 2004).

Gene Gene Name Chrom?somal Possible M echanism
Region

NF-H Neurofilament heavy chain 22q12.2 degradation of NF integrity

NF-L Neurofilament light chain 8p21 degradation of NF integrity

PRPH Peripherin 12912-12 degradation of NF integrity

EAAT2 | Glutamate transporter 11p13 decrease in expression

AMPA Glutamate receptor 5p33 mistakes in RNA editing

APEX Apurinic apirimidic endonuclease 14911-12 decrease in enzyme level

CYP2D6 | Cytochrome P450 22g13.1 polymorphic changes

COX1 Cytochrome C oxidase subunit-1 mtDNA mutations

SOD2 Manganese superoxide dismutase 6925 decrease in enzyme level

ApoE Apolipoprotein E 19g13.2 E4 allele

CNTF Ciliar neurotrophic factor 11g12.2 decrease in expression

SMN2 Survival motor neuron 5913 decrease in copy number

LIF Leukemia inhibitor factor 22q12 mutations

PSEN1 Presenillin-1 14924.3 allele 2

VEGF Vascular endothelial growth factor 6pl12 promotor polymorphisms

HFE Hfe (Hemachromatose protein) 6p21.3 mutations

Following the completion of the Human Genome Project, the most intriguing topic
has been the investigation of i. functions, regulations and interactions of different genes
and their roles in cellular processes and ii. variations in gene expression in different cell
types in health and disease states. In this respect, the most attractive approach has been
microarray technology which enables the analysis of the expression of many genes in a

single experiment quickly and efficiently.

6.7.3. Gene Expression Analysis

Three studies have been published, regarding the use of gene expression microarray
technology in ALS. The first paper published in this manner by Yoshihara used cDNA
microarray to monitor ‘differential expression of inflammation- and apoptosis-related
genes in spinal cords of a mutant SOD1 transgenic mouse model of familial amyotrophic
lateral sclerosis’ (Yoshihara et al., 2002). The results revealed an up-regulation of genes
involved in both of these pathways in the presymptomatic stage prior to motor neuron
death, suggesting the involvement of inflammatory response as an important component.

In 2003, Dangond et al. used oligonucleotide-microarray system to determine the
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expression level of ~6800 genes from postmortem spinal cord gray matter in ALS patients
and controls (Dangond et al., 2004). Alterations in genes involved in mitochondrial
function, oxidative stress, excitotoxicity and apoptosis were shown which were important
findings since these are the basic proposed mechanisms in ALS pathology. The third study
investigated the gene expression profiles of degenerating spinal motor neurons obtained
from autopsies of SALS patients. In concordance with the first study, there was a
significant up-regulation in the expression of genes associated with cell death activation
and a distinct down-regulation in the expression of genes associated with cell death
inhibition (Jiang et al., 2005). Overall, these results may be of great importance in
determining the genes leading to neurodegeneration and neuronal death.

An interesting study by Strunk et al. had focused on the possible mechanisms to
explain variable phenotypes in Egfr ™" homozygous embryos (Strunk et al., 2004) Via
the microarray system, it was shown that the variation was due to the action of the modifier
genes. It would be interesting to use the same system in ALS since even patients of the
same family with the same SOD1 mutation can exhibit significant phenotypic differences
(Siddique et al., 1996). SNPs detected in association studies can be questioned using
oligonucleotide chips. The frequency of each SNP can be calculated for both patients and
controls. Statistically significant values would point out SNPs that may be important as

modifiers.

6.7.4. The Effect of Reduced Expression of KIFAP3 On Survival In SAL S Patients

In this respect, this study has been a contributor to a large collaborative study where
Caucasian SALS cases were investigated for possible variants that modified susceptibility,
age of onset, site of onset and survival of the disease. The initial part of the genome-wide
association study performed by Landers et al. had identified candidate SNPs. Within the
framework of this thesis, KIFAP3, B4AGALT6 and ADAMTS17, which exhibited
suspected effects on survival, susceptibility and age of onset, respectively, were questioned
for possible changes in the expression levels. Among these, only rs1541160, located in
intron 8 of the KIFAP3 gene, displayed a significant advantage of CC homozygotes in
survival of about 14 months when compared to TT homozygotes. While no variation in

KIFAP3 sequence was detected in any of CC or TT homozygotes, expression studies
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revealed that the positive effect on survival was related to reduced levels of expression of
CC homozygotes with respect to TT homozygotes. These findings were further confirmed

by Western blot analysis.

6.7.4.1. The parameters that provided success in this GWA study. The success of this study

depends on several powers which overcome the burdens of GWA studies. First of all, for
the detection of a true association, a minimum of 250 case-controls are necessary;
otherwise small sample size would lead to false-negative results because of reduced
statistical power. It has been proven that while a study of 1000 cases and 1000 controls
provide 1 per cent power in the identification of a variant with a risk impact of 1.3, this
value increases up to 98 per cent when 5000 cases and 5000 controls are involved. This

study employed ~1400 ALS cases and ~1800 controls which increased the efficiency.

The second handicap in GWA analysis is differences in genetic contributions to the
disease in sample group. In this respect, it is important to study cases which have been
precisely defined with clinical examination. The phenomenon, named as population
stratification, defines the presence of differences in allele frequencies of subgroups in the
same population. Different ethnic groups may carry different allele frequencies as a result
of natural selection, migration patterns and random effects, like natural disasters. In this
respect, a false-positive association can be defined, if the control groups are not chosen
from the same ethnic origin. This study has overcome this burden by employing European
Caucasians SALS cases and matching controls. Also, several other evidences were

indicative of the absence of stratification effects for rs1541160. These were:

e When analyzed individually, it revealed a significant P value in all populations, but
Atlanta, which had the lowest sample size (n:90) (Appendix J).

e For quality control, a sensitivity analysis was performed, where each of the four
populations were eliminated in each equation. If a single population was to have an
overall impact on the occurrence of significance, then its elimination would be
expected to give an insignificant value. However, it was consistently significant in

all.
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e Hardy-Weinberg testing was performed which exhibited rs1541160 as in eqilibrium
in each population under study. Also, the population allele frequencies were similar
which further confirmed the reliability of the result.

6.7.4.2. KIFAP3 in axonal transport. The involvement of axonal transport due to motor

protein defects has been detected in several neuropathies, like distal spinobulbar muscular
atrophy, hereditary spastic paraplegia and Charcot-Marie Tooth, where mutations occur in
p150glued subunit of dynactin, KIFSA and KIF1Bp, respectively. Since disruption of
axonal caliber and perturbations of axonal transport have been suggested among possible
mechanisms in ALS, the involvement of KIAP3 becomes more valid (Magrané et al.,
2009).
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Figure 6.7. Kinesin and representation of anterograde transport (www.biology.utah.edu)

Kinesins are motor proteins which are involved in intracellular transport (Figure
6.7). They transport cargo along microtubules while utilizing ATP to establish
conformational changes that generate motile force (Hirokawa et al., 2008). Kinesin
superfamily has been catagorized into 15 groups according to their phylogenetic analysis
(Miki et al., 2001). Among these, the kinesin 1l complex is composed of the interaction of
KIF3A with KIF3B or KIF3C. KIFAP3 is a motor protein which forms a trimeric motor
complex with KIF3A and KIF3B. This complex plays a role in axonal elongation, an
essential process in brain wiring (Yamazaki et al., 1996, Hirokawa et al., 2000). The 40-
amino acid repeat region on KIFAP3 interacts with the tail domains of KIF3 and its cargos.

KIF3 is mostly responsible for the transport of fodrin-associated vesicles. These vesicles
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may bear necessary plasma membrane components for tips of neurites (Takeda et al.,
2000).

In accordance with the study that this thesis had been a part of, a recent study by
Pantelidou et al. demonstrated that there was no significant downregulation of KIF3A in
cortex of SALS cases. However, the upregulation of KIFAP3 was an early event both in
human brain samples (Pantelidou et al., 2007) and transgenic mouse models (Dupuis et al .,
2000). Also, in a SOD1-mutant mice model, Tateno et al. showed a reduction in the
transport of choline acetyltransferase in motor axons at the pre-onset stage. Such a
reduction was correlated with misfolded mutant SOD1. Moreover, this burden was
overcome by the overexpression of KIFAP3, indicating that mutant SOD1 sequestered
KIFAP3 in aggregates and defects in ChAT transport was crucial in the dysfunction of
ALS (Tateno et al., 2009).
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Figure 6.8. Schematic representation of protein interactions of KIFAP3 and ALS genes

(www.string.embl.de)

However, the mechanisms underlying these consequences are unclear, since there is
no direct interaction of KIFAP3 with SOD1 or any other previously defined ALS genes
(Figure 6.8). Since 14-month advantage in survival cannot be underestimated in a disease,

where the mean survival is ~3-5 years and only a few susceptibility factors have been
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identified, the next aim should be the identification of underlying mechanisms. Only then,

an effective approach can be established for drug therapy.

6.8. Concluding Remarks

In the framework of this study, the molecular genetics of FALS and SALS was
investigated from both overlapping and differing perspectives. Besides DNA sequencing
analysis for several previously defined ALS genes, three recent approaches in molecular
genetics were conducted for the identification of new ALS genes. Among these, the
genotyping study, performed on familial and juvenile Turkish ALS cases, could not define
a new gene/locus, mainly due to its small sample size. As the sample size increases, the
overlapping homozygosity regions will be narrowed down. This will decrease the number
of genes within the candidate regions. Thus, rather than making educated guess from
hundreds of genes, there will be less to choose among. In this respect, a further step in the
genotyping approach should be employing more familial cases; consanguineous families
would be more useful. This will definitely enhance the chance of pinpointing new genes in
ALS.

This is the first study in an ALS cohort which utilized the whole exome
resequencing for the identification of new ALS genes. In a more generalized manner, there
are only three publications reporting the identification of new genes with this methodology
(Choi et al., 2009, Horswell et al., 2009, Ng et al., 2009). Thus, this study is also important
in being among one of the first publications including the utilization of this methodology.
The detected specific variations, which should be tested for further confirmation, point out
the advanced specificity and efficiency of this method. In near future, this approach is
expected to replace many methods in search of new genes due to its highly computerized

system and widespectrum search.

GWA study in Caucasian SALS cases aimed to identify variants which would
influence phenotype (age of onset, site of onset, survival and susceptibility). Much has
been expected from the genotyping and GWA approaches as to ‘unlock’ the mystery of
many complex diseases. Although they have been improved greatly, thus far they have

succeeded in the identification of different common variants associated with only 20 per



160

cent of diseases in total, due to the reasons mentioned above. In this respect, the defined
variant is precious. The result should be evaluated for the possible effect mechanism which

may lead to a therapeutic strategy.

To the best of our knowledge, this is the largest, if not the single molecular study
investigating the molecular pathology of ALS in Turkey. It is the first attempt to gain
insights into ALS pathogenesis through genetic and high-throughput genomic
investigations of Turkish ALS patients. We hope that in this context, this thesis will
contribute to the establishment of high-throughput methodologies described in this study in
Turkey, and to the understanding of the complex pathology of ALS. This will hopefully

pave the ways for the long-awaited molecular therapies in ALS.
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APPENDIX A: PRODUCTSOF THISTHESIS

Amiyotrofik Lateral Skleroz'un
Molektuler B|y0|0j|5| | molecular Biology of

Amyotrophic Lateral Sclerosis

Aslihan Ozoguz, R. Mine Guzel, A. Nazh Basak

Bogazici Universitesi MolekUler Bivoloji ve Genetik Bolumd, ISTANBUL

OZET

Amiyotrofik Lateral Skleroz'un Molekitler Biyolajisi adll derleme yazisi
¢ ana bolimden olusmaktadir

Birinci bolimde Amiyotrofik Lateral Skleroz'un (ALS) tarihgesi, klinigi
ve genctidi tartisilmistir, Amiyotrotik Lateral Skleroz hastaligr ailesel ve
sporadik olmak dzere ki buylk gruba aynlr. Ailesel ALS'de, hem
dorminant, hem resesif gegis gorulir. Burada tanimlanan genlere ilaveten
azelikle sporadik ALS'de de rol oynadig distnilen yatkinlik genleri
vardir. ALS arastirmalarinda anemli bir donm noktas), genetik gecish
ALS olgu.annin %20'sing Stperoksit Dismutazl (SODT) genindeki
mutasyonlarin neden oldugunun anlagimasicir. Ailesel ALS ve Sporadk
ALS Klinik ve patolojik azellikleri agisindan benzerlik gosterdigi igin, ALS
patogenezine yénelik caligmalar, hastalikta cok dnemlibir rol oynadigi
bilinen SOD1 proteini ve patolojisi Uzerine yogunlasmistir

lkinci béliimde SOD1 geni ve proteini tizerine yapilan calismalar ve
dzellikle de molekiiler patogenezdeki olasi mekanizmalar aciklanmigtir.
Uciinci bélimde ise, ALS arastirmalanndaki glncel durum tartiglmistir,
Ozet olarak, ALS'de tedavi olanaklan helen genetik ve patogenik
mekanizmalardaki lerlerneye orarla her re kadar geri kalmigsa da, RNA
Interference ve kék hilcre gibi sor gelismeler yimser olma nedenlendir.

Anahtar Kelimeler: ALS, SOD1 geni, SOD1 protein’, molekiiler patogenez

Norolojide Genetik / Genetics in Neurology

]
Turk Noroleji Dergisi 2005; Cilt:11 Sayi:2 Sayfa:1-20

ABSTRACT

Molecular Biology of Amyotrophic Lateral Sclerosis

This review paper on the Molecular Biology of Amyotrophic Lateral
Sclerosis consists of three main paris.

In the first part, history, clinical features and genetics of ALS have
been discussed. ALS can he considered urider two main groups: familial
and sporadic ALS. Farnilial ALS, in turn, is classified into two main
groups according to its inheritance pattern, dorninant FALS and recessive
FALS. In addition to the genes which give rise to FALS, also in SALS
patients, several gencs have been ideatified. A landmark discovery in
ALS rescarch is the identification of mutations in the Superoxide
Dismutase ! (SOD1) gene as the primary cause of 20% of instances of
famitial ALS. Since FALS and SALS are dlinically indistinguishable and
pathologically very similzr, research on the molecular pathogencsis of
ALS has concentrated on the SCD1 protein and its pathology
In the second part of this review, research on SODT gene and protesm
has been compiled, with a special emphasis on the possible mechanisms
playing a role in the molecular pathogenesis.

In the third part of this review, state-of-the-art research on ALS has
been discussed.

in summary, although therapy development is currently fagging behind
the elucidation of the genetic and pathogenic mechanisms involved
in ALS, there is enough reason to be optimistic. RNA Interference and
stern cell research are promising new approaches in the creation of
effective therapies for ALS.

Keywords: ALS, SO0 gene, SO0 protein, molecular pathogenesis

Figure A.1. Review article on the genetics of ALS
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armyotraphilc lateral sclerosts 15 a degenerative discrder of motor
naurons that typlcally develops In the 6th decade and Is uniform by
fatal, usually within 5 years. To ldentify genstlc varlants assoclated
with susceptibliity and phenotypes In sporadic ALS, we performed
a genome-wide SNP analysls In sporadic ALS cases and cortrals. &
total of 288,257 SHPs were saeenad In a set of 1,821 sporadic ALS
cases and 2,258 controls from the U5, and Europe. Survival analysls
was performed using 1,014 deceased sporadic cases, Top results for
susceptibllty were further screened In an Independent sample sst
of 5IBALS cases and 556 controls. SMP rs1541 160 within the Kira P2
gene (znooding a kinesin-assoclated protein) ylelded a genome
wide slgniflcant result (P = 1.84 = 10-9 that withstood Bonferronl
correctlon for assoclation with survbval. Homozygostty for the
favorable allele (00 conferred a 14.0 months sureeal advantage.
sequence, genotyplc and functlonal analyses revealed that thereIs
Iinkage disegquilibrium between rs1541160 and SHP 1522444
within the Kifap2 promoter and that the favorable alleles of
151541160 and rs522444 correlate with reduced KIF&API expression.
N SHPswere assoclated with risk of sporadic AL%, stte of onset, or
ange of onset. ‘We have Identiflad a varlant within the KIFAPZ gene
that 15 assoclated with decreased KIFAPZ exprasslan and Increased
surdbial In sporadlc ALS. These findings support the wiew that
genetlc factors modify phenotypes In this disease and that callular
motor protelns are determinants of motor neuran viability.

ganomse-wide assoclation study | single nudeotide palymaorphism

myoteophic lateral sclersis (ALS) s an age-dependent, de-

generative disorder of motor nenrons (1) tat typically devel-
opsin the tth decade and is vniformly fatal usually within 5 years
(2. Approwimnately 1090 of ALS cases are dominamly inherited (3);
20 of these are camsed by murations in the gene encoding
copper/ane superxide dismutase 1 (SO0 (£); mutations in the
TARDEP geme (5, 6) accont for =35 of cases. Rare familial cases
arie from morations in genes encoding the wesicle-associaned
membsane asscciated protein B (7). alsin (a RABS-guanine no-

clactide exchange factor) (8 9, senataxin (107 or dynactin (11].
Recently, we reported that =5% of familial ALS cases are doe to
rrtations in the FUSTLS gene (12, 13) whose product binds DNA
and BMA, as does TARDBP. The cause of sporadic ALS is thongh
o be multifactorial, with environmental, infeaions and genetic
eticlogies. Reponed associations with variams in diverse genes
{14-25) have proven difficalt o replicate. Advances in the wech-
nology for large-scale genoryping of single mucleotide polymos-
phizsms (SHFPs) have facilitared unbissed. genome-wide asscciarion
studies. Examples include the identificarion of [L2ZR.A and ILTRA
varianis as risk facors for multiple sclerosis {26-28) and the recent
fepofis of & new gene regions associated with type 2 diabetes
{2035y To test the hypothesi that commenly cocurrng genetic
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APPENDI X B: PATIENT REGISTRY FORM FOR ALS

ALS HASTA BILGILERI

Ad1/ Soyadi

Cinsiyeti

Dogum yil1 / yeri

Hastalik baslangi¢ yasi / yil1 :

Hastaligin baslangic bolgesi : (ilk belirtiler nerede goriildii?)
|:| Bulbar |:| Kol |:| Bacak

Son klinik bulgular :
Bulbar tutulum

Kolda tutulum 5

Bacakta tutulum |:|

Tipik klinik Clvar [ yok

Baska hastalik olabilir |:| evet |:| hayir
Aile Oykiisii (aile agaci)

Akraba evliligi :
Ozgegmis (hastalik, travma, toksinler,vs):

Adres / telefon :

163

Gonderen Doktor / Klinik :
Telefon / Fax :

E-mail :
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APPENDIX C: REVISED EL ESCORIAL CRITERIA
FOR ALSDIAGNOSIS

Table C. El Escorial criteria used for the diagnosis of ALS

Evidence of UMN plus LMN signs in the bulbar region and in
Clinically Definite at least two spinal region,or

ALS The presence of UMN signs in two spinal regions and LMN signs

in three spinal regions

Clinically Probable Evidence of UMN plus LMN signs in at least two regions with
ALS some UMN signs rostral to LMN signs

Clinical evidence of UMN and LMN signs in only one region, or

Probable, laboratory | UMN signs alone in one region and LMN signs defined by EMG
supported ALS criteria in at least two muscles of different root and nerve origin

in two limbs

UMN plus LMN in only one region,

Possible ALS UMN signs alone in two or more regions, or

LMN signs found alone to rostral to UMN signs




APPENDI X D: IMBREEDING COEFFICIENCIES OF
TURKISH FALSAND JUVENILE CASES

Table D. Imbreeding coefficiency results of FALS and juvenile cases.

Bold are revised according to testing results

ALSID | Imbreeding Coefficiency | Consangineous
ALS133 0.1426 yes
ALS85 0.01011 no
ALS86 0.01103 no
ALS49 0.07037 yes
AL S157 0.06536 yes
ALS158 0.07189 yes
ALS227 0.0002633 no
ALS46 0.1359 yes
ALS97 - 0.01515 no
ALS135 0.007394 no
ALS68 0.08477 yes
ALS41 -0.003509 no
ALS96 0.089 yes
ALS173 -0.01142 no
ALS174 -0.009857 no
ALS189 -0.007787 no
ALS202 -0.0002427 no
ALS223 0.02124 yes
ALS252 0.08403 yes
ALS257 0.06218 yes
ALS256 0.1114 yes
ALS244 -0.01092 no
ALS175 0.0637 yes
ALS178 0.003622 no
ALS150 0.09264 yes
AL S155 0.1114 yes
ALS167 0.03435 yes

165
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APPENDIX E: REGIONSOF HOMOZYGOSITY IN FALS,
JUVENILE ALSCASESAND CONTROLS

Chromosome 1: N =139

80 o - e——

0 50 100 150 200 250

Position (Mb)
Figure E.1. Homozygous regions in chromosome 1 for FALS, juvenile cases and controls
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Chromosome 2: N =139
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Figure E.2. Homozygous regions in chromosome 2 for FALS, juvenile cases and controls
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Chromosome 3: N =139

Position (Mb)

Figure E.3. Homozygous regions in chromosome 3 for FALS, juvenile cases and controls



169

Chromosome 4: N = 139
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Figure E.4. Homozygous regions in chromosome 4 for FALS, juvenile cases and controls
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Chromosome 5: N =139
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Figure E.5. Homozygous regions in chromosome 5 for FALS, juvenile cases and controls
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Chromosome 6: N =139
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Figure E.6. Homozygous regions in chromosome 6 for FALS, juvenile cases and controls
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Chromosome 7: N =139
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Figure E.7. Homozygous regions in chromosome 7 for FALS, juvenile cases and controls



Chromosome 8: N =139
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Figure E.8. Homozygous regions in chromosome 8 for FALS, juvenile cases and controls



174

Chromosome 9: N=139
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Figure E.9. Homozygous regions in chromosome 9 for FALS, juvenile cases and controls
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Chromosome 10: N =139
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Figure E.10. Homozygous regions in chromosome 10 for FALS, juvenile cases and

controls
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Chromosome 11: N =139
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Figure E.11. Homozygous regions in chromosome 11 for FALS, juvenile cases and

controls
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Chromosome 12: N =139
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Figure E.12. Homozygous regions in chromosome 12 for FALS, juvenile cases and

controls
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Chromosome 13: N =139
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Figure E.13. Homozygous regions in chromosome 13 for FALS, juvenile cases and

controls
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Chromosome 14: N =139
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Figure E.14. Homozygous regions in chromosome 14 for FALS, juvenile cases and

controls
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Chromosome 15: N =139
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Figure E.15. Homozygous regions in chromosome 15 for FALS, juvenile cases and

controls



Chromosome 16: N =139
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Figure E.16. Homozygous regions in chromosome 16 for FALS, juvenile cases and
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Chromosome 17: N =139
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Figure E.17. Homozygous regions in chromosome 17 for FALS, juvenile cases and

controls
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Chromosome 18: N =139
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Figure E.18. Homozygous regions in chromosome 18 for FALS, juvenile cases and

controls



Chromosome 19: N =139
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Figure E.19. Homozygous regions in chromosome 19 for FALS, juvenile cases and

controls
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Chromosome 20: N =139
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Figure E.20. Homozygous regions in chromosome 20 for FALS, juvenile cases and

controls
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Chromosome 21: N=139
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Figure E.21. Homozygous regions in chromosome 21 for FALS, juvenile cases and

controls
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Chromosome 22: N=139

50 — i — -
45 - T ———

4 - — -
3/ ;

<) SR — _ -

25 | — o

20 - — B —_—
15 - - - T

Position (Mb)

Figure E.22. Homozygous regions in chromosome 22 for FALS, juvenile cases and

controls
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APPENDIX F: PVALUESFOR PREVIOUSLY REPORTED SNPS

Chromosoms SNP Position P-value Reported P-value

OPP& 7 rs 10253053 153,817,458 0.50%4
7 rs2087720 153,828,508 0.8732
7 rs 10232718 153,833,114 0.9514
7 rs11783727 153,836,224 0.3727
7 rs 102358784 153,836,827 0.3138

7 rs1 0260404 163,841,731 00122 5.40E-08
7 rs 1383643 153,847,278 0.31G4
7 rs 1562734 153,854 874 01865
7 rs7 203823 153,856,538 J.1804
7 rs 10232622 153,864,625 0.5625
7 rs202v43 153,878,201 J.1240
FLJ1098E rs3860843 50.428.218 0.97448
rs 12044804 50,427,080 0.93a60
rs 127528563 R 0.8558
rs 124022585 50,453,180 0.7504
rs7 540474 50,458,058 0.9238
rs7 531817 50 457 198 0.7298

rsG700125 508,475,388 0.0533 1.80E-04
rsGE83082 59,480,813 0.4245
rs11207432 59,487 861 J.50248
rs751101 59,601,830 0.3532
rs333883 50,504 431 0.4534
rs335385 59,620,837 0.3108
ITPR2 12 rs1532720 26,484 887 02631
12 rs2 344153 26,480,020 0.2042
12 rs7 375280 26,505,185 0.9833
12 r54 254001 26,516,433 0.2375
12 rs 11043845 26,623,863 0.8832

12 re2 306677 25,527,853 0.0430 A 28E-06
12 rs1825473 26,520,224 0.3058
12 rs4 254002 26,531,824 0.0428
12 rs205288 26,533,200 0.0728
12 rs1383413 26,540 438 0.0448
12 rs2220153 26,549,748 0.03G8

Figure F. P values for three hits which were previously reported as significant in

susceptibility. The hits and 10 surrounding SNPs are shown (Landers et al., 2009)
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APPENDIX G: LINKAGE DISEQUILIBRIUM PLOT FOR rs1541160

Chri
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Figure G. Linkage disequilibrium plot of rs151160. Pairwise linkage disequilibrium values
(D’) for each SNP spanning rs151160 are represented with colors; the color key is at the
right bottom. An asterisk indicate rs151160 (Landers et al., 2009)



APPENDIX H: SNPsWITH BEST P VALUES
IN THE FOUR TESTED CATEGORIES

190

Susceptibility SNP Chromosome  Position Raw P Corrected P Nearest Gene  Freq. Case Freq. Cont. OR _ Alleles
rs10438933 18 27527127 1.18E-06 1 BACGALTE 0.155 0.124 1296  A=C
rs16856202 1 228461886 7.98E-06 1 DISC1 0.020 0.038 0459  A=C

rs873917 1 39801888  8.37E-06 1 NTSC1A 0.316 0.285 1162 G=T
rs10192369 2 161206395 8.53E-06 1 REMS1 0.512 0473 1170 C>T
rs10503354 8 5940352  1.09E-05 1 MCPH1 0.134 0.166 0773 GrA

Site of Onset SNP Chromosome  Position RawP Corrected P Nearest Gene Freg. Limb Freq. Bulbar OR  Alleles

rs7577894 2 55920555  1.13E-06 1 EFEMP1 0.386 0471 0.708 T=C
rs13015447 2 167203485 B6.71E-06 1 SCNTA 0344 0425 0.709 T=G
rs7702057 5 115755737 7.60E-06 1 SEMABA 0.033 0.066 0.488 C>A
rs8066857 17 68207698 8.11E-06 1 SLC39A11 0.172 0.235 0.676 C>T
rs3734803 6 151961759  1.37E-05 1 ceora7 0177 0.243 0.669 C>T

Age of Onset SNP Chromosome  Position Raw P Corrected P Nearest Gene Regr. Coeff. Standard Error R Alleles

rs6o7739 & 16850012 4.14E-06 1 ATXN1 -2.036 0.4409 0.0097 G>A
rs2619566 3 2599938  7.42E-06 1 CNTN4 -3.032 0.6746 0.0107 A=G
rs1486660 4 113751047 1.12E-05 1 ALPK1 1.833 04161 0.0082 T=C
rs2451852 5 16642040  1.20E-05 1 FLJ20152 -2.503 0.5702 0.0097 T=C
rs2055593 2 98450631  1.39E-05 1 CNGA3 -2136 0.4903 0.0103 G=A
Survival SNP Chromosome _ Position Raw P Corrected P Nearest Gene Regr. Coeff. Standard Error R? Alleles

rs1541160 1 166727460 1.84E-08 0.021 KIFAP3 0.582 0.1026 00293 T>C
rs8s5913 7 148641310 4.02E-08 0.046 ZNFT746 1.079 0.1951 0.0279 C>A
rs11241713 5 123147464 3.17E-06 1 CSNK1G3 0.786 0.1677 0.0202 G>T
rs648576 1 166631085 3.63E-06 1 KIFAP3 0490 0.1052 0.0198 C>T
rs3177980 1 166408144  4.10E-06 1 SELL 0.509 0.1098 0.0248 A=G

Figure H. SNPs with best P values in the four tested categories (Landers et al., 2009)
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APPENDIX I: SENSITIVITY ANALY SIS OF rs1541160

Stage 2 Stage 1 | Stage 1 | Stage2 | Stage1 Stage2 | Stage 2 Median Surv. | Stage 2 Median Surv. % Survival
Population | P-value | Rank | P-value | Sample Size | Sample Size cc T Increase (CC vs. TT)
Atlanta | 283E-07 | st 0079 524 90 400 21 44.40%
Boston | 550E-06 | 5th | 8.86E-04 616 398 427 293 4573%
London | 4 00E-06 | 5th | 142E-03 804 210 466 261 78.54%
Netherlands | 2.60E-07 | 1st 0022 698 316 282 2.3 2051%
United States | 7.70E-05 | 31st | 5.55E-05 526 488 42 285 48.42%
Europe | 5.55E-05 | 20th | 7.70E-05 488 526 3.39 242 40.06%
Total 1.84E-08 1014 396 267 46.44%

Figure 1. Sensitivity analysis of rs151160 within the populations under study
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APPENDIX J: HOMOZYGOSITY REGIONSIN ALS157 AND AL S158

Table J. Homozygosity regions of ALS157 and ALS158

ALSID | Chromosome | Start Position | End Position
ALS158 1 9462280 10565380
ALS157 1 9462280 10565380
ALS158 1 48965981 50414531
ALS157 1 48965981 50414531
ALS157 1 233816201 235863460
ALS158 2 45871727 47702540
ALS158 2 54266043 55549628
ALS157 2 129199576 196857742
ALS158 2 188847730 190065687
ALS158 3 10170485 14386659
ALS158 33938575 39584795
ALS157 3 33938575 39584795
ALS158 3 48566485 50500021
ALS157 3 48566485 50500021
ALS158 3 99791605 101331030
ALS158 3 148975529 150130883
ALS158 3 182006645 199308268
ALS158 4 98456113 99660372
ALS158 4 123127576 124297420
ALS158 4 151323320 152389749
ALS157 4 157699524 167236114
ALS158 5 44649728 46322869
ALS157 5 44649728 46322869
ALS157 5 150496699 166972188
ALS157 6 12704984 22160404
ALS158 6 76525835 77633774
ALS158 6 79453687 80470921




Table J. Homozygosity regions of ALS157 and ALS158 (continued)

Start End

ALSID | Chromosome | Position Position

ALS158 6 100868398 | 102115516
ALS157 6 127939998 158113713
ALS158 6 144072186 158113713
ALS157 7 71150234 72727355
ALS157 7 125388765 126404106
ALS158 7 153759222 157471022
ALS157 8 76388731 77540500
ALS158 9 131231273 | 132261749
ALS157 10 73841644 76238263
ALS158 10 78837467 89250313
ALS158 10 92072230 98245941
ALS157 10 109476001 113869784
ALS158 11 11183154 40652704
ALS158 11 46290815 49347195
ALS157 11 46290815 49347195
ALS157 11 69009256 70065899
ALS157 12 27609825 34711193
ALS157 12 51335846 62627372
ALS158 12 58107233 59307512
ALS157 12 119025953 120174181
ALS157 12 131268822 | 132288869
ALS157 13 18045562 20152518
ALS158 13 18045562 21369401
ALS158 13 55896819 58616916
ALS158 13 109667423 114108295
ALS158 14 84165788 85918211
ALS157 15 34446939 36265550
ALS158 16 82129738 88677423
ALS157 17 75368668 78653169
ALS157 19 38828497 39926175
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