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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease caused by loss of
motor neurons in the spinal cord, brain stem and cerebral cortex. ALS is characterized by
both upper and lower motor neuron symptoms and death usually occurs 3-5 years after
onset. Familial histories are found in 5-10% of ALS cases while the rest are sporadic. This
study is focused on analysing known and novel candidate genes in ALS and the aims of
study are to characterize causal genes and risk factors for Familial ALS (FALS) and
Sporadic ALS (SALS) in the Imperial Cohorts, in which genetic causes have been
assigned for 64% of FALS cases. Three strategies were pursued and genes involved in

proteostasis pathways were emphasized in this study.

Firstly, we sequenced known candidate genes in our FALS cases excluded for known
mutations. VCP and SQSTM1 genes were sequenced. We did not identify any coding
changes in VCP but report a 5 hexanucleotide expansion exclusively found in ALS.
Known and novel SQSTM1 mutations, P392L and E155K, were identified in FALS kindred

presenting with a history of Paget’s disease of bone.

Secondly, we carried out association studies for two candidate genes on Chromosome 17,
P4HB and NPLOC4, and showed that they were risk factors for FALS and SALS
respectively. The association of P4HB SNPs with FALS survival time indicates that it is a

modifier gene.

Thirdly, to explore novel genes in ALS, we investigated Variable number tandem repeats
(VNTR) from top candidate genes selected based on association signals from previous
Genome wide association (GWA) studies and protein functions. VNTRs in NIPA1 and
HSPB8 gene were associated with FALS and SALS respectively. Finally, we
characterized the size of the reported hexanucleotide GGGGCC expansion in the C9orf72

gene using Southern blot analysis in our FALS cohort and interim results are presented.
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Chapter 1

Introduction to ALS

Amyotrophic lateral sclerosis (ALS) is a lethal neurodegenerative disease caused by
progressive loss of motor neurons in the spinal cord, brain stem and cerebral cortex. This
results in characteristic phenotypes comprising both upper motor neuron (UMN) and lower
motor neuron (LMN) symptoms. UMN symptoms include spasticity and pathological
reflexes, whereas LMN symptoms include muscle atrophy and paralysis. Sensory
functions are preserved in ALS. Treatments for the disease are currently limited and death

usually occurs within 3-5 years as a result of respiratory failure.

The disease has incidence and prevalence of 1.89/100,000 per year and 5.2/ 100,000
respectively in western countries, with a Male to Female ratio of 1.5:1 (Wijesekera 2009).
The distribution of these parameters seems to be uniform across different countries
(Worms 2001), except for several endemic areas in the West pacific region, such as Kii
Peninsula, Islands of Guam and West New Guinea. Increased incidence has also been
reported in US veterans and ltalian soccer players (Mitsumoto 2010). The clustering has

been attributed to environmental factors.

About 5-10% of ALS cases are familial (FALS) whilst the remaining are Sporadic (SALS).
In general, there is no clinical distinction between familial and sporadic cases, and the
current views of disease mechanisms are largely inferred from the discoveries of causal
genes in ALS families. In recent years, there has been substantial progress in identifying
ALS mutations, allowing a classification for the disease. This also initiated our attempt to
allocate genetic causes for each kindred in our FALS cohort. In the meantime, although
risk factors, such as gender, smoking, and heavy metal exposure, have been recognized,
there is a need for further investigation of genetic risk factors or modifiers for ALS. In this
study, we began with the screening and characterization of a group of known genes in our
cohort, which was followed by association studies using single nucleotide polymorphisms

(SNP) and screening for VNTR in novel candidate genes. The genes were selected using
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a candidate-gene-approach, which emphasis on functional evidence obtained from earlier

research.

In this thesis, | have started by describing the background to ALS from a genetic point of
view, in which each pathway is illustrated with the corresponding candidate genes.
General experimental protocols and statistics are described in the Methodology (Chapter
2). Each of the following Chapters contain the specific background and methodologies
used for the genes being analyzed, followed by separate discussions. The overall impact

of this study is discussed in the final Chapter.

1.1 Clinical features of ALS: Symptoms begin in various sites and progress
throughout the body

The natural history of ALS begins with a pre-clinical phase, which lacks any detectable
clinical symptoms. In the presence of predisposing factors, subtle pathological changes
such as size of motor neurons may occur at this stage (Brooks, 1996). In the Clinical
phase, neurophysiological changes, such as abnormalities in single-fiber density and
motor unit count, may precede the onset of symptoms, which typically occurs in patients in
their fifties (Haverkamp et al., 1995). After onset, different groups of muscles may be
affected depending on the sites of lesions. Asymmetric muscle weakness and atrophy are
common lower motor neuron symptoms presenting in the early phase of disease. Upper
motor neuron symptoms, such as muscle stiffness and fasciculation, are due to
corticospinal involvement and hyperactivity of tendon reflexes may be elicited in physical
examination. In 75% of patients these symptoms begin at their limbs, i.e. limb onset,
whereas in 25% symptoms start in the bulbar region, resulting in bulbar palsy. Due to the
damage of motor components in cranial nerves IX, X and XII, patients with bulbar onset
may have difficulties in speaking, swallowing and loss of tongue mobility. Pseudobulbar
symptoms including dysarthria and exaggeration of facial expression may be seen as a

result of the loss of corticobulbar innervation (Brown, 2001).

As disease progresses, focal symptoms may spread to other parts of body based on a
topographical pattern, resulting in an asymmetric distribution of weakened muscle groups.

It has been proposed that initial symptoms may be caused by discrete UMN and LMN
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lesions which are responsible for the same region, and the lesions subsequently spread
independently during disease progression, leading to a more complex phenotype (Ravits
and La Spada, 2009). In general, the progression of symptoms, which are correlated with
neuronal loss, is fastest among anatomical contiguous areas and it favours a rostral-
caudal direction. For example, in arm-onset patients, LMN symptoms first spread to
contralateral arm and then ipsilateral foot, whereas UMN symptoms spread to ipsilateral
foot prior to contralateral arm (Ravits et al., 2007). Arm symptoms occur sooner in bulbar-
onset patients than the occurrence of bulbar symptoms in arm-onset patients (Brooks,
1991). However, it has also been reported that caudal-rostral spread occurs faster than
rostral-caudal spread within the spinal column (Brooks, 1996), which is supported by the
observation that there is a higher percentage of LMN loss in cervical than lumbar anterior
horn in patients with trunk onset (Ravits et al., 2007). The extent of muscle loss can be
measured by isometric muscle strength, which deteriorates as a function of time. The
maximum rate of loss is seen in the early phase of disease and distal muscles are more
severely affected. Respiratory function is compromised and deteriorates with disease
progression. Forced vital capacity (FVC), a measurement of pulmonary function, has been
reported as prognostic factor for ALS, in which patient with baseline FVC<75% have
shortened survival time (Czaplinski et al., 2006). Complications such as inability to feed,
aspiration and pneumonia may occur in late stage of disease, and death usually occurs
due to respiratory failure within 3-5 years of onset. Nevertheless, different rates of
progression are observed in FALS patients caused by different mutations (Section 1.5).
Rapid progression is observed in patients with bulbar onset, whereas slow progression

has been reported in SALS patients <40 years old.

Intellectual reasoning, vision, hearing and sense function are not affected in ALS and

sexual, bowel and bladder functions are mostly preserved.

1.2 The diagnosis of ALS is based on clinical and electrophysiological findings

In 1998, the World Federation of Neurology proposed a revised version of ALS diagnosis
criteria, known as revised El Escorial criteria (R-EEC) (Brooks et al., 2000). The criteria,
which stratify the confidence of diagnosis into four categories, are mainly based on clinical

grounds and have been the gold standard for diagnosis (Table 1-1). For example, a
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definite diagnosis requires the presence of upper and lower motor neuron symptoms in
bulbar and two different spinal regions or greater than three spinal regions. Four
anatomical regions are appointed for examination. Bulbar region refers to muscles of the
jaw, face, palate, tongue and laryngeal muscles, whereas spinal region is categorized into
cervical, thoracic and lumbosacral regions. In ALS, loss of nerve innervation results in
membrane instability and reinnervation and these can be demonstrated in
electrophysiological examinations. EMG findings compatible with active and chronic
denervation, such as positive sharp wave and fibrillation potentials, are required to confirm

LMN degeneration.

On the other hand, as an effort to increase the sensitivity and facilitate early diagnosis, the
Awaji criteria (AC) recommend that neurophysiological evidence should be taken as
equivalent to clinical information when confirming regional involvements. The criteria also
appreciate the sufficiency of fasciculation potentials, a characteristic electrophysiological
feature of ALS, in the evaluation of active degeneration, allowing the feasibility of
diagnosis without the presence of fibrillation potentials and positive sharp waves (de
Carvalho et al., 2008). It has been reported that the time interval between onset and

diagnosis using AC is 6.2 month earlier than that using the R-EEC (Okita et al., 2011).

The diagnosis of ALS must be also accompanied by pathological, neuroimaging and other
laboratory investigations to exclude other conditions that mimic ALS. These include (1)
other motor neuron diseases of restricted involvement such as progressive muscular
atrophy (PMA, lower motor neurons only), primary lateral sclerosis (PLS, upper motor
neurons only) and progressive bulbar palsy (PBP, bulbar symptoms only) (Belsh, 1999;
Norris et al., 1993). These disorders, however, may eventually progress to ALS when
LMN or UMN symptoms subsequently develop and they are often considered as the same
category of disease. Also in this category, flail arm syndrome (Hu et al., 1998) and flail leg
syndrome are two distinctive phenotypes in which weakness and wasting are confined to
upper and lower limbs respectively with improved survival compared to classical and
bulbar onset ALS (Wijesekera et al., 2009). (2) ALS-like symptoms of other causes such
as benign fasciculation, Parkinson’s disease, Kennedy’s disease, brainstem stroke,

lumbosacral stenosis, cervical myelopathy, carpal tunnel syndrome, brachial plexopathy,
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neuropathy, adult-onset spinal muscular atrophy (SMA) and heavy metal intoxication

should be excluded before diagnosis (Belsh, 1999; Mitsumoto, 1997).

Noteworthy, the term ALS variant describes the situation where certain clinical, genetic or
epidemiological features develop in parallel with ALS. Familial ALS is most commonly
classified based on the mutations that segregate within affected families or locus linked to
the phenotype. Although phenotypic heterogeneity has been well recognized in patients
with different point mutations in SOD17 gene, the most common causal gene caused by
point mutations, patients with SOD71 mutations are collectively referred as ALS-1. At least
18 FALS subtypes have been reported according to the genetic classification to date
(Section 1.5). Types of ALS can also be distinguished by the presence of other coexisting
conditions that extend beyond the pyramidal tract, such as Parkinsonism and
Frontotemporal dementia (FTD) (Section 1.16), or geographic clustering (Hudson, 1981).
There is a high prevalence of Parkinsonism-Dementia variant of ALS (ALS-PDC) in the
indigenous Chamorro population from the island of Guam, where clusters of ALS cases

have been reported (Sundar et al., 2007).

Muscle strength and Forced vital capacity (FVC) are two important factors predicting the
survival in ALS (Voustianiouk et al., 2008). The Revised Amyotrophic Lateral Sclerosis
Functional Rating Scale (ALSFRS-R) is a questionnaire- based scoring system for
monitoring the course of ALS (Cedarbaum et al., 1999), whereas the Appel ALS Score
(AALS) is an examination based counterpart. Both scales correlate with disease
progression and survival and ALSFRS-R, which involves assessment of gross motor
tasks, fine motor tasks, bulbar functions and respiratory functions, is also correlated with

quality of life and FVC.
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Table 1-1. The revised El- Escorial Criteria.

Requirement of Diagnosis

Presence of
1 Evidence of LMN Degeneration by Clinical, electrophysiological or
neuropathology exam.
2 Evidence of UMN degeneration by clinical exam
Progressive spread of signs within a region or to other regions, with the
Absence of
a. Electrophysiological evidence of other disease process that might explain
the signs of LMN or UMN degenerations, and
b. Neuroimaging evidence of other disease process that might explain the
observed clinical and electrophysiological signs.

Categories of Diagnosis

1 Clinically Definite ALS: UMN+ LMN signs together in bulbar and = 2 spinal
regions; or UMN+ LMN signs together in = 3 spinal regions.

2 Clinically Probable ALS: UMN+ LMN signs together in = 2 regions with UMN
rostral to LMN signs.

3 Clinically Probable ALS- Laboratory supported: UMN+ LMN signs together in 1
region; or UMN in 1 region + LMN defined by EMG in = 2 regions.

4 Clinically Possible ALS: UMN+ LMN signs together in 1 region, or UMN sign
alone in = 2 regions, or LMN signs are rostral to UMN signs.

Electrophysiological Features

Electrophysiological studies should be performed to:
1 Confirm LMN dysfunction in clinically affected regions.
2 Detect electrophysiological evidence of LMN dysfunction in clinically
uninvolved regions
3 Exclude other pathophysiological processes.
Criteria:
1 The diagnosis requires the combination of features of:
a. Active denervation: Fibrillation potentials (FP), Positive sharp waves
(Psw).
b. Chronic denervation: Large MUAPs, reduced interference pattern with
firing rates higher than 10Hz, unstable motor unit potentials.
2 Fasciculation potentials are characteristic clinical feature of ALS.
3 These signs should be found in at least 2 regions of: brain stem, thoracic
spinal cord, cervical and lumbosacral spinal cords.
4 Nerve conduction studies are required for diagnosis and to exclude other
disorders.
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Other Supporting Features

1. Absence of neuroimaging features supporting other diagnosis.
2. Laboratory features excluding other conditions or those found in ALS-related
conditions:

Monoclonal gammopathy: elevation in monoclonal anti-neural antigen
antibody.

Dysimmune motor system degeneration: elevation in polyclonal anti-
neural antigen antibody

Nonmalignant endocrine abnormalities: elevation in parathyroid
hormone, thyroid hormone and other endocrine abnormalities
Lymphoma: abnormalities consistent with lymphoma

Infection: HIV-1, HTLV-1, encephalitis lethargica, VZV etc.

Acquired enzyme defects: detoxification enzymes etc.

Exogenous toxins: evidence of intoxication

Physical injury: antecedent electrical or radiation injury or severe
trauma.

Vasculitis: elevated ESR and CSF abnormalities consistent with spinal
vasculitis or ischemic injury.

Spondylotic myelopathy: spinal compression.

3. Pathological evidences from muscle biopsy: disseminated single angulated
muscle fibers.
4. Postmortem spinal cord biopsies.

The above Criteria are summarized according to Brooks et al (2000).
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1.3 Current treatments for ALS are limited

Treatments for ALS are currently limited. The only available prescription for ALS, Riluzole,
a presynaptic modulator of glutamate transmission, was shown to protect neurons against
excitotoxicity and prolong survival time of patients by 3- 5 months (Wokke, 1996). The B-
lactam antibiotic ceftriaxone is another potential anti-glutamate drug that decreases
synaptic glutamate level by facilitating astrocyte glutamate uptake through the EAAT2
transporter and showed neuroprotective effects (Rothstein et al., 2005). Compounds or
substances with beneficial effects in Protein folding (Arimoclomol), Autophagy (Lithium),
Muscle function (Myostatin Inhibitor), Neurotrophins (VEGF, IGF-1) and Stem cell therapy

are potential alternatives for ALS [Reviewed by (Zinman and Cudkowicz, 2011)].

1.4 Pathological findings in ALS

The pathological features of ALS have been well characterized. There is loss of motor
neurons in both spinal cord (Lower motor neurons in the ventral horn) and the cerebral
cortex (Betz’s cells), gliosis, and the presence of Neuronal cytoplasmic inclusions (NCIs)
in lower motor neurons (Brownell et al., 1970). Different types of inclusions exist, including
Bunina bodies, Ubiquitinated inclusions (UBIs) and Hyaline conglomerate inclusions

(HCls) (Wijesekera and Leigh, 2009).

Bunina bodies, which can be visualized in HE staining, are small, eosinophilic and round
inclusions seen in the cytoplasm and dendrites (Okamoto et al., 2008). Generally immuno-
negative for ubiquitin, Bunina bodies are found in 70% of SALS and are considered as a
marker for the disease. Cystatin C and Transferrin have been reported as being
components of Bunina bodies. However, the most common inclusions, which were found
in 90-100% of SALS cases, are the UBIs. UBIs are immune-positive for ubiquitin and can
be morphologically classified into Skeine-like (filamentous) inclusions and Lewy-body like
(Round shape) inclusions. TDP-43 is the major component of UBIs, which are often also
positive for p62 and are found in SALS and FALS cases that are unrelated to SOD1
mutations (Neumann et al., 2006; Tan et al., 2007). On the other hand, HCls are
inclusions with glassy appearance under HE staining. These inclusions are mainly

composed of accumulated intermediate filament (IF) proteins, i.e. hyperphosphorylated IF
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subunits and peripherins, and have been found in other neurodegenerative conditions.

They are therefore not a specific marker for ALS (Wood et al., 2003).

FALS associated with SOD1 mutations encompass a different histo-pathologic entity. In
contrast to the classic form of ALS, in which degeneration is restricted to the motor
neurons, SOD1 FALS generally demonstrate multisystem degeneration, in which regions
such as posterior thoracic nucleus and spinocerebellar tract are also involved (Tagawa et
al., 2007). In addition, SOD1 FALS is pathologically characterised by the presence of
Lewy body like Hyaline inclusions (LBHIs). These inclusions are positive for ubiquitin and
SOD1, but not TDP-43 (Mackenzie et al., 2007). Not surprisingly, these SOD17 positive
inclusions are rare in SALS and SOD1 unrelated FALS, and have been considered as the
distinction between SOD7- positive and negative cases. Notably, the pathological features
of SOD1- negative FALS are indistinguishable from SALS, suggesting a common
pathological mechanism of FALS and SALS (Tagawa et al., 2007; Tan et al., 2007).

1.5 Genetic studies have led to the understanding of underlying pathogenesis of
ALS

Genetic studies are important for understanding ALS as they O have direct impacts on

clinical diagnosis and subclassification of disease; @ may reveal general pathogenic

mechanisms, risk factors, and possibly therapeutic targets; @ lead to the development of

models that can be used for further investigation; and @ understanding of gene and

protein functions (Hardy and Orr, 2006).

As mentioned above, patterns of inheritance are found in 5-10% of ALS patients (FALS),
and the clinical appearances FALS are similar to the majority of Sporadic cases (SALS). It
is therefore important to investigate the genetic causes of FALS, which provide invaluable
information about the general mechanisms (Pasinelli and Brown, 2006). Localization of
disease loci was made possible by linkage studies. In brief, because the possibility of
recombination between two loci decreases with the proximity between them, adjacent
genes are more likely to segregate together during meiosis. Using suitable pedigrees, the

linkage distance, measured by a LOD score, which is the logarithm of the odds of the
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likelihood that two loci are linked against the likelihood that the loci are unlinked, between

markers and the disease locus can be calculated.

By performing linkage studies in 23 multi-generation autosomal dominant FALS families,
Siddiuge et al (1991) linked the disease locus to markers representing an approximately
10cM region (=10 Mb) in chromosome 21. Dinucleotide repeats linked to the SOD17 gene
were subsequently shown to exhibit a high linkage signal with these markers (Rosen et al.,
1992). Sequencing of the gene revealed 11 SOD1 mutations in 13 FALS families (Rosen
et al.,, 1993). SOD1 mutations were subsequently found to account for 20% of FALS
cases and more than 160 different mutations throughout gene have been reported. Most
of the common mutations, such as A4V, [113T and L144F, caused autosomal dominant
inheritance but recessive forms, such as D90A (Al-Chalabi et al., 1998) and N86S, were
occasionally seen (Figure 1-1D). The mean survival time of SOD1-FALS is 4.6 years
(Orrell et al.,, 1999) and clinical features may vary. Rapid progression is seen in A4V,
L84V mutation carriers whereas slow progression has been reported in H46R carriers.
Incomplete penetrance was obvious for some mutations which were found in obligate
carriers and SALS (de Belleroche et al., 1995). The discovery of SOD7 mutations was
considered as a milestone and the hypotheses proposed to explain the effect SOD1
mutations also recapitulated the general features of ALS, including elevated oxidative
stress, protein aggregation, mitochondrial dysfunction, cytoskeleton abnormality and

excitotoxicity (Bendotti and Carri, 2004).

In addition to SOD1, mutations in more than 18 genes have been identified in different
FALS pedigrees using linkage studies (Until DEC 2013) (Table 1-2). Currently, it seems to
be unfeasible to predict clinical phenotypes based on the functions of candidate genes
alone, as variants at different position may cause different consequences on protein
structure and activities. However, there are instances where characteristic phenotypes are
associated with mutations in certain genes. Juvenile onset cases have been reported in
carriers of Alsin (ALS2, Section 1.17.1), Senataxin (SETX, Section 1.17.3), Spatacsin
(SPG11, Section, 1.17.4) and Sigma-1 Receptor (SIGMAR1, Section 1.17.11) mutations,
whereas VAMP associated membrane protein B (VAPB, Section 1.8) and Dynactin
(DCTN, Section 1.10) mutations may cause adult-onset, slow progressive ALS. These

known causal genes provide important clues about disease mechanisms and can be
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generally categorized into four groups according to their functions: O Redox reactions, 2
Membrane trafficking, 3 mRNA processing and @ Protein synthesis and degradation.
Noteworthy, the fact that mutations in several recently found genes, such as TARDBP,
VCP and C9orf72, are present in both FALS and Familial FTD supports the hypothesis
that these conditions are extremities of the same spectrum of disorders caused by

common mechanisms (Section 1.16).

The genetics of the majority of cases, SALS, is still unclear. Although mutations in FALS-
genes have been identified in SALS cases, they were not verified by linkage signals or
segregation analysis. SALS is often considered as a complex disease and genetic risk
factors are located through association studies. Using a candidate gene approach, which
determinates genetic risk on a trait based on a prior hypothesis that the genes might play
roles in the aetiology of disease (Tabor, 2002), association signals defined by Single
nucleotide polymorphisms (SNPs), Variable number tandem repeats (VNTRs) or
haplotypes have been reported in APEX1, ATXN2, HFE, NEFH, SMN1, SMN2, PON1,
PON2, PON3 and VEGF genes. This approach has also applied to the identification of
genetic modifiers in familial cases. Genome-wide association studies (GWAS), in contrast,
analyse hundreds of thousands of SNPs throughout the genome regardless of their
functional properties. GWA studies have led to the identification of a number of risk factors
in ALS which will be further discussed in Chapter 5. The association signals represent the
susceptibility of disease conferred by the corresponding genes, which may have a partial
contribution to the pathological mechanisms. In some cases, some of these association

signals have led to the discovery of confirmed causal mutations.
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Table 1-2.

Mendelian genes in ALS.

Subtypes Genes Inheritance Functions Pathology Remarks
ALS
-Reduce oxidative stress -Most common mutation. ~20% of FALS.
ALS1 SOD1 AD by facilitating -HCI which contains SOD1 -Generally Typical ALS. Some mutations are
(21q)6 disulphide bond aggregations 23, associated with rapid progression or bulbar
exchange. onset.
-GTPase regulator’ ; .
ALS2 '(L\zLig\; AR -Related to Vesicle -Mild reduction of axons. _S‘Jlg\;fmrls ?(IE_SSSiE)Onnset <10 years old).
q transport & Trafficking. prog '
18921 -French family (20 affected ). -Typical ALS,
ALS3 (18921) AD Unknown. Unknown. Leg Onset at 45, duration 5 years”.
SETX . -
ALS4 (9934, AD -RNA processing. ~Unknown ~Juvenile ALS (Onset <25 years), initially
: affect distal Limbs, slow progression®.
Senataxin)
-Betz cell loss. .
. -Juvenile ALS (mean onset= 16 years), long
-Neuronal loss and strocytosis .
SPG11 . . . . term survival.
-Gene expression in IX and XlI nuclei. Anterior . - .
ALSS5 (15921, AR . e -Variety of symptoms, principally distal
: -Protein trafficking. horn atrophy.
Spatacsin) weakness, Hoffmann always +ve. No

-No bunina bodies/ skein like
inclusions.

sensory or cognitive impairment !
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Subtypes Genes Inheritance Functions Pathology Remarks
-Severe LMN loss in spinal -~4% FALS. Typical ALS. Slightly rariler
“TDP-43 homolog. cord. - . onsef( .(44..5), nF)rmaI pgogressmn (33m). No
FUS . - -FUS protein is mis- localized  cognitive impairments”.
ALS6 AD/ AR -Regulation of transcription, \ N . . .
(16p11) " and form inclusions”. -Also found in two Juvenile sporadic cases,
-RNA Splicing. S . . .
-No skein like inclu- sions one with mental retardation.
were observed. -FTD is also described in 3 families®.
?
ALS7 (.20p13) 9 AD -Unknown -Unknown -Onset at 57 years old. Survival 3 years.
-Formation of presynaptic -Brazilian Family. Onset between 25 to 55
VAPB vesicles. -Transgenic mices expressing  years old '. Also in one English FALS case
ALS8 (20q13) AD -Vesicle trafficking. mutant VAPB have +ve TDP- "%,
q -Unfolded protein 43 aggregates”. -Phenotypic heterogeneity: late onset SMA,
response. atypical ALS, typical ALS.
ANG -Onset under 50 years old. Survival from 6m
ALS9 (1411, AD/ . -Rlbo.somes sy.nthe3|s and _Unknown to Syears. Typical AL.S with incomplete
I — Sporadic protein translation. penetrance. One patient demonstrated
glog Parkinsonism and FTD symptoms s,
TARDBP
AD/ AR/ -mRNA maturation. . 47 -Mean onset at 47, survive for 5.5 years'®.
ALS10 (1p36, . . -TDP-43 inclusions "'. . . .
Sporadic -Neurotoxicity. Typical ALS. Most with slow progression.
TDP-43)
ALS11 FIG4 AD/ “Endosomal membrane Unknown ﬁfgﬁimscﬁfs' M'\/T::nog S:taig e
(6921) Sporadic  fusion and Autophagy'®. ) ’ y

duration'®.
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Subtypes Genes Inheritance Functions Pathology Remarks
ALS12 OPTN AD/ AR -Regulates NF-kB -OPTN +ve, cytoplasmic -Also in POAG. Onset at 30-60 years old.
(10p15) activation by TNF-a. inclusions. Slow progressionzo.
ATXN2
ALS13 (CAG repeat AD -modifier of TDP-43 -Abnormal localization of -~4.7% (24-34 repeats) of ALS?'. Earlier age
with CAA toxicity. ATXN2 in ALS. of onset in repeat +ve patients.
interruptions®)
-Found in IBMPFD and ~1% ALS. +ve
ALS14 vee AD -ERAD, Autophagy. ~TDP-43 aggregates and Family history for FTD, Age of onset 37-53,
(9p13) Bunina bodies. . 23
survival 29m- 12 years “".
-Ubiquitin ligation in . 0
UBQLN2 Proteasome degradation -Skeine like inclusions, which S Fam|I|es: 907% penetrance at 7(.) yro. Adult
ALS15 XD . - onset, survival 2-7 years. Dementia was
(Xp11) pathway. contain ubiquilin 2. . . 24
prominent in several cases .
-Saudi Arabian consanguious family of
ALS16 SIGMAR1 AR -ER Chaperone, lon -Abnormal subcellular Juvenile ALS®. Lower limb spasicity at
(9p13) channel modulation. distribution. onset (1-2 year old), slow progression.
Normal Cognitive functions.
-Typical ALS, Mean age of onset in FALS
ALS18 PFN1 AD -Converts G-actin to -Mutant PFN1 may form 44 .8 years %)
(17p13.2) filamentous F-actin. aggregates. -PFEN1 is associated with Miller Dieker
Syndrome.
ALS-FTD
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Subtypes Genes Inheritance Functions Pathology Remarks
? AD/ -ALS and FTD. Mean onset 54 years old,
ALS-FTD1 (9921-22) Sporadic - Unknown. - Unknown. mean survival 3.8 years. Develop together27.
C9orf72 AD/ -Due to intronic GGGGCC expansion. Most
ALS-FTD2 Sporadic -Unknown. -Various TDP-43 pathology common mutation in FALS and FALS/FTD®.
(9p21) : )
-Associated with a founder haplotype.
-Endosomal pathway for -ALS and FTD. Onset at 6" to 8" decade.
SRR (Gl Sporadic the degradation of -p62 +ve, Ub +ve inclusions. Account for ~1% of ALS. With bulbar
(ALS17) (3p11) . .28
transmembrane proteins. dysfunction “*.
OTHERS
DAO AD -D-serine metabolism and _sR;(::(c::i(: dZ'Z?OTj?\;z n -Rapid progression with mean age of death
(12924.11) Excitotoxicity. P . 9 of 44 years 2,
carrier.
DCTN1 -Binding to microtubule was . 30
(2p13.1) AR Axonal transport. decreased in mutant protein . Early onset, slow progressive ALS ™.
NEFH AD/ . —Neyrofllament heavy -Not available. -Variable clinical manifestations *'.
(22912) Sporadic chain.
SPG11 -Axonal transport and . “ARJALS (Type1). Mean onse.t 16 years,
AR ) I -Anterior horn cell loss. slow progressive. Also found in ARHSP-
(15921.1) vesicle trafficking. 32
TCC ™.
PRPH . -Type lll intermediate . . .
(12912) Sporadic flament. -Cytoplasmic inclusions. -Typical ALS.
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The table summarizes the key features of ALS subtypes and the corresponding causing genes. ALS-related genes that have not been allocated to
any subtypes are shown in OTHERS. AD: Autosomal Dominant; AR: Autosomal Recessive; ARJALS: Autosomal Recessive Juvenile Onset ALS.
Information in this table was obtained from Washington University Neuromuscular Disease Center

(http://neuromuscular.wustl.edu/synmot.htmi#Hereditaryals) and the following References:

1 (Kanekura, 2006)

2 (Orrell et al., 1995)

3 (Hays et al., 2006)

4 (Hand et al., 2002)

5 (Chen et al., 2004)

6 (Rosen et al., 1993)

7 (Orlacchio et al., 2010)
8 (Vance et al., 2009)

9 (Sapp et al., 2003)

10 (Yan et al., 2010)

11 (Nishimura et al.,
2004a)

12 (Chen et al., 2010)
13 (Tudor, 2010)

14 (van Es et al., 2009a)
15 (Greenway et al.,
2006)

16 (Sreedharan et al.,
2008)

17 (Kabashi et al., 2008)
18 (Chow et al., 2009)
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19 (Ferguson et al., 2009)
20 (Maruyama et al.,
2010)

21 (Elden et al., 2010)
22 (Yu etal,, 2011)

23 (Johnson et al., 2010)
24 (Deng et al., 2011)
25 (Al-Saif et al., 2011)
26 (Wu et al., 2012)

27 (Hosler et al., 2000)
28 (Cox et al., 2010)

29 (Mitchell et al., 2010)

30 (Puls et al., 2003)
31 (Figlewicz et al., 1994)
32 (Hentati et al., 1998).
33 (Renton, 2011).
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1.6 Mutant SOD1 causes oxidative stress, a common feature in ALS

Superoxide dismutase is a ubiquitously expressed protein that has a protective function
against oxidative stress by clearing free radicals generated in normal cell processes. The
enzyme is a homodimer (Figure 1-1B), and each monomer binds Zn and Cu ions, the
latter being an active site for thescavenging activity in which hydroxyl and superoxide ions

are catalysed to form hydrogen peroxide and oxygen (Figure 1-1A).

The structure of the SOD1 protein has been well characterized. Each monomer consists
of an eight-stranded beta barrel, a metal binding loop (residue 49-84) and an electrostatic
loop (residue 122-143). These strands are arranged in antiparallel beta-sheet structure,
forming a “Greek-key” motif (Tainer et al., 1982) (Figure 1-1C). The catalytic copper ion is
held by His46, His48, His63 and His120, whereas the Zinc ion, which is important for
structural stability, is held by His63, His71, His80 and Asp83 (Rakhit and Chakrabartty,
2006). The dimer is held together by a hydrophobic interface, which is normally buried
inside the molecule, and each monomer is stabilized by intramolecular disulphide bonds,

which will be further discussed in Chapter 5 and 8.

More than 160 SODY mutations have been reported in ALS to date

(http://alsod.iop.kcl.ac.uk). These mutations distribute throughout the gene but are more

frequent in exon 4 and 5 (Figure 1-1D). Their effects on protein structure vary depending
on the location. For example, A4V, the most common mutation, abolishes the hydrophobic
interface (Cardoso et al., 2002), whereas the H43R mutation disrupts hydrophobic
packing at one end of the beta-barrel (DiDonato et al., 2003). Rather than isolated effects
on enzyme activities, the hazardous consequences of SOD7 mutations are attributed to
destabilizing effects on protein structure which may initiate subsequent pathological
processes. It has been concluded that mutant SOD1 toxicity can be mediated through two
major gain-of-function mechanisms — oxidative stress and protein aggregation (Bendotti

and Carri, 2004).
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Figure 1-1.  SOD1 functions, structures and mutations found in ALS.
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A. In the catalytic cycle of SOD1, superoxide ions originating from various sources are

catalyzed to form oxygen and hydrogen peroxide through a “Ping-Pong mechanism” in the
Cupper-containing active site of SOD1 protein (Rakhit and Chakrabartty, 2006). B. SOD1
protein exists as a homo-dimer (Bosco et al., 2010). C. Within each monomer there are 8
antiparallel beta sheets, arranged in a 3-dimentional barrel shape (Khare et al., 2005), a
metal binding loop (M), and an electrostatic loop (E). D shows SOD1 mutations identified

in ALS as summarized by (Bendotti and Carri, 2004).
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Mutant SOD1 is a source of oxidative stress as a result of altered enzymatic activity. The
mutant protein accepts nonconventional substrates such as hydrogen peroxide (H,O,)
and peroxynitrite (ONOQO") and catalyzes the formation of hydroxyradicals (OH") and the
nitration of tyrosine residues of SOD1 itself in the presence of the substrates, respectively.
In addition, mutant SOD1 proteins lacking the zinc ion may, in a reverse direction,
catalyze the formation of superoxide anion (O;") from oxygen molecules (Pasinelli and
Brown, 2006). A possible explanation for these aberrant activities was that the mutations
mediate conformational changes allowing more access of nonconventional substrates to

the Cu ion, the active site for catalyzation (Beckman et al., 1993).

Although it appears that the reactive oxygen species (ROS) and reactive nitrogen species
(RNS) generated from the aberrant chemistry are not prerequisite for the development of
ALS (Luty et al.,, 2010), there were several evidence supporting the involvement of
oxidative stress in the disease. It has been shown that the concentrations of oxidized nitric
oxide products are increased in Cerebrospinal fluid (CSF) of SALS patients (Zou et al.,
2013), and ROS levels are elevated in the CSF of G93A transgenic mice in vivo
(Dedesus-Hernandez et al.,, 2011a). The hazardous consequences caused by free
radicals have been validated by findings of elevated markers of oxidative damage to
protein (Muller et al., 1999), lipid (Shibata et al., 2001) and DNA (Zhang et al., 2007a) in
postmortem tissues of SALS. Furthermore, the exposure of cultured neurons to ROS
causes toxicity and reduced viability (Weihl et al., 2008). 4-hydroxynoneal (HNE), a toxic
product resulting from lipid peroxidation, has been reported to have an elevated
conjugation rate with other proteins in the spinal cord of ALS patients, possibly by

compromising the functions of the conjugated proteins (Mizuno et al., 2003).

In addition, oxidative stress has been shown to interact with other pathogenic
mechanisms in ALS. Firstly, ROS/ RNS exacerbate excitotoxicity by inhibiting glutamate
transporters. This results in the accumulation of synaptic glutamate, which activates
glutamate receptors, and allows the influx of Calcium ions and causing neurotoxicity
(Barber and Shaw, 2010). Secondly, prolonged oxidative stress may cause mitochondrial
damages (Barber and Shaw, 2010). Mitochondrial dysfunction (Section 1.9) is one of the
pathogenic mechanisms in ALS, in which morphological changes of mitochondria and

dysfunctions of the respiratory chain have been reported. In addition, mutation rate of
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mitochondrial DNA was found to be elevated in the brain of SALS patients (Dhaliwal and
Grewal, 2000). In SOD-FALS, direct damage to the mitochondria may be caused by the
ROS generated by the mutant SOD1 proteins that are localized to the mitochondrial
intermembraneous space (Blauw et al., 2012). Thirdly, oxidative stress can be incurred
during oxidative folding, when disulphide bonds are introduced between cysteine residues.
The formation of inappropriate disulphide bonds has been implicated in ALS and will be

discussed further in Chapter 5.

1.7 Mutant SOD1 proteins are prone to aggregate

An alternative pathogenic hypothesis was that the harmful effects of mutant are due to
formation of SOD1 aggregates and this is potentially intriguing. Mutant SOD1 can
aggregate to form amyloid like fibrils through interaction between the loops and beta-
barrels. High molecular weight, detergent insoluble SOD1 aggregates have been detected
in inclusions in neurons and astroglia from SOD1- FALS patients and transgenic mice
(Johnston et al., 2000). The aggregates are formed before the onset of symptoms and
their levels are correlated with stages of disease. The aggregates may contribute to
disease by affecting axonal transport, proteasomal degradation and the sequestering

properties of molecular chaperones (Elam et al., 2003).

It has been shown that SOD7 mutations not only impair metal binding ability, but also give
rise to a non-native protein- protein interaction interface that promotes aggregation (Elam
et al., 2003). Indeed, SOD1 proteins lacking metal binding (Apo-SOD1), are unstable and
can form fibrillar structures under destabilizing conditions. The aggregates, however,
mainly comprise WT, full length SOD1 protein and it was therefore deduced that the
aggregation takes place in a two-step process. In the nucleation process, a nucleus
composed of abnormal SOD1 is formed and this is initiated by the cross-linking of
disulphide-reduced apo-SOD1 through intermolecular disulphide bonds. The nucleus then
recruits WT-SOD1 for an elongation process in which partially metallized SOD1 are
mainly involved (Chattopadhyay et al., 2008). Indeed, oxidation of wild type SOD1 results
in conformational changes that are similar to that caused by SOD7 mutations, suggesting

that SOD1 may also play a role in ALS without SOD7 mutations (Bosco et al., 2010).
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1.8 ER Stress, Unfolded Protein Response (UPR) and VAPB Mutations (ALS8)

In addition to the cytoplasm, mutant SOD1 proteins are also localized to different
organelles including the endoplasmic reticulum (ER), where proteins targeting the
secretory pathway are folded (Urushitani et al., 2008). These proteins are translocated to
the ER and assembled into functional structures under an oxidative environment, and
those that fail to fold properly are degraded through the ubiquitin-proteasome system
(UPS) or autophagy (Malhotra and Kaufman, 2007). As a mean of protein quality control,
accumulation of unfolded proteins in ER activates the Unfolded protein response (UPR),
which mediates a decrease in global transcription rates, up-regulation of ER chaperones
and apoptosis (Ron and Walter, 2007). As summarized in Figure 1-2, this is
accomplished by the detection of ER stress by the molecular chaperone BiP/Grp78 and

the transduction of signals through the IRE1, ATF6 and PERK pathways.

Importantly, prolonged ER stress may induce apoptosis via pathways coupled to the UPR
[reviewed by (Kadowaki et al., 2004)]. First, the transcription factor CHOP can be
activated through the PERK pathway, represses the expression of BCL-2 and promotes
apoptosis. Second, ER stress also promotes the efflux of Ca® to the cytoplasm mediated
by the BCL-2 family members, Bax and Bak, which are located on the ER membrane.
Increased cytoplasmic Ca?* activates Calpain, which in turn activates Caspase 4
(Caspase 12 in rodents), and causes cell death (Orrenius et al., 2003). Third, Caspase-12
can be activated as a result of the interaction between activated IRE1 and TNF receptor
associated factor 2 (TRAF2). IRE1-TRAF2 also activates the ASK1-JNK pathway and
lead to apoptosis (Kadowaki et al., 2004).

The involvement of ER stress in ALS is supported by evidence that the UPR markers
IRE1, PERK and ATF6 are overexpressed in the spinal cord of SALS (Atkin et al., 2008).
Expression of another marker, BiP/Grp78, is increased in cultured cells and transgenic
mice models prior to the onset of symptoms (Tobisawa et al., 2003). It has been
demonstrated that Caspase-12 is activated in mutant SOD1 transgenic mice (Wootz et al.,
2004), and CHORP is up-regulated in both transgenic mice and SALS patients (lto et al.,
2009), suggesting the involvement of UPR-coupled apoptosis. Indeed, instead of merely
being a source of stress, mutant SOD1 also represses the clearance of misfolded proteins

by interacting with essential components, such as Derlin 1, in the retrotranslocation
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machinery in Endoplasmic reticulum associated protein degradation (ERAD) (Nishitoh et

al., 2008).

An ALS candidate gene related to ER stress is Vesicle-associated membrane protein-
associated protein B (VAPB). VAPB mutations were first identified in a multigeneration
Brazilian FALS pedigree linked to chromosome 20q13 (Nishimura et al., 2004b). The
phenotypes of VAPB mutation carriers varied and were classified into three categories: @
late-onset Spinal muscular atrophy (SMA); @ atypical ALS; and ®) typical ALS (Nishimura
et al., 2004a). Both typical (survival <5 years) and Slow progressive cases (up to 18years)
have been observed (Landers et al., 2008). VAPB, an ER protein, is a member of the VAP
family interacting with Vesicle-associated membrane protein (VAMP) during exocytosis of
neurotransmitters. VAPB also plays a regulatory role in the UPR by activating the IRE1
pathway and both P56S and T461 mutations impair this property. In addition, mutant
VAPB also inhibits the function of wild type VAPB, which dimerizes with the mutant form
and becomes inactivated (Chen et al., 2010; Kanekura, 2006). Therefore, a proposed
pathogenic mechanism for VAPB was that the cellular functions necessary for

counteracting the build-up of protein aggregates are abolished by the mutations.
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Figure 1-2.  Signal transduction in Unfolded protein response (UPR).
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As reviewed by Malhotra et al (2007), the signal transduction of UPR relies on
transmembrane receptors Inositol requiring kinase 1 (IRE1), Protein kinase like ER kinase
(PERK) and bZiP-containing activating transcription factor 6 (ATF6). Without ER stress,
activation of these receptors is inhibited by the binding of the molecular chaperone BiP,
which has affinity for hydrophobic residues. Upon the accumulation of misfolded proteins,
BiP is released and the receptors are activated. @ Firstly, IRE1 undergoes homo-
dimerization and trans-autophosphorylation, acquiring endoribonuclease activity.
Acitvated IRE1 cleaves the mRNA of XBPI to form alternatively spliced XBPIs, which act
as transcription factors binding ERSE elements in UPR target genes such as ERAD
proteins. @Similarly, the homo-dimerization and auto-phosphorylation of PERK activates
its kinase activity, which catalyzes the phosphorylation of elF2a. This pathway is
responsible for the reduction in global transcription rate and up-regulation of genes related
to oxidative stress and apoptosis. ® Upon release from BiP, the activated ATF6s are
trafficked to the Glogi complex and cleaved. The cleaved forms become transcription
factors binding ATF/cAMP and ERSE-1 elements in the UPR target genes such as P4HB
(PDI), CRT and PDIA4 (ERP72) (Okada et al., 2002).
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1.9 Mitochondrial dysfunction

In addition to being an energy-generating organelle, mitochondria also play roles in
different cellular functions and pathways such as calcium storage, apoptosis, steroid
synthesis and mitochondrial ROS signaling, and there is accumulating evidence
suggesting that mitochondrial functions are disrupted in ALS. Morphological abnormalities
such as vacuole formation and conglomerates of dark mitochondria have been observed
in proximal axons and cell bodies of motor neurons in ALS postmortem tissues, and
impaired respiratory chain functions have been demonstrated (Manfredi and Xu, 2005).
These include dysfunctions in the redox carriers Complex | (NADH:CoQ oxidoreductase)
and IV (Cytochrome c oxidase, COX), which are located at the inner mitochondrial
membrane (Vielhaber et al., 2000). Besides, mitochondira is an important source of ROS,
which may in turn induce mitochondrial DNA mutations (Murphy, 2009). Human
mitochondrial DNA encodes 37 genes that are crucial for the respiratory functions
(Swerdlow et al., 1998). Comi et al(1998) identified a 5 microdeletion that causes
premature termination of the mitochondrial COX7 gene in a patient with motor neuron
degeneration . The inhibition of COX1 may induce ROS by enhancing electron leak

through Complex | and Il and damage other cellular functions (Chen et al., 2003).

Another body of evidence for mitochondrial dysfunction comes from mutant SOD1
transgenic models. It has been observed in SOD1 G93A transgenic mice that the
formation of vacuoles are due to detachment between inner and outer mitochondrial
membranes and their size is associated with disease progression (Sasaki et al., 2004).
Mitochondria are the second largest Ca®" reservoir in cells, however, the Ca* loading
function is impaired in SOD1 transgenic mice (Damiano et al., 2006), and this may result
in an increase of cytoplasmic Ca®* level causing neuronal death (Carri et al., 1997).
Similarly to what was found in ALS patients, oxidative phosphorylation in mitochondria is
also impaired in mutant SOD1 transgenics, giving rise to a decrease in ATP production
and increase in oxidative damage (Mattiazzi et al., 2002). The reason for these changes
can be ascribed to the localization of mutant SOD1 in mitochondria. The mutant protein
was found to aggregate in mitochondria and co-localize with cytochrome ¢ and
peroxisomal membranes (Takeuchi et al.,, 2002). These mitochondrial mutant SOD1
proteins were hypothesized to cause neuronal damage by facilitating the release of pro-

apoptotic molecules, such as cytochrome c, to the cytosol by either forming pores in the
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outer membrane or impairing the import of functional proteins to the mitochondria through
the TOM/TIM complex (Pasinelli and Brown, 2006). Lastly, mutant SOD1 may also inhibit

the function of the anti-apoptotic protein Bcl-2 promoting apoptosis (Pasinelli et al., 2004).

1.10 Neurofilaments, impaired axonal transport and DCTN1 mutations

Aberrant accumulation of neurofilaments in the anterior horn neurons is characteristic of
both sporadic and SOD1- linked ALS, indicating dysfunctions in axonal transport (Hirano
et al., 1984; Munoz et al., 1988). Neurofilaments (NFs) are intermediate filaments forming
cytoskeleton in neurons and contain light (NF-L), medium (NF-M) and heavy (NF-H)
subunits. Overexpression of both NF light (NEFL) (Xu et al., 1993) and heavy subunits
(NEFH) (Co6té et al., 1993) in transgenic mice causes motor neuron degeneration and
variants in these two genes are associated with ALS patients (Figlewicz et al., 1994).
Accumulation of neurofilaments has been observed in SOD1- FALS patients (Rouleau et
al., 1996) and it has been shown that NF-L may contribute to the selective vulnerability of
motor neurons, since its depletion prolongs the survival of SOD1 transgenic mice
(Williamson et al., 1998). However, overexpressing NF-L and NF-H also prolongs the
survival of the SOD1 mice (Kong and Xu, 2000) and this was accredited to the protective
effects of perikaryal, but not axonal, accumulation of NFs, which may ameliorate damage

mediated by Ca®*, glutamate, CDK5 and SOD1 (Cleveland and Rothstein, 2001).

One of the hypotheses for the mechanisms underlying the accumulation of neurofilaments
is impaired axonal transport. There are two types of axonal transport: fast and slow axonal
transports. Vesicles and mitochondria are transported down the axon via fast axonal
transport, which employs proteins of the kinesin family, whereas enzymes and soluble
proteins are transported via slow axonal transport (Williamson and Cleveland, 1999). After
being translated in the cell body, NFs are transported to the axon through slow axonal
transport and provide mechanical support for neuronal structures. Impairments in fast and
slow axonal transports have been documented in ALS patients and SOD1 transgenic mice
respectively (Sasaki and Iwata, 1996; Williamson and Cleveland, 1999) and these may
result in the accumulation of NFs in the cell body. Nevertheless, the observation that
axonal transport is reduced in transgenic mice overexpressing NF-H and peripherin as a
result of disorganized NFs indicates that impaired axonal transport could also be a

consequence of neurofilament accumulation itself. The lack of axonal transport eventually
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leads to the depletion of essential components for the axon and neurodegeneration

(Collard et al., 1995; Millecamps et al., 2006).

Mutations in Dynactin (DCTN17), a multi-subunit complex that attaches cargos to dynein
and microtubules during retrograde axonal transport, have been identified in a dominantly
inherited FALS kindred presenting with early onset, slowly progressive ALS (Puls et al.,
2003) and SALS. The mutation (G59S), located in the p150Glued subunit, causes

aggregation of the subunit and induces cell death (Levy et al., 2006).

1.11 Excitotoxicity and DAO mutations

Being one of the earliest pathogenic mechanisms proposed in ALS, excitotoxicity was
reported before the identification of SOD7 mutations. Glutamate is a common
neurotransmitter in the CNS, but continuous accumulation of glutamate in the synapse
mediates neuronal damages by activating NMDA or AMPA receptors, which allow influx of
calcium ions (NMDA receptors). Calcium overload triggers apoptosis and activates
proteases, phospholipases and nucleases, resulting in tissue damages (Foran and Trotti,
2009). There is evidence indicating altered glutamate metabolism in ALS, including that @
glutamate levels were increased in the CSF of ALS patients (Rothstein et al., 1990); @
CSF from SALS patients induces excitotoxicity in cultured neurons; and ®) the clinically

proven effects of the routinely used anti-glutamate drug Riluzole in ALS.

The clearance of glutamate from the synaptic space greatly relies on glutamate
transporters residing on postsynaptic membranes and astrocytes. EAAT2, a subtype of
glutamate transporters expressed on the surface of astrocytes and other glial cells,
mediates the transportation of most glutamate in the CNS (Foran and Trotti, 2009). The
expression of EAATZ2 is decreased and aberrant transcripts are present in the spinal cord
of ALS patients (Lin et al., 1998). Mutations in the EAATZ2 were identified in FALS and
SALS patients but these variants were not proved to contribute to the alternative splicing
(Aoki et al., 1998). The N206S mutation, which was found in SALS, reduced
glycoslysation of the transporter and impaired glutamate reuptake (Trotti et al., 2001).
However, despite lacking EAAT2 accelerated neurodegeneration in SOD1 transgenic

mice (Pardo et al., 2006), it was argued that excitotoxicity is a collateral damage rather
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than a primary one, since EAAT2 expression was reduced in the presence of other
pathogenic sources such as ROS (Rao et al., 2003) and Caspase-3 activation (Boston-

Howes et al., 2006).

A recently proposed pathway related to excitotoxicity is D-amino acid metabolism. By
sequencing a region in Chromosome 12g22-23 linked to a FALS kindred presenting with
early onset and short survival time, Mitchell et al (2010) reported a R199W mutation in D-
amino acid oxidase (DAO) gene. Gene expression was unaffected but enzyme activity
was compromised in both an obligate carrier of the mutation and cultured cells expressing
the mutant protein, suggesting a loss of function effect (Mitchell et al., 2010). DAO is a
peroxisomal flavin adenine dinucleotide (FAD) dependent oxidase catalyzing the
deamination, i.e. degradation, of D-amino acids including D-serine, whose formation is
catalyzed by serine racemase in both neurons and glial cells. (Paul and de Belleroche,
2012; Wolosker et al., 2008). Like glutamate, D-serine is a NMDA agonist and enhancer
of NMDA- dependent toxicity (Sasabe et al., 2007). Elevated D-serine level was observed
in ALS spinal cords and SOD1 transgenic mice, and there is a reverse correlation
between DAO activity and D-serine level in spinal cord. Suppression of DAO activity also
enhances the activation of NMDA receptors, proposing a direct link towards excitotoxicity
(Sasabe et al., 2012). However, although this evidence is consistent with the loss of
function hypothesis that DAO mutations cause pathogenicity by mediating the build-up of
synaptic D-serine, how the mutants promote ubiquitinated inclusions and cell death in

cultured cells remains to be elucidated (Mitchell et al., 2010).

112 Apotosis: a possible route to neuronal death

Although whether apoptosis plays a role in ALS pathogenicity is controversial, there are
many links between them. As opposed to necrosis (Type Il cell death), a term describing
premature cell death characterized by karyolysis, Apoptosis, or Type | cell death, is a
genetically controlled non-inflammatory process of cell death executed through
sophisticated signaling pathways. Apoptosis is characterized by a series of morphological
changes, including cell shrinkage, pyknosis, blebbing of cytoplasm and karyorrhexis
(Elmore, 2007). These changes are due to protein cleavage, crosslinking and DNA

fragmentation mediated by proteases, transglutaminase and endonucleases respectively.
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Apoptosis can be activated via intrinsic or extrinsic pathways and finally converges on the
execution pathway, which employs effector caspases, i.e. caspase-3, 6 and 7, to activate
enzymes such as endonuclease CAD, decomposing DNA at regular interval. Stimuli
targeting the intrinsic pathway initiate apoptosis by affecting the permeability of
mitochondrial membranes, after which cytochrome c is released to the cytosol and

activates caspase-9, which in turns activates caspase-3.

A link between ALS and apoptosis is Calcium overload and this can be induced by the
activation of NMDA receptors during excitotoxicity. Elevation of cytoplasmic calcium level
contributes to apoptosis by activating different components of the apoptotic cascade
(Orrenius et al., 2003). Oxidative stress may also increase cytoplasmic Ca?* concentration
by damaging Ca* transporting systems for the ER and mitochondria , the latter being the
main reservoir of Ca?* (McConkey and Orrenius, 1997). As described in Section 1.8,
apoptosis takes place when different mechanisms are triggered as during prolonged ER
stress caused by either protein misfolding or disrupted ER calcium homeostasis
(Nakagawa et al., 2000). Furthermore, there is evidence showing that Caspase-1 and
Caspase-3 are activated in SOD1 transgenic mice (Li et al., 2000; Pasinelli et al., 1998)
and that overexpression of BCL-2 delayed the onset and prolonged the survival of SOD1
transgenic mice (Kostic et al., 1997). However, it was also argued that morphological
changes in the motor neurons of these models did not match those seen in apoptosis

(Migheli et al., 1999).

1.13 Other forms of protein aggregates, FUS (ALS6) and TARDBP (ALS10)
mutations

TDP-43 is known as the major component of Ubiquitinated Inclusions (UBI), a pathological
hallmark of both ALS and Ubiquitin-positive frontal-temporal lobe dementia (FTLD-U,
Section 1.16), suggesting a unifying pathology between these conditions (Neumann et al.,
2006). Congruously, mutations in the gene TARDBP, which encodes TDP-43, were found
in autosomal-dominant inherited FALS (ALS10) (Sreedharan et al., 2008) and FTD
families with or without motor neuron degeneration (Benajiba et al., 2009; Borroni et al.,
2009). FALS patients with TARDBP mutations developed typical ALS with mean age of

onset and survival time of 47 years and 5.5 years respectively (Sreedharan et al., 2008).
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In addition, TARDBP mutations also cause TDP-43 positive pathology reminiscent of
those seen in SALS and FTLD-U (Van Deerlin et al., 2008). TDP-43 is a ubiquitously
expressed hnRNP protein that regulates DNA transcription, alternative splicing and RNA
stability and is normally localized in the nucleus (Tollervey et al., 2011). However, in
ALS/FTLD-U, TDP-43 is depleted from the nucleus forming hyperphosphorylated,
ubiquinated C-terminal aggregates in the cytoplasm (Neumann et al., 2006). Therefore,
pathogenic effects may be mediated by either loss of normal functions or gain of toxic

functions.

TDP-43 is a 414 amino acid protein containing two RNA Recognition Motifs (RRMs) and a
glycine-rich C-terminal region implicated in the binding of single stranded DNA and RNA
molecules (Mackenzie et al., 2010). TDP-43 preferentially binds UG rich regions in long
introns and may regulate splicing or expression of more than 100,000 targets genes
(Tollervey et al., 2011). It is known that, by interacting with the UG repeats in Exon 9 of
CFTR pre-mRNA, TDP-43 induces the skipping of Exon 9 (Buratti et al., 2001). Other
recognized splicing mechanisms regulated by TDP-43 include APOAIl Exon 3, SMN1/2
Exon7, SC35, HDACG6, and S6K1 (Buratti and Baralle, 2010; Fiesel et al., 2011). TDP-43
is also known to be a component of transport granules, processing bodies and stress
granules, which are important structures for the transportation, processing and

degradation of MRNA (Gendron et al., 2010).

A toxic gain of function effect may be mediated by the cytoplasmic TDP-43 aggregates.
The aggregates may directly contribute to axonal damages since overexpression of TDP-
43 (wild type) recapitulates ALS- phenotype and TDP-43 pathologies in transgenic mice
(Wils et al.,, 2010). TDP-43 aggregates induce cellular toxicity and apoptosis, impair
neurite growth (Zhang et al., 2009), and deplete normal nuclear TDP-43 (Yang et al.,
2010). Although mechanisms underlying aggregate formation remain elusive, it was
shown that a 25kDa TDP-43 C-terminal fragment, which can be generated by caspases,
was prone to form ubiquitin- positive inclusions (Zhang et al., 2009). The RRM2 motif was
necessary, but not sufficient, for aggregate formation (Yang et al., 2010). Caspases have
been implicated in different neurodegenerative conditions, for example, Caspase-3 is
activated in ALS transgenic mice (Li et al., 2000) and the knockdown of Progranulin

(PRGN) gene, a causal gene for FTLD, causes caspase-3 dependent cleavage and
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redistribution of TDP-43 (Zhang et al., 2007b). Another ALS candidate gene, VCP, also
regulates the distribution of TDP-43 (Gitcho et al., 2009).

The identification of TARDBP mutations led to the search of genes containing similar
domains within a linked region in Chromosome 16, and mutations in FUS gene were
identified in FALS kindred. Patients with FUS mutations developed typical ALS without
cognitive impairments. The mean age of onset was 44.5 years and mean survival time
was 33 months. In these patients, ubiquitin- positive and p62- positive inclusions were
rare. TDP-43- positive inclusions were absent and FUS- positive cytoplasmic inclusions
were found (Vance et al., 2009). FUS was subsequently shown to be a common
component of inclusions that are also immune-reactive for TDP-43 and ubiquitin in non-
SOD1 FALS and SALS (Deng et al., 2010). FUS mutations were also found in FTLD and
the FUS protein was identified in ubiquitin- positive, tau-negative, TDP-43 negative

inclusions found in FTLD patients, known as FTLD-FUS.

Fused in Sacroma (FUS) is a ubiquitously expressed nuclear protein sharing certain
functional and structural features with TDP-43. FUS was known to regulate gene
transcription, RNA splicing and nucleo-cytosolic mRNA transportation (Vance et al.,
2009). Most FUS mutations were found in the C-terminal region, which contains a R/G
rich region, a RRM domain and a Zinc finger domain (Lagier-Tourenne et al., 2010). It has
been demonstrated that cytoplasmic mislocalization of FUS can be caused by disrupting a
32 amino-acid nuclear localization signal at the C-terminal. This can be affected by some
truncating mutations. In addition, it has been shown that FUS mislocalisation is related to
methylation of Arginine residues which modulates Transportin-1 mediated nuclear import
of mutant FUS protein (Dormann et al 2012). Interestingly, mutant FUS protein interacts
with stress granule markers and, probably, processing bodies (Gal et al., 2011) and
overexpression of mutant FUS protein causes progressive paralysis reminiscent of ALS
accompanied by ubiquitinated inclusions in rats (Huang et al., 2011). Indeed, mutant FUS
proteins with defective RNA binding sites failed to induce neurodegenerative phenotypes
as the RNA-binding competent mutant FUS did in fly brains, indicating that RNA binding
capacity is required for mediating the pathogenic effects (Daigle et al., 2013). Taken

together, FUS and TARDBP mutations may cause deficits in mRNA quality control
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systems and these are important pathogenic mechanisms for ALS/FTLD-U (lto and

Suzuki, 2011).

1.14 The Ubiquitin-Proteasome System (UPS), autophagy and VCP mutations
(ALS14)

As summarized above, like many other neurodegenerative conditions, such as AD, PD
and HD, protein aggregation is an important feature of ALS. These aggregates exist in the
form of cytosolic inclusions and may mediate various toxic effects, causing neuronal
damages. Their formation is probably facilitated by defects in the protein-degrading
pathways. There are two systems through which misfolded proteins are eliminated in
eukaryotes—The Ubiquitin-Proteasome system (UPS) and Autophagy-Lysosome system.

One of the candidate genes characterized in this study, VCP, is involved in both systems.

In the secretory pathway, newly synthesized peptides are folded into their nascent state in
aid of molecular chaperones, such as heat shock protein 70, in the ER. This process
involves the formation of correct disulphide bonds which is allowed by the highly oxidative
environment in the ER. However, a considerable proportion of peptides that are not
properly folded or subjected to post-synthetically damage are degraded through the UPS.
In fact, the binding of misfolded proteins to HSP70 not only helps their refolding to the
proper structure, but also mediates their degradation (Goldberg, 2003). The UPS also
degrades normal, short-lived proteins and this was known to be important for cellular
processes such as the NF-kB pathway. UPS is a multi-staged system, in which the
proteins to be degraded are labeled with ubiquitin and have their peptide bonds
hydrolyzed in the 26S proteasome. Indeed, the fact that ubiquitin is present in most
inclusions, regardless of their component, found in ALS suggests that UPS is actively
involved in the elimination of these aggregates. This is supported by evidence showing
direct involvement of UPS in degrading mutant SOD1 proteins, but not wild type, in ALS
(Urushitani et al., 2002) as well as inclusions found in other neurodegenerative conditions

(Taylor et al., 2002).

The mechanisms of the UPS have been extensively reviewed (Ciechanover, 2006;

Glickman and Ciechanover, 2002). Brief speaking, the first step being the recognition of
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substrates, which are conjugated with ubiquitin in a three- step mechanism. Ubiquitin
molecules( Ub) are firstly activated by the ubiquitin-activating enzyme, E1, in an ATP-
requiring reaction generating E1-S-ubiquitin intermediate. The activated Ub then form
intermediates with Ubiquitin-conjugating enzymes, E2, which transfer the Ub to substrates
that are bound to the substrate-specific Ubiquitin ligases, E3. Catalyzed by E3, the Ub
molecules are covalently conjugated to the substrates and can be successively added to
the internal lysine residue of the previous Ub molecule, forming poly-Ub chains. The
second step in UPS is proteasomal degradation carried out in the 26S proteasome, which
consists a 20S core particle and a 19S regulatory particle. The 20S core particle is
enzymatically active, whereas the 19S regulatory particle is responsible for the recognition
of substrates. After degradation, Ub are released from the short peptides by

deubiquitinating enzymes and recycled.

Since ubiquitination and degradation take place in the cytoplasm, the substrates need to
be extracted from the ER prior to degradation through a process known as
retrotranslocation, and the whole machinery comprising recognition, translocation,
ubiquitination and degradation is known as ER-associated degradation (ERAD) (Yoshida,
2007). In the very first step of ERAD, unfolded proteins are recognized by ERAD
components such as EDEM, OS9, and XTP3B. After that, the misfolded proteins are
unfolded with the aid of enzymes that cleave disulphide bonds such as PDI and BiP
(Yoshida, 2007). The unfolded substrates then pass through a retrotranslocation channel
formed by components such as Derlin-1,VIMP and UBX2 on the ER membrane and this
process requires the protein VCP (p97), encoded by the gene VCP in which mutations
have been identified in FALS. VCP has been shown to connect Derlin-1 through VIMP,
recognise the substrates and present them to ubiquitin ligases E3 (Ye et al., 2004). VCP
can either promote or inhibit ubiquitination depending on the existence of different
cofactors (Halawani and Latterich, 2006). In fact, VCP is able to recognise both non-
ubiquitinated and ubiquitinated substrates through interacting with hydrophobic peptide
segments and poly-Ub chains, respectively. Once substrates are bound, the ATPase
activity of VCP is activated (Ye et al., 2003). Finally, VCP also participates in the delivery
of ubiquitinated substrates to the 26S proteasome for degradation (Weihl et al., 2009).
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There are further indications for the involvement of UPS in the pathogenic mechanism of
ALS. First, in addition to VCP, mutations in another UPS- related gene, UBQLNZ2, have
been identified in ALS and this will be discussed in Section 1.17.10. Second, UPS has
been shown to be a target of the toxic SOD1 aggregates (Urushitani et al., 2002). In the
presence of certain cytokines during infection or inflammation, the constitutive subunits of
the 20S catalytic core of the proteasome can be replaced by other homologs to form the
inducible proteasome (Bendotti et al., 2012). It has been shown in SOD1 mice that the
inducible subunits were overexpressed in the spinal cord, whereas the constitutive

subunits were decreased along with the activities of the UPS (Cheroni et al., 2009).

Autophagy, on the other hand, is a highly conserved pathway for the degradation of long-
lived proteins or cell components. There are three types of Autophagy, i.e.
Macroautophagy, Microautophagy, and Chaperone-mediated autophagy.
Marcoautophagy, the one implicated in neurodegeneration and a variety of pathogenic
conditions, refers to a process in which the cellular components to be degraded are
sequestered in vesicles and delivered to auto-lysosomes for breakdown (Yorimitsu and
Klionsky, 2005). This involves four distinct stages, which are vesicle nucleation, vesicle
elongation, formation of autophagosome and fusion with lysosome (Levine and Kroemer,

2008).

In mamillian cells, Autophagy is regulated in a complicated manner and can be induced by
a variety of stimuli (Mizushima, 2007). A well-known condition for induction is nutrient
starvation, such as the depletion of amino acids. Autophagy is suppressed by insulin and
induced by glucagon in liver cells. Different stimuli converge on autophagy regulators such
as mTOR, a Rapamycin target that inhibits autophagy by interacting with Autophagy-
related proteins 1 (Atg1) (Jung et al., 2010), and Beclin1 (Atg6)/PI3KIll, which, in contrast,
interacts with Atg9 and induces autophagy. After the induction stage, nucleation and
elongation stages take place in the participation of different members from homologs of
the ATG gene family. Membranes are recruited to from an elongating structure known as
phagophore, which sequesters the components to be degraded, and a double-membrane
vesicle known as autophagosome is then formed. The inclusion of substrates relies on the
cargo receptor LC-3, a mammalian homolog of Atg8, found in the inner membrane of the

autophagosome. The substrates targeted for autophagy can be recognized by

51



Sequestosome-1 (SQSTM1, Chapter 4), which interacts with LC-3, and shuttled into the
autophagosome (Bjgrkoy et al., 2005). In the final stage of Autophagy, autophagosomes
are fused with lysosomes to form autolysosomes. The contents are eventually degraded

by lysosomal hydrolases and released to the cytosol.

There is considerable evidence suggesting that Autophagy may contribute to the
pathogenesis of ALS, and this has been recently reviewed (Chen et al.,, 2012). The
evidence can be summarized into four aspects. First, there is increased autophagic
activity in the spinal cord of both ALS patients and SOD1 transgenic mice. (Hetz et al.,
2009; Zhang et al., 2011) and suppression of autophagy induced the formation of
neuronal inclusions and motor neuron degeneration in mice (Hara et al., 2006). Second,
both SOD1 and TDP-43 aggregates can be degraded through autophagy and enhancing
autophagy using rapamycin reduces both mutant SOD1 and TDP-43 aggregates in
cultured cells (Caccamo et al., 2009; Kabuta et al., 2006). However, it should be noted
that rapamycin also induces apoptosis in SOD1 transgenic mice (Zhang et al., 2011).
Third, Lithium, a modulator for autophagy, mediates neuroprotective effects and delays
disease progression in ALS patients (Fornai et al., 2008), although further confirmation is
needed (Aggarwal et al., 2010). Fourth, most importantly, several ALS related genes play
roles in pathways associated with autophagy. They are UBQLNZ2 (Section 1.17.10),
CHMP2B (Section 1.17.12), SQSTM1 (Chapter 3), DCTN1 and VCP. Mutations in
DCTN1, which encodes the p150 unit of dynactin, has been found in both FALS and
SALS (Munch et al., 2004). Dynactin is an activator for the motor protein dynein and
mediates the binding of cellular components to microtubules during vesicle transport,
including autophagosomes, and the fusion of autolysosomes may be interrupted when this
is impaired (Chen et al., 2012). In addition, VCP also has been shown to participate in
autophagy as loss of VCP causes accumulation of autophagosomes and failure of the
formation of autolysosomes (Ju et al., 2009). A detailed background of VCP will be

discussed in Chapter 3.

1.15 The NF-kB pathway: TDP-43 aggregates, SQSTM17 and OPTN mutations
ALS candidate genes SQSTM17 and OPTN both participate in the NF-kB pathway. NF-kB
is a widely expressed protein complex that regulates gene expression. Targets of NF-kB

are known to be involved in the regulation of immune responses, cellular stress, cell
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differentiation and apoptosis (Oeckinghaus et al., 2011). In the presence of various stimuli,
NF-kB can be activated through either canonical (common) or non-canonical pathways,
after which the activated NF-kB translocates to the nucleus and binds DNA sequences
known as kB sites (Reviewed by (Oeckinghaus et al., 2011) ). In the canonical pathway,
prior to activation, the NF-kB molecule, composed of two subunits, p65( RelA) and p50, is
bound to the inhibitor IkB, and this is known as the latent state. The pathway can be
activited by cytokine receptors such as IL-1R, TNFR and TLR4. Upon activitation, IkB is
phosphorylated by IKK, an IkB kinase consisting NEMO, IKKa and IKK(, and degraded by
the proteasome. This process releases NF-kB, which then enters the nucleus and
regulates transcription. In the non-canonical pathway, in contrast, the two subunits of NF-
kB complex are p100 and RelB. After induction of this pathway, activated IKKa
phosphorylates the p100 subunit, which is then partially degraded. Then, the active form

of NF-kB, consisting of p52 and RelB, enters the nucleus and regulates transcription.

Interestingly, the NF-kB pathway has been recently implicated as a possible route for
TDP-43 mediated toxicity (Swarup et al., 2011).It was shown in the study that TDP-43
activates the p65 subunit of NF-kB and that the expression levels of both TDP-43 and p65
are elevated in the spinal cord of SALS patients. The activation of NF-kB also contributes
to neuronal vulnerability caused by excitotoxicity and inflammation. Furthermore, ALS
candidate genes OPTN (Section1.17.8) and SQSTM1 (p62, Chapter 4) are both involved
in the NF-kB pathway. OPTN acts as a NF-kB inhibitor, whereas p62 mediates its
activation. When the Nk-kB pathway is activated through membrane receptors, an adaptor
protein TRAF-6 is recruited, and the enzyme aPKC is employed to activate the IKKs. p62
functions as a scaffold protein linking these two components. This pathway mediates the
NF-kB activation through the RANK receptor, which regulates the activation and
differentiation of osteoclasts when activated by RANK-L, and, therefore, Paget’s disease
of bone (PDB) is caused when the pathway is disrupted with SQSTM7 mutations
(McManus and Roux, 2012).

1.16 ALS-FTD and C90rf72 mutations
Despite being characterized by degeneration of the motor system, cognitive impairment

reminiscent of Frontotemporal dementia (FTD) is frequently noticed in ALS. FTD is a
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heterogeneous group of conditions caused by severe frontotemporal lobar degeneration
(FTLD) and it encompasses three groups of symptoms (Lillo and Hodges, 2009). @ The
behavioural variant of FTD (bvFTD) is characterized by profound changes in personality
and social behavior, apathy and alterations in appetite; 2) Semantic dementia (SD) is
marked by loss in semantic memory causing anomic aphasia, i.e. difficulties in naming
and comprehensions; 3 In Progressive non-fluent aphasia (PNFA), there are progressive
losses in phonological and grammatical abilities with preserved word comprehensions.
Cognitive impairments had been reported in 51% of SALS patients, 15% of which met the
diagnostic criteria for FTD (Ringholz et al., 2005). Conversely, motor neuron degeneration
had also been described in patients with initial diagnosis of FTD (Giordana et al., 2011).
ALS-FTD was reported to have shortened survival times compared to classical ALS

(Olney et al., 2005).

As previously mentioned, the clinical overlap between ALS and FTD is supported by both
pathological and genetic findings. Histological subtypes of FTLD are distinguished by
immunoreactive profiles (Giordana et al., 2011). A type of FTLD presents with tau-positive
inclusions which are found in other conditions such as Pick’s disease, corticobasal
degeneration and progressive supranuclear palsy, whereas TDP-43 is the major
component of tau-negative, ubiquitin-positive inclusions that are present in the most
common histological variety, FTLD-U (FTLD-TDP-43) (Weder et al., 2007). In addition,
FTLD-FUS refers to conditions where FUS-positive inclusions are found (Mackenzie et al.,
2010). TDP-43 and FUS were both found in ALS inclusions, suggesting a common

disease mechanism.

ALS and FTD co-exist in familial form of autosomal dominant inheritance and has been
linked to chromosome 9p21 (Vance et al., 2006). Analysis of Genome-wide association
signals narrowed the susceptible region to a 232kb LD block spanning three genes:
MOBKL2B, C9orf72, and IFNK (Mok et al., 2012) and it was recently confirmed that a
hexanucleotide GGGGCC expansion in the intron 1 of C90rf72 gene is responsible for the
linkage signal and segregates with disease (Renton et al., 2011). This will be further

discussed in Chapter 7.
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1.17 Other ALS Loci

1.17.1 Alsin (ALS2) mutations
Autosomal recessive juvenile amyotrophic lateral sclerosis (ARJALS) refers to a group of
rare forms of ALS presenting with onset before 25 years and long progression (Hamida et
al.,, 1990). There are three types of ARJALS and the loci for type 3 (ALS2) and type 1
(ALS5) were mapped to chromosome 2q33 and 15q15-22 respectively.

Sequence analysis of transcripts from Chromosome 2q33 resulted in the identification of
mutations in a gene with 34 Exons, ALS2 (Hadano et al., 2001). ALS 2 (ARJALS Type 3)
is characterized by juvenile onset, long survival time and prominent upper motor neuron
symptoms such as spasticity of limb, facial and tongue muscles resembling primary lateral
sclerosis (Hentati et al., 1998). ALS2 mutations are also responsible for Infantile onset
ascending hereditary spastic paralysis (IAHSP) and Juvenile primary lateral sclerosis

(PLSJ), which causes pure upper motor neuron symptoms.

Multiple mutations have been identified in this gene, most of which are frameshift and
nonsense mutations causing truncation of the protein. ALS2 is an 184kDA protein
containing motifs that are homologous to members of Guanine nucleotide exchange
factors (GEFs), which promote the dissociation of GDP from inactive GTPases. There are
three GEF domains in the Alsin protein. The RCC-1 like domain locating near the N-
terminal is a regulator for Ran GTPase, which was implicated in nuclear transfer and
chromatin condensation. The DH/PH domain, which locates in the middle part of protein,
and VPS9 domain, which located at the C-terminal, regulate the GTPases Rho and Rab5
respectively. Rho plays a role in the regulation of cytoskeleton and neuronal
morphogenesis, whereas Rab5 regulates vesicle trafficking (Otomo et al., 2003). There
are two alternative spliced transcripts of ALS2 producing a long, 1,659 amino acids, and a
short, 396 amino acids, proteins respectively. As reviewed by Chandran et al (2007),
phenotypes were initially reported to be associated with the length of mutants. Lower
motor neurons tend to be unaffected when the short form of ALS2 remains intact, leading
to PLSJ or IAHSP, but this has been complicated by a later observation that lower motor

neurons were not affected in some mutations affecting the short form of ALS2.
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More pathogenic consequences of ALS2 mutations have been revealed by the catalytic
activity of the VPS9 domain for Rab5. ALS2 may play a role in vesicle trafficking as it
promotes endosome formation though the activation of Rab5 located in endosomal
compartments (Otomo et al., 2003). The RLD domain, however, appeared to be a
negative regulator for Rab5 activation and it is able to bind the PDZ domains of Glutamate
receptor interacting protein (GRIP1), which interacts with a calcium-impermeable GIuR2
subunit of the AMPA receptor. It has been shown that dysfunction of ALS2 reduces the
presentation of GIuUR2 to the plasma membrane and enhances glutamate- induced
excitotoxicity (Lai et al., 2006). Although the lack of ALS2 was insufficient to induce a
motor neuron disease phenotype in knock-out mice, it did increase the vulnerability to

oxidative stress in cultured neurons (Cai et al., 2005).

1.17.2 18q21 (ALS3)
Chromosome 18921 has been linked to a European kindred presenting autosomal
dominant typical ALS. The mean age of onset was 45 years and survival time was 5 years.
The region defined by D18S846 and D18s1109 spans 7.5cM (8Mb) and contains 50

genes. No mutation has been identified to date (Hand et al., 2002).

1.17.3 SETX (Senataxin, ALS4)
ALS4 is the only form of dominantly inherited juvenile onset ALS. Onset is often seen
before the second decade witha slow progression and a normal life span. Affected
individuals usually present with distal weakness and wasting, pyramidal signs and normal
sensation (Chen et al., 2004). Linkage analysis of an 11-generation autosomal dominant
juvenile onset ALS pedigree from Maryland mapped the locus to a 5¢cM interval in
chromosome 9p34 (Chance et al., 1998). A mutation was subsequently identified in the
SETX gene in this kindred and two other mutations in the same gene were confirmed in
additional kindreds (Chen et al., 2004). SETX mutations were also found to be a cause of
Ataxia-oculomotor apraxia type 2, a syndrome comprising early onset cerebrellar atrophy,
axonal sensorimotor neuropthy, oculomotor apraxia and elevated serum AFP (AOA2,

OMIM 606002)

Senataxin shows homology to the fungal Sen1p protein, which possesses helicase activity

and is required for splicing and termination of tRNA, small nuclear RNA and small
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nucleolar RNA (Moreira et al., 2004). Senataxin is a 302.8 kD protein with a DNA/RNA
helicase domain at the C-terminal (OMIM 608465) and Chen et al (2004) described that
there are two main transcripts of 11.5kb and 9kb respectively. A nuclear localization signal
and an ATP/GTP binding site which is essential for the activity of helicases were also
identified . In addition, the C-terminal of Senataxin also shows homology to two other
members of the DExxQ-box family of helicases: RENT1/Upf1 and IGHMBP2. RENT1
plays a role in non-sense mediated RNA decay (NMD), whereas IGHMBP2 has been
known to bind a specific DNA sequence in the immunoglobin mu chain switch region
(Moreira et al., 2004). IGHMBP2 mutations have also been implicated in Spinal muscular

atrophy with respiratory distress type 1 (Tachi et al., 2005).

Recent research has revealed more about the roles that Senataxin plays in
neurodegeneration. Expression of full-length Senataxin alleviates oxidative DNA damage
in lymphoblastoid cell lines derived form AOA2 patients, indicating that the lack of helicase
activity may abolish the cell’'s ability to repair double strand breakage (DSB) damage
when subjected to oxidative stress (Suraweera et al., 2007). However, this can also be a
consequence of alteration in expression of other genes required for DNA damage repair,
which can be regulated by the Senataxin homolog Sen1 through regulating RNA
polymerase |l (Steinmetz et al., 2006). In agreement with this, it has been recently shown
that Senataxin regulates transcription termination by allowing the access of 5-3
exonuclease Xrn2 to RNA/DNA hybrid structures (Skourti-Stathaki et al., 2011). Senataxin
also regulates mRNA splicing (Suraweera et al., 2009) and neuronal differentiation by
promoting the expression of fibroblast growth factor 8 (FGF8) (Vantaggiato et al., 2011).
In conclusion, although the exact way in which SETX mutations cause neurodegeneration
has not been clarified, it is probably achieved by altering the expression of other genes

that are important for the survival of neurons.

1.17.4 SPG11, Spatacsin (ALS5)
Mutations in the SPG17 (Spatacsin) gene located in the Chromosome 15q15-22 locus
were recently found to be responsible for another form of ARJALS (type 1) , also known
as ALS5 (Orlacchio et al., 2010). This gene is also causal for Autosomal recessive
hereditary spastic paraplegia with thin corpus callosum (ARHSP-TCC) (Stevanin et al.,
2007). Onset of ARHSP-TCC is usually before the second decade. In ARHSP-TCC, there
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is progressive spasticity and stiffness of lower limb and mental retardation. Cognitive
impairments are occasionally observed (OMIM 604360). Age of onset of ALS5 ranges
from 8 -18 years old and progression is usually longer than ten years. In contrast to ALS2,
lower motor neuron symptoms being in limbs and upper motor neuron symptoms are

moderate in ALSS (Hentati et al., 1998).

Very little is known about the functions and pathogenic roles of Spatascin. Spatascin is a
2,443 amino acid protein that belongs to the Aromatic compound dioxygenase superfamily.
There are four transmembrane domains indicating functions as receptor or transporter.
Spatascin mutations are likely to cause disease in a loss of function manner, since most
of them are truncating mutations (Orlacchio et al., 2010). Spatascin is expressed in
neuronal cell bodies and co-localizes with markers for mictrotubules, endoplasmic
reticulum, mitochondria and vesicles involved in protein trafficking, suggesting roles in
axonal transport and vesicle trafficking (Murmu et al., 2011). Indeed, the major
pathological feature in Hereditary spastic paraplegia is the retrograde degeneration of
long nerve fibres in corticospinal tract and dorsal columns as a result of disrupted axonal
transport, cytoskeleton organization, membrane trafficking and mitochondrial metabolism
(Salinas et al.,, 2008). Given the fact that upper motor neuron symptoms also
predominates in ALSS5, it is likely that Spatascin has a crucial function in maintaining

adequate axonal nutrient supplies for neurons in the corticospinal tract.

1.17.5 20p13 (ALS7)
A 5Mb locus on 20p13 was reported to be shared by two out of 15 siblings in a FALS
kindred from Boston with a LOD score of >3.0. This was designated as ALS7. The mean
age of onset was 56.5 years and mean survival time was 2.9 years. However, this locus
has not been identified in any other kindred and additional information is needed for

confirmation (Sapp et al., 2003).

1.17.6 ALS9: Angiogenin (ANG)
The gene ANG encodes a protein essential for angiogenesis, Angiogenin, and is located
on chromosome 14q11. Angiogenin (ANG) facilitates the formation of new vessels by
mediating the degradation of basal membranes degradation and allowing migration of

endothelial cells. ANG not only binds to receptors on the endothelial cells, such as alpha-
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actin and ANG receptor, but also undergoes nuclear translocation in the target cells.
Target genes harbouring ANG-binding elements, i.e. [CT]n repeats, can be regulated in
this way. RNase activity, another property of ANG, is also necessary for its functions
[ reviewed by (Gao and Xu, 2008)]. It is noteworthy that ANG is required for cell
proliferation induced by other angiogenic proteins, such as Fibroblast growth factors
(FGF), Epidermal growth factor (EGF) and Vascular endothelial growth factor (VEGF)
(Kishimoto et al., 2005).

During hypoxia, Hypoxia inducible factors (HIF) upregulates VEGF and promotes
angiogenesis. Mice lacking HIF binding region in the promoter of VEGF gene developed
symptoms reminiscent of ALS, probably due to impairment in neural vascular perfusion
(Oosthuyse et al., 2001). Meta-analysis of subjects from Sweden, Belgium and England
showed that a risk haplotype in the promoter region of VEGF both conferrs risks of ALS

and correlates with the expression of the gene (Lambrechts et al., 2003).

Association studies indicated that a common coding SNP in APEX gene, located on
chromosome 14q11.2-12, is associated with ALS (Hayward et al., 1999). However, this
association was then later allocated to ANG, which locates 237Kb downstream to APEX
(Greenway et al., 2004). In the same study it was demonstrated that the SNP rs11701 in
the ANG gene is significantly associated with ALS and coding mutations were
subsequently identified in both FALS and SALS patients from the Irish/Scottish population
(Greenway et al., 2006). ANG mutations have been identified in ALS patients from
America, ltaly, France, Netherlands and Germany (Fernandez-Santiago et al., 2009).
ANG- ALS cases are typical ALS. Age of onset ranges from 27 to 76 years and survival
time ranges from 0.8 to 10 years (Greenway et al., 2006). K40l and C39W ANG mutations
may affect the active sites or folding of the protein, whereas S28N mutation was located
adjacent to the nuclear localisaziton sequence (NLS) and may impair nuclear import. Wu
et al (2007) showed that K171, S28N and P112L mutants failed to induce angiogenesis
and the RNase activity essential for ANG function was abolished. Q12L and K40l mutants
impaired neurite extension and reduced the survival of cultured motor neurons
(Subramanian et al., 2008). In addition, the cytotoxic effects of ANG mutants could be
explained by the motor neurons’ tendency to form stress granules (SGs), a structure

composed of sequestered ribonucleoproteins during cellular stress, when mutant ANG
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failed to induce RNA cleavage (Thiyagarajan et al., 2012). This provides RNA for the
assembly of SGs. RNA may be necessary for the assembly of SGs. For example, it has
been recently shown that TDP-43 inclusions are colocalized with SG markers, causing a
variety of pathogenic consequences (Li et al., 2013). RNase treatment abolished the
binding between endogenous TDP-43 and SG protein TIA-1, suggesting that the
interaction was dependent on RNA, which can be used as a therapeutic target (Liu-

Yesucevitz et al., 2010).

1.17.7 FIG4 (ALS11)
There is a genetic overlap between ALS11 and Charcot-marie-tooth disease (CMT) type
4 (CMT4J), which are both caused by FIG4 mutations. FIG4 encodes for
phosphastidylinositol 3,5- bisphosphate (abbrev: PI(3,5)P2 ) 5-phosphatase, also known
as SAC domain containing protein 3 (Sac3). The phosphastase FIG4 links with molecules
ArPIKfyve (VAC14) and PIKfyve, which has kinase activity, to form a complex (PAS
complex) that regulates the metabolism of PI(3,5)P2. The PAS complex therefore
possesses both phosphostase activity that removes a phosphate group of PI(3,5)P2 to
form PI3P and kinase activity that catalyzes the opposite reaction. PI(3,5)P2 is a less
abundant type of inositol phospholipids, which are membrane molecules playing important
cellular functions such as controlling membrane-cytosol interface, defining organelle
identity, membrane trafficking and cytoskeleton organization (Di Paolo and De Camilli,
2006). PI(3,5)P2 was known for its function in regulating membrane homeostasis in late
endosomes and a possible role in the retrograde transport from late endosome to trans-

glogi network via various effectors (Michell et al., 2006).

FIG4 mutations have been identified in both FALS and SALS. Clinical presentations were
typical and the FALS kindred were of dominant inheritance. Average age of onset of these
patients was 56 years and average duration time was 9 years (Chow et al., 2009a).
Variants found in FIG4 included two truncating mutations located upstream of the SAC
active site and two splice site mutations that were predicted to induce exon skipping. Two
missense mutations, D53Y and R388G, were shown to have deleterious effects on protein
function. 141T, the commonest F/IG4 mutation in CMT4J (Chow et al., 2007), was not
reported in ALS.
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A pathogenic model of FIG4 mutation has been proposed using 141T transgenic mice. It
was shown that the stability of FIG4 was maintained by VAC14, and the 141T mutation,
which abolished the interaction with VAC14, greatly reduced FIG4 activity and caused
neurodegeneration (Lenk et al.,, 2011). Loss of FIG4 in turn reduced PI(3,5)P2 and
resulted in vacuolization and accumulation of autophagy intermediates causing neuronal

damages (Ferguson et al., 2009a; Lenk et al., 2011).

1.17.8 OPTN (ALS12)

Homozygosity mapping and direct sequencing in an autosomal recessive consanguineous
Japanese ALS family revealed mutations in the Optineurin (OPTN) gene, including a
homozygous deletion of exon 5 caused by AluJ-mediated recombination and a nonsense
Q398X mutation. Q398X was further detected in SALS cases and an additional E478G
mutation was detected in an autosomal dominant FALS kindred (Maruyama et al., 2010).
Skein-like inclusions positive for OPTN, Ubiquitin and TDP-43 antibodies were observed
in postmortem spinal cord tissue of the E478G patient, and OPTN was further shown to
colocalize with SOD1 and FUS inclusions in patients with corresponding mutations (lto et
al., 2011b; Maruyama et al., 2010). Subsequent screening identified OPTN mutations in
cases from Germany (Weishaupt et al., 2013), Italy (Del Bo et al., 2011) and Holland (van
Blitterswijk et al., 2012b), giving mutation frequencies of 1-4% in FALS and <1% in SALS.
OPTN patients present with typical ALS with variable age of onset ranging from 24 to 83
years, and their survival time ranges from 0.75 to 25 years. In addition, OPTN is a causal
gene for primary open angle glaucoma (POAG) and a risk factor for Paget's disease of
bone (PDB) (Albagha et al., 2010), and the latter can also be caused by SQSTM1
mutations. The fact that both SQSTM7 and OPTN are implicated PDB and ALS highlights
their functions in NF-kB pathway (Section 1.15).

OPTN is known as an inhibitor of NF-kB by competing for the binding sites of NF-
kP essential modulator (NEMO), which activates the TNF-a dependent NF-kB pathway
(Zhu et al., 2007). In POAG mouse models, overexpression of an OPTN E50K mutation
led to neuronal death probably by abolishing the interaction with Rab8 and propagating
oxidative stress (Chi et al., 2010). In contrast, ALS- associated OPTN mutations mediate
loss of function effects. Mutant OPTN proteins lack the ability to inhibit NF-kB (Maruyama

et al., 2010) and knockdown of OPTN in cultured cells results in inappropriate activation of
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NF-kB and promotes cell detath (Akizuki et al., 2013). OPTN also interacts with different
proteins involved in vesicle trafficking. One of such is Myosin VI, which is involved in bot