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Abstract

Parkinson’s disease (PD) is an aetiologically complex, progressive and debilitating
neurodegenerative disorder that primarily affects the elderly population. It is
characterised clinically by the presence of motor symptbms including resting tremor,
bradykinesia and rigidity; pathologically by neuronal loss within mid brain regions
and intraneuronal inclusions comprising numerous protein aggregates. Disease risk
factors are both environmental and genetic. To date, at least 10 genetic loci are
implicated and specific mutations have been identified in SNC4, PRKN, UCH-LI,
DJ-1 and PINKI. Variability within the MAPT gene has also been associated with

disease risk.

Population isolates are a powerful tool for the dissection of genetically complex
disorders, due to expected genetic homogeneity and linkage disequilibrium (LD)
levels. This project has focused upon a population isolate from Trondheim, central
Norway, in which most individuals with PD show no family history of disease. In the
first study of the genetic factors involved in PD within the Norwegian population, we
chose to investigate recessive (PARK2, PARK6 and PARK7) and susceptibility

(MAPT and PARK10) loci, which may manifest as sporadic disease.

Analysis of PRKN (PARK2) suggested that this locus contributes to PD in the
Norwegian population and that the high frequency of the A82E mutation in the
Trondheim community is due to a founder effect. In addition, a novel proline
insertion mutation was identified. Detailed examination of the MAPT H1 haplotype
associated with parkinsonism, showed that ‘H1’ consists of a group of related but
distinct haplotypes, one of which is preferentially associated with PD. The variability

most associated with disease was shown to lie at the 5° end of MAPT, encompassing




exons 1 to 4. Candidate gene analysis and novel multipoint LD mapping methods at
PARK10 identified two genes, EPS15 and NRDI, which may also contribute to PD
risk. Further molecular genetic analysis will contribute to the understanding of
pathogenic mechanisms through the use of cellular and animal models, and ultimately

the development of both palliative and preventative therapies.
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1.1 Parkinson’s Disease

It was almost 200 years ago that James Parkinson first described the disorder that
today bears his name (Parkinson 1817). Parkinson’s disease (PD) is an aetiologically
complex, progressive and debilitating neurodegenerative disorder that primarily
affects the elderly population. Current estimates indicate there may be four million
people suffering from the disease worldwide and as life-expectancy increases, so the
socioeconomic burden of PD will likely escalate (Guttman et al. 2003b)

(http://www.roche.com/home/healthcare).

1.1.1 Clinical Features

Parkinson’s disease can present with a range of clinical manifestations, primarily
motor disturbances. A 4-6Hz tremor, most prominent in the resting state, is often the
first sign. In addition, rigidity (resistance to passive movement, typically in
‘cogwheel’ fashion), bradykinesia (decreased capability to move rapidly, or rapidly
alternate between different movements) and postural instability (particularly loss of
balance) are other manifestations that comprise the ‘cardinal features’ of PD. Tremor
and rigidity are typically worse in one side of the body in early stages of the disease
(asymmetry at onset) (Lang and Lozano 1998). The term ‘parkinsonism’ refers to any
combination of resting tremor, rigidity, bradykinesia, postural disturbances and the
freezing phenomenon (feet transistantly ‘glued to the ground’) which may or may not

be due to PD itself (Fahn 2003).

Other motor disturbances are often present: gait disturbances including shuffling and

stooped posture with reduced arm swing; hypomimia (manifest as ‘mask like’ facial

14



expression); hypophonic, monotonal speech; drooling; micrographia and bradygraphia

(Dauer and Przedborski 2003).

Non-motor disturbances can also present in varying degrees. Depression may be the
most common of these, occurring in as many as half of all patients and may precede
motor dysfunction (McDonald ef al. 2003). Dementia is also an important feature in
the elderly; a new diagnosis is made more than six times more often in PD patients
than in elderly PD-free controls and occurs in more than half of patients over 85 years
(Lang and Lozano 1998). Two-thirds of patients also report sleep disorders, including
difficulties in initiating and maintaining sleep, parasomnia and excessive daytime
sleepiness (Garcia-Borreguero et al. 2003). Other features can include emotional
rigidity, diminished novelty seeking, increased apprehension and subordinate
behaviour; characteristics associated with a ‘parkinsonian’ personality (Bodis-
Wollner 2003). Mortality in PD is more than twice that expected compared with age-

matched controls and life-expectancy is markedly reduced (Guttman et al. 2003a).

The spectrum of clinical features associated with PD contend that this is a complex
disorder and there is no biological marker that unequivocally confirms a diagnosis
(Lang and Lozano 1998). The age of onset is also variable (ranging from the 2™ to
the 8™ decade) with a mean around 55 years. A clinical diagnosis usually includes the
presence of bradykinesia in addition to at least one other cardinal symptom (rigidity,
tremor, postural instability) with asymmetry at onset, good response to I-DOPA and

progressive disease course (Gelb et al. 1999; Litvan et al. 2003).

Other disorders can also present with parkinsonism (‘parkinson-plus’ syndromes),
including multiple-system atrophy (MSA), progressive supranuclear palsy (PSP),

corticobasal degeneration (CBD), dementia with Lewy bodies (DLB), fronto-temporal

15



dementia with parkinsonism (FTDP), Hallervorden-Spatz disease and several of the
spinocerebellar ataxias (SCAs) (Lang and Lozano 1998; Gwinn-Hardy 2002).
‘Secondary’ parkinsonism can also be induced by drugs (dopamine receptor blockers
and storage depletors), infection (encephalitis), brain tumour, head trauma or
exposure to certain chemicals (e.g. MPTP (Section 1.1.6), cyanide) (Fahn 2003). A
definitive diagnosis of PD is usually made post-mortem, thrbugh pathological
examination of affected brain regions (Gelb ef al. 1999). Pathological support for a

clinical diagnosis is usually observed in ~80% of cases (Dekker et al. 2003).

1.1.2 Pathology

Pathologically, PD is characterized by the progressive loss of a selective but
heterogeneous population of neurons. Cell loss primarily occurs in the substantia
nigra pars compacta (SNpc) and the locus coeruleus (LC). These regions consist of
neuromelanin-containing neurons that are deeply pigmented and as such their absence
is readily noticeable at neuropathological examination (Aminoff 2001). Figure 1.1.2a

shows PD-associated cell loss in the SNpc.

Nigral cells synthesize dopamine, providing dopaminergic input to the caudate
nucleus and putamen (collectively termed ‘striatum’). The striatum is one of the
nuclei composing the basal ganglia, which is an important centre for the control of
movement. Operation in the basal ganglia is mediated through the direct and indirect
actions of the neurotransmitters dopamine, GABA, glutamate and acetylcholine. The
actions of dopamine and acetylcholine are opposing, hence the reduction in striatal
dopamine (particularly to the putamen) arising from SNpc neuronal degeneration
means that the striatum is relatively over stimulated by cholinergic pathways. This

results in an increase of inhibition of thalamo-cortical and midbrain tegmental
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neurons and is believed to account for most of the motor symptoms of PD. Symptoms
typically manifest when >60% of the SNpc cells are lost in addition to a striatal
dopamine reduction of ~80%. Although the dopaminergic tract is primarily affected,
the noradrenergic, serotonergic and cholinergic systems are also disturbed due to cell
loss in the LC, raphe nuclei and the nucleus basalis of Meynert, generally in severe or
late stages of disease (Lang and Lozano 1998; Dauer and Przedborski 2003). Figure
1.1.2b depicts the sites of neurodegeneration and neurochemical pathways disturbed

in PD.

Another important pathological feature in PD is the Lewy body (LB). Lewy bodies
are spherical intraneuronal cytoplasmic inclusions with a dense core and clear halo,
usually greater than 15uM in diameter. They are found in surviving cells of affected
brain stem and basal forebrain regions and are composed of numerous proteins
including a-synuclein, ubiquitin and neurofilaments. Immunostaining with anti-a-
synuclein reveals an intensely immunoreactive core, surrounded by a less reactive
halo, whereas anti-ubiquitin reactivity is more diffuse (Figure 1.1.2c). Lewy-like
pathology is also found in neuronal processes (‘Lewy neurites’) (Lang and Lozano

1998).

The specific role of LBs in PD is unclear, as they are found in other neurological
disorders such as DLB and Alzheimer’s disease (AD), Down’s syndrome and also
incidentally in old age (Gwinn-Hardy 2002; Dauer and Przedborski 2003). However,
a correlation between LB burden and degree of dementia has been noted (Apaydin et
al. 2002). The inclusions may provide a mechanism to detoxify potential cytotoxic
species within the cell, but although dopaminergic cell loss reflects that of PD, LBs
are not generally found in autosomal recessive juvenile parkinsonism (ARJP) (Feany

and Pallanck 2003).
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Figure 1.1.2a Post Mortem Examination of the SNpc

Pigmented neurons of the SNpc (arrowed) in normal individuals and their loss in PD is
readily noticeable at post mortem examination.
From http://www.swmed.edu/stars/images/neurodisslides

Normal PD

Figure 1.1.2¢ Lewy Bodies

Lewy bodies in dopaminergic cells of the SNpc immunostained with anti-a-synuclein (A) and
anti-ubiquitin (B). From Dauer and Przedborski (2003).
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Figure 1.1.2b Sites of Neurodegeneration and Neurochemical Pathways Involved
in PD

Sites of cell loss are shown in light blue. Neurochemical pathways are shown as coloured
arrows (red, dopaminergic; green, noradrenergic; blue, serotonergic). Cholinergic pathways
are also affected, as the nucleus basalis of Meynert is a wide-acting source of acetylcholine.
Adapted from Lang and Lozano (1998).

Globus pallidus Caudate nucleus

CORONAL
SECTION

: ¢ | Putamen
OR% S30

Thalamus -\
Nucleus basalis >
of Meynert '.
MIDBRAIN
‘ _ Substantia
- ‘ “"nigra pars
compacta
IR, R e Locus coeruleus
PONS .
Raphe nuclei

MEDULLA

19



1.1.3 Epidemiology

A number of epidemiological studies measuring the prevalence (proportion of the
population who have disease at a point in time) and incidence (rate at which disease is
diagnosed in a population during a specific time interval) of PD have been undertaken
(Siderowf 2001). Estimations of the crude prevalence of PD in London, UK in 1997
were 128/100,000 individuals, amounting to 0.1% of the population at that time
(Schrag et al. 2000a). Prevalence measures, however, are prone to underestimation
due to disease-associated mortality, and thus incidence studies may more likely reflect
the true pattern of PD in populations. Incidence estimates within different worldwide
populations vary: the highest are reported for North America and Europe (11-20 and
5-26/100,000/year, respectively) and lowest for China (1.5/100,000/year) (Twelves et

al. 2003).

Variation between different ethnic groups has also been noted. In a multi-ethnic
population of California, USA, Van Den Eeden and colleagues report that incidence
in Blacks is lowest (10.2/100,000/year) followed by Asians (11.3), non-Hispanic
Whites (13.6) and Hispanic/Latinos (16.6) (Van Den Eeden et al. 2003). However, it
is difficult to make meaningful geographical/ethnic comparisons as incidence studies

rarely follow consistent methodologies (Twelves et al. 2003).

1.1.4 Risk Factors

One of the most consistent risk factors associated with PD is increasing age; incidence
rapidly increases after the age of 60 years (Van Den Eeden et al. 2003). Incidence
studies stratified for sex have also found up to a two-fold increase in PD amongst men

compared to women, although these are not consistent findings (Twelves et al. 2003).
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Family history of PD is also consistently associated with increased risk (Tanner and
Aston 2000). Recent studies show patients report PD in family members almost three
times more often than do controls (Kuopio et al. 2001). Risk was also increased
almost eight-fold and three-fold in relatives of early-onset and\ late-onset PD,
respectively (Payami et al. 2002). However, familial occurrence of PD does not
necessitate a genetic influence but may reflect shared eprsure to environmental risk
factors. In addition, ~95% of PD cases are sporadic (show no family history) (Dauer
and Przedborski 2003) although this could reflect recessive loss-of-function

mutations.

A number of environmental risk factors have been reported. These include
occupational exposure to heavy metals (e.g. iron, lead and copper), the herbicide
paraquat, the pesticide rotenone and accidental exposure to a toxic compound named

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (reviewed by Di Monte 2003).

Increased risk has also been reported in association with increased dietary intake of
iron and manganese, living in rural environments and the consumption of well water
(Priyadarshi et al. 2001; Powers et al. 2003). Conversely, a decreased risk | is
associated with exposure to nicotine and caffeine (Ross and Petrovitch 2001).
However, it is unclear whether these agents are protective or that ‘addictive
behaviours’ are a phenotype of individuals less likely to develop PD for other reasons
(Siderowf and Stern 2003). The consumption of a low-calorie diet is also inversely

related to risk (Mattson 2003).

1.1.5 Genetic Defects

Most PD cases are sporadic and family history of disease could implicate a shared

environmental aetiology (Section 1.1.4). However, twin studies can be useful in
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of disease (Tanner et al. 1999). In such a study, Tanner and colleagues (1999) studied
the concordance rates for PD in seventy-one pairs of monozygotic (MZ) and ninety
pairs of dizygotic (DZ) twins. Where the first twin was diagnosed at >50 years,
similar concordance rates were found (MZ=0.106; DZ=0.105). However where onset
occurred before or at 50 years, complete concordance (1.0) was observed for the MZ
group, albeit n=4 (DZ=0.167). This suggests that a genetic contribution to disease
may be more important in earlier onset cases, although the authors concede that the

cross-sectional nature of the study may have been a limitation.

Piccini and colleagues (1999) evaluated concordance amongst MZ and DZ twins,
although this was longitudinal and used '®Fdopa positron emission tomography (PET)
to assess subclinical striatal dopamine dysfunction. Concordance based on imaging
data was 55% and 18% in the MZ and DZ groups respectively (p=0.03). During a
seven-year follow up period, asymptomatic MZ co-twins showed progressive loss of
dopaminergic function and four developed clinical PD. Combined concordance for
PD, based on dopaminergic dysfunction and clinical diagnosis, were 75% in MZ
twins (n=12) and 22% in DZ twins (n=9) (p=0.02). Variability in rates of loss of
dopaminergic function amongst MZ co-twins and variability in latency periods within
MZ co-twins indicates that genetic causes are heterogeneous and may be modified by

the environment (Piccini and Brooks 1999).

A large population based study undertaken in Iceland has also implicated the
importance of genetic factors (Sveinbjornsdottir et al. 2000). Familial clustering of
disease, beyond that of the nuclear family, with complex modes of inheritance, was
demonstrated. Parkinson’s disease patients were also found to be more related than
unaffected individuals, on the basis of ‘kinship coefficient’ (defined as the probability

that any particular allele in two individuals was inherited from a common ancestor) at
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all ages of onset. Relative risks for siblings (6.3) and offspring (3.0) indicate that
whilst genetics may play a role (in particular, recessive inheritance of susceptibility),

shared environmental factors early in life may also contribute.

Debate on the relative contribution of genes and the environment in the aetiology of
PD may continue. However, during the last seven years causal mutations in five

genes have been identified in the pathogenesis of PD.
1.1.5.1 Dominant Genes — a-synuclein and UCH-L1
a-synuclein (SNCA, PARK1)

In 1990, an autosomal dominant form of PD was described in a large Southern Italian
kindred (Golbe et al. 1990). Ensuing investigations led to the identification of a
missense mutation in the a-synuclein gene (SNCA) on chromosome 4q22.1 (PARKI)
(Polymeropoulos et al. 1997). The mutation, a G to A transition at base pair 209
causes the substitution of amino acid alanine with threonine at codon 53 (AS3T).
This mutation was also identified in a number of Greek PD families. Further
investigation revealed a haplotype shared by affected members of both the Italian and
Greek families, suggesting the mutation descended from a common founder
(Athanassiadou ef al. 1999). A second mutation, A30P, was identified in a German
pedigree with early onset PD, albeit without pathological confirmation (Kruger ef al.
1998).  Screening in other sporadic and familial cases failed to reveal missense
mutations (Farrer et al. 1998; Vaughan ef al. 1998; Wang et al. 1998). AS3T has
been reported in 13 Greek/Italian families, whereas there have been no further reports
of A30P (Mori et al. 2003). More recently, an E46K substitution was identified in a
Spanish kindred (Zarranz et al. 2004). Genomic triplications of the SNCA locus have

also been reported to cause a severe phenotype with early onset, cognitive decline and
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also been reported to cause a severe phenotype with early onset, cognitive decline and
dementia in two unrelated families (Singleton et al. 2003; Farrer et al. 2004). SNCA
duplication has been reported in a further family with a phenotype more consistent

with typical PD (Chartier-Harlin 2004).

Polymorphisms have been identified in the SNCA gene promoter (Xia ef al. 1996) and
have been associated with PD (Kruger et al. 1999; Tan et al. 2000; Farrer et al.
2001b; Pals 2004). Gene expression has also been correlated with promoter allelic

variability (Chiba-Falek and Nussbaum 2001).

The a-synuclein protein is abundant in presynaptic terminals and is thought to exist in
equilibrium as a soluble monomer and a membrane-bound oligomer. Its normal
physiological function may have a role in the modulation of synaptic vesicle function
and the regulation of dopamine release (reviewed by Lotharius and Brundin 2002;

Orth and Tabrizi 2003).
UCH-L1 (PARKS)

Ubiquitin C-terminal hydrolase (UCH-L1) is abundantly expressed in brain, as well as
being present in Lewy bodies (Lowe et al. 1990). Belonging to a family of
deubiquitinating enzymes, it is thought to cleave polymeric ubiquitin to monomers
playing a role in the the recycling of ubiquitin ligated to misfolded proteins after
degredation by the ubiquitin proteasome pathway (UPP). In addition, it may
hydrolyse bonds between ubiquitin and other small molecules (Larsen et al. 1998). A
mutation in exon 4 of the UCH-L1 gene at chromosome 4p14 (PARKS) was identified
in an affected sib-pair of German descent, suggestive of autosomal dominant

inheritence with clinical symptoms of typical PD. This mutation results in the
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193M is thought to be only a very rare cause of PD (Harhangi et al. 1999; Lincoln et
al. 1999), however a polymorphism has been inversely associated with PD in a
number of studies (Maraganore et al. 1999; Wintermeyer et al. 2000; Zhang et al.
2000a). This coding variant, resulting in the substitution of serine to threonine at
codon 18 (S18Y) is also associated with a later age’of ohset within cases (Elbaz et al.
2003). In vitro studies have shown that 18Y has comparable hydrolase activity to the

wild-type enzyme, but reduced ligase activity (Liu et al. 2002).

1.1.5.2 Recessive Genes — Parkin, DJ-1 and PINK1

Mutations have been identified in three genes which contribute to recessively
inherited parkinsonism, these are Parkin (PARK2), DJ-I (PARK7) and PINKI

(PARKG).

Parkin was initially implicated in a very early-onset form of parkinsonism in the
Japanese (ARJP) (Kitada et al. 1998). However, Parkin mutations are now known to
account for the most number of parkinsonism cases due to genetic factors.
Approximately 50% of familial cases and 15% of sporadic cases with early onset (<45
years) are accounted for by Parkin, in a variety of populations (Lucking et al. 2000;
Periquet et al. 2003). Mutations in DJ-I can also cause early onset parkinsonism
(Bonifati et al. 2003) but may be a somewhat rarer cause of disease (Ibanez ef al.
2003). The most recent gene to be identified is PINKI, mutations in which have been
reported in two families with early onset parkinsonism (Valente et al. 2004). There
have been no reports, as yet, of screening in other early onset cases. Parkin, DJ-1 and

PINK]1 are discussed in Chapter 3.
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1.1.5.3 Other Linked Loci

Linkage of autosomal dominant disease has also been reported for a further two loci,
PARK3 (chr 2p13) and PARKS (chr 12p11.2-q13.1). As well as these ‘causal’ loci
(i.e. simple ‘Mendelian’), susceptibility loci for late onset disease are thought to exist
at PARK10 (Chr 1p32) and PARK11 (Chr 2q36-37). Known genes and other loci
implicated in PD are summarised in Table 1.1.5a (?oiynieropoulos et al. 1997; Gasser
et al. 1998; Kitada et al. 1998; Leroy et al. 1998; Funayama et al. 2002; Hicks et al.

2002; Bonifati et al. 2003; Pankratz et al. 2003; Valente et al. 2004).

Genome scans have identified additional genomic regions that may harbour
susceptibility genes for late-onset disease. These include chromosome 1q, 5q, 8p, 9q,
10q, 16q, 17q, and X (DeStefano et al. 2001; Scott et al. 2001; Hicks et al. 2002).
Loci influencing the age of disease onset have been reported at chromosome 1p
(overlapping PARK10), 2p13 (overlapping PARK3), 9q, 10q, 17p, 20 and 21

(DeStefano et al. 2002; Li et al. 2002).
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Table 1.1.5a Loci Implicated in PD

S S ﬁﬁge of AOO - - .
Chromosome Locus Gene in years (mean) Phenotype Reference
Autosomal dominant
2p13 PARK3  Unknown 36-89 (58) PD, LB Gasser et al, 1998
4p14 PARKS UCH-L1 49-51 (50) PD, pathology unknown Leroy et a/, 1998
4q21.3 PARK1 Alpha-synuclein 20-85 (46) PD,D, LB Polymeropoulos et al, 1997
12p11.2-q13.1 PARK8 Unknown 38-68 (53) PD, pathology unknown Funayama et al, 2002
Autosomal recessive
1p35-6 PARKE PINK1 32-68 PD, pathology unknown Valente et a/, 2004
1p36 PARK? DJ-1 27-40 (33) PD, pathology unknown Bonifati ef al, 2003

16g25.2-27 PARK2  Parkin 6-71 PD Kitada et a/, 1998
Susceptibility

1p32 PARK10 Unknown (65) PD, pathology unknown Hicks et a/, 2002
2q36-37 PARK11 Unknown (58) PD Pankratz, ef a/ 2003

AOO=age of onset; PD=Parkinson’s disease; LB=Lewy bodies; D=dementia
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1.1.5.4 Candidate Gene Analyses

Variability within a number of candidate genes has also been assessed, leading to the

identification of further loci implicated in the pathogenesis of PD.
NR4A2

The nuclear receptor family member NR4A2 (also known as NURRI) is involved in
the development and survival of dopaminergic cells (Bannon et al. 2002). Le and
colleagues identified two heterozygous variations (exon 1 -291Tdel and -245T—G) in
the NR4A42 gene, in ~10% of their familial patients (n=107) with a phenotype of
typical PD. The mutations result in a decrease in NR442 mRNA levels and affect the
transcription of the tyrosine hydrolase (TH) gene (the rate limiting factor in the
synthesis of dopamine) and enhance transcription of the dopamine transporter (DAT)
(Le et al. 2003). Mutations within NR442 may be rare in PD (Wellenbrock et al.
2003; Zimprich et al. 2003), although allelic variability may be important. A one
base-pair insertion in intron 6 (7048insG; NI6P) has been associated with PD both in
the homozygous form (Xu ef al. 2002) and in the heterozygous form (Zheng et al.

2003).
NF-M

Cytoskeletal proteins comprise a large proportion of the proteins found in LBs,
including the heavy (NF-H), medium (NF-M) and light (NF-L) neurofilament
subunits (Galvin et al. 1997). A heterozygous glycine to serine substitution was
identified at amino acid 336 (G336S) of the gene encoding NF-M (NF-M) in a patient
with an age of onset at 16 years. The substitution occurs within an evolutionary
conserved region and is postulated to disrupt interactions with other neurofilament

subunits. However, three siblings who were unaffected in the third and fourth decade
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were also heterozygous carriers, indicating that either the mutation is not fully

penetrant or is incidentally carried and not related to PD (Lavedan et al. 2002).
BDNF

Single nucleotide polymorphisms (SNPs) within 18 genes potentially involved in PD
were analysed in an association study carried out in the Japanses population. These
genes were chosen based on functions involving the metabolism, reception or
transportation of dopamine, nerve growth factors and receptors and the metabolism or
transportation of toxins. Remarkable results were found only for the brain derived
neurotrphic factor gene (BDNF) in which a valine to methionine substitution at codon
66 (V66M) was found in the homozygous state more frequently in PD cases than in

controls (p=0.019) (Momose et al. 2002).
MAPT

Mutations in the microtubule associated protein tau gene (MAPT) were initially
implicated in FTDP (Hutton et al. 1998), but variation may play a role in
susceptibility to a broader group of parkinsonian disorders. MAPT and its association

with PD is discussed in Chapter 4.
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1.1.6 Mechanisms of Neurodegeneration

Results of studies exploring both environmental and genetic causes of parkinsonism
are beginning to shed light upon the mechanisms that result in neurodegeneration.
These involve protein misfolding and impairments in the ubiquitin proteasome

pathway (UPP), mitochondrial dysfunction and oxidative stress.

The normal process of cellular mitochondrial respiration generates reactive oxygen
species (ROS) that can induce cellular damage by reacting with DNA, proteins and
lipids, if not properly dealt with. The metabolism of dopamine (DA) generates the
ROS hydrogen peroxide and superoxide radicals, and auto-oxidation of DA produces
DA-quinone, which causes protein damage by reacting with cysteine residues.
Therefore, the substantia nigra is particularly vulnerable to oxidative stress.
Evidence of impairments in mitochondrial complex I activity are found in sporadic
PD, which also lead to oxidative stress (Dauer and Przedborski 2003; Dawson and

Dawson 2003).

The parkinsonism environmental risk factors MPTP, paraquat and rotenone (Section
1.1.4) are potent complex I inhibitors. The reactive metabolite of MPTP, MPP+, is
selectively taken up by dopaminergic neurons through the dopamine transporter
(DAT). The parkinsonian effects of MPTP were first noted in humans through
accidental exposure to the compound (Langston et al. 1983). In non-human primates
administration of MPTP causes tremor, rigidity, akinesia and postural instability
(which are responsive to I-DOPA and dopamine agonists) and dopaminergic cell loss,
similar to that seen in PD (Orth and Tabrizi 2003). Paraquat and rotenone

administration to mice and rats, respectively, also result in dopaminergic cell loss
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accompanied by a-synuclein containing inclusions (Betarbet et al. 2000; McCormack

et al. 2002).

The a-synuclein protein itself may also play a part in promoting oxidative stress.
Protofibrillar a-synuclein (the precursor of a-synuclein fibrils found within LBs) may
have a permeabilising effect upon vesicles which is exacerbated by familial PD
mutations. This could allow leakage of dopamine to the cytoplasm, where it may
participate in reactions leading to oxidative stress (Kaplan et al. 2003). Additionally,
familial PD mutations may inhibit the formation of vesicles from early endosomes,
thereby reducing the availability of dopamine sequestering vesicles leading to an to

accumulation of dopamine within the cytoplasm (Lotharius and Brundin 2002).

As well as the cellular energy failures resulting from oxidative stress, a defective UPP
is implicated in neuronal death. In comparison to age matched controls, alpha
subunits of the 26/20S proteasome are diminished and activity of 20S is impaired in
the SNpc of sporadic PD patients (McNaught ef al. 2003). Identification of familial
mutations in Parkin (Section 3.1.1.1) and UCH-L1 (Section 1.1.5.1), whose protein
products are involved in the UPP, also support this notion. Aggregated protein
products of a-synuclein, another gene implicated in familial PD, have also been

shown to bind and inhibit function of the proteasome (Snyder et al. 2003).

Protein mishandling may also contribute to SNpc pathology. In a drosophila model,
directed expression of the molecular chaperone HSP70 prevented a-synuclein induced
dopaminergic neuronal loss and disruption of endogeneous chaperone function
accelerated a-synuclein toxicity. The LBs in sporadic PD also immunostain for some

chaperone proteins (Auluck et al. 2002). Loss of the putative chaperone function of
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DJ-1, in the alleviation of misfolded proteins, may also contribute to proteolytic stress

(Dawson and Dawson 2003).

1.1.7 Treatment

There currently are no preventative or curative treatments for PD although palliative
therapies exist which may ameliorate symptoms of the disorder. I-DOPA (3,4-
dihydroxy-L-phenyalanine, the metabolic precursor of dopamine) replacement
therapy is particularly useful for easing bradykinesia and acts by restoring striatal
dopamine levels (through the conversion of I-DOPA to dopamine in remaining
neurons).  Replenishment of dopamine, through the implantation of fetal
dopaminergic cells has also been demonstrated to reduce motor deficits (Isacson et al.
2003). Although /-DOPA is the most effective drug to treat PD, response can begin to
fluctuate (‘wearing-off> effect) after ~5 years of treatment; ~60% of patients develop
these complications (Fahn 2003). In addition, /-DOPA-induced dyskinesias,
particularly chorea and dystonia, are a troublesome side-effect of this therapy and can

effect up to 50% of patients on long-term /-DOPA therapy (Fahn 2000).

Other symptomatic therapies include dopamine agonists (which act by directly
stimulating dopamine receptors) and catechol-methyl transferase (COMT) inhibitors
(these indirectly increase available dopamine by reducing its conversion to a substrate

competitor) (Aminoff 2001).

Surgical procedures may provide benefit. Stimulation of the sub-thalamic nucleus or
globus pallidus have been associated with improvements in bradykinesis and rigidity
(Guttman et al. 2003a). This can allow the reduction of I-DOPA dosage and therefore

may also reduce associated dyskinesias (Fahn 2003).
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Glial cell line-derived neurotrophic factor (GDNF) is a potent neurotrophic factor
with restorative effects in a variety of rodent and primate models of PD. An initial
trial involving infusion of GDNF to the putamen of human patients suggested this
form of therapy may be potentially useful not only in restoring dopamine function but
also reducing dyskinesias (Gill et al. 2003). The use 6f recombinant adeno-associated
and lentiviral systems to deliver GDNF are underway in animal models of PD. These
offer the prospect of longer term delivery (Kirik et al. 2004). Neuroprotective
treatments that slow disease progression are also under investigation, and include
administration of co-enzyme Q10 which has anti-oxidant properties (Muller et al.

2003).
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1.2 Linkage Disequilibrium

Linkage disequilibrium (LD) is defined as the non-random association of alleles at
adjacent loci. Loci and thus their allelic variants are expected to segregate
independently in a randomly mating population. However, if a particular allele at one
locus is found together on the same chromosome with a specific allele at a second
locus, more often than expected by chance, then the loci are in linkage disequilibrium

(Cardon and Abecasis 2003).

Linkage disequilibrium is initially created when a new allelic variant arises on the
background of a particular haplotype; linkage disequilibrium between this and nearby
marker loci will exist until it is broken down. Meiotic recombination is the most
common destroyer of LD, through the physical shuffling of chromosomal segments,
although there are many factors that can affect LD in the human genome. These
include genetic drift, population growth, admixture, natural selection and gene
conversion. Genetic drift refers to changes in haplotype frequencies during the
production of a finite number of offspring; this will tend to increase LD in small,
stable populations. Conversely, rapid population growth decreases LD through the
reduction of genetic drift. Admixture, the mating of individuals from distinct
populations, can increase LD if allele frequencies are sufficiently different between
the populations. Natural selection can increase LD, through the ‘hitchhiking’ of
haplotypes flanking favourable variants. The effect of gene conversion (the transfer
of a short stretch of DNA from one chromosome to another during meiosis) is similar
to that of two closely spaced recombination events and therefore can reduce LD

(reviewed by Ardlie et al. 2002).
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1.2.1 Measuring Linkage Disequilibrium

A simple quantification of LD is a measure known as D, which is given by Pag-PaPs,
where Pjp is the frequency of the observed haplotype containing alleles at loci A and
B, and PPy is the expected frequency of the haplotype dependent upon the relative

frequencies of alleles at A and B (Weiss and Clark 2002).

D is dependent on the particular allele frequencies under observation and so is often
scaled to D’ (given as D/Dmax, where Dmax is the maximum value of D obtainable,
depending upon allele frequencies). Values of D’ can take the range —1 to 1. Values
of |1| indicate ‘complete LD’ and occur when all copies of a particular allele are found
exclusively with a particular allele at the other locus, such that three out of a possible
four haplotypes are present (whether D’ values are positive or negative depends on
the arbitrary labelling of alleles). D’ is also not without constraints, in particular
small sample sizes can cause artificial inflation, especially when allele frequencies are

low (Zondervan and Cardon 2004).

A third measure of LD is r* (sometimes denoted as A%), calculated by D¥ PoPgP,Ps
(where P, and P, are the alternate allele frequencies at loci A and B). The measure
ranges from 0 to 1, where 1 indicates ‘perfect LD’ (only two of a possible four
haplotypes exist). Perfect LD between two loci means that information for one of
these is redundant, but intermediate values are useful for mapping puposes. If one of
the markers is in LD with a nearby unknown disease locus, the sample size must be
increased by approximately 1/f* in order to have the same power to detect an

association with the disease locus itself (Pritchard and Przeworski 2001).
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1.2.2 Variability Between Populations and Genomic Region

Early estimations of LD through simulation predicted that useful levels of LD (for
mapping purposes — Section 1.3) would extend only 3 Kb in the general outbred
human population (Kruglyak 1999). Empirical data from 19 randomly selected
genomic regions showed that LD typically extends 60Kb in North American
individuals of Northern European descent and <5 Kb in éNigerian population (Reich
et al. 2001). Lonjou and colleagues (2003) reported varying overall levels of LD in
different populations, with Europeans and sub-Saharan Africans showing the most

and least extensive LD, respectively (Lonjou et al. 2003).

Reich and colleagues (2001) also found intrapopulation LD variability between
genomic regions. For example, |D’[>0.5 for at least 155 Kb around the WASL gene
(chromosome 7) but for less than 6 Kb around the PCI gene (chromosome 14) (Reich
et al. 2001). Other studies have indicated patterns of LD in the human genome

exhibit a ‘block-like’ structure (Cardon and Abecasis 2003).

1.2.3 Haplotype Blocks and Haplotype Tagging Single Nucleotide Polymorphisms

Extensive regions showing strong LD interspersed with (usually smaller) regions in
equilibrium are typically manifest as regions of limited haplotype diversity (hence the
term ‘haplotype block’). Block-like patterns of LD have been observed on
chromosome 5q31 (Daly et al. 2001), the HLA locus on chromosome 6 (Jeffreys et al.
2001) and throughout chromosomes 21 and 22 (Patil et al. 2001; Dawson et al. 2002).
A larger scale study over 51 genomic regions also suggests that haplotype blocks may
be a general phenomenon in the human genome (Gabriel et al. 2002) and again,
population variations (in terms of block-length) are apparent. The processes

underlying the block structure of LD may be complex, although punctate
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recombination may be a central factor (reviewed by Cardon and Abecasis 2003); this
refers to the hypothetical distribution of ‘recombination hot-spots’ — localised

chromosomal sites where recombination is recurrent.

The identification of haplotype blocks has led to the_ prospect of using ‘haplotype
tagging Single Nucleotide Polymorphisms’(htSNPs) in association studies, under the
assﬁmption that much of the vériation can be ideﬁﬁﬁed w1th a smﬂler subset of SNPs,
i.e. those that ‘tag’ a haplotype (Johnson et al. 2001). Their use has the potential to
significantly decrease genotyping costs without loss of power. The HapMap project
is attempting to resolve the haplotype block structure of the human genome with the
view of making whole genomewide association studies (Section 1.3) feasible in all

populations (Cardon and Abecasis 2003).

Haplotype blocks have been defined in terms of pairwise measures of LD (Daly et al.
2001; Gabriel et al. 2002) where a block is defined as a region where all pairwise
statistics are above an arbitary level. Other studies define a block as a region where
inferred haplotypic diversity is low and a small number of haplotypes account for the
majority observed (Daly et al. 2001; Zhang et al. 2002). It has been proposed that it
is inefficient to treat blocks as independent units when selecting htSNPs, since LD
may extend over more than one block and that describing LD patterns in terms of
common haplotypes is not useful for the study of rare variants. This has led to the
concept of a ‘metric LD map’, with map distances akin to the centiMorgan (cM) scale
of classical linkage maps and LD patterns expressed as linkage disequilibrium units
(LDUs) at physical locations. One LDU corresponds to one ‘swept radius’, the
average useful extent of LD, the distance in Kb at which LD has declined to ~1/0.37
of its starting value (Maniatis et al. 2002). Tapper and colleagues (2003) used this

approach to construct a metric LD map of chromosome 22, providing a framework on
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which to base optimal spacing of SNPs for genome-wide association mapping studies
(Tapper et al. 2003). They also showed that LD patterns defined by LDUs shows a
stronger association with recombination (measured by cMs) than that of D’, on which
the first generation LD map of chromosome 22 was constructed by Dawson and

colleagues (2002).
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1.3 Association Based Gene Mapping

Past successes in disease gene mapping have largely relied upon linkage analysis in
mutligenerational families (pedigrees) which evaluates recombination events under a
precise model of disease inheritance. Mutations that have been identifed in this way
tend to be monogenic, highly penetrant, fairly uncommon in the general population
and inherited consistent with Mendelian rules of segregation (Rannala 2001). In
contrast, complex diseases are more frequent and likely controlled by multiple factors,
each having only a modest effect on risk. These include both genetic (common, low
penetrance variants) and environmental factors. In complex disorders, ‘disease genes’

are ‘susceptibility genes’ rather than true causal agents (Cardon and Abecasis 2003).

Linkage analysis has had some success in identifying genetic components of some
non-Mendelian disorders, for example that of the human leucocyte antigen which
plays a role in type 1 diabetes (Concannon et al. 1998). However, it is likely that
susceptibility genes confering only modest to moderate genotypic relative risk (GRR
— the ratio of disease risk associated with a susceptibility genotype compared to the
risk associated with an alternative genotype) will not easily be identified through
traditional linkage studies. Population-based association studies are also expected to
be more powerful as they are not limited by the number of recombination events that
have taken place during a few generations within families, but exploit the many
recombination events in the history of a population. Most studies to date have
focused upon localised regions based on biological function (candidate genes) or
those highlighted by linkage analysis, although whole genome scans may soon

become feasible (Zondervan and Cardon 2004).
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1.3.1 Study Design

The phenomenon of LD is the key underlying principle in association based gene
mapping and has led to the expectation that disease susceptibility can be identified
through the assessment of neutral genetic variation. SNPs are convenient markers for
use in association studies bepause of the relrativer ease of high-throughput genotyping
and abundance throughout the genome (estimated at every 200-300 bp) (Salisbury et
al. 2003). However, SNP frequencies are variable between populations (Consortium

2003).

At the population level, association studies are typically implemented in a case-
control design. Genotype/allele frequencies at (usually) neutral loci are compared
between unrelated individuals with disease (cases) and normal individuals (controls);
a simple approach is to use a 2 test or Odds Ratio (Section 2.3) (Rannala 2001).
Significantly higher frequencies or ORs>1 in the case group is taken as evidence that
the allele/genotype is associated with increased risk of disease, conversely lower
frequencies in cases or ORs<1 imply a protective effect. This may be because the
locus itself affects disease risk. Alternatively and more often than not, it is in LD with
and thereby acts as a marker for the disease susceptibility allele (indirect association)
(Hirschhorn et al. 2002). The amount of LD that exists between the marker and
susceptibility allele will therefore determine the power to detect an indirect
association between the two (Zondervan and Cardon 2004). The pattern of LD across
the human genome is likely to be highly variable so should be empirically assessed at
the chromosomal location under study, before deciding upon the position and density

of markers (Ardlie et al. 2002).
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There are also other factors that can affect the power to detect an indirect association
between a neutral variant and a susceptibility locus. The ‘effect size’ of (risk
associated with) a susceptibility allele can influence the size of the sample required to
detect association. It has been estimated that 500-1,000 cases and controls would be
required for marker ORs>2-3; around 5,000 for ORs ~1.2-1.3 (assuming complete LD
between marker and susceptibility variant). Frequency of marker and susceptibility
alleles also influences the likelihood of detecting association, and in general detection
power is greatest when the frequencies of both of these are equal (Zondervan and

Cardon 2004).

Perhaps with the exception of a few studies, including the association between the
apolipoprotein E (APOE) €4 allele with Alzheimer’s disease, case-control studies
have typically shown inconsistent results (Hirschhorn et al. 2002). Common
criticisms include small sample sizes, insufficiently stringent significance measures,
biased publication of results and poorly matched control groups (Cardon and Bell

2001).

Population stratification bias can be introduced when case and control samples
include individuals from genetically distinct populations; differences in allele
frequencies may emerge at all loci that differentiate these groups, whether they are
associated with disease or not, leading to false or ‘spurious’ association. Spurious
associations may also arise in recently admixed populations (Pritchard and Rosenberg
1999). Methods have been developed to account for such confounding demographic
factors. For example, population structure is expected to have a similar effect on all
loci throughout the genome. Therefore, if a positive association is found at a
candidate locus within a structured case-control sample, it is likely that there will be a

high rate of significant association at other unlinked markers. Genomic control (GC)
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methods use genomic information from a number of markers (~30 SNPs) to adjust the
significance level for a standard y” test of association (Devlin et al. 2001). Structured
association (SA) methods use multilocus genotype data to identify subpopulations of
genetically similar individuals; allowance for this is made when testing for association

(Pritchard e al. 2000).

A number of family-based association tests have been developed to overcome the
problem of population stratification — these use controls selected from the families of
affected individuals. An early implementation was the transmission-disequilibrium
test (TDT) (Spielman et al. 1993). This test classifies parental alleles into those
transmitted and not transmitted to affected offspring. The untransmitted alleles serve
as controls, and are therefore appropriately ethnically matched. This approach has the
potential to assess parent-of-origin differences and possible genotype errors.
However, some information is effectively thrown away; only heterozygous parental
genotypes may be used, as the transmitted allele cannot be identified if homozygous
in the parent. In addition, in its original form, the TDT‘requires genotypes from
affected offspring and two parents, for the rough equivalent of one case and control;
more time-consuming and also more expensive. Moreover, assembling family-based

samples may be problematic for late-onset disease (Rannala 2001).

The use of discordant sibling pairs (pairs comprising one affected and one unaffected
sibling) may be practical where parental DNA is unattainable and uses the unaffected
sibling as the matched control (Spielman and Ewens 1998). Family-based
approaches, however, may suffer a loss of power to detect association, in comparison
to using unrelated population-based controls even when samples sizes are similar

(Risch 2000).
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Despite much concern over demographic factors that can potentially influence
population case-control studies, there is little reported empirical evidencé that could
be the result of fundamental study design flaws. It has been suggested that related
controls may not be required if investigators adhere to good study design principles
(Cardon and Palmer 2003). Other bias can be introduced by inherent epidemiological
differences between case and control groups due to cohort effects. These refer to the
possibility that different birth cohorts may have different ethnic backgrounds; gene
frequencies may be altered by demographic shifts in the population, related to historic
migration patterns during a particular time period. Another concern is that cohorts
may have different histories of exposure to environmental risk factors. Prevalent case
bias can also be a concern, especially for chronic diseases of old-age. Genetic factors

associated with survival may be over-represented in these cases (Edland et al. 2004).

1.3.2 Population Choice

Although admixture can be a potential confounder in case-control analyses at apecific
loci, admixture can be advantageous for low resolution association mapping at the
genome level (genome scan). When individuals from two genetically distinct
populations mate, the next generation is likely to display increased amounts of LD at
both linked and unlinked loci. Although the LD will decay over time, it will do so
more rapidly for unlinked markers, leaving considerable local LD. This increased LD
means that less markers are required for a first pass genome scan; optimal conditions
for the identification of disease association will exist with minimal genetic variation
(homogeneity) within the parental populations and maximum variation between them

(McKeigue 1998; Terwilliger and Weiss 1998).
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The reduced number of SNPs and disease mutations in isolated populations (also
referred to as ‘founder’ populations) suggests that they have less genétic
heterogeneity than the general population, making them attractive choices for
association mapping studies (Shifman and Darvasi 2001). Population isolates start
with a small group of founders and many experiénce ‘bottlenecks’ (an extreme
reduction in population size followed by expansion of a random sample of the original
population) alternated with population growth. War, famine and infectious diseases
are among the factors contributing to population bottlenecks. As the population
rebounds from the crash, it experiences more inbreeding and genetic drift.
Immigration can counteract the isolation effects if it occurs before there is a marked
increase in population size (Peltonen et al. 2000). Reduced heterogeneity also has the
effect of increasing genotypic relative risk and hence the ability to identify disease
alleles. Genetic similarities help to reduce background ‘noise’ which can obscure
association signals (Zak et al. 2002). Population isolates can also be expected to
display differing amounts of allelic diversity - the number of unrelated founders,
timing of bottleneck and expansion events, ages and sizes of the population will all

impact this variability (Laitinen 2002).

Small isolated populations may be expected to display increased levels of LD over
physical distances >200kb, in comparison with large outbred populations. This is
attributable to smaller generation number and therefore reduced recombination which
is the most common destroyer of LD over longer distances (Shifman and Darvasi
2001). Long-range LD, such as is observed in some sub-populations of Finland
(Varilo et al. 2003) and inhabitants of the Faroe Islands (Jorgensen et al. 2002) may
be beneficial for low resolution whole genome scans, as the number of markers can be

considerably reduced. Of course the trade off comes in the fine-scale mapping stages
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- the extent of LD will determine the resolution that association mapping is able to
localise the physical position of a susceptibility variant. It is in these stages of the
mapping process that an outbred population, exhibiting shorter-range LD, may be
expected to be more advantageous. Other advantages of outbred populations are that
there may be more affected individuals, more opportunity for replication, and the
susceptibility loci identified may be more applicable to the general population.
Isolates, however, are more likely to have shared environmental exposures, which is
desirable considering the common conception that many complex disorders are, to
varying degrees, the result of an interaction between both genes and the environment
(Peltonen et al. 2000; Laitinen 2002). Wright and colleagues suggest that genetically
simplified isolates are more useful than diverse populations for mapping complex trait
loci, under most disease model assumptions (Wright ef al. 1999). However, the value
of isolated populations has been contested, both with regard to the likely extent of LD
(Eaves et al. 2000) and genetic homogeneity (Arnason ef al. 2000) in comparison to

outbred populations.
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1.4 The Population of Norway

Up until ~13,000 years ago, much of the Scandinavian Peninsula in Europe was
covered by icy vastness during the Last Glacial Maxim (LGM). However, climatic
changes around that time exposed the region allowing for colonisation to take place.
Archealogical and genetic data suggests this was undertaken by settlers from what is
now central Europe (Germany/Poland and surrounding regions) (Passarino et al.
2002). The Kingdom of Norway, occupying the western and northern regions of the

Scandinavian Peninsula, officially came into being in 900 AD, under Harald ‘the

Fairheaded’ (http://www.worldinfozone.com/facts.php?country=Norway) (Figure

1.4a).

In 1349 the “Black Death™ swept through the kingdom and killed over a third of its
inhabitants.  This dramatically reduced the population to 100,000-150,000
(http://www.worldinfozone.com/facts.php?country=Norway). Presently, Norway has
a population of ~4.5 million (2002 estimate) and immigration to the country is low

(http://www.wikipedia.org/wiki/Norway) (Gedde-Dahl 1973). Consequently,

Norwegian ethnicity in the country is high; only ~2% of the population are of non-

Norwegian descent (http://www.wikipedia.org/wiki/Norway). A Y chromosome

haplotype that is common in Norwegians and rare within other Europeans also

suggests that the population has been isolated within Europe (Passarino et al. 2002).

Population growth in Norway during the last two centuries has been relatively low
and stable. Small populations that have remained stable in size over long periods
have shown potential for mapping complex disease traits based on both experimental
and empirical data. The advantages are that single founder mutations are not

necessary and that extensive LD is likely to increase, not dissipate over time, around
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the disease locus due to the effects of genetic drift (Wright et al. 1999). Figure 1.4b
shows Norwegian population growth, in comparison to that of the outbred population

of the UK, during the last two centuries.
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Figure 1.4a Map of Europe

The Kingdom of Norway occupies the western portion of the Scandinavian Peninsula
(Adapted from www.abcn.com/images/map)
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peninsula
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Figure 1.4b Population Growth in Norway and the UK During the Last Two
Centuries

The Norwegian population is small and stable in comparison to that of the UK
(Created using data from http://www.library.uu.nl/wesp/populstat/Europe/).
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1.5 Project Aims

Although much progress has been recently made in the understanding of the processes
involved in parkinsonism (Section 1.1.6), our knowledge is far from complete and
current treatment strategies cannot halt or prevent the process of neurodegeneration
(Section 1.1.7). Investigation into genetic causes of PD has and will likely continue
the advancement of understanding (Dawson and Dawson 2003), such that the disease
will no longer be the cause of a diminished quality of life to patients and family, and

an economic burden to the rest of society (Schrag et al. 2000b; Guttman et al. 2003b).

Families with causal mutations account for only a small percentage of parkinsonism
cases (Dekker et al. 2003) whereas susceptibility variants are likely to influence
disease risk, prognosis and response to treatment in the larger population (Rannala
2001). The present study is fortunate in having access to a large case-control series
from central Norway and aims to exploit the genetic heritage of this population isolate
to investigate risk factors for parkinsonism. In the majority of Norwegian
parkinsonism cases, parents were not affected so the focus will be upon recessively

inherited and oligogenic (susceptibility) loci.

The first aim of this project is to examine monogenic recessive loci implicated in
parkinsonism — PARK2, PARK6 and PARK7 (Chapter 3). The second aim is to
investigate the MAPT H1 haplotype, variability in which is associated with
parkinsonism susceptibility (Chapter 4). The third aim is to identify a novel
parkinsonism susceptibility variant that has been linked to PARKI0 at chromosome

1p32 (Chapter 5).
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2 Materials and Methods
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2.1 Materials

2.1.1 Chemicals

Agarose, High Melt/Medium Fragment (Mercury)

Boric Acid, Dimethyl sulfoxide [DMSO], EDTA disodium salt, NaOH, Tris base,

Orange G, Glycerol (Sigma)

Hi-Di Formamide (Applied Biosystems)

2.1.2 Solutions

Conc NaOH solution (100 ml)

NaOH 200g
dH,O to 100 ml
0.5M EDTA pH 8.0 (500 ml)

EDTA disodium salt 93.05g
dH;O to 500 ml

Adjusted to pH 8.0 with conc NaOH solution
TBE Buffer 10X (1000 ml)

Tris base 108 g
Boric acid 55¢g

0.5 M EDTA solution pH 8.0 20 ml
dH,O to 1000 ml
TBE Buffer 1X (1000 ml)

TBE Buffer 10X 100 ml
dH,O to 1000 ml
Agarose Gel Loading Buffer 6X (GLB) (10ml)
Orange G (2%) 1 ml

Glycerol 6 ml

dH,O 3 ml
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2.1.3 Enzymes
Restriction Enzymes for SNP genotyping (New England Biolabs or Roche)

Shrimp Alkaline Phosphatase [SAP] (Roche)

2.1.4 Size Markers
1Kb DNA Ladder (Invitrogen)
GeneScan® 400HD ROX Size Standard (PE Applied Biosystems)

GeneScan® 120LIZ™ Size Standard (PE Applied Biosystems)

2.1.5 Molecular Biology Kits

BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems)
Montage™ Seq96 Sequencing Reaction Cleanup Kit (Millipore)
Multiscreen™ PCR Cleanup Plates (Millipore)

QIAquick Gel Extraction Kit (QIAGEN)

SnaPshot™ Multiplex Kit (ABI PRISM)

Taqg DNA Polymerase Kit (Tag DNA polymerase 1000U/ml, PCR Buffer 10X, Q

Solution 5X, MgCl, 25mM) (QIAGEN)

2.1.6 DNA Samples

The samples used in this study originate from the Trondheim region of Norway.
Trondheim is the ancient Norwegian capital dating back to the year 997AD. The
population of the city today is around 150,000 individuals and immigration to the area

is low (http://www.stud.ntnu.no/~ragnvald/trondheim/historie-eng. html).
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DNA was available for 317 PD patients (cases). These were sequential new referrals
to the Department of Neurology, University of Trondheim, Norway between May
1998 and January 2003. Eighty-one percent of these (n=258) resided within
Trondheim or a 50 mile radius, 19% (n=61) resided in the surrounding district within
a 200 mile radius. Median age of disease onset was 60 years (range 25-88 years),
mean current age was 68 years (range 40-93 years) and 62% were male. Twenty-two

percent had a reported family history of PD/parkinsonism.

All cases were examined using standardised protocols by a single neurologist
. specialised in movement disorders (Dr. Jan Aasly, Department of Neurology,
University of Trondheim, Norway). Inclusion criteria were asymmetric rest tremor,
rigidity and bradykinesia. Patients with three cardinal signs, together with a positive
response to I-DOPA were grouped as probable PD, possible PD included two signs
and at least moderate effect to /-DOPA and atypical PD showed no or minimal effects
of I-DOPA. Follow-up visit attempts were made not to include patients with only
transient effects of I-DOPA, ecarly gait instability and restriction of ocular gaze who
might represent PSP. One case (P038) was autopsy confirmed and thus classified as
definite PD. Appropriate institutional review and informed consent was obtained.
Appendix 6 details sex, age, age of disease onset, disease classification and family

history of PD/parkinsonism information for all cases.

A total of 452 control DNA samples were available and came from volunteers
recruited from the Department of Opthalmology, University of Trondheim or from the
local blood bank. Median current age was 61 years (range 50-100 years). All control

individuals resided within a 50 mile radius of Trondheim and 57% were male.
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All case and control inviduals are Caucasian and have self-reported Norwegian
ancestry dating back at least 4 generations. Sample collection was ongoing
throughout the time course of this study, therefore analyses were performed on

subsets of the complete series, depending upon availability at the time.

2.2 Labcratory Methods

2.2.1 Quantification of DNA

DNA which had previously been extracted and suspended in TE buffer was diluted
1:100 with dH20. Absorbance of this was measured at a wavelength of 260/280nm
on a DU650 Spectrophotometer (Beckman Coulter). Concentration in ng/pl was

calculated according to Beer-Lambert law, by the following equation:
(Abs260/280) * 50 * 100
50 = molar extinction coefficient of DNA, 100 = dilution factor

DNA samples were subsequently diluted to a concentration of 25ng/pl with dH,O.
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2.2.2 General PCR

PCR was carried out in a volume of 25ul (or doubled to 50 pl if product was to be

subsequently used for sequencing reactions or DHPLC SNP genotyped), and

contained:
ul
a Forward primer (20pM) 1.0 (0.8uM)
b Reverse primer (20pM) 1.0 (0.8uM)
¢ dNTPs (25mM) 1.0
d 10X PCR buffer 2.5
e Template DNA (25p.g) 1.0
f Tag DNA polymerase 0.1
g dH,0 variable
h Qiagen Q solution ‘ 5.0
i DMSO 1.25
J MgCl; (25 mM) 1.0
TOTAL 25.0

Ingredients a-g (blue) were standard to all PCR mixtures, h-j (italics) were
incorporated as necessary depending on individual reaction requirements. Ingredients
of the various PCR mixture are shown below:

PCR Mix 1 a-h

PCR Mix 2 a-g, i

PCR Mix 3 a-h, j
PCR Mix 4 a-g

Reactions were carried out on a Hybaid Multiblock system thermal cycler (Thermo-
Hybaid) with a ‘touchdown’ method, whereby annealing temperature decreases

through the cycle, according to the following:
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Initial denaturation
Denaturation
Annealing
Extension
Denaturation
Annealing
Extension
Denaturation
Annealing
Extension

Final extension

Temperature (°C) Time (mm:ss) No. of cycles

95
95
A

72
95
B

72
95
C

72
72

A= Starting annealing temperature

05:00
00:15
00:30
00:45
00.15
00:30
00:45
00:15
00:30
00:45
02:00

18

B=A-0.5, then decreasing by a further 0.5 every subsequent cycle until C is reached
C=Final annealing temperature

For most reactions A and B were 65°C and 55°C, or 60°C and 50°C respectively,

depending upon specific melting temperatures of primers.
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2.2.3 Restriction Enzyme Digest of PCR Product

Restriction enzymes digests were carried out in a total volume of 30pul, containing the

following:

ul
PCR product 25.0
10X enzyme buffer 3.0
Enzyme (2 units) variable
dH,0 variable
10X BSA variable
TOTAL 30.0

Reaction mixtures were incubated overnight at the temperature required for the

specific activity of each enzyme, then stored at -20°C.

2.2.4 Agarose Gel Electrophoresis

Ethidium bromide agarose gels (agarose, 1X TBE, 0.005% ethidium bromide (v/v))
were cast at a percentage specific to the size and required separation of products.
Typically a 1% (w/v) gel was used for checking PCR products, whereas the separation
of restriction enzyme digest products required 2 or 3% gels. Gels were immersed in
1X TBE, then 6X GLB was added to samples before loading. A voltage of 15V/cm
gel length was applied until the required resolution of products was achieved. DNA
fragments were visualised using a TFM-30 transilluminator (UVP, Inc.) and digital

images captured by the LAS-1000plus imaging system (Fuj ifilm).

2.2.5 Purification of DNA Fragments From Agarose Gel

Products to be purified were electrophoresed until resolved then excised with clean

blades. QIAquick Gel Extraction Kits were used to extract DNA from the agarose
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gel. Products were typically eluted into 30 pl of elution buffer, quantified and diluted

as Section 2.2.1.

2.2.6 Single Nucleotide Polymorphism Genotyping
2.2.6.1 Restriction Enzyme Digest

Some SNPs create or deétroy a restriction enzyme recognition site and so can be
genotyped by digesting a suitably sized PCR product with an appropriate enzyme.
Primers were designed to amplify the region around the SNP by PCR (typically
between 300 and 500 bp in length). PCR products ideally include a second site for
the enzyme, which is not polymorphic, as an internal check that the enzyme is
functioning as expected, although this was not possible for all SNPs typed in this
manner. The PCR products were then digested and resulting fragments agarose gel
electrophoresed. An example is shown in Figure 2.2.6.1a. The SNP variants are G
and T. The G variant creates a recognition/digest site for the Dde I enzyme. The
PCR product also contains another Dde [ site, hence the 128 bp band is the internal
control; other combinations of bands are seen according to genotypes of either GG,

GT or TT.
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Figure 2.2.6.1a SNP Genotyping by Restriction Enzyme Digest

A) SNP assay design, with resulting fragment (band) sizes according to possible genotypes.
B) Individuals are genotyped by agarose gel electrophoresis of digest fragments.

A
Recognition
Sequence |Band sizes (bp)
SNP variants | Enzyme (SNP) GG GT 1T
GIT Dde | CATNAG 262,128,686 | 348, 262, 128,86 | 348, 128

1 Kb

ladder

genotype

348 tp
262 tp

128 tp

86 bp
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2.2.6.2 Primer Extension

SNP genotyping using a primer extension method involves the single base pair
extension of an oligonucleotide primer. PCR amplification of the region surrounding
the SNP is firstly performed. Secondly, an oligonucleotide (sequencing primer,
typlically 15-35 bp in length) is designed to anneal to the sequence one base 5’ of the
SNP. A sequencing feaction is tﬁeﬁ carried out to exiend one base pair 3’ from this
primer. As flourescently labelled deoxyribonucleoside triphosphates (adenosine,
cytidine, guanosine, thymidine; dNTPs) are used, they can be detected and will
determine the SNP variant, i.e. if the extension nucleoside is G, then the SNP variant
is C. Multiple SNPs can be typed in one reaction, provided the sequencing primers
differ in size (sequence which will not anneal to human DNA is added to the 5’ end of

the sequencing oligonucleotide to create size differences).

SNP genotyping was carried out follows: PCR amplification of region surrounding
SNP (200-300 bp in length) (Section 2.2.2). Sul of PCR product was cleaned with
Multiscreen™ PCR Cleanup Plates and eluted into 80ul of dH,0. If multiple SNPs
were to be genotyped, 5ul of PCR product for each SNP was pooled before cleaning.
1pl of cleaned product was added to 3pl of SNaPshot™ Multiplex Ready Reaction
Mix and 1pl of sequencing primer (0.2uM). For multiple typings, primers were
premixed to give a final concentration of 0.2uM. Thermal cycling was then carried
out on a Hybaid Multiblock system thermal cycler, with the following program: 96°C
for 10 seconds, 50°C for 5 seconds, 60°C for 30 seconds, over 25 cycles. 1ul of
shrimp alkalaine phosphatase (SAP) was added (to remove unincorporated
nucleotides) and the mixture incubated at 37°C for 1 hour. SNaPshot products were

then electrophoresed on an ABI Prism® 3100 Genetic Analyzer (Applied Biosystems)
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and analyzed using Genotyper Ver 3.7 (Applied Biosystems). 12.5ul of GeneScan®
120LIZ™ Size Standard was mixed with 1ml of Hi-Di Formamide. 9l of this was
mixed with 1ul of SNaPshot product, denatured at 96°C for 3 minutes and
electrophoresed. An example of Genotyper analysis is shown in Figure 2.2.6.2a.
Two markers have been genotyped in this exaﬁplé (‘20° and “10°). Each lane is an
individual sample, and based on the known length of the sequencing primers for each
SNP it is genotyped according to the peak colour. The dye labels assigned to each
dNTP (and the colour of analyzed data) are as follows: adenine (A)=dR6G (green),
cytosine (C)=dTAMRA™ (black), guanine (G)=dR110 (blue), thymine (T)=dROX™
(red). As the flourescent nucleotides are complementary to the SNP being typed, a
green peak indicates the presence of the nucleotide T, black peak for G, blue peak for

T and red peak for A.
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Figure 2.2.6.2a SNP Genotyping by Primer Extension Using SNaPshot™

SNP genotype assays can be multiplexed with SNaPshot™. In this example, two SNPs, ‘20’
and ‘10’ have been genotyped. Each lane is an individual sample. The presence of only cne
peak for a particular SNP indicates homozygosity. Genotytpes for the four samples are
shown in blue boxes.
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2.2.6.3 Denaturing High Performance Liquid Chromatography

Denaturing High Performance Liquid Chromatography (DHPLC) can detect sequence
variation through a change in the melting profiles of heterogeous strands of DNA.
PCR amplification of the region surrounding the SNP is performed, then the product
is denatured and allowed to reanneal, forming heteroduplexes if thg original template
contains sequence variation (i.e. a heterozygous SNP). The heteroduplexes are passed
through a column that has a linear gradient of DNA binding efficiency. Binding
affinity is related to the nucleic acid content of each fragment, hence differences in
sequence determine at which point a fragment will separate from the column and

variants can be identified (http://www.cagt.uga.edu/dhplc.html).

SNP genotyping in this study was carried out using a WAVE DHPLC system
(Transgenomics). Primers were designed to amplify a region surrounding the SNP,
with a melting temperature between 50 and 60 °C. 10ul of product from a 50ul PCR
reaction was used for analysis. This was denatured at 96°C for 3 minutes and allowed
to reanneal at room temperature for 30 minutes before loading. Chromatograms from
initial output were used to identify the peak profile of the homozygous wild-type
(major allele) variants (assuming that these would account for the majority of
variants) and were genotyped on this basis. These usually show one peak as the
duplexes formed by reannealing are identical. Heterozygotes typically show two
distinct peaks and were also genotyped on this basis (although four heteroduplexes are
actually formed). In order to identify mutant (minor allele) homozygotes (which after
the first round of genotyping appear as homozygous wild-type), 5Sul of a wild-type
homozygous (the status of which was confirmed through sequence analysis) sample

was added to the samples already processed, denatured and reannealed as before, then




then loaded. Any samples which then appeared heterozygous were genotyped as
mutant homozygotes, as the addition of DNA carrying the alternative allele induces
heteroduplex formation. An example of chromotogram output is shown in Figure

2.2.6.3a.
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Figure 2.2.6.3a SNP Genotyping Using the WAVE DHPLC System

Each chromatogram is an individual sample. The double-peaked profile of the heterozygote
is distinguishable from that of homozygotes.

Heterozygote } \

Avsordance (nV)

66



2.2.7 DNA Sequencing

A 50pl PCR amplification of the region to be sequenced was performed. This was
cleaned using Multiscreen™ PCR Cleanup Plates and eluted into 40pl of dH,0. 3.5pl
of this was agarose gel electrophoresed to check the amount of the product (as shown
by band intensity). Between 3 and 16pl of product were added to 3l of BigDye®
Terminator v3.1 Cycle Sequencing reaction mix and 1pul (3.2 pM) of forward or
reverse primer (as for original PCR) in a total of 20ul (with dH,O as necessary). This
was thermal cycled on a Hybaid Multiblock system with the following program:
96°C, 10 seconds; 50°C, 5 seconds; 60°C, 4 minutes for 25 cycles. The total reaction
volume was cleaned using Montage™ Seq96 Sequencing Reaction Cleanup Kits and
eluted into 20pl. 5pl of this was added to 10ul of Hi-Di Formamide, denatured at
96°C for 3 minutes and electrophoresed on an ABI Prism® 3100 Genetic Analyzer.
Resulting chromatograms were visualised using Sequencher™ v 4.1.4 (Gene Codes
Corporation). An example is shown in Figure 2.2.7a. Sequencing reactions were
carried out in both directions for accuracy. The forward original PCR primer was
used to sequence the sense template strand and the reverse original primer to sequence

the antisense strand.
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Figure 2.2.7a DNA Sequencing

Example of sequence output, visualised using Sequencher™ v 4.1.4. Panel A shows sequence

from both sense and antisense template strands and a consensus, based on chromatograms
shown in panel B.
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2.2.8 Short Tandem Repeat Polymorphism Genotyping

Genotyping STRPs is carried out by sizing the DNA fragments surrounding the
polymorphic site, which vary in the number of repeats they contain. A PCR reaction
is typically carried out with the reverse primer fluorescently labelled to allow

visualisation of the product.

For genotyping in this study, a 25pl PCR amplification of the polymorphic region was
performed in samples and CEPH individuals 1331-01 and 1331-02 (Section 2.2.2),
with the reverse primer labelled with [5°-HEX] or [5°-FAM]. 2pl of this was added to
9ul of a size standard/formamide mixture (35ul GeneScan® 400HD [ROX] Size
Standard with 1ml Hi-Di Formamide), denatured at 96°C for 3 minutes and
electrophoresed on an ABI Prism® 3100 Genetic Analyzer. Fragment analysis was
carried out using Genotyper Ver 3.7. Published genotypes of the CEPH samples
(http://www.cephb.fr/cephdb/) allowed accurate sizing of repeat numbers and
genotypes to be characterised. Reactions were multiplexed into ‘panels’ such that
more than one STRP could be genotyped in a single reaction, by using pooled PCR
products with different sizes/dye labels. An example of the chromatograms used for

genotyping is shown in Figure 2.2.8a.
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Figure 2.2.8a STRP Genotyping by Fluorescently Labelled Primer PCR
Fragment Analysis

Each lane contains an individual sample. The peaks identify a polymorphic (dinucleotide
repeat) fragment (allele) which is sized as shown in boxes under each peak. Homozygosity
was assumed where only one peak was present.
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2.2.9 Semi-Quantitative PCR for Exon Dosage Analysis

Exon dosage (to identify heterozygous deletions of exons) can be assessed through
semi-quantitative PCR using flourescently labelled primers (as used for STRP
genotyping). Products amplified from a single exon will be typically half the quantity
of those amplified from a normal diploid templatg. Exon dosage analyses in this
study was carried out as follows: Primers were designed to amplify the exon of
interest, the forward pﬁmer labelled with [S’-HEX]. A 25ul PCR was carried out,
with the inclusion of a control set of primers to amplify a different genomic region (of
sufficiently different size to that of the exon product to allow resolution). The number
of cycles for thermal cycling was dependent upon the particular reaction and had been
empirically determined using known heterozygous deletion carriers, ensuring that the
PCR did not not exceed the log-linear range, allowing product dosage to be resolved

(S. Lincoln, personal communication).

2-4 pl of PCR product was mixed with 9ul of a size standard/formamide mixture,
denatured at 96°C for 3 minutes, then electrophoresed and analyzed (as in Section
2.2.8). Assays were designed in a multiplex fashion to allow dosage of more than one

exon to be quantified in a single reaction.

An example of the chromatograms used for genotyping is shown in Figure 2.2.9a.
The area of the control product peak is used to calculate a ratio value for each exon
product (shown in the bottom box under exon 4 and 5 peaks). This value is a measure
of how much product has been amplified for that exon, in comparison to the control
product, the template of which is assumed to be normal (diploid). The top lane of
panel A shows normal diploid dosage of both exons as the ratios are ~1. Ratios

<=(0.5 indicate lowered dosage and heterozygous deletions of both exons are assumed
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for the sample in the bottom lane. However, ratios are not always close to 0.5 for
heterozygous deletions, which appears to be an artefact of the particular PCR.
Therefore, wherever normal diploid dosage was suspected, PCRs were repeated and
analysed three times. This method also detects homozygous exon deletions (as shown

in panel B of Figure 2.2.9a) and exon multiplications.
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Figure 2.2.9a Semi-Quantitative PCR for Exon Dosage Analysis

The size and area is shown under the control peak. The sizes of exon 4 and 5 products are
shown above the ratio of peak area compared with that of the control.

A) Top lane shows normal diploid dosage fror exons 4 and 5. Bottom lane shows
heterozygous deletions of both exons (ratios are <= half normal).

B) Lack of exon 5 product indicates a homozygous deletion of exon 5.
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2.3 Computational and Statistical Methods

2.3.1 Genome Sequence Analysis

Human genome sequence assemblies used for determining the gene content of

genomic regions, gene and protein sequences, SNPs and STRPs were:

National Center for Biotechnology Information (NCBI)
(http://www.ncbi.nlm.nih.gov) Human Genome Build 33 (December 2003).

University of California at Santa Cruz (UCSC) (http://genome.ucsc.edu) July 2003
Assembly.

Celera Discovery System ™ (CDS) (http://celeradiscoverysystem.com) Human
Genome Assembly as at Dec 2003.

These sequence assemblies vary in the exact base pair position of loci. All reference
positions and sequence data for loci analysed in this study were based on those
reported by CDS, unless otherwise stated. SNP identification numbers preceded by

‘rs’ and ‘hCV’ are deposited on NCBI and CDS databases, respectively.

2.3.2 Identification of Human/Mouse Genetic Sequence Conservation

Comparisons of human and mouse sequence data, and identification of conserved
regions between the two were made using the online mVISTA program (http:/www-

gsd.Ibl.gov/vista/). All program parameters were default, except ‘window size’ was

changed to 50 bp, to give a higher resolution of sequence comparison.
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2.3.3 Primer Design

Primers for PCR, sequencing and SNaPshot reactions were designed using Gene
Runner Version 3.05 (Hastings Software, Inc.). This program was also used to

calculate theoretical melting temperatures of PCR products.

2.3.4 Hardy-Weinberg Equilibrium

Hardy-Weinberg equilibrium (HWE) refers to the balance of allele and genotype
frequencies in a randomly mating population (not subject to other pressures which
might alter genotype frequencies). The expected genotype frequencies for a diallelic
locus with allele frequencies of p (major) and q (minor) is given by p’ (homozygote
major allele), 2pq (heterozygote) and q*> (homozygote minor allele) in a population
that does not significantly differ from a population in HWE. Departures from HWE
are typically caused by non-random breeding (inbreeding, assortative mating) but
often reflect genotyping errors and sampling bias, as in most normal populations

HWE is normally maintained (Mueller and Young 1996).

Tests of departure from HWE were performed for all loci analysed in this study,
primarily to identify possible genotyping inaccuracies. For diallelic loci, this was
carried out by a chi-squared test (2 df), comparing expected genotype frequencies

with those observed.

For multi-allelic loci (STRPs), a modified version of Guo and Thompson’s exact test
of Hardy-Weinberg proportion for multiple alleles was used, as implemented in the
Arlequin Population Genetics and Data Analysis software, version 2.0

(http://anthro.unige.ch/arlequin).
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2.3.5 Haplotype Estimation

Bilocus and multilocus haplotypes and frequencies were estimated from gametic
phase unknown genotype data using the Arlequin Population Genetics and Data

Analysis software version 2.0 (http://anthro.unige.ch/arlequin). This program uses an

Expectation Maximization (EM) algorithm to estimate haplotypes. The algorithm
starts by randomly assigning haplotype frequencies. It uses these to estimate
genotype frequencies assuming HWE (the Estimation (E) step). Genotype
frequencies are then used as weights for their relative haplotype frequencies, by
counting alleles, leading to new estimates of haplotype frequencies (the Maximization
(M) step). The E and M steps are repeated until the haplotype frequencies do not
change more than a predefined value (reach equilibrium) which was 1.0°7 for all

analyses in this study.

2.3.6 htSNP Identification

Multilocus haplotypes and frequencies were estimated as in Section 2.3.5. These
were input to the SNPtagger program, a web tool for choosing minimal sets of non-
redundant markers to capture information in haplotypes (Ke and Cardon

2003)(http://www.well.ox.ac.uk/~xiayi/haplotype/) (Section 1.2.3). This program

allows the user to specify how much haplotypic variation is to be captured by htSNPs.
Initially, 100% of variation was input for this parameter. If the resulting htSNP set
was too large (defeating the purpose of using htSNPs), frequencies of 95% and 90%

were used.
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2.3.7 Cladistics

Cladistic analysis, traditionally applied to the study of evolution and taxonomy, has
been suggested as a tool for association studies in complex disease. These analyses
typically link haplotype data to form ‘cladograms’ (trees) based upon evolutionary
relationships. The assumption is that susceptibility variants arising at some point in
the evolutionary history of a haplotype w111 Be ﬁxed w1th1n the framework of the
cladogram. This would then facilitate identification of haplotypes associated with

disease (Heng and Low 2000).

A ‘maximum parsimony’ tree is a cladogram which ‘best fits’ the haplotypic data.
Maximum parsimony trees for haplotypes were generated using the PENNY and
DRAWTREE algorithms of the PHYLIP suite of programs for inferring phylogenies

(evolutionary trees) (http://evolution.genetics.washington.edu/phylip/general.html).

The search strategy used by PENNY is to initially make a tree consisting of the first
three haplotypes for an unrooted tree. An unrooted tree was assumed as frequencies
of some SNPs were close to 0.5, so identification of the ancestral state was not
possible. The algorithm then tries to add the next haplotype in all possible places.
For each of the resulting trees it evaluates the number of mutational steps between
haplotypes. A maximum parsimony tree is created assuming the minimum number of
mutational steps between haplotypes. Output from PENNY was used to produce

graphical output using the DRAWTREE algorithm.

2.3.8 Linkage Disequilibrium Statistics

Pairwise measures of LD (D, D’ and r) were calculated using the Excel macro
Genotype Transposer (Cox and Canzian 2001). Graphical overview of LD (GOLD)

was generated using the GOLD program (Abecasis and Cookson 2000).
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2.3.9 Metric LDU Maps

Metric LDU maps were constructed using the LDMAP program running under the
UNIX operating system (Maniatis et al. 2002).

(http://cedar.genetics.soton.ac.uk/public_html).

2.3.10 %* Analysis using CLUMP

CLUMP is a program designed to assess the significance of the departure of observed
values in a contingency table from the expected values conditional on the marginal
totals and was designed specifically for use in genetic case-control association studies
(Sham and Curtis 1995). The significance is assessed using a Monte Carlo approach,
by performing repeated simulations to generate tables having the same marginal totals
as the one under consideration, and counting the number of times that a ¥* value
associated with the real table is achieved by the randomly simulated data. This means
that the significance levels assigned should be unbiased and that no special account
needs to be taken of small expected cell counts and multiple testing. All p values

reported in this study are the result of 10,000 simulations.

2.3.11 Odds Ratios

The Odds Ratio (OR) is a statistic used to assess the risk of a particular outcome with
the presence of a certain factor. In this study, ORs are used to assess the risk of
disease associated with allelic variants (SNPs). The OR is given by (ad)/(bc) where a
is the number of normal controls without the variant, b is the number of cases without
the variant, ¢ is the number of controls with the variant and d is the number of cases
with the variant. 95 % confidence intervals (CIs) were also calculated, such that if the

interval is above and does not include an OR of 1.0, a significant risk of disease is
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associated with the variant. ORs and their 95% ClIs were calculated using SPSS for

Windows, release 10.0.0 (SPSS, Inc.).

2.3.12 Multipoint Linkage Disequilibrium Mapping

Multipoint disequilibrium mapping was performed using the COLDMAP program
(Morris et al. 2003), run on a 933 MHz dual Pentium III processor (2Gb RAM) under
the Linux 7.2 operating system. Typical run times analysing 49 markers in 369

samples with 20,000 iterations were ~30 days.
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3 Monogenic Recessive ParRinsonism
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3.1 Introduction

3.1.1 Parkin

Parkin is a 52kDa protein found in a variety of different cell types, including heart,
testes, skeletal muscle, kidney and brain. Within the brain, parkin is abundant in the
neocortex, hippocampus and substantid nigra. It is highly conserved across species
not only amongst veterbrates but invertebrates such as C. elegans and D.
melanogaster. At the N terminus, Parkin is 62% homologous to the protein ubiquitin
(the UBL domain), the C-terminal half contains 2 RING finger motifs flanking a
cysteine-rich domain, termed the IBR domain. The region between the UBL and
RING fingers appears unique to parkin and is termed the UPD (reviewed by Tanaka et

al. 2001).

Parkin plays an important role in the Ubiquitin Proteasome Pathway (UPP). The UPP
is one of the principle mechanisms through which damaged, misfolded or short-lived
regulatory proteins are recognised and destroyed in the cell. The pathway employs an
enzymatic cascade which results in the covalent attachment of 4 or more ubiquitin
(Ub) molecules which acts to direct the substrate to the 26S proteosome complex for
degradation. The process begins with the activation of Ub by an E1 (Ub activating)
enzyme, the activated Ub is then transferred to an E2 (Ub conjugating) enzyme. In
some cases, the E2 enzyme directly transfers Ub to the target protein, but the process

often requires an E3 (Ub ligating) enzyme (reviewed by Miller and Wilson 2003).

Parkin is an E3 ubiquitin ligase and works in conjuction with the E2 enzymes UbcH7
and UbcHS8 (Shimura et al. 2000). Figure 3.1.1a shows a model of parkin-mediated

protein degradation by the UPP.
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Figure 3.1.1a Parkin in the Ubiquitin Proteasome Pathway

Proposed mechanism of parkin as a RING-type E3 ubiquitin ligase that mediates protein
degradation through the 26S proteasome, in partnership with the E2 enzymes UbcH7 and
UbcHS8. Substrates include a-Sp22, synphilin-1, CDCrel-1, Pael-R, cyclin E, synaptogamin
XI, PACRG and SEPT5_v2.

(Adapted from Tanaka et al., 2001).
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A number of substrates for Parkin mediated ubiquitination have been identified,
including an O-glycosylated form of a-synuclein (at-Sp22) (Shimura et al. 2001), the
o-synuclein-binding protein synphilin-1 (Chung et al. 2001b), the synaptic vesicle-
associated CDCrel-1 (Zhang et al. 2000b), the endothelin receptor-like receptor Pael-
R (Imai et al. 2001), cyclin E (Staropoli et al. 2003), synaptogamin XI (Huynh et al.

2003), PACRG (Imai et al. 2003) and SEPT5_v2 (Choi et al. 2003).

In general, disease involving loss of parkin function lacks the LBs found in idiopathic
PD, suggesting that either parkin-mediated neurodegeneration proceeds through
mechanisms that are distinct from those in idopathic PD or that parkin may promote
the formation of LBs. Indeed, in vitro studies suggest that LB formation is dependent
upon parkin expression; the formation of these inclusions may be a mechanism to
sequester potentially toxic proteins (reviewed by Chung et al. 2001a). Recent studies
have also demonstrated that parkin may provide neuronal protection against a variety
of insults. These include attenuation of Pael-R mediated dopaminergic cell loss in
drosophila (Yang et al. 2003) and rescue of toxicity associated with proteasome
inhibition and mutant a-synuclein expression, in vitro (Petrucelli et al. 2002). The
identification of parkin substrates, and in some cases their specificity for
dopaminergic cells may explain the select vulnerability of dopaminergic neurons,
considering parkin is also expressed in other brain and non-brain regions (Feany and

Pallanck 2003).

The gene encoding the parkin protein (PRKN) is one of the largest in the human
genome at ~1.38 Mb, although the coding region is small by comparison: 12 exons
give rise to a peptide comprised of 465 amino acids. PRKN is located at the telomeric
end of chromosome 6q, within the third most common fragile site within tumour

tissue (FRAEG) (Cesari et al. 2003) and shares a bi-directional promoter with the gene
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encoding one of its substrates, PACRG (West et al. 2003). Mouse models may
potentially provide insight into the mechanisms of parkin-linked neurodegeneration,
as behavioural deficits and alterations in dopamine metabolism were observed in
transgenic PRKN knockouts (Goldberg et al. 2003; Itier et al. 2003) and the PRKN
null, spontaneous mutant ‘Quaker’ (Lockhért et al. 2004b), although dopaminergic
cell loss was not observed. However, understanding why these cells remain resistant

may be of therapeutic importance (West and Maidment 2004).

PRKN was first implicated in parkinsonism in consanguineous Japanese families with
ARJP, in which homozygous deletions of whole and multiple exons were found
(Kitada et al. 1998). Subsequent screening has identified a myriad of mutation within
the gene: at least 55 point mutations and 34 exon rearrangements have been reported
(reviewed by Periquet et al. 2003; Mata et al. 2004) and these are not restricted to the
Japanese population, or cases with juvenile onset (<25 years). PRKN is thought to
account for up to 50% of recessively inherited familial early onset parkinsonism, 15%
of sporadic early onset (<45 years) parkinsonism in Europe (Lucking et al. 2000;
Periquet et al. 2003). North American studies suggest that 2-11% of late-onset
disease is attributable to PRKN (Foroud et al. 2003; Oliveira et al. 2003). However, a
community-based study emphasized the value of comparison subjects when
interpreting the causal relationship of PRKN variants, as overall mutation rates were

similar in cases and controls (Lincoln et al. 2003).

Most PRKN mutations are homozygous or compound heterozygous, indicating that
loss of function of the parkin protein is important in disease pathogenesis. However,
other pathogenic mechanisms may exist (haploinsufficiency, dominant-negative
effect), as in some cases only a single PRKN allele is affected (West et al. 2002a).

Incidental carrier status of some heterozygous cases may account for an apparent
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dominant mode of action, as pathogenic alterations found in the homozygous and
compound heterozygous state are carried by normal individuals as well (Lincoln et al.
2003; Oliveira et al. 2003). However, it has been suggested that heterozygous
alterations that attenuate, not ablate, parkin activity may result in a later age of onset
(Foroud et al. 2003) and the presence of a second niutation is not thought likely to

account for all heterozygous cases (30% of all PRKN cases) (Oliveira et al. 2003).

Due to the enormity of genomic PRKN, current screening strategies may have
overlooked further mutations within heterozygous cases, although it is possible that
different mutations alter parkin function to differing degrees, perhaps jointly with
additional susceptibility genes/alleles (West et al. 2002a). This is not inconsistent
with the complex nature of PD. In vitro studies showed that the RING finger-1 point
mutations R256C and R275W induce altered protein localisation and aggresome-like
aggregation consistent with wild-type protein overexpression (Cookson et al. 2003).
This suggests that mutant PRKN, as well as causing recessive loss-of-function, may
confer dominant gain of function, depending upon the protein domain affected.
Interestingly, the presence of LBs has been demonstrated in a compound
heterozygous Ex3A40/R275W individual (Farrer et al. 2001a) and LBs have been
associated with aggresome formation (McNaught et al. 2002). Subtle variation in
parkin protein levels arising from promoter polymorphisms may also be a risk factor

for common, idiopathic PD (West et al. 2002b).

3.1.2 PARK7/DJ-1

Van Duijn and colleagues (2001) utilised homozygosity mapping in a large, multiply
consanguineous Dutch kindred to identify the novel PARK7 locus at chromosome

1p36. The phenotype in this family was early-onset parkinsonism (<40 years) with
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slow disease progression and good response to /-DOPA. Psychiatric disturbances
(severe anxiety, psychotic episodes) and dystonic features were also present in some
individuals. Pathological data was unavailable, although PET evaluation was

consistent with nigrostriatal dopaminergic dysfunction (van Duijn ef al. 2001).

Preliminary analysis of STRP marker genotypes in affected individuals showed
homozygosity at loci on chromosomes 1, 5 and 17. The chromosome 5 and 17
homozygous alleles were frequent (0.34 and 0.42 respectively) and nearby markers
showed heterozygosity, indicating that the observed alleles were probably identical by
state. However, the homozygous allele at the chromosome 1 marker (D1S468) had a
population frequency of 0.09, and genotypes of the 3’ adjacent marker (D1S214) were
also homozygous, indicating that these alleles were probably identical by descent.
The region around D1S468 and D1S214 was further genotyped, resulting in a
maximum LOD score of 4.3 and a disease haplotype spanning 16cM (van Duijn et al.

2001).

Subsequently, linkage to PARK7 was reported in a further two consanguineous
families from Italy (Bonifati et al. 2002). Further genotype analyses in the Dutch
kindred allowed the critical region to be reduced to 5.6 Mb and ~90 genes. Screening
of transcripts in the region identified a 14 Kb homozygous deletion containing the
first 5 exons of the DJ-1 gene (Al-5). A homozygous point mutation was also
identified in an Italian PARK?7-linked patient, resulting in the substitution of a
conserved Leucine with Proline at amino acid 166 (L166P). Both mutations showed
complete segregation with disease in the families and were not found in the
homozygous state in other early-onset cases. Heterozygosity was identifed for Al-5,

but carriers were asymptomatic (Bonifati et al. 2003).
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Further screening in early onset cases has revealed additional exonic deletions (AS,
A5-7), point mutations (M26I, E64D, A104T, D149A) splice site mutations (IVS6-
1G—C, IVS5+2-12del) and a small deletion+substitution (c.56delC c.57G—A)
(reviewed by Bonifati et al. 2004). However, in contrast to PRKN, DJ-1-linked
disease is likely to account for only a small percentage of early-onset parkinsonism
(~1%) (Abou-Sleiman et al. 2003; Bonifati et al. 2003; Hague et al. 2003; Ibanez et

al. 2003; Healy et al. 2004; Hedrich et al. 2004; Lockhart ef al. 2004a).

Most DJ-1 mutations are found in the homozygous or compound heterozygous state,
although heterozygous mutations have been reported as pathogenic. These may act in
a dominant manner, or increase susceptibility in concert with unidentified variation
(e.g. intronic or promoter mutations) within DJ-I or other susceptibility genes (Moore
et al. 2003). Heterozygosity may also be associated with a later age of onset, as
shown for PRKN carriers. However, neuroimaging studies in patients and
asymptomatic carriers will be needed to address the role of heterozygous DJ-I1

mutations (Djarmati ef al. 2004).

The DJ-1 gene is evolutionarily conserved and contains 8 exons, the first two of
which are non-coding and alternatively spliced in mRNA. The major transcript
encodes a 189 amino acid, 20kDa protein and is expressed in various human tissue,
including heart, brain, liver, skeletal muscle, liver and pancreas (Bonifati et al. 2003).
In human brain, sub-cortical expression is higher than in cortical regions (Bonifati et
al. 2003) and immunoreactivity has been reported in both neuronal and glial cells

(Bandopadhyay et al. 2004; Rizzu et al. 2004).

Structural studies of the protein reveal that the crystalline architecture is an

asymmetric, 2-fold axis, face-to-face dimer (Honbou et al. 2003). The L166P
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mutation is located within an a-helix that forms part of a hydrophobic core. It has
been shown to disrupt folding of the monomer, inhibiting the formation of both
mutant/mutant and mutant/wildtype dimers (Olzmann et al. 2003). Met26 is also
positioned within the hydrophobic core, spatially close to Leul66 (Tao and Tong

2003).

DJ-1 cellular functions are likely to be multiple. Human DJ-1 cDNA was first cloned
as a result of a yeast two-hybrid screen to identify c-myc interacting proteins and was
speculated to be involved with ras-mediated signalling (Nagakubo et al. 1997).
Roles in RNA stabilisation (Hod et al. 1999), tanscription (Takahashi et al. 2001) and
the fertilization process (Klinefelter et al. 2002) have also been reported. DJ-1 may
also exhibit protease (Olzmann ef al. 2003) and chaperone activity (Lee et al. 2003).
The rat DJ-1 orthologue (SP22) has been implicated in spermatogenesis and the
fertilisation process (Welch et al. 1998) although a similar function in humans has not

been explored.

It is not clear exactly how mutant DJ-1 manifests as parkinsonism, although in vitro
studies have shown the protein plays a role in the antioxidative stress reaction.
Mutations, including L166P can also induce cell death (Taira et al. 2004). DJ-1 may
also be implicated in tauopathies, as immunoreactivity co-localised within a subset of
pathological tau inclusions in PSP, FTDP-17, PiD, DLB and AD, although the same
antibodies failed to label LBs or LNs in PD or DLB (Rizzu, 2004). However,
Neumann and colleagues (2004) report immunoreactivity in reactive brainstem

astrocytes in PD and DLB (Neumann e? al. 2004).
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3.1.3 PARKG6/PINK1

In addition to PARK?7, a further region of chromosome 1p35-6 is linked to early onset
recessive parkinsonism. This locus, PARKGS, is ~25 cM centromeric to PARK7/DJ-1
and was initially mapped in a large consanguineous Italian family. The ages of onset
of affected individuals were 32-48 years, with a typical parkinsonian phenotype
including slow progression and sustained response to [-DOPA, although no
pathological data were available. Valente and colleagues (2001) employed
homozygosity mapping to identify a 12.5 ¢cM disease-linked interval which gave a

maximum LOD score of 4.01 (Valente et al. 2001).

Linkage to PARK6 was subsequently confirmed in a further 8 families from Italy, the
Netherlands, Germany and the UK. Haplotype analysis suggested the occurrence of
independent mutational events and allowed the critical region to be narrowed to 9cM,
flanked by STRPs D1S483 (telomeric) and D1S2674 (centromeric). Clinical features
of PARK6-linked cases were similar to PRKN-positive ARJP of non-Japanese origin,
showing a good response to I-DOPA and slow disease progression, without dystonia
at onset and sleep benefit. Although mean age of onset was <45 years, in a quarter of
cases onset was later (latest=68 years). In the later onset cases, the clinical features

were indistinguishable from those of typical idiopathic PD (Valente et al. 2002).

Very recently, the PARK6 gene was identified as PINKI, encoding the PTEN-
induced kinase 1 (PINK1). Two homozygous mutations, a G309D substitution in
exon 4 and a W4370PA substitution in exon 7 were found in one Spanish and two
Italian families, respectively. The exon 4 mutation is at a highly conserved amino
acid within the putative kinase domain and the exon 7 mutation causes premature

product truncation. Preliminary irn vitro studies suggested that PINK1 may protect
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product truncation. Preliminary in vitro studies suggested that PINK1 may protect
neurons from stress-induced mitochondrial dysfunction and apoptosis, and that

G309D negatively affects these processes(Valente et al. 2004).

3.1.4 Aims of the Work Described in Chapter 3

Most PD cases (79%) in Norway are sporadic in nature (there is no family history of
disease.) This could reflect the presence of recessive loss of function mutations.
Therefore, this chapter aimed to investigate the contribution of recessive loci (Section

1.1.5.2) to PD in the Norwegian population.

Referral studies suggest a significant proportion of PD is due to PRKN mutation,
however community based studies may be more useful in interpreting the causal
relationship of PRKN variants (Section 3.1.1). The first aim of this chapter was to
determine the contribution of PRKN to PD in Norway through a case/control

asssessment of PRKN mutation prevalence.

At the time this study was initiated, two further loci had been linked to recessively
inherited early onset parkinsonsim. These were PARK7 at chromosome 1p36 and
PARK6 at chromosome 1p35-36. Both loci had been identified in consanguineous
families of European origin. It was hypothesised that PARK6 and PARK7 may also
contribute to parkinsonism in the Norwegian population. The second and third aims
of this chapter were to identify individuals that might be linked to either loci through
assessing homozygosity. In particular regions that were likely identical by descent
rather than by state were sought, as these are more likely to harbour recessive
mutations. At this time, neither DJ-I (PARK7) nor PINKI (PARKG6) had been

identified as the causative genes.

90



3.2 Results

3.2.1 PRKN Mutation Screening

PRKN mutation screening was carried out in 193 cases (probable and possible PD)
and 81 controls. Median age of cases was 71 years (range 46-94 years) with a median
age of disease onset of 60 years (rangé 25;85 yéars)§ 59% were male (n=114).
Twenty-one cases had an AOO <45 years (11%). Median age of controls was 81

years (range 69-100); 47% were male (n=38).

Sample ascertainment was ongoing at the time of this study, and only common dosage
alterations of exons 3, 4 and 5 and common point mutations in exons 3, 7, 9 and 11
were assessed. Exon dosage was assessed by semi-quantitative PCR (Section 2.2.9).
Point mutation screening was carried out by DHPLC (Section 2.2.6.3). Samples that
demonstrated unusual melting profiles (in comparison to known normal controls)
were fully sequenced (Section 2.2.7). Primers and PCR conditions are detailed in

Appendix 1. Table 3.1.2a summarises the mutations identified.

Overall, 16 cases were identified with at least one mutation (8%). Four controls were
also carriers (5%). Five individuals (4 cases and 1 control) also had mutations
affecting more than one exon. However, phase was not determined so with the
exception of P029 (homozygous deletion of exon 5), it was unclear whether these
mutations affect both alleles. A family history of PD was noted in 5 cases with a
PRKN mutation in none of the controls. PRKN mutation carrier frequency was 0.10

in cases and 0.07 in controls.
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Table 3.2.1a PRKN Mutations Identified in PD Cases and Controls

Sample Diagnosis (Family History) Gender Age of Onset/Age Mutation
(Years)
P029 Possible PD (Cousin PD) M 35 Homozygous Deletion Exon 5
P171 Probable PD F 38 A82E
P221 Probable PD (Father PD) F 40 A82E
P176 Probable PD M 40 R275W
P234 Probable PD M 44 Deletion Exon 3
P184 Probable PD M 46 A82E
P033 Probable PD F 47 R256C
P214 Probable PD M 52 A82E
PO11 Possible PD (Cousin PD) M 58 Deletion Exon 3 and 4*
P206 Probable PD M 63 R275W
P091 Possible PD (Cousin PD) M 64 AB2E
P085 Probable PD M 64 R275W
P154 Probable PD (Aunt PD) F 66 3 bp Insertion Exon 3 / A82E*
P126 Probable PD M 67 A82E
P032 Probable PD M T Deletion Exon 4 and 5*
P164 Probable PD k= 88 R275W
K043 Normal M 72 A82E
K035 Normal M 72 Deletion Exon 3 and 4*
K003 Normal E 86 AB2E
K058 Normal E 98 AB2E

* Phase undetermined

Table 3.2.1b PRKN Exon 3 Region Genotype Analysis in A82E Carriers

K003 K043
D6S1599 131 131
IVS2-pP2 178 178
IVS2-P3 252 252
A82E 1 1
D6S5980 279 297 301

P091 P126 P184 P214 P221
D6S1599 133 131 131 131 131 133
IVS2-pP2 182 178 178 178 178 180
1VS2-P3 264 254 264 252 252 264 266
A82E 1 1 1 1 1 2
D6S980 293 281 NA 265 293 297 291

Phase could not be determined, hence genotypes are presented according to the most
parsimonious haplotypes. The inferred ancestral A82E haplotype is highlighted in blue.
NA=not assessed.
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The A82E mutation (exon 3) was found to be more common than has previously been
noted, with an overall allele frequency of 0.02. This was postulated to be the result of
a common founder in this relatively isolated population. Therefore, genotypes
surrounding the mutation were investigated with additional STRPs, spanning a region
of ~200 Kb. D6S1599, IVS2-P2 and IVS2-P3 (intron 2) and D6S980 (intron 3) were
genotyped in A82E carriers (Section 2.2.8). Primers and PCR conditions are detailed
in Appendix 1. Phase could not be determined, hence the most parsimonious
haplotypes are presented in Table 3.1.2b. Common haplotypes could be reconstructed

from allelic information in 9 out of 10 carriers.
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3.2.2 PARK7/DJ-1

3.2.2.1 STRP analysis at PARK7

The PARK?7 critical region was initially reported to lie between STRP markers
D1S243 (telomeric) and D1S244 (centromeric) (van Duijn et al. 2001) and PARK7-
linked cases had AOOs <40 years (Bonifati et al. 2001).- Seven cases with onset <40
years were available at this time. Only one of these cases had a family history of
parkinsonism (P123), with possible recessive transmission, as both paternal and
maternal aunts were reportedly affected. Lack of family history in remaining cases
was also possibly indicative of recessive inheritence. Cases were genotyped for
STRP markers (telomeric to centromeric) D1S243, D1S468, D1S2870, D1S1646,
D1S1612 and D1S244 (Section 2.2.8) to identify regions of extended homozygosity.

Primers and PCR conditions are detailed in Appendix 1.

Two cases, P016 and P113, were homozygous for 2 adjacent markers (Table 3.2.2.1a;
highlighted in yellow). To identify whether these individuals likely carried alleles
that were identical by descent (rather than by state), Norwegian population allele

frequencies were assessed in control individuals (Table 3.2.2.1b).

Between 42 and 77 control individuals were genotyped for the 6 STRPs, revealing
between 7 and 15 different alleles at each locus. Alleles carried by P016 at D1S468
and D1S2870 were found to be the most common in Norwegians (frequencies of 0.40
and 0.35 respectively) indicating they were likely to be identical by state. Allele 5 at
D1S1646 in P113 was also found to be fairly common (frequency = 0.28, third most
common) although allele 5 at D1S1612 had a frequency of 0.14, suggestive of identity
by descent. No further clinical information was available for this individual. Since

psychiatric disturbance was a feature of PARK7-linked cases, clinical information
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would have been useful in determining the likelihood that P113 represented a PARK7-
linked case. Whilst plans for follow-up work were underway (including procurement
of extended family samples and clinical information, and haplotype analysis), the
causative gene at PARK7 was identified as DJ-1, flanked by markers D1S1646 and

D1S1612 (Bonifati et al. 2003).
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Table 3.2.2.1a PARK7 STRP Marker Case Genotypes

§ample P095 P123 P112 P016 P014 P102 P113
AOO 25 33 36 39 40 40 40
Marker
p1s243 59 79 18 13 18 78 46
4.2 cM (1.4 Mb)
D1S468 46 36 13 66 66 66 33
9.8 cM (2.6 Mb)
D1S2870 313 612 1112 66 48 512 511
0.6 cM (0.9 Mb)
D1S1646 NA NA 34 45 45 34 §5
1.6 cM (1.0 Mb)
D1S1612 56 24 1:2 18 78 15 55
4.4 cM (2.5 Mb)
D1S244 NA NA 77 510 1111 59 910
STRP alleles are recoded (1=shortest repeat length). Intermarker genetic (and physical)
distances are shown on the left. Individuals with 2 adjacent homozygous genotypes are
highlighted in yellow. NA=not assessed.
Table 3.2.2.1b PARK7 STRP Norwegian Population Allele Frequencies
[p1s243 1 2 3 4 5 6 7 8 9 10 11 Total
Product size) (142) (150) (154) (156) (158) (162) (164) (166) (168) (170) (172)
Control n T T I T 8 5 13 7 4 T 9
Control Frequency  0.18  0.01 011 025 005 008 005 014 007 0.04 0.01
[pisaes 1 2 3 4 5 6 7 Total
(Product size) (173) (181) (183) (185) (187) (189) (191)
Control n 10 2 46 15 3 62 16 154
Control Frequency  0.06 _ 0.01 _ 0.30 010 0.02 040 0.10
[p1s2870 1 2 3 4 5 6 T 8 3 10 11 12 13 14 15 Total
(Product size) (194) (200) (202) (204) (206) (208) (210) (212) (214) (216) (218) (220) (222) (224) (228)
Control n 0 T 17 4 4 531 5 0 1 6 6 7 1 4 T 88
Control Frequency  0.00 0.0 019 0.05 005 035 006 0.00 001 007 007 008 001 005 0.01
[DiS1646 1 2 3 4 5 6 7 Total
(Product size) (130) (134) (138) (142) (146) (150) (154)
Control n 1 T 20 20 25 2 T 88
Control Frequency 001 001 033 033 028 0.02 0.01
[oisT612 1 2 3 Z 5 3 7 3 9 10 11 Total
(Product size) (94) (98) (102) (106) (110) (114) (118) (122) (126) (130) (134)
Control n 6 28 3 0 14 15 16 5 10 0 T 98
Control Frequency 006 029 003 000 014 015 016 005 010 0.00 0.01
[p1s242 1 2 3 4 5 6 7 3 9 10 11 12 13 14 15 Total
(Product size) (281) (284) (286) (287) (288) (289) (290) (291) (292) (293) (294) (295) (296) (297) (298)
Control n 1 1 1 14 7 2 15 9 17 7 8 0 1 1 0 84
Control Frequency 001 001 0.01 017 008 002 018 011 020 008 010 000 0.01 001 0.00
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3.2.2.2 DJ-1 Mutation Screening

The DJ-1 mutations identified by Bonifati and colleagues (2003) were a 14kb
homozygous deletion that encompassed the promoter and exons 1 to 5 (Al1-5) and a
homozygous point mutation, L166P. P113 was screened for homozygous Al-5 by
PCR (Section 2.2.2), heterozygous Al-5 by semi-quantitative PCR (Section 2.2.9) and
L166P through direct sequencing (Section 2.2.7) (primers and PCR conditions are

detailed in Appendix 1).

Exons 2 and 4 of DJ-1 were successfully amplified from genomic DNA by PCR,
indicating that no homozygous deletions of these exons were present. To test for
carrier status (heterozygous exonic deletions) semi-quantative PCR was performed for
exons 2 and 4. A known heterozygous Al-5 idividual was used as a control. Results
are shown in Figure 3.2.2.2a. Normalised (according to the peak area for control PCR
product) peak areas for exon 2 and 4 in the Al-5 idividual are similar to those for
P113, and ~half that of normal individuals. This suggested P113 may carry a
heterozygous deletion that includes exon 2 and 4. Ideal peak heights (scale is shown
to the right of each track in Figure 3.2.2.2a) are within the 1000-4000 range and those
for this particular assay were low (~100). Therefore, these results needed to be
confirmed by repeating the initial PCR. Unfortunately, technical issues prevented this
and carrier status of an exon 2-4 deletion in P113 could not be confirmed. Sequence
data from exon 7 was also of poor quality and the presence of an L166P mutation
could not be ruled out. Fresh blood samples are currently being collected for DNA

extraction and immortalisation for cDNA analysis.
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Figure 3.2.2.2a DJ-1 Exons 2 and 4 Dosage Analysis by Semi-Quantitative PCR

Peak areas (normalised, according to the control PCR product peak) for exons 2 and 4 are
shown beneath the peaks. Peak areas for P113 are similar to Het A1-5.
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3.2.3 PARK6

At the time this study was initiated, PINKI had not yet been identified and the PARK6
critical region spanned 9cM, flanked by STRPs D1S483 (telomeric) and D1S2674
(centromeric). Homozygosity across this region was assessed in cases without family
history, with onset up to 68 years (consistent with the latest age of onset reported in a
PARKG6-linked family (Valente et al. 2002)). STRP markers genotyped were D1S552,
D1S199, D1S478, D1S2828 and D1S2885 (Section 2.2.8). Primers and PCR

conditions are detailed in Appendix 1.

Five cases were homozygous for two or more adjacent markers (Table 3.2.3a
highlighted in yellow). Normal Norwegian control allele frequencies were assessed to
determine the likelihood that homozygosity in cases was by descent rather than state.
At least forty-six control individuals were genotyped and between 5 and 15 alleles

were identified at each locus (Table 3.2.3b).

P052, P130 and P059 were homozygous for two adjacent markers, but at least one of
these involved one of the most common alleles found in Norwegians (frequency
>0.33). Of interest is P023 who was homozygous at D1S478, D1S2828 and D1S2885
with alleles that are rare in the normal Norwegian population (allele frequency <0.10).
Further, allele 3 at D1S478 was extremely rare, identified only once in 98 control
chromosomes. P095 was also homozygous for rare alleles at D1S2828 and D152885.
Both cases have been clinically diagnosed with probable PD and neither has a
reported family history of parkinsonism. Age of onset in P095 (25 years) was the
youngest of the Norwegian cases, whereas it was considerably later in P023 (59
years). It was postulated that both cases potentially carried recessive mutations in the

PARKS6 gene. It was also assumed that the mutations would differ between the two
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individuals as they carried different haplotypes across D15479-D1S2828-D1S2885
(P095=4/13/9; P023=3/12/11); disparity in ages of onset might also suggest this.
Follow-up work was initiated and included the procurement of clinical details and
family DNA for further haplotype analysis. Prior to subsequent analyses, Bonifati
and colleagues (2004) identified the PARKG gene, PINK] , which is located ~IMb 3’
of D1S199 and ~0.7 Mb 5’ of D1S478 (Valente et al. 2004). However, time

constraints did not allow sequence analysis to be undertaken in Norwegian samples.
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Table 3.2.3a PARK6 STRP Marker Case Genotypes

Sample  P095 P123 P12 PO16 PO14 P102 P13 P103 P099 P033  P052 P028 PO12 P100 P120
AOO 25 33 36 39 40 40 40 44 45 47 47 48 49 49 49
Marker
D1S652 44 23 34 13 34 13 33 33 23 33 35 34 13 i2 34
D1S199 410 34 210 24 91 45 46 24 311 29 44 22 24 22 29
D15478 44 46 57 57 47 67 57 27 47 T7 7 57 57 14 77
D1S2828 1313 37 314 37 312 314 411 55 58 312 914 312 37 37 613
7D132085 99 8 10 38 37 89 310 715 612 512 67 68 39 37 66 36
P105 PO73 P002 P046 P083 PO71 P060 P042 P051 P055 P132 P058 P101
50 51 52 52 53 53 54 55 55 55 55 56 57
23 44 14 34 34 14 14 44 13 34 23 24 23
22 12 811 112 34 46 22 37 44 26 23 36 24
45 56 46 46 67 28 78 /il 67 67 46 67 68
612 39 57 1313 713 33 48 57 315 37 34 313 57
D1528856 99 6 10 14 14 38 6 14 10 12 33 69 814 33 38 18 69 58 39
P104 P003 PO77 1 P09 P096 P097 P0O88
60 61 61 61 62 62 62 63
14 13 34 23 11 24 23 44
212 29 39 22 22 89 1010 89
47 47 77 66 ‘i 47 47 47
35 34 613 39 313 88 34 36
33 66 29 22 78 49 36 510
STREP alleles are recoded (1=shortest). Individuals with 2 or more homozygous genotypes are
highlighted in yellow.
Intermarker genetic (cM) and physical (Mb) distances are:
D1S552+(0, 0.7)-D1S199-(3.2, 1.6)-D1S478-(0, 0.3)-D1S2828-(6.6, 4.3)-D152885
Table 3.2.3b PARK6 STRP Norwegian Population Allele Frequencies
D1S552 1 2 3 ! 5 Total
Product size) (244) (248) (252) (256) (260)
10 18 42 22 4 96
010 019 044 023 004
1 F] 3 % 5 3 7 3 s 10 11 12 Towl
(84) (96) (98) (100) (102) (104) (106) (108) (110) (112) (114) (116)
2 32 6 13 2 2 5 4 8 10 9 5 98
0.02 0.33 0.06 0.13 0.02 0.02 0.05 0.04 0.08 0.10 0.09 0.05
WD1§78 1 2 3 4 5 6 4 8 9 Total
(Product size) (153) (163) (165) (167) (169) (171) (173) (175) (177)
Control n 9 3 1 1 " 15 38 7 3 98
Control Frequency 009 003 001 041 041 045 039 007 _ 0.03
[o1s2828 1 2 3 4 5 6 7 8 9 10 " 12 13 14 15 Total
(Product size) (247) (249) (251) (253) (255) (263) (265) (267) (269) (271) (273) (275) (277) (279) (281)
Control n 5 1 31 1 7 3 8 5 2 2 2 6 5 2 2 92
Control Frequency 0.05 001 034 001 008 014 009 005 002 002 002 007 005 002 002
152885 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 Total
Product size) (235) (230) (241) (243) (245) (247) (249) (251) (253) (255) (257) (259) (261) (263) (265)
Control n 0 3 19 4 3 20 3 3 8 16 5 6 3 1 0 94
Control Frequency  0.00 0.03 0.20 0.04 0.03 0.21 0.03 0.03 0.09 0.17 0.05 0.06 0.03 0.01 0.00
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3.3 Discussion

3.3.1 PRKN

This study is the first to assess the frequency of PRKN mutations in Norway. As
sample collection was ongoing at the time, only common mutations were screened
for. However, from this ﬁﬁtial assessment, it is likely that PRKN contributes towards
parkinsonism in the Norwegian population, as 8% of cases (n=16) had at least one
PRKN mutation; 5 had mutations affecting more than one exon. For one case (P029),
it was certain that both alleles were affected as the individual was homozygous for a
deletion of exon 5. Exon 5 deletion results in expression of an intact protein without
amino acids 179-206 within the UPD (Kahle et al. 2000). Although it is not known
exactly how this genotype manifests as parkinsonism, the age of disease onset was the
youngest of all PRKN mutation carriers in this series. With onset of 35 years and a
cousin who is also reportedly affected with PD, this is consistent with a recessive loss
of parkin function. It would be useful to include the extended kindred in future PRKN

screening, to further investigate pathogenesis in this family.

Three other cases and one control had mutations affecting more than one allele,
although it is uncertain whether these occur in trans (on alternative alleles) or in cis
(on the same allele). Samples are currently being recollected for immortalisation,
therefore future cDNA analysis will determine the configuration of exonic deletions
in individuals PO11, P032 and K035. In individual P154, one of the mutations
identified (in addition to A82E) was a novel, in-frame 3 bp insertion (CCA) in exon 3,
theoretically resulting in the addition of a proline amino acid at position 167 within

the UPD. The functional significance of this variant remains to be assessed.
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The overall frequency of PRKN mutations identified in this community (cases=0.10,
contros=0.07) is higher than that previously reported in a community-based study,
although assessment of the contribution of PRKN to PD in the Norwegian population
awaits completion of the screening process. Lincoln and colleagues (2003) evaluated
the frequency of PRKN coding variants in a large clinical PD case control series from
North America. Mutation frequencies ranged from 0.03 (controls) to 0.04 (cases)
(Lincoln et al. 2003). The frequencies observed in the present study are also likely
conservative estimates, as 6 exons remain to be analysed. Higher frequencies in
Norwegians may in part be explained by the isolated nature of the population, in
comparison to that of North America assuming that PRKN mutations do not affect
biological fitness. Indeed, the frequency of A82E at 0.02 in the series as a whole, is
the highest reported to date. Frequencies were not significantly different between
cases and controls (x’=0.14, p=0.71), although it is not possible to speculate on the
pathogenesis of this variant, as additional undetected mutations may be present.
A82E has been reported as pathogenic in concert with a deletion of exon 7 (compound
heterozygous) (Hedrich, 2001), as pseudo-dominant (the only mutation present)
(West, 2002) and as a polymorphism (Oliveira et al. 2003). However, the results of
the present study suggest the variant may represent a susceptibility allele, as the three
control carriers are aged between 72 and 98 years. Unlike the point mutations
R275W and R256C, A82E does not cause mislocalisation or aggreagation of the
protein in vitro, although associated functional variations remain to be investigated

(Cookson et al. 2003).

Periquet and colleagues suggest that PRKN exonic anomalies result from recurrent de
novo events, whereas the prevalence of (some) point mutations may result from a

small number of common founders, although A82E was not investigated in this study
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(Periquet et al. 2001). Analysis of haplotypes around exon 3 suggests that high
frequencies of A82E in Norwegians also result from a common founder (Table
3.1.2b) and further supports that Norwegians represent an isolated founder population
(Section 1.4). Analysis of PRKN, a gene originally implicated in rare Mendelian
parkinsonism, has therefore highlighted the potential utility of the Trondheim case
control series in the study of the genetic aetiology of more common forms of PD

(Section 1.3.2).

3.3.2 PARK7/DJ-1

At the time this study was initiated, homozygosity mapping in recessive families from
a genetically isolated community in the Netherlands had identified PARK7 as a locus
for early-onset parkinsonism (van Duijn ef al. 2001). The assignment was confirmed
in further Dutch and Italian families (Bonifati et al. 2002) and it was postulated that
early-onset Norwegian cases with possible recessive modes of disease transmission
may also be linked to this locus. Two cases (P016 and P113) were initially identified
for further analyses. However, the causative gene (DJ-1) was subsequently identified
by Bonifati and colleagues (2003) to lie between STRPs D1S1646 and D1S1612, and
harboured a homozygous deletion of exons 1-5 (Al1-5) and a homozygous point
mutation (L166P) (Bonifati ez al. 2003). Exon dosage analyses in P113 (homozygous
for STRPs D1S1646 and D1S1612) suggested the presence of a heterozygous deletion
of exons 2 and 4. Unfortunately, technical issues and time contstraints prevented

confirmation of this in addition to screening for L166P.

It has been reported that heterozygous Al-5 individuals are not at increased risk for
parkinsonism, and the mutation is not likely to exist outside the founder population

where it was originally identified (Bonifati ef al. 2003). However, it is not known
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whether carrier status could influence risk in conjuction with other susceptibility
alleles as has been proposed for heterozygous Parkin mutations (West et al. 2002a)

(Foroud et al. 2003).

After the initial identification of Al-5 and L166P, further homozygous and
heterozygous exonic deletions, homozygous and heterozygous missense and
compound heterézygous mutations were reported in other populations (reviewed by
Bonifati et al. 2004). It is interesting that PRKN was also originally identified in a
population isolate, manifesting as homozygous deletions in recessive families, but
since has been found to harbour multiple types of mutations and may be responsible
for seemingly sporadic cases of disease. PRKN and DJ-I also reside within fragile
regions of the genome which are prone to genetic aberrations (Schramayr ef al. 1990;
Smith et al. 1998). Although it has been reported that DJ-1-linked parkinsonism is
likely to be rare (Abou-Sleiman et al. 2003; Bonifati et al. 2003; Hague ef al. 2003;
Ibanez et al. 2003; Healy et al. 2004), in some studies dosage analysis was either not
carried out, or only the Al-5 mutation was screened for. In light of the recent
discovery of further DJ-I mutations and the fact that they are not always recessive
indicates that complete exon dosage and sequence analysis may be worthwhile in
those early-onset Norwegian cases. Even if DJ-1 does transpire to cause only
relatively few cases of parkinsonism overall, it is at present the second most common
genetic cause of early-onset parkinsonism (Abou-Sleiman et al. 2003) and the
identification of additional mutations will be useful for the development of cellular
and animal models to help elucidate the pathogenesis of mutant DJ-I. In addition,
later ages of onset may be considered for screening as recently a heterozygous A5
mutation was found in an individual with onset at 45 years (Djarmati 2004).

Interestingly disease course was rapid in contrast to that in recessive DJ-I-linked or
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PRKN-linked disease, hinting that dominant gain of function mutations may be more
toxic than complete loss of protein, as suggested for parkin. However, additional
promoter or intronic mutations may have been overlooked by screening methods in
this individual.

Although no pathological data is available for DJ-1-linked disease, there has been no
evidence of DJ-1 immunoreactivity within LBs of Vtypical PD. In contrast, co-
localisation of immunoreactivity with some tau inclusions and aggregation of wild-
type protein has been reported in tauopathies (Rizzu, 2004; Neumann, 2004). Tau
pathology has been reported in PRKN-linked disease which is not usually associated
with LBs (van de Warrenburg ez al. 2001); it will remain to be seen whether DJ-1-
linked disease (as it does at the clinical level) mimics parkin disease at the
pathological level and whether DJ-1 pathology is present in parkin brain. It would
also be of value to assess the contribution of DJ-/ in tauopathies and mutation

screening is warranted in CBD, PiD, PSP, FTDP cases.

3.3.3 PARKG6/PINK1

Initial studies suggested that PARK6 may be a common cause of recessively
transmitted familial parkisonsim in Europe, as linkage has been reported in families
from Italy, Britain, the Netherlands and Germany. Clinical features of disease in
these families overlapped somewhat with typical late-onset PD, with an age of onset
of up to 68 years (Valente et al. 2002). Homozygosity screening in Norwegian cases
revealed two individuals (P095 and P023) that may have been useful in follow-up
studies to narrow the PARK6 candidate region, which was 9cM and prohibitively

large for candidate gene screening, at the time this study was initiated.
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PlNKll was very recently named as the causal gene at PARKG6; two different
homozygous mutations were identified in consanguineous families from Spain and
Italy (Valente 2004). Haplotype analysis in earlier PARK6-linked families suggested
the occurrence of independent mutational events (Valente et al. 2002), and indeed the
PINKI mutations were found to be dissimilar in Spain and Italy. Both mutations were
found only in the homozygous state and were not carried on any of 400 control
chromosomes analysed (Valente ef al. 2004). Results of PINKI mutation screening in
other PARKG6-linked families, or other early-onset cases, are not available as yet. For
cases P095 and P023, it is not known as yet whether they are part of a consanguineous
kindred, although STRP allele frequencies in the vicinity of PINKI suggest that some
degree of inbreeding has occurred. This is not unexpected in this isolated community.
It will now be important to undertake PINK! mutation screening, including exon
dosage analyses, in these individuals. The two other genes that contribute to
recessively inherited early-onset parkinsonism, PRKN and DJ-1 also reside within
fragile chromosomal regions and exon copy number alterations are common. It is

therefore hypothesised that PINKI may also harbour these types of mutation.
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3.4 Summary and Conclusions

At the time the present study was initiated, two distinct regions of chromosome 1
(PARK7 and PARKG6) had been linked to early-onset recessive parkinsonism in
European populations. PARK7 was a 16 cM region and PARK6 was 12.5 cM, both
prohibitively larage for candidate gene searching. We therefore attempted to identify
Norwegian individuals that might be linked to either loci, by seeking regions of
homozygosity that were likely ro be identical by descent. The PARK7 gene, DJ-1,
was identified within the time-frame of the present study, therefore the two known
mutations at that time, Al1-5 and L166P, were screened for in individual P113 who
showed extended rergions of homozygosity for rare alleles in the region. Results
were suggestive of a heterozygous exon 2 and 4 deletion, although technical issues

prevented confirmation of this.

The PARKG6 gene PINKI was only very recently identified, after the time-frame of
this study and therefore could not be screened. However, haplotype analysis in
Norwegians identified two cases (P095 and P023) that are homozygous for very rare
STRP alleles; PINKI mutation screening should therefore be prioritised in these

individuals.

Mutations in the PRKN gene were initially identified in consanguineous Japanese
families and found to be causative for a juvenile onset form of parkinsonism, ARJP.
These mutations included deletions of whole/multiple exons. PRKN screening in a
variety of populations has identified an array of variation that has been associated
with not only familial early-onset but cases of sporadic late-onset disease also.
Studies have indicated that PRKN mutation accounts for a considerable proportion of

parkinsonism, however community-based studies, in which variation has been

108



assessed in normal individuals, hint that previous referral-based studies may have
overestimated the pathogenesis associated with this gene. Results of the present study
indicate that mutation carrier frequency is comparable between cases and normal
controls, although assessment of the contribution of PRKN to PD in Norway awaits
further screening. These preliminary results, however, indicated that carrier
frequency, in particular for A82E, was high compared with an outbred, US case-
control series. This was hypothesised to result from a common founder in the
relatively isolated population and haplotype analysis about A82E indicated that this

was likely.

We can therefore conclude that 1) PRKN variation is relatively frequent in
Norwegians 2) the population is likely to represent an isolated founder population,
useful for the further dissection of genetic causes of parkinsonism and 3) DJ-/

variation may be present in this population.
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4 Investigation of the MAPT H1
Haplotype
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4.1 Introduction

4.1.1 Microtubule Associated Protein Tau

Tau proteins are microtubule-associated proteins that are abundant in the central
nervous system (CNS), predominantly expressed in neurons and particularly enriched
in axons. They are are encoded by a single geﬁe (MAPT) at chromosome 17q21 that
is ~130 Kb, containing 16 exons (Poorkaj et al. 2001). Alternate splicing of exons 2,
3 and 10 results in the expression of six different polypeptides in the human CNS.
Exclusion of exons 6 and 8 and inclusion of exon 4A also results in a higher
molecular weight species which is expressed in the peripheral nervous system

(reviewed by Schraen-Maschke et al. 2004).

CNS tau isoforms differ by the presence of either 3 (3R) or 4 (4R) carboxy-terminal
tandem repeats of 31 or 32 amino acids, encoded by exons 9-12. Alternative splicing
of exon 10 produces the 3R (exon 10-) and 4R (exon 10+) isoforms. The ratio of 3R
and 4R in the adult human brain is ~1:1 (reviewed by Shahani and Brandt 2002).
These isoforms also differ in that they contain either 0 (ON), 29 (IN) or 58 (2N)
amino acid inserts in the amino terminal half mediated by the inclusion or exclusion
of exons 2 and 3. ON, IN and 2N isoforms comprise ~50%, ~40% and ~10% of total
tau, respectively. Developmental regulation is also apparent, as only the shortest
isoform (3R/ON) is expressed in fetal brain (reviewed by Lee et al. 2001). A
schematic of the tau isoforms and their nomenclature in the adult CNS is shown in

Figure 4.1.1a.
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Figure 4.1.1a Tau Isoforms and Nomenclature in the Adult CNS

The six isoforms differ with respect to the number of carboxy-terminal repeats of 30/31

amino acids (3 or 4). These constitute the microtubule binding domains and are encoded by
exons 9-12. The number of inserts at the amino-terminal (0=0, 1=29 or 2=58 amino acids)
also differs. These are generated by exclusion of exon 2 and 3 (ON), inclusion of exon 2 only
(IN) or inclusion of exons 2 and 3 (2N). Exons corresponding to domains are numbered in

- Insert of 30/31 amino acids

- Insert of 29 amino acids

red.
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Tau is thought to have multiple functions. Most notably it binds, stabilises and
promotes microtubule (MT) polymerisation. The MT interaction is mediated through
the carboxy-terminal repeats encoded by exons 9-12 (Figure 4.1.1a). 4R isoforms
have greater MT binding affinity and more efficiently promote MT assembly than do
the 3R isoforms. The region in between the amino and carboxy termini, which is rich
in Proline (‘Proline-rich region’), may also mediate MT interactions. Other studies
have suggested roles for tau as a linker protein between MTs and the actin
cytoskeleton, in signalling mechanisms involved in neuronal polarity and in the
trafficking of organelles including vesicles and mitochondria (Shahani and Brandt

2002) (Lee et al. 2001).

Phosphorylation plays an important role in regulating tau function. This occurs at
numerous sites, particularly clustered around the MT binding repeats and the Proline-
rich region. Phosphorylation events can change the conformation of tau, decrease MT
binding and increase the dynamic instability of MTs. This post-translational
modification is also developmentally regulated; phosphorylation is higher in fetal
neurons and decreases with age (reviewed by Avila ef al. 2004). Abnormally and
hyperphosphorylated tau is a major component of the pathological neuronal
neurofibrillary tangles (NFTs) found in multiple neurodegenerative disorders,
including Alzheimer’s disease (AD), progressive supranuclear palsy (PSP),
corticobasal ganglionic degeneration (CBD), argyrophilic grains disease (AgD) and
frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17)

(Shahani and Brandt 2002).

A direct role for the MAPT gene as a causative factor in neurodegeneration was
established with the discovery of mutations in familial FTDP-17 cases (Hutton et al.

1998; Poorkaj et al. 1998). Since then, more than 30 mutations have been reported in
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over 80 FTDP-17 families. These consist of coding missense, deletion or silent
mutations, or exonic and intronic mutations around the splice donor site of the intron
following exon 10 (reviewed by Goedert 2003). These splice site mutations may
disrupt a stem—loop structure that is thought to negatively regulate exon 10 splicing,
affect splicing enhancer or silencer sequencés in exbn 10, or affect a novel trans-
acting splicing factor. Irrespective of mechanism, the consequence is an increased
recognition of exon 10, augmenting the ratio of exon 10+ to exon 10- MAPT mRNA
and increased expression of 4R isoforms. Missense mutations can disrupt MT
binding, promote filament formation and decrease tau degradation (Shahani and

Brandt 2002).

4.12 MAPT Variability in Neurodegeneration

Mutations in MAPT are rare in tauopathies other than FTDP-17 (Schraen-Maschke et
al. 2004). However, the 4R tauopathies PSP and CBD are associated with common
polymorphic variability within MAPT. Conrad and colleagues (1997) were the first to
report overrepresentation of specific MAPT alleles in Caucasian PSP cases compared
to controls. They identified a dinucleotide repeat (TGj;.15) within the intron following
exon 9 (intron 9) and found homozygosity for the shortest allele (TGy;, designated
A0Q) was 96% in PSP cases, compared to 57% in controls (p=0.001) (Conrad et al.
1997). Analysis of SNPs within MAPT has revealed the presence of two major
haplotypes, termed H1 and H2. The A0 allele is found only the H1 haplotype (Baker
et al. 1999). Homozygosity for A0 or H1 has been further associated with PSP
(Baker et al. 1999; Hoenicka et al. 1999; Morris et al. 1999; Pastor et al. 2000; de
Silva et al. 2001) and CBD in Caucasian populations (Di Maria et al. 2000; Houlden

et al. 2001).

114



Although primarily regarded as an a-synucleinopathy and not usually associated with
tau pathology, the clinical and pathological characteristics of PD overlap with those of
the tauopathies. PSP clinically presents with parkinsonism (Litvan and Lees 1999)
and LBs have been identified in some cases (Mori ef al. 2002). Tau aggregates have
been demonstrated in ARJP caused by parkin mutation (van de Warrenburg et al.
2001), a-synuclein-linked PD (Duda et al. 2002) and tau co-localises with a-synuclein
in LBs of sporadic PD (Ishizawa et al. 2003). a-synuclein has been shown to bind to
and modulate tau phosphorylation (Jensen ef al. 1999) and parkin may ubiquitinate
tau (Shimura et al. 1999). In addition, overexpression of tau in the fly is sufficient to
cause neuronal death without NFT formation (Wittmann et al. 2001). Evidence for
linkage to chromosome 17q, close to MAPT, was also identified in a large genome
scan of idiopathic PD (Scott et al. 2001). It is therefore possible that variability
within the MAPT gene may contribute towards the clinical outcome of a spectrum of

neurodegenerative disorders including PD.

Lazzarini and colleagues initially showed an association between the AQ alelle and
PD (Lazzarini 1997). An expansion of this original series and meta-analysis of other
independent, but largely equivocal studies, confirmed these findings. The overall
frequency of the AOAO genotype in PD was 61% (after correction for misdiagnosis of
PSP as PD) compared to 52% in controls (p=0.002) (Golbe et al. 2001). An increase
in H1/H1 genotypes over controls was also observed in three US (Maraganore et al.
2001; Martin et al. 2001; Clark et al. 2003) and a UK PD case control series (de Silva
et al. 2002). However, these findings did not always reach statistical significance,

hence the association between MAPT H1 and PD remains controversial.
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4.1.3 The MAPT Extended Haplotype

A number of polymorphisms have been identified which are in complete
disequilibrium with, and therefore define the H1 and H2 haplotypes (Baker et al.
1999; de Silva et al. 2001; Martin et al. 2001; Verpillat e al. 2002) with no evidence
of meiotic recombination between the two. Baker and colleagues originally showed
that the non-recombining region spans the entire MAPT gene (Baker et al. 1999).
More recently, Pastor and colleagues further examined the region and both STRPs
and SNPs were used to show the region extends some 60Kb north (5’ and

centromeric) and ~600 Kb south (3’ and telomeric) of MAPT (Pastor et al. 2002).

The 3’ end of the non-recombining region extends to the STRP D17S810 (Pastor et
al. 2002). Although human genome sequence assemblies are largely complete, there
are still gaps. In the chromsome 17q21 region, the orders and positions of some of the
smaller sequenced units (contigs) dramatically changed during the year 2002. NCBI,
UCSC and CDS human genome sequence data currently place D17S810 5° of MAPT.
The ‘relocation’ of D17S810 since the report of Pastor and colleagues (2002) meant

that the estimated extent of the haplotype is unreliable.

4.14 Aims of the Work Described in Chapter 4

Since previous MAPT H1 (or A0)/PD association studies have been carried out in
outbred populations, it was reasoned that equivocal results and failure to reach
statistical significance may be due to underlying heterogeneity in these samples
and/or the use of convenience control samples. Hence, the first aim was to test the
association of H1 with PD in the genetically homogenous Trondheim case-control
series. The initial study that was carried out demonstrated a significant association

between H1 and PD in Norwegians (Farrer ef al. 2002). The first aim was to replicate
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this finding in a larger, distinct set of samples. As the H1 haplotype probably
includes neighbouring genes (Pastor ef al. 2002), it is conceivable that a susceptibility
locus resides outside of MAPT. Therefore, the second aim was to map the boundaries
of the non-recombining region to determine the extent of H1 and hence the PD

susceptibility candidate region.

Microsatellite variability within MAPT suggests the H1 ﬁaplotype may be partitioned
into H1-specific sub-haplotypes (Golbe ef al. 2001). We hypothesised that elevated
copies of H1 in PD cases could be accounted for by the presence of a particular ‘sub-
H1’ haplotype carrying disease risk, that is absent or present only at low frequencies
in normal controls. Hence, the third aim was to dissect the genetic architecture of H1

sub-haplotypes and explore their association with PD.
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4.2 MAPT H1 and Parkinson’s Disease

42.1 Initial Studies

The association of PD with the MAPT H1 haplotype was investigated in the
Trondheim case-control series. The ensuing publication can be found in Chapter 8
(Farrer et al. 2002). To surﬁmarise, 96 unrelatedr Pb cases (clinically defined
probable and possible PD) and 68 controls were genotyped for the M4APT H1 and H2
haplotypes, as defined by the A>G SNP 51800547, by Banll restriction enzyme
digest (A carried on H1, G carried on H2, (Baker ef al. 1999)). The H1/H1 genotype
was significantly associated with PD, even after adjustment for misdiagnosis of PD as
PSP (OR=5.6, 95% CI 2.6-11.9, p<3.1°6). As the Trondheim series expanded, further

samples became available for analysis.

422 MAPT H1 Haplotype Case-Control Analysis

The sample set used in this analysis was distinct from that previously reported (Farrer
et al. 2002). It included 200 cases with a median age of 70 years (range 40-94 years),
male frequency 0.59 and 373 controls with a median age of 58 years (range 50-93

years), male frequency 0.61.

MAPT H1 and H2 genotypes were identified by PCR fragment length polymorphism
genotyping. The H2 variant contains a 238 bp deletion located in intron 9 of the gene
(Baker et al. 1999) and is denoted ‘int9 indel’. PCR amplification (Section 2.2.2) of
the surrounding region was carried out (primers and PCR conditions are detailed in
Appendix 1) and products were electrophoresed on a 1% agarose gel (Section 2.2.4).

An example of the banding pattern for possible genotypes is shown in Figure 4.2.2a.
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Odds ratios were calculated using SPSS (Section 2.3.11). The association between
H1/H1 and PD remained highly significant in this replication series (OR=2.3; 95%
CI=1.6-3.4, p<1.5") and also when all samples (those previously reported by Farrer
et al. 2002 and in this section) were considered (OR=1.9, 95% CI=1.3-2.6, p<1.5°’4;

Table 4.2.2b).
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Figure 4.2.2a MAPT H1/H2 Genotyping

PCR amplification of the region surrounding a 238bp deletion within intron 9 (int9 indel)
gives a 498bp product for the H1 allele and a 260bp product for the H2 allele. An example of
the banding pattern for H1/H2, H1/H1 and H2/H2 genotypes is shown.

1 Kb ladder

H1/H2 HI1/H1 H2/H2
498bp > g

260bp > —

Table 4.2.2b Association Between PD and MAPT Haplotypes

No. of genotypes (%) H1/H1 vs H1/H2 & H2/H2 H1/H1 & H1/H2 vs H2/H2
n H1/H1 H1/H2 H2/H2 OR 95% CI p OR 95% ClI p
Controls 441 282 (63.9) 143 (32.4) 16 (3.6) 1 (ref) 1 (ref)
Cases
All (Prob, Poss, Atyp) 296 ]227 (76.7) 62(209) 7 (2.4) 1.86 1.33-2.59  0.0002 0.64 0.26-1.58 0.33
Probable & Possible 280 ]213(76.1) 60(21.4) 7(2.5) 1.79 1.28 2.51 0.001 0.68 0.28-1.68 0.40
Probable 223 169 (75.8) 50 (22.4) 4 (1.8) 1.77 1.23-2.54 0.002 0.49 0.16-1.47 0.19
Adjustment for 278 |213(76.6) 58 (20.9) 7 (2.5) 1.85 1.32-2.59  0.0004 0.69 0.28-1.69 0.41
_possible PSP cases*

* Genotype frequencies were adjusted for possible PSP cases misdiagnosed as PD by
randomly removing 6% of cases (Golbe et al. 2001) (6%*76.7%=14 H/1H1s, 6%%*20.9%=4
H1/H2s, 6%*2.4%=0 H2/H2s)
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4.3 The Extended MAPT Haplotype

Pastor and colleagues estimated the minimum MAPT extended haplotype to be
flanked by markers rs937 (~60Kb 5° of MAPT) and D17S810 (~600Kb 3° of MAPT)
(Pastor et al. 2002). Subsequent to this publication, STRP D17S810 was relocated
~0.5 Mb 5’ of MAPT, therefore the extent of the haplotype became unreliable. We
sought to map the boundaries of the non-recombining region, and hence the maximum

extent of H1, using the most recent genome sequence assembly data.

Fifteen individuals with H1/H1, H1/H2 or H2/H2 genotypes (as defined by the MAPT
intron 9 indel; Section 4.2.2) were genotyped for SNPs extending 5° and 3’ of 15937
and rs1816 respectively, which marked the minimum extent of the MAPT non-
recombining region (rs937 was substituted by hCV7450783 which is ~200 bp 3°)
(Pastor et al. 2002). SNPs were chosen from the CDS SNP database, although it was
not known a priori whether these polymorphisms were present in the Norwegian

population.

SNP genotyping was carried out by restriction enzyme digest (Section 2.2.3) (except
for 5524821057 and hCV2265263, which were detected through direct sequencing of
a CDS putative gene hCG1640620; Section 2.2.7). Assays are detailed in Appendix
1. SNPs and their physical positions are shown in Table 4.3a. Some SNPs were not
identified in these samples. An association of a SNP with the MAPT haplotype was
identified by comparing MAPT int9 indel genotypes with SNP genotypes: a SNP
associated (in linkage disequilibrium) with the MAPT haplotype gives the same set of
genotypes in all samples; all HI/H1 individuals have a SNP genotype of 11, all
H1/H2 individuals have a SNP genotype of 12 and all H2/H2 individuals have a SNP

genotype of 22. Disparity between SNP genotype and MAPT haplotypes was
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assumed to be an indication of recombination between the two. When genotyping
was initially carried out, hCV7540752 was located ~60Kb 5’ of SNP and analyses of
MAPT haplotype/SNP association allowed the maximum and minimum extent of the
haplotype to be established. At maximum, it extended over a ~700KDb region with the
5’ boundary flanked by hCV7540752 and ss24821057 and the 3’ end flanked by
rs1816 and hCV11411459. However, hCV7540752 was later repositioned 3’ of
rs1816. This redefined the 3’ boundary and also meant that the 5° boundary was no
longer known. Based on the present physical locations of the SNPs genotyped in this
study and the most recent position of D17S810, we can surmise that at minimum, the
non-recombining region is ~800Kb in length and that the 3’ boundary lies within a
~64Kb interval between hCV11936211 and hCV7450752), ~200 Kb 3’ of MAPT
(Figure 4.3b). There are therefore at least nine putative/known genes (including
MAPT) in LD with the H1 haplotype; all are candidates for harbouring a risk variant

associated with PD and other disorders in which H1 is over-represented.
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Table 4.3a SNPs Genotyped to Determine Boundaries of the Extended MAPT
Haplotype

SNPs were genotyped in known H1/H1, H1/H2 and H2/H2 individuals. Not all SNPs were
polymorphic in these samples.
identified when SNP genotypes were identical to MAPT haplotypes in all individuals. The 3’
boundary of the non-recombining region lies between hCV11936211 and hCV7450752.

An association with the extended MAPT haplotype was

Association
Chr 17 Polymorphism With
SNP Celera ID NCBIID _ Change Position (bp) Identified? int9 indel?
1 §s24821057 G>A 44,185,793 yes yes
2 hCV2265270 rs413778 G>A 44,192,307 no
3 hCV2265267  rs439558 T>C 44,193,225 no
4  hCV2265263 rs3418 C>T 44,198,884 yes yes
5§ hCV7450783 rs878886 C>G 44,387,910 yes yes
MAPT 44,447,262 - 44,578,250
6 hCV11936211 rs1816 A>G 44,752,034 yes yes
7  hCV7450752 c>G 44,817,359 yes no
8 hCV11416920 T>C 45,611,015 no
9 hCV11417996 A>C 63,300,284 no
10 hCV11411459 rs8866 C>G 65,924,080 yes no
11 hCV2077569 G>C 66,022,999 no
12 __hCV11618556 c>T 66,821,253 yes no

123



Figure 4.3b MAPT Extended Haplotype Region

The 3° boundary of (MAPT extended haplotype (yellow arrow) is flanked by markers
hCV11936211 and hCV7450752. 5° of MAPT, the haplotype extends at least as far as gene
LOC201176 (D17S810; Pastor et al. 2002).
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4.4 Investigation of the MAPT H1 Haplotype

To further explore the association of MAPT H1 and PD, an epidemiologically-
matched subset of 81 cases and 81 controls from the Trondheim series, homozygous
for H1 (defined by int9 indel, Section 4.2.2) was selected for analyses. Median age in
the case group was 76 * 3.9 years (range 71-86) and 81 % 5.1 years (range 72-93) in
the control group and 58% were male. Microsatellite variability within MAPT
suggests that H1 may be partitioned into H1-specific sub-haplotypes (Golbe et al.
2001). We chose to investigate H1 variability by the analysis of SNPs that are H1-
specific as SNPs are preferable to microsatellite polymorphisms for the assessment of
LD (Ardlie et al. 2002). Initially, SNPs were identified from NCBI and CDS
databases. Genotyping of these putative variants in H1/H1 (n=11) and H2/H2 (n=11)
individuals indicated whether they were polymorphic in Norwegians and H1-specific.
SNPs that were chosen for further analyses were polymorphic within the population

of H1 chromosomes and not present on H2 chromosomes (H1-SNPs).

4.4.1 Linkage Disequilibrium Within MAPT H1

Initially, 5 H1-SNPs within MAPT were genotyped in cases and controls. Pairwise
LD statistics and GOLD figures were generated for each sample group using

Genotype Transposer and GOLD (Section 2.3.8), shown in Figure 4.4.1a.
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Figure 4.4.1a Graphical Overview of LD for MAPT H1-SNPs
a) HI-SNPs within MAPT for which LD was assessed. b) GOLD figures for HI-SNPs in

controls and cases. Relative SNP positions are shown within an ideogram of genomic MAPT

below (exons are denoted by boxes). ¢) Raw LD data used to construct GOLD figures.

SNP CDS ID NCBIID Change
a) 8 hCV3202957 rs242562 G>A
10  hCV16089259  rs2435207 G>A
12 rs11568305 G>A
13 rs11079728 T>C
14 rs11568306 CT>AA
b)
Control Case

8 10 12 13 14

p (D)

MAPT
> Iy
s D'[F L
Exon 10 1 23 4 4a 5678 9 10 11 12 13
c)
CONTROL CASE
Marker1  Marker2 D D' p Marker1  Marker2 D D' p
8 10 0.00 -0.01 091 8 10 0.09 039 0.00
8 12 0.00 019 057 8 12 0.00 -0.08 0.87
10 12 0.01 055 007 10 12 0.02 1.00 0.02
8 13 0.00 -009 0.79 8 13 0.00 0.01 097
10 13 0.01 027 021 10 13 0.06 1.00 0.00
12 13 0.00 -1.00 048 12 13 0.00 -0.36 0.77
8 14 0.00 0.00 098 8 14 0.04 028 0.02
10 14 -0.01 -0.11 0.50 10 14 -0.05 -041 0.00
12 14 0.03 1.00 0.00 12 14 0.02 1.00 0.00
13 14 0.00 -0.23 0.61 13 14 -0.03 -1.00 0.01
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LD between rs242562 and rs2345207 was considerably greater in cases than in
controls, and in the former it appears to extend further 5° of rs242562, which is
located in the intron following MAPT exon 1 (intron 1). The non-recombining region
extends further 5° of MAPT, including the CRHRI locus (Section 4.3). This gene
encodes one of the two receptors (CRHR1 and CRHR2) that mediate the action of
corticotropin-releasing hormone (CRH). This peptide has a role in endocrine,
autonomic, behavioural, and immune responses to stress and has been implicated in a
variety of neuroendocrine, neurological and psychiatric disorders (Grammatopoulos
and Chrousos 2002). CRH levels in cortex of AD, PSP and PD brains were reduced
when compared with normal controls (Rehman 2002) and CRHR1 has been shown to
mediate the neuroprotective properties afforded by the CRH family-member

urocortin, in rats (Pedersen et al. 2002).

442 HI1-SNP Analyses within the CRHR1-MAPT Interval

To test the hypothesis that variation within CRHRI was responsible for the
association of H1 and PD, additional H1-SNPs within the CRHRI-MAPT interval
were sought. A further nine H1-SNPs were genotyped in cases and controls; the total
fourteen H1-SNPs are detailed in Table 4.4.2a. They cover ~210Kb of the non-
recombining region and average marker spacing is ~15Kb. Figure 4.4.2b illustrates

relative positions within gene loci.
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Table 4.4.2a H1-SNPs

14 H1-SNPs in the MAPT-CRHRI (non-recombining) interval, genotyped in case and control

H1 homozygotes.

SNP CDSID NCBI ID Change
1 rs110402 C>T
2 hCV2544834 rs171440 G>A
3 hCV2544832 rs242937 G>A
4 hCV2544799 rs242935 T>C
5 hCV2544792 rs242928 A>G
6 hCV2257661 rs2019820 C>T
7 hCV3202942 rs11079727 C>A
8 hCV3202957 rs242562 G>A
9 rs3785883 G>A
10 hCV16089259 rs2435207 G>A
11 hCV16017251 rs2258689 C>T
12 rs11568305 G>A
13 rs11079728 T>C
14 rs11568306 CT>AA
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Figure 4.4.2b H1-SNPs Within the CRHRI-MAPT Interval

H1-SNPs are shown as white circles and numbered 1-14 as shown in Table 4.4.2a.
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Single marker tests for association were carried out using CLUMP (Section 2.3.10)
for allele and genotype frequencies. Odds ratios for each genotypic variant (11&12 vs
22 and 11 vs 12&22) were calculated using SPSS (Section 2.3.11). Allele frequencies

and p values for all tests are shown in Figure 4.4.2c.

Most of the 14 H1-SNPs exist at appreciable frequencies (>0.10) and half have
frequencies >=0.40, suggesﬁng these are ancient polymorphisms that are likely to be
informative. Notably, the minor allele (2=A) at SNP 10 (rs2435207) was over

represented in cases (OR [11 vs 12&22] =2.1; 95% CI=1.1-4.2; p=0.03).
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-log 10 p

Figure 4.4.2¢ H1-SNP Association Tests

Top panel shows H1-SNP (1-14) allele frequencies in cases and controls. Bottom panel
shows —Log;o p values for y tests comparing genotype and allele frequencies and for Odds
Ratios (11&12 vs 22 and 11 vs 12&22) between cases and controls. Notably, the minor allele
(2=A) for SNP 10 (rs2435207) is significantly over-represented in cases (OR [11 vs 12&22]
=2.1; 95% CI=1.1-4.2; p=0.03).
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443 HI1-SNP Multilocus Haplotype Analysis

To maximise information provided by H1-SNP genotypes, a multilocus approach was
taken next. SNPtagger (Section 2.3.6) was used to identify a minimum set of H1-
SNPs required to capture >99% of the haplotypic diversity within the CRHR1-MAPT
interval, thereby removing redundant SNP data and allowing a smaller dataset to be
analysed without loss of power. htSNPs were sought using data from cases, controls,
and cases & control combined. The htSNP set chosen included htSNPs identifed from

all tests (Table 4.4.3a).

For these H1 htSNPs, multilocus haplotype frequencies were estimated using
Arlequin (Section 2.3.5) and compared between cases and controls using CLUMP
(Section 2.3.10). Seventeen different ‘H1 sub-haplotypes’ have frequencies >0.02
and account for 74% of the haplotypes present in both groups combined (Table
4.4.3b). Of note, there are six H1 sub-haplotypes in the PD case group that are not
represented in the control group (XII-XVII), and seven in the control group not
present in cases (V-XI). Comparison of multilocus haplotype counts between cases
and controls was highly significant, x’=78.8, p<1.0¢® (16 d.f.). Thus, the MAPT H1
haplotype term is a misnomer; H1 represents a clade of haplotypes on the same

backbone (i.e. H1', H1", efc.), that are not H2.
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Table 4.4.3a H1 htSNPs

htSNPs sufficient to capture >99% of the H1 haplotypic diversity (based on H1 SNP
genotypes) within the CRHR1-MAPT interval are shown in blue.

Group htSNPs
Case 12345678910111213 14
Control 12345678910111213 14

Case & Control 1234567891011 1213 14
htSNPsetused 1234567891011 121314

Table 4.4.3b H1 Sub-Haplotype Frequencies in Cases and Controls
Haplotypes with frequencies >0.02 are shown.

H1 Sub-haplotype Control Frequency Case Frequency
(Allelic conformation) (n) (n)

I (GGTACGCGT) 0.16 (26) 0.22 (35)

Il (GGCGTGTGT) 0.09 (14) 0.08 (13)

Il (GGTACGTGT) 0.06 (9) 0.04 (7)

IV (AGTACGCGT) 0.05 (8) 0.06 (10)

V (AACACATGC) 0.05 (8) -
VI (AACGCTGCAT) 0.04 (7) -

VII (GGCACATGC) 0.04 (6) -
VIII (GGTATGCAC) 0.03 (5) -

IX (GGCACGCGT) 0.03 (5) -

X (GGTATGCAT) 0.03 (5) -

Xl (GGCGTGCGT) 0.02 (3) -

Xl (AACGTGTGT) - 0.08 (12)
Xl (GGCACACGC) - 0.04 (6)
XIV (AACACATGT) - 0.03 (5)
XV (GGCATGCGT) - 0.03 (4)
XVI (GGCACGTGT) - 0.02 (4)
XVII (GGCATATAC) - 0.02 (3)
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444 Modelling H1 Evolutionary History

One or more H1 sub-haplotypes are associated with PD (Section 4.4.3), although
these are >200 Kb in length and there is little indication of the possible location of
risk variation. To narrow the candidate region, we attempted to perform cladistic
analysis as proposed by Templeton and colleagues (Templeton et al. 1988). Cladistic
analyses link haplotype data by evolutionary relationships, under the assumption that
disease associated variation is embedded, and can be localised, within the framework
of haplotype clades (Heng and Low 2000). Cladograms were constructed for H1 sub-
haplotypes using the PHYLIP software suite (Section 2.3.7). More than 100
cladograms provided an equally good fit to the data, one of which is shown in Figure
4.4.4a. This is indicative of ancestral recombination between H1 sub-haplotypes
(Templeton et al. 1988). Although this is an interesting finding and contrasts that
observed for H1 and H2 haplotypes (Pastor et al. 2002), cladistic analyses may not be
appropriate for regions with high levels of recombination (Templeton et al. 1988;
Heng and Low 2000). A metric LD map was constructed using H1-SNP data for both
cases and controls using LDMAP (Section 2.3.9) (Figure 4.4.4b). This is also

indicative of recombination within the Hl CRHRI-MAPT interval.
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Figure 4.4.4a Cladogram of H1 Sub-Haplotypes

One of a possible ~100 models of the evolutionary history of H1 sub-haplotypes. Haplotype
names correspond to those in Table 4.4.3b (i.e. Hap1=I, Hap2=lIl, etc.)

Figure 4.4.4b Metric LD Map of the H1 CRHRI-MAPT Interval

Regions of low LD (recombination) appear as sloping ‘steps’ (A). Regions of high LD
appear as horizontal ‘plateaus’ (B).
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445 Sliding 3-Marker Haplotypes

To refine the genomic region within CRHRI-MAPT interval contributing most to
disease association, 3-marker haplotypes consisting of sliding trios of markers (1-2-3;
2-3-4; etc.) for all HI-SNPs were estimated using Arlequin (Section 2.3.5). As
haplotype frequencies are dependent upon the frequencies of SNPs that comprise
them, we calculated the theoretical mlmmum énd makimum possible frequencies of
each of the 3-marker haplotypes in the control group. The expected maximum
frequency of a haplotype is Papc where ABC is the frequency of major alleles at loci
A, B and C. The mimimum expected frequency is Pac, Where abc is the frequency of
the minor alleles at each loci (Figure 4.4.5a). The results suggested that H1 3-marker
haplotypes would be potentially informative and most are not appreciably restricted

by SNP frequencies.

+ analysis of 3-marker haplotype counts in cases and controls was performed using
CLUMP (Section 2.3.10). The number of haplotypes containing markers 8-9-10 were
strikingly different between cases and controls (-Logjo p<3.23, p<0.0006; Figure

4.4.5b).
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Figure 4.4.5a Theoretical Minimum and Maximum 3-Marker Haplotype

Frequencies

The expected maximum frequency of a haplotype is Pogc where ABC is the frequency of
major alleles at loci A, B and C. The mimimum expected frequency is P, where abc is the

frequency of the minor alleles at each locus.
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Figure 4.4.5b H1-SNP Haplotype Trios in Cases and Controls

~Log; p values (from i test) are shown for haplotype trio counts compared between cases
and controls. The number of haplotypes containing markers 8-9-10 were strikingly different

(-Logio p<3.23, p<0.0006).
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Closer inspection of all pairwise combinations showed that the ‘A-A’ haplotype for
markers 8 (rs242562) and 10 (rs2435207) is most significantly associated with disease
(p<0.003) and cases carry twice as many as controls (Table 4.4.5c). The magnitude of
this difference (15%) accounts for the increase in H1/H1 genotypes in cases compared

with controls (13%; Table 4.2.2b). This H1 sub-haplotype is denoted ‘H1""".

In view of the strong association of H1 with the 4R tauopathy, PSP (Section 4.1.2),
frequencies of HI1™® were also assessed in this disorder. Eighty-six case samples
(median age=70 years, range 42-85) and 54 controls (median age=75 years, range 46-
91) of North American extraction were available for analysis. SNP 8-10 haplotype
frequencies differed between cases and controls (x° p<0.03), although in contrast to
PD, the ‘A-G’ haplotype was over-represented in cases (13%; Table 4.4.5d). This

suggests that H1 PSP susceptibility may be dissimilar to that associated with PD risk.

Table 4.4.5¢ SNP 8-10 Haplotype Frequencies

The ‘A-A’ haplotype formed by H1-SNPs 8 (rs242562) and 10 (rs2435207) is over-
represented in cases by 15%.

CONTROL Allelic CASE Allelic
Conformation Conformation
Haplotype  Frequency Counts (SNP 8 - SNP 10) | Haplotype Frequency Counts (SNP 8 - SNP 10)
1 0.38 61 G-G 1 0.39 63 G-G
2 0.26 42 A-G 2 0.13 22 A-G
3 0.22 36 G-A 3 0.19 31 G-A
4 0.14 23 A-A 4 0.29 46 A-A
Total 162 Total 162
Table 4.4.5d SNP 8-10 Haplotype Frequencies in PSP
The ‘A-G’ haplotype is over-represented in cases by 13%.
CONTROL Allelic CASE Allelic
Conformation Conformation
Haplotype  Frequency Counts (SNP 8 - SNP 10) | Haplotype Frequency Counts (SNP 8 - SNP 10)
1 0.47 50 G-G 1 0.30 51 G-G
2 0.17 19 A-G 2 0.30 52 A-G
3 0.12 13 G-A 3 0.15 26 G-A
4 0.24 26 A-A 4 0.25 43 A-A
Total 108 Total 172

138




4.4.6 Investigation of H1™®

The H1" haplotype is formed by H1-SNPs 8 (rs242562) and 10 (rs2435207). These
span a ~32 Kb interval that includes the alternatively spliced MAPT exons 2 and 3.
To further investigate H1'P, individuals unambiguously carrying this haplotype
(homozygous for the ‘A’ allele at SNPs 8 and 10) were identified for further analyses.
They ihcluded one normal control, 4 possible PD cases and 1 probable PD cése. We
hypothesised that this haplotype may harbour sequence risk variation in the vicinity of
SNPs 8 and 10. However, since LD mapping cannot be used to bound an interval
associated with disease (in contrast to low resolution linkage mapping in families,

where obligate recombinants define a candidate region), we also considered the region

extending to SNPs 7 and 11 for analysis.

To identify regions potentially containing functionally important variation, we firstly
used mVISTA (Section 2.3.2) to identify sequence conservation between human
(MAPT) and mouse (mapt) genes (Figure 4.4.6a). High conservation (>75%) was
apparent around exons and also in some intronic regions, including intron —1 (position
~1Kb), intron 0 (46.5-49.5Kb and ~59Kb) and intron 2 (78-79kb). These regions,
exons 2 and 3 (and flanking intronic sequences) and ~1Kb 5’ of exon —1 were
sequenced in H1™® homozygotes (Table 4.4.6b). Sequencing primers/assays are

detailed in Appendix 1.

No gross sequence anomalies were identified, although a further 5 SNPs were

identified (Figure 4.4.6¢).
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Figure 4.4.6a Sequence Conservation between Human and Mouse Tau Genes

Percentage of sequence conservation (peaks) over a sliding 50 base pair window is indicated
on the Y-axis, calculated using mVISTA. Positions of human MAPT exons (blue bars),
regions sequenced in H1™ homozygous individuals (grey bars) and SNPs 7-11 (arrows) are
shown.
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Table 4.4.6b H1"® Homozygotes

[ Sample  Age of Onset  Age Diagnosis
K118 B 84 Normal Control
P263 40 46 Possible PD
P250 47 49 Possible PD
P204 70 74 Possible PD
P196 73 75 Probable PD
PO57 5 88 Possible PD

Figure 4.4.6¢c SNPs Identified in H1"® Homozygotes

SNP CDS ID NCBI ID Change

17 rs3744456 G>C 17 *E
20 rs2435205 G>A T
18 hCV1016016 rs242557 G>A

19 rs878917 c>T

16 rs10514889 A>G

Relative positions of SNPs within the MAPT gene (in addition
to SNPs 1-14) are shown in red. MAPT exons are shown as blue
boxes.

141



4.4.77 SNPs 16-20

To assess association between variants found on H1™ haplotypes and disease, SNPs
16-20 were genotyped in the epidemiologically matched case-control H1/H1 series
(n=81+81). Assay details are shown in Appendix 1. Genotype and allele frequencies
were compared between cases and controls ()¢ test) using CLUMP (Section 2.3.10)
and ORs were calculated using SPSS (Section 2.3.11). Genotype frequencies and p
values for tests are shown in Table 4.4.7a. A marginally significant difference was
observed for SNP 20 when comparing genotype frequencies (p=0.03). Comparisons
of sliding haplotype frequencies for trios of markers (as Section 4.4.5), were also
compared between cases and controls (Table 4.4.7b); none were preferentially
associated with disease. SNP 20 was also genotyped in aditional HI/H1 homozygotes
(case n=146, control n=201) and allele/genotype frequencies were compared between
groups (case n=227, control n=282); no significant differences were found (p=0.98;
p=0.56). In the absence of any remarkable sequence changes or SNPs that were

associated with disease risk, we further examined the genotypic make-up of H1%P.
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Table 4.4.7a Case Control Analysis of SNPs 16 to 20
Alleles are recoded: 1=major allele, 2=minor allele (alleles are detailed in Figure 4.4.6c).

Genotype frequency (n) Chi-sq p 11812 vs 22 11vs 12822
SNP Group 11 12 22 Genotypes  Alieles OR 95% Ci p OR 95% Cl [

17 Control | 0.61 (49) 0.35 (28) 0.04 (3) 0.84 0.82 1.5 0.3-9.5 0.64 1.1 0.8-2.0 0.80
Case 059 (48) 038 (31) 0.02 (2)

20 Control| 017 (13) 064 (490 0.18 (14) 0.03 0.13 0.4 0.19-0.83  0.01 1.0 0.4-24 0.97
Case 017 (13) 047 (36) 0.36 (28)

18 Control | 0.32 (6) 053 (43) 015 (12) 0.44 0.82 14 0.6-3.5 0.48 14 0.7-27 0.39
Case 0268 (21) 063 (51) 0.11 (9)

18 Control| 086 (70) 0.14 (11) 0.00 0) 0.97 0.82 NA 0.9 0.4-2.2 0.82
Case 088 (71) 0612 (100 000 (0)

16 Control | 0.26 (20) 0.50 (39) 0.24 (19) 0.48 0.24 0.7 0.4-15 041 15 0.7-3.3 0.28
Case 018 (14) 051 (39) 030 (23)

NA: not applicable (no 22 genotypes)

Table 4.4.7b SNP 17 to 10 Haplotype Trio Frequency Comparisons

Frequencies of haplotypes formed by trios of SNPs sliding across markers 17 to 10 were
compared () test) between cases and controls (n=81+81). See Figure 4.4.6¢c for SNP
positions within AMAPT.

Haplotype p
17-7-20 0.56
7-20-18 0.13
20-18-8 0.47
18-8-16 0.27

8-16-9 0.22
16-9-10 0.08
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4.4.8 HI1-SNP Genotypes

H1-SNP genotypes within MAPT were further examined in unambiguous carriers of
H1™. P024 and P250 were homozygous for the same alleles at all markers within
MAPT (~210Kb). Other case individuals were homozygous for shorter regions,
however all shared genotypes for SNPs 20 to 16, spanning a distance of ~33 Kb from
the 3’ half of intron 0 to intron 2, including exons 1 and 2 (Table 4.4.8a). Genotyping
assays that were used in this study detected specific variants, i.e. if only one allele was
identified then homozygosity for that allele was assumed and heterozygous deletions
would have been overlooked. Interestingly, the region covered by SNPs 20 to 16
overlaps the region of high LD in cases as measured by LDUs within HI CRHRI-
MAPT (100-150Kb, Figure 4.4.4b). In addition, this is the only region where the case
LDU profile is distinctly different to controls. We hypothesised that some cases may
carry a heterozygous genomic deletion spanning exons 1 and 2 of MAPT; this would
be consistent with apparent homozygosity for markers and the paucity of
recombination (high LD) in the region, although this remains to be formally tested.
Two other controls who were asymptomatic at 92 and 89 years (K047 and K009) also
share genotypes at SNP 20 to 16, although these individuals carry only one copy of

H1"P (they are heterozygous at SNP 10).

Table 4.4.8a Shared Homozygosity for MAPT H1-SNPs

Unambiguous carriers of H1™ (blue) are homozygous at numerous H1-SNPs across MAPT
(yellow). All share identical homozygous genotypes for markers 20 to 16 (boxed). Two
other normal control individuals (K047 and K009) also share these genotypes, although they
carry only 1 copy of HI1™.

SNP

Sample Diagnosis 17 7 20 18 8 19 16 9 10 11 12 13 14
Con 1 22 12 22 22 11 22 1 22 1" 1 1 1"

Pos 12 12 11 22 22 1 22 12 22 1 1" 12 1

Pro 11 12 1 22 22 1" 22 1 22 11 1 1 1

Pos 1" 22 11 22 22 1 22 1" 22 1" 1 1 1

Pos 1 22 1 22 22 1 22 1 22 1 1 1 1

Pos 1 12 11 22 22 11 22 12 22 1" 12 1 12

K047 Con 1 12 11 22 22 1 22 11 12 12 11 1 12
K009 Con 11 12 11 22 22 11 22 12 12 11 11 11 12
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4.5 CRHRI Analysis

4.5.1 Sequencing CRHRI

Genomic sequencing of CRHR was undertaken in 6 normal controls to identify SNPs
useful for i) mapping the extent of the MAPT extended haplotype (Section 4.3) and ii)
investigatirig the H1 haplotype (Section 4.4). Eleven out of the 14 exons (exons 2-4,
6-10, 12-14), including those alternatively spliced (exons 3, 6 and 13) and their
flanking intronic sequences were successfully sequenced (Section 2.2.7). Primers and
assay details are shown in Appendix 1. A total of 33 SNPs (intronic or coding
synonomous) and a 5 bp indel polymorphism were identified (intron 2). Thirty-two of
these were in LD with the extended MAPT haplotype, including the 5 bp indel (H2
haplotype carries the deletion). Of interest was an apparent H1-specific, previously
unreported coding non-synonomous single base-pair change, an exon 3 C>T transition
resulting in the putative substitution of alanine with valine at residue 60 of the
CRHR1 protein (individual K012), termed ‘A60V’ (submitted to NCBI SNP

database; ss26161961). The sequence chromatogram is shown in Figure 4.5.1a.
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Figure 4.5.1a Sequence Chromatogram of CRHR1 A60V

The upper panel shows the sequence based on the chromatograms in the lower panel (sense
and antisense strand sequencing). The heterozygous C>T change (resulting in a putative
A60V substitution) in K012 is highlighted.
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4.5.2 Case-Control Analysis of CRHRI A60V

A60V was assumed to be H1-specific, since it was found in the heterozygous state in

an H1/H1 homozygous individual and CRHRI was also known to lie within the

MAPT non-recombining region (Section 4.3). We therefore tested the hypothesis that

this variant may be pathogenic and responsible for the association of H1 and PD.

The epidemiologically-matched H1/H1 homozygote case control series (n=81+81)

was genotyped for A60V (assay details are shown in Appendix 1); frequencies are

shown in Table 4.5.2a. The frequency of A60V was low in both cases and controls

and is likely to represent a rare, inocuous polymorphism within the Norwegian

population.

Table 4.5.2a Case Control Analysis of CRHRI A60V
A60QV is rare in both cases and controls.

Genotype frequency (n) Allele frequency (n)
Group CC CT TT C
Control | 0.95 (77) 0.05 (4) 0 0) 0.98 (158)  0.02 (4)
Case 0.96 (78) 0.04 (3) 0 (0) 0.98 (159)  0.04 (3)
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4.5.3 Linkage Disequilibrium within CRHR1

Sequence analysis of the Saitohin gene in primates has suggested that H2 is the
ancestral variant, and that the higher frequency of H1 (compared to H2) in humans is
due to positive selection for that allele (Conrad et al. 2004). An important
characteristic of positive selection is that it causes an unusually rapid increase in allele
frequencies during a short enough time interval that recombination does not have a
chance to destroy LD (Sabeti et al. 2002). The CRHRI gene is a candidate for
positive selection due to its role in immunity (Grammatopoulos and Chrousos 2002).
We tested for evidence of selection at CRHRI by calculating LD between high
frequency H1-SNPs 1, 2 and 3 (Figure 4.4.2b), within the epidemiologically-matched
H1/H1 case-control series (n=81+81). Pairwise measures of LD were calculated
using GOLD (Section 2.3.8) and are shown in Table 4.5.3a. All SNPs exist at high
frequencies in both cases and controls (0.36-0.42) and pairwise LD is high for all SNP
combinations. This is in contrast to the LD between similarly frequent H1-SNPs 8
and 10 within MAPT in controls (D’=-0.01, p=0.91). These data firstly suggest that
the H1 CRHRI locus may be subject to selective forces and secondly, since there is no
appreciable diffference between cases and controls, is further support that this locus is

not responsible for the association of H1 and PD.

Table 4.5.3a Pairwise LD between High Frequency H1-SNPs within CRHR1

CONTROL
SNPs D D' p r SNP freq
1 2 0.23 1.00 1.1E-32 0.97 1 0.36
1 3 -0.14 -0.76 1.2E-14  0.63 2 0.40
2 3 -0.14 -0.75 1.2E-14  0.63 3 0.40
CASE
SNPs D D' p r SNP freq
1 2 0.22 0.97 22E-28 093 1 0.43
1 3 -0.10 -0.70 9.3E-09 0.48 2 0.40
2 3 -0.12 -0.77 3.3E-11 0.56 3 0.42

148



4.6 Discussion

This study has undertaken a detailed analysis of the MAPT H1 haplotype that is
associated with a variety of neurodegenerative disorders, including PD. Firstly, we
have replicated and extended the association with clinically defined PD in the
Norwegian population as previously reported (Farrer et al. 2002). The present study
employed a large case-control series (case n=296, control n=441) from a genetically
homogeneous population within a restricted geographical region. The association
between HI1/H1 homozygotes and disease was highly significant, even after
adjustment for possible misdiagnosis of PSP as PD (OR=1.9, 95% CI=1.3-2.6,
p=0.0004). To do this, we randomly removed 6% of cases, as has been previously
suggested (Golbe et al. 2001) as there is no evidence to infer that the prevalence of
PSP in Norway is appreciably different to that in other Caucasian populations. In
addition, when considering only cases fitting the strictest diagnostic criteria
(‘probable’ PD), the association remains significant (OR=1.8, 95% CI=1.2-2.5,
p=0.002; Section 4.2) and is the strongest reported association to date. This is
evidence of the utility of a population isolate in identifying susceptibility in complex

diseases.

We showed that the MAPT extended haplotype extends at least as far as, and includes
the CRHRI locus (Section 4.3). By genotyping H1-SNPs within the CRHRI-MAPT
interval, we explored the possibility that variation in a neighbouring gene, within the
extended haplotype, may be responsible for disease association. However, the H1
sub-haplotype associated with disease (H1™®) mapped to a genomic interval of <90
Kb (SNP 7 [rs11079727] through SNPs 11 [rs2258689]), containing MAPT exons 1-4

(Section 4.4.4). Aberrant splicing of MAPT exon 10 and its subsequent
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inclusion/translation is responsible for the over-production of 4R tau (and associated
NFTs) in many familial cases of FTDP-17 (Hutton 2001). Conversely, tau isoforms
without exon 2 and 3 have less propensity for aggregation in vitro (King et al. 2000).
We hypothesised that H1*P harboured variability which influences exon 2-3 splicing.
Although variation was identified through sequencing evolutionarily conserved
regions in and around exon 2 and 3, intron 0 and the promoter, in a limited number of
samples, none were associated with disease, either in isolation (Table 4.4.7a) or when

considered in 3-marker haplotypes (Table 4.4.7b).

There still remain, however, further H1*® haplotypes that have yet to be analysed.
Haplotype frequencies were estimated by a statistical algorithm (Section 2.3.5) and
therefore not determined directly for individuals. Hence, individuals carrying H1"®
were identified on the basis of homozygosity for allele “2° at both SNPs 8 and 10. In
theory, individuals that are heterozygous for SNPs 8 and 10, or heterozygous at one
marker and homozygous at the other, could carry H1*®. There are 41 cases that fit
this criteria. Empirical determine of haplotypes, using long range PCR and

intramolecular ligation (McDonald et al. 2002) would identify further H1™

chromosomes for sequence analysis.

The finding that all unambiguous patient carriers of H1™® share homozygosity for
SNPs 20 to 16 (Section 4.4.8) may be indicative of a genomic deletion spanning
exons 1 and 2. This particular allelic conformation does not occur in any of the
remaining 81 H1/H1 cases and in only two controls. However, in these control
individuals genotypes at SNP 10 are heterozygous, suggesting they carry only one
copy of H1*P. This would be consistent with a sub-population of H1*” haplotypes
carrying a deletion: homozygotes could carry both a normal and a deleted copy and

the controls would be expected to carry the normal copy. The hypothesis could be
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tested using MAPT exon dosage analysis, similar to that used to detect dosage
alterations within PRKN (Section 2.2.9). Deletion of exons 1 and 2 could
theoretically result in the production of mRNA lacking exons 1, 2 and 3, since
inclusion of exon 3 is dependent upon the presence of exon 2 (Andreadis et al. 1995).
Translation may then be initiated at the next methionine site (exon 5 +6), resulting in
a mutant peptide lacking the projection domain, which could be subject to cellular
degradation mechanisms. This would result in tau haploisufficiency, although this
may not be expected to have appreciable consequences as MAPT knockout mice
appear phenotypically normal, perhaps because of upregulation and compensation by
other MAPs. However, microtubule organisation is altered in small calibre axons in
these animals (Harada ef al. 1994). Alternatively, a heterozygous deletion of exon 2
only would be predicted to result in an increase of ON isoforms and a reduction in 1IN
and 2N isoforms. The projection domain, composed of the amino terminal repeats, is
thought to play roles in microtubule spacing (Harada et al. 1994) and interact with
motor proteins (Seitz et al. 2002). An attractive mechanism to account for the
selective cell loss in PD is that distorted projection domain size ratios can directly
(through interaction with motor proteins) or indirectly (through alteration of
microtubule organisation) impair dopamine vesicle trafficking, leading to a potentially
toxic build-up within the cell. During the normal aging process, neurons shrink and
hence cellular spatial dymanics are altered (Terry 1995). A change in microtubule
organisation due to dysfunctional tau may be envisaged to have similar consequences
as aging in the brain, which includes both cell loss (Turlejski and Djavadian 2002)

and inclusion formation (Peters 2002).

Although population genetics exploits ancestral recombination events and may

facilitate high resolution mapping of disease loci, LD cannot be used to bound an
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interval associated with disease (this is in contrast to lower resolution linkage
mapping, within families, in which obligate recombinants are used to define a
candidate region). Therefore, variability within H1 in regions outside the SNP 8-10
interval may be important. Overexpression of MAPT is sufficient to cause
neurodegeneration without NFT formation in the fly (Wittmann et al. 2001), hence
both MAPT gene splicing and expression may be important. A useful analogy are the
genetics of amyloid precursor protein (4PP); mutations in the gene may lead to over-
expression (Prasher er al. 1998) or directly affect protease cleavage and the
production of amyloidogenic AB40/42 peptides, either mechanism may predispose to

Alzheimer’s disease (Sambamurti et al. 2002).

Studies have suggested (de Silva et al. 2001) and demonstrated (Kwok et al. 2004)
that the H1 haplotype may effect tau expression levels. However this does not
account for the increased frequency of H1 over H2 in normal individuals, although the
presence of other susceptibility factors in patients may influence the extent of the
effect. For example, subtle variation in the PRKN (West et al. 2002b) and SNCA
promoters, whose proteins are both linked to tau (Jensen et al. 1999; Shimura et al.
1999) may have additive or multiplicative effects in conjuction with the high
expressing MAPT H1. This is not inconsistent with that envisaged for a complex
disorder. It would therefore be useful to compare ‘multiple risk factor genotypes’

with tau expression and pathology in PD and control brain.

It is interesting that a haplotype composed of SNPs 8 and 10 is also over-represented
in PSP cases, compared with controls albeit with different allelic conformation
(Section 4.4.5). This may indicate that the variability associated with PD is different
in PSP and may be expected, as tau aggregates are not typically a feature of PD, in

contrast to PSP. However, overlapping pathologies in some cases has led to
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speculation that H1 may be associated with a pathological sub-phenotype of PD
(Kwok et al. 2004). 4 out of the 5 case H1*® homozygotes were diagnosed as
‘possible’ PD cases, and therefore showed no or minimal response to /-DOPA. This
is also a feature of the parkinsonism seen in both FTDP-17 and PSP, therefore it is
possible that common H1 variability may underlie susceptibility in a subset of
tauopathies and a-synucleinopathies. It also could indicate, however, that these
possible cases may be actually misdiagnosed PSP cases. Therefore, complete H1
SNP analysis is warranted in PSP cases with suitably matched controls. It would also

be useful to include PSP brain in ON/1N/2N ratio comparison studies.

It is recognised that only half the genomic region within H1 was investigated in this
study. Attempts were made to precisely map the extent of H1, allowing a more
complete analysis, but this was hindered by inconsistencies in the chromosome 17q21
physical map. During the timecourse of this study, both NCBI and CDS physical
maps have been revised on more than one occasion. In addition to SNP, STRP and
gene relocations (e.g. at the time of Pastor and colleagues’ publication, MAP3KIA
was located 3’of MAPT, but is now located 5”), duplicate locations had been reported

for some markers, with a placement both 5’ and 3’ of MAPT.

The saihtohin gene, nested within intron 9 of the MAPT gene is an interesting
candidate, although mutations have not been identified in some PD cases (Levecque
et al. 2004). Sequence analysis of saihtohin orthologues in non-human primates show
that polymorphisms are consistent with the human H2 haplotype, suggesting that H2
is the ancestral allele (Conrad et al. 2004). This raises the question of why H1 is now
the predominant allele in human populations. Selection for a beneficial variant may
account for this (Schlotterer 2003). Indeed, we found strong LD between high

frequency SNPs in both case and control H1 chromosomes, suggesting the region has
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undergone recent selective mechanisms (Table 4.5.3a). Analysis of extended

haplotype homozygosity (Sabeti et al. 2002) would be useful to determine this.

The apparent lack of recombination between H1 and H2 is also an interesting
phenomenon; it lends the hypothesis that recombination is suppressed between the
two variants, or that recombinant haplotypes are selected against (Baker et al. 1999).
Chromosome 17q21 is ran ancestral breakpoint marﬁng a pericentric inversion by
which human chromosome 17 and the chimp orthologue (chromosome 19) differ
(Kehrer-Sawatzki et al. 2002). It is therefore possible that H1/H2 is an inversion
polymorphism and samples carrying both H1 and H2 haplotypes could account for

inconsistencies in the chr 17q21 physical map.

Although the inversion hypothesis remains to be formally proven, physical
organisation of H1 and H2 haplotypes could be examined by pulse-field
macrorestriction mapping or flourescence in situ hybridisation. Chromosomal
inversions are known to exert a strong suppressing effect upon recombination (Hey
2003). Interestingly, Lui and colleagues also reported evidence of effective
suppression of recombination at chromosome 17q21 in a region around the breast
cancer susceptibility gene BRCAI (Liu and Barker 1999). In this study, a series of
biallelic polymorphisms were shown to define two common haplotypes with
frequencies of 0.66 and 0.34, not dissimilar to those observed for MAPT H1 and H2.
BRCAI is located ~2.7 Mb 5° of MAPT. 1t would be tempting to speculate that the
extended haplotype extends to and includes the BRCAI locus. However, Pittman and
colleagues (2004) have recently reported that the 5° boundary does not exceed

MAP3K14 (Pittman et al. 2004).
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Despite the paucity of recombination between H1 and H2, we showed that the MAPT
H1 haplotype term is a misnomer; H1 truly represents a clade of haplotypes on the
same H1 backbone (e.g. H1%, H1Y, etc.), that are not H2 (Section 4.4) and it was this
finding that allowed us to refine the region associated with PD to a ~90 kb interval at

the 5° end of MAPT.

4.7 Summary and Conclusions

The MAPT gene encodes a variety of microtubule associated tau protein isorforms in
the CNS. The common MAPT HI1 variant is associated with a number of 4R
tauopthies and PD. This variant also appears not to recombine with the other major
variant in human populations, H2.  Using Hl-specific single nucleotide
polymorphisms (H1-SNPs) we demonstrated MAPT H1 is a misnomer, and actually
consists of a family of recombining H1 alleles. Population genetics, linkage
disequilibrium and association analyses have shown that one MAPT H1 sub-haplotype
is preferentially associated with Parkinson’s disease. Using a sliding scale of MAPT
H1-specific haplotypes in age/gender matched PD cases and controls, we refined the
disease association to within a ~90kb interval in 5° MAPT, encompassing exons 1-4
and speculate that aberrent exon 2-3 splicing may account for the association of H1 in
PD. We also suggest that the CRHRI locus has undergone positive selection and may
account for the increase in H1 in human populations, given that H2 is likely the

ancestral allele.
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5 Linkage Disequilibrium Mapping
and Candidate Gene Analysis at
PARKIO
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5.1 Introduction

5.1.1 Late Onset Parkinson’s Disease is Linked to 1p32

A recent genome wide scan of 117 Icelandic PD patients and 168 of their unaffected
relatives, within 51 families, revealed significant linkage to chromosome 1p32
(PARK10) (Hicks et al. 2062). A LOD score of 3.9 was initially obtained; additional
marker typings in the region increased the LOD score to 4.9. The peak is centred
close to D1S231, with markers D1S2874 (telomeric) and D1S475 (centromeric)
defining a region with a drop of 1 LOD score from the peak (peak LOD -1 region).
Using affected-only, allele sharing methods under an additive model, carriers of one
or two ‘risk’ alleles have 29 and 60 times the risk, respectively, of acquiring PD

compared to non-carriers (Hicks ez al. 2002).

Li and colleagues (Li et al. 2002) also reported linkage to 1p32 in US/Australian PD
series. In this study, a locus affecting age of disease onset gave a peak LOD score of
3.4 within a 6cM interval, flanked by D1S2134 and D1S200 (Li ef al. 2002). The US
Caucasian gene pool is also predominantly of Northern European extraction, and there
was a considerable amount of Norwegian migration to the USA at the turn of the 20™

Century (Maraganore et al. 2001).

Linked regions from both studies directly overlap and involve typical late onset PD
(mean age of onset in US/Australia=60.1 years, Iceland=65.8 years), genetically
spanning ~6 cM (a physical distance of ~8 Mb) and contains multiple genes (Hicks et

al. 2002; Li et al. 2002).
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5.1.2 Population History of the Norse Empire

During what is commonly referred to as the Viking Era in European history (8%
century through the early 11" century), the Norse peoples occupied large regions of
Northern Europe. From their origins in Scandinavia, they expanded in all directions
during this time (Helgason et al. 2001). The blackened areas of Figure 5.1.2a show
the main sailing routes in the North Atlantic between regions of Norse cultural and
linguistic dominance. Historical sources indicate that the uninhabited northern
Atlantic island of Iceland was one of the regions colonised by the Norse Vikings

(warriors), occuring between 870 and 930 AD (Helgason ef al. 2000).

Genetic analysis in the present day Icelandic population, using sex-specific markers
(on the Y chromosome and mtDNA) indicates that 75-80% of Iceland’s founder male
population (Helgason et al. 2000) and ~38% of the females (Helgason et al. 2001) are

consistent with Norse ancestry and most similar to present day Norwegians.
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Figure 5.1.2a Main Sailing Routes Between Regions of Norse Dominance During
the Viking Era

The main sailing routes (arrowed) between regions of Norse cultural and linguistic dominance
(filled in black) from the 8" century through the early 11" century. Adapted from (Helgason
etal 2001).
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5.1.3 Multipoint LD Mapping

Disease gene identification through linkage analyses in families and linkage
disequilibrium mapping in populations both rely on the same fundamental
assumption, that is the co-inheritance of a haplotype in which variants are asscciated
(i.e. in LD) with the disease mutation. Meiotic recombination is one of the key forces
which erodes LD over generations (Section 1.2). Linkage analysis focuses upon
recent ancestry (within a few generations), in which there have been few opportunities
for recombination, and as such regions associated with disease will tend to be larger
than those expected at the population level, as historically many more recombination
events have occurred, narrowing the size of the disease associated haplotype

(reviewed by Cardon and Bell 2001).

When a disease mutation arises, it does so on the background of the surrounding
haplotype. The allelic make-up of haplotypes is statistically dependent due to shared
ancestry and results from mutation, recombination and the coalescence (merging) of
ancestral lineages going back in time (reviewed by Rosenberg and Nordborg 2002).
Multipoint LD mapping methods that simultaneously consider a collection of alleles
(haplotypes) may provide powerful statistical approaches to the fine-scale mapping of
disease loci within linked intervals (Rannala and Reeve 2001; Morris et al. 2002;
Molitor et al. 2003). The key principle underlying these methods is that in the
vicinity of a disease locus, case chromosomes will tend to have more recent shared
ancestry than controls, because many of them share the disease mutation. The
challenge is to detect excess sharing of alleles and distinguish this from background

allelic variation (Morris et al. 2002).
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The ‘shattered coalescent’” (COLDMAP; COalescent LD MAPping) approach of
Morris and colleagues (2002 and 2003) models the underlying genealogy of disease
chromosomes, allowing for the possibility of multiple founder disease mutations at
the same locus, the presence of sporadic cases, in addition to heterogeneity at the
disease locus (the coalescent is ‘shattered”) (Morris et al. 2002; Morris et al. 2003). A
version that uses haplotype data was retrospectively applied to cystic fibrosis (CF)
case and control chromosomes. The location of the ASO8 mutation in the CF gene
(CFTR) was estimated at 0.85 Mb (95% CI 0.65-1.0Mb); the actual location is
0.88Mb (Morris et al. 2002). A more recent version that utilises genotype
information narrowed the associated interval of the cytochrome p450 (CYP2D6) poor
drug metaboliser (PM) phenotype from 390Kb to a ~190Kb region, with the mutation
location estimated <50 Kb from actual mutation within CYP2D6 (Hosking et al.

2002) (Morris et al. 2003).
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5.1.4 Aims of the Work Described in Chapter 5

Fine-mapping by LD has previously been successful for identifying variability and
disease genes within a linked interval (Bobadilla et al. 2002) (Rioux et al. 2001).
Normally, this is carried out in the same population as the original linkage study.
However, given the findings in Iceland and the US, we hypothesised that patients
from Norway (Iceland’s predominant founder population) may have been predisposed
to typical late-onset PD by common genetic variability of Norse origin in the 1p32
region (Hicks et al. 2002; Li et al. 2002). We firstly aimed to assess genetic

homogeneity and confirm Norse ancestry in the Trondheim community.

Since extensive levels of LD might be expected in the younger Icelandic population
(Varilo et al. 2003), the Norwegian population was also considered more suitable for
finer resolution mapping. Underlying levels of LD at the genomic region under
investigation are thought to impact LD mapping studies (Clark 2003). LD levels are
also known to vary between genomic region and populations (Section 1.2.2).
Empirical assessment of background LD can provide information about
recombination, haplotype diversity and the optimal marker density required to capture
association with disease. There is currently no data available regarding the pattern or
extent of LD at 1p32 within the Norwegian population. Therefore, we aimed to make

a low resolution assessment of LD in the 1p32 region.

The third aim was to prioritise regions within the disease associated interval for
further investigation by 1) identification and analysis of candidate genes by direct
sequencing and htSNP methods and 2) multipoint LD mapping using SNP genotype

data.
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5.2 Y Chromosome Haplogroup Analysis

The non-recombining region of the Y chromosome is a widely used tool in the study
of human evolution and population diversity. This euchromatic component is ~35 Mb
in length, with polymorphisms occuring once every 3-4Kb. They tend to have a
unique mutational origin and unambiguously define ‘haplogroups’ — related groups of
chromosomes (Stumpf and Goldstein 2001). Helgason and colleagues (Helgason et
al. 2000) utilised Y chromosome haplogroups in their studies of the patrilineal
heritage of the Icelandic people, and showed that the majority (75-80%) were

consistent with Norse origin.

The Trondheim region from which our samples originate is a relatively isolated
community (Section 2.1.6). Although Norwegian ethnicity in the country is high, 2%
are thought to originate from other ethnic groups (Section 1.4). To discount the
possibility that the Trondheim population were derived from founders not consistent
with Norwegian ancestry (and therefore not likely to harbour a PD susceptibility locus
of Norse origin), we assessed the probability of Norwegian heritage based on genetic

variation on the Y chromosome.

The sample group comprised 164 males with a median age of 72 years (range 45-93
years). Twenty one percent of these were from the control group (n=35) and 79%
were from the case group (n=129). Y chromosome markers genotyped were M9,
SRY1532, TAT, YAP and SRY2627 (assays are shown in Appendix 1). Alleles were
coded as either 0 or 1 according to the convention followed by Helgason and

colleagues (Helgason et al. 2000). Frequencies are shown in Table 5.2a.

Non-recombining region Y chromosome marker data can be treated as haploid data

and haplotypes can be easily constructed from genotype data for individuals. The
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allelic conformation of haplogroups, according to the nomenclature followed by

Helgason and colleagues (Helgason et al. 2000) is shown in Table 5.2b.

Marker genotype information allowed 130 individuals to be assigned to one of the 5
haplogroups in Table 5.2b. Helgason and colleagues (Helgason et al. 2000) assessed
frequencies of these haplogroups in a number of European populations. Greeks were
the only other population, in addition to Nor@egiaﬁ, cémposed of halpogroups 1, 2, 3,
4/21 and 16 only. Trondheim haplogroup frequenc'ies were compared against those
reported for Norway and Greece reported by Helgason and colleagues (2000). A Chi-
squared test using CLUMP (Section 2.3.10) revealed no significant difference
between the Trondheim and Norwegian haplogroup counts (p=0.07), in contrast to the
Greeks (p<1 .0%; Table 5.2c), consistent with Norse ancestry. However, one control
individual (K036) had a haplotype consisting of alleles 00000, which cannot be
assigned to a Norwegian haplogroup. Although repeat genotyping/haplogroup
reconstruction is needed to verify this, therein lies the possibility that 0.8% of the

individuals in the Trondheim series are not consistent with Norse ancestry.
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Table 5.2a Y Chromosome Marker Allele Frequencies in Trondheim Males

Allele are coded following the convention of Helgason et al. 2000.

Aliele frequencies (n) Totali
Marker 0 1 n
'E) 0.42 (57) 0.58 (79) 136
SRY1532 0.32 (43) 0.68 (91) 134
TAT 0.98 (129) 0.02 (3) 132
YAP 0.99 (139) 0.01 (1) 140
SRY2627 1.00 (146) 0.00 (0) 146

Table 5.2b Allelic Conformation of Chromosome Y Haplogroups

Based on nomenclature used by Helgason et al. 2000.

Marker/Allele
Haplogroup M9 SRY1532 TAT YAP SRY2627
1 1 1 0 0 0
2 0 1 0 0 0
3 1 0 0 0 0
4/ 21 0 1 0 1 0
16 1 1 1 0 0

Table 5.2¢ Haplogroup Frequencies in Trondheim, Norway and Greece

Chi-squared analysis shows significant differences between Trondheim and Greek haplogroup
counts, but not with Norwegians, as reported by (Helgason ez al. 2000).

Haplogroup Frequency (n)
Sample 1 2 3 4/21 16 Total | Chi-sq p
Trondheim 0.24 (31) 0.40(52) 0.33 (43) 0.01 (1) 0.02 (3) 130
Norwegian 0.26 (29) 0.51(57) 0.18 (20) 0.03 (3) 0.03 (3) 112 8.4 0.07
Greek 0.14 (6) 0.46 (19) 0.05 (2) 0.33 (14) 0.03 (1) 42 49.9 <1.0%°
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5.3 Linkage Disequilibrium at 1p32

To empirically assess LD within the 1p32 PD-linked region in the Norwegian
population, a low-resolution assessment was performed in a subset of control

individuals, using SNP genotype data spanning this region.

SNPs were chosen from the CDS (hCV#) or NCBI (rs#) SNP databases. Assays were
designed for putative SNPs and were initially tested in 11 Norwegian controls as this
may identify ~90% of SNPs with frequencies >0.1. Around 30% of the SNPs
genotyped were not present in the initial test sample at useful frequencies (>0.1;

(Garner and Slatkin 2003)).

Thirty-six SNPs within the 1p32 LOD-1 linkage interval, spanning a region of ~6.5
Mb (average inter-marker distance ~180 Kb) were genotyped in samples that
comprised 29 control individuals, 15 males and 14 females with a median age of 80
years (range 70-99 years) (Section 2.2.6). Assay details are shown in Appendix 1.

SNPs, base pair positions and inter marker distances are shown in Table 5.3a.
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Table 5.3a SNPs Gentyped to Assess LD at 1p32 in Norwegians

SNPs span ~6.5 Mb of 1p32, with an average marker spacing of ~180 Kb. Positions as
documented by CDS (December 2003).

- Position Inter SNP
ID SNP (bp) Distance (bp)
- 1|hCV12109344 45,562,613 142,427
2|hCV11872095 45,705,040 74,562
3|1hCV1476946 45,779,602 31,804
41hCV11872065 45,811,406 1,063,414
§1hCV3027948 46,874,820 42,428
6|hCV3027932 46,917,248 38,139
71hCV3027900 46,955,387 31,108
8|hCVv2809720 46,986,495 27,333
9|hCV2371385 47,013,828 1,831,907
10|hCV435984 48,845,735 28,276
11/hCV15886654 48,874,011 731,724
12|hCV9509099 49,605,735 120,553
13|hCVv8847088 49,726,288 28,788
141hCV11870545 49,755,076 15,012
15|hCVv277402 49,770,088 149,404
16|hCV1413746 49,919,492 55,944
17]hCV3122409 49,975,436 132,083
18/hCVv1591218 50,107,519 5,931
191hCVv11740230 50,113,450 208,132
201hCVv386562 50,321,582 86,017
211hCVv428790 50,407,599 143,002
22irs1126997 50,552,779 26,138
231hCVv2776338 50,578,917 56,775
24{hCV79313 50,635,692 50,663
25{rs2230325 50,686,355 59,303
26|hCVv1805212 50,745,658 40,194
27|hCV1805260 50,785,852 146,508
28|hCVv12112305 50,932,360 385,161
291hCVv11286191 51,317,521 168,120
30|hCV11873295 51,485,641 349,773
311hCV7842707 51,835,414 83,308
32{hCV11869553 51,918,722 117,410
33|hCV1797353 52,036,132 23,813
34|hCV1797412 52,059,945 4,072
35|hCV1797425 52,064,017 20,872
36|hCV1797435 52,084,889
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5.3.1 Extentof LD

Genotype data for the 32 SNPs was used to generate bi-locus haplotypes using
Arlequin (Section 2.3.5); these were used to calculate pairwise measures of LD (D’
and r* ) with Genotype Transposer (Section 2.3.8). LD is plotted as a function of the

physical inter-marker distance, shown in Figure 5.3.1a.

It is apparent that D’ can be upwardly inflated with respect to 1, especially over large
distances in this small sample size. To gauge the marker density required and the
resolution at which a susceptibility locus could be fine-scale mapped, higher
resolution LD was investigated. Vr* (to better clarify data points) was plotted against
physical distance for markers separated by <S00Kb, shown in Figure 5.3.1b. A
logarithmic regression model best fits the data (F=14.2, p=0.0003), the trendline is

shown in white.

The dashed line represents significant LD at the 0.05 level (¥r’=0.26) and the dotted
line above is Kruglyak’s ‘useful’ LD of r=0.1 (Vr*=0.316) (Section 1.2.1). The data
suggest that association with disease may be captured with a marker density of ~50
Kb (the distance at which r’=0.1) and it may be possible to map a locus to within

150K (the distance at which significant LD is detected).
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Figure 5.3.1a LD as a Function of Physical Distance

Pairwise measures of LD (JD’| and r* ) for 36 SNPs at 1p32 covering ~6.5 Mb, in 58
Norwegian control chromosomes. SNPs are detailed in Table 5.3a.
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Figure 5.3.1b LD as a Function of Physical Distance for Markers Separated by <
500Kb
r? is piotted to better clarify datapoints. A logarithmic regression trendline is shown in white (F=14.2,

p=0.0003). The dashed line represents significant LD at 6=0.05 (Vr’=0.26). Kruglyak’s (Kruglyak
1999) useful LD is shown at the dotted line above (Vr’=0.32).
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5.3.2 Variationin LD

It is apparent that LD is not uniform across 1p32 (Figure 5.3.1a). To better appreciate
variation in the region, sliding averages of 5-marker pairwise measures of Vr* (for
clarity) were plotted against physical location and shown in figure 5.3.1c. Areas
above the dotted line are regions of significant LD. The interspersion of regions of
significant LD, with areas of non-significant LD may be suggestive of a block-like
structure of LD within 1p32. However, SNP coverage is not uniform and may not be

dense enough to delineate block boundaries.
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Figure 5.3.2a Pattern of LD Across 1p32

Sliding averages of 5-marker pairwise measures of Vr* are shown plotted against physical
position, across the 1p32 region. The dashed line represents significant LD at ¢=0.05
(Nr*=0.26). The number of SNPs typed in each 0.5 Mb interval are shown on the x-axis in
blue.
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5.4 LD in Cases and Controls

In the study of Hicks and colleagues (Hicks ef al. 2002), the peak LOD score within
the 1p32 PD-linked region was at D1S231. Linkage disequilibrium patterns between
7 SNPs flanking this STRP were initially assessed in a gender/age matched group of
50 cases and 50 controls (median age was 71 years (range 46-94 years) in cases and
81 years in controls (range 69-100 years)). SNPs listed in Table 5.4a were genotyped
in cases and controls (Section 2.2.6). Bi-locus haplotypes were generated using
Arlequin (Section 2.3.5), significance of LD (p(D’)) was calculated using Genotype
Transposer and graphical overviews of LD patterns (GOLD maps) were generated

using GOLD (Section 2.3.8; Figure 5.4b).

Table 5.4a SNPs Flanking D1S231

Celera SNP ID NCBI (rs) SNP ID Position (bp)

1 hCV15886654 2494883 48,874,011
2 hCV8847088 1043141 49,726,288
3 hCV386562 1316981 50,321,582

D1S231 50,489,739
4 hCV2776353 1126997 (rowmeneawesre) 50,550,601
5 hCV2776338 856610 50,578,917
6 2230325 2230325 50,686,355
7 hCV1805212 1024313 50,745,658
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Figure 5.4a Patterns of LD Around D1S231 in Cases and Controls

Graphical Overview of LD (GOLD) maps show the patterns of LD. Significant regions are
dark blue (p(D’)<0.01). The positions of SNPs 1-7 are shown on the axes.
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There is widespread significant LD in cases, particularly between SNPs 1 and 3. This
may be indicative of shared ancestry within cases at this genomic region, and suggests
that Norwegian PD cases may harbour 1p32-linked susceptibility. However, this

level of disequilibrium may also be prohibitive for fine-scale mapping.
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5.5 Candidate Gene Analysis

There are numerous genes with the 1p32-linked interval (Morris ef al. 2002).
Candidate genes were selected for analysis based on selection criteria including
proximity to the D1S231 peak LOD marker (Hicks et al. 2002) and/or within the
region displaying elevated LD in cases compared to controls, for which there was
fairly good characterisation data available. Those chosen were ELAVL4, FAFI,
RNF11, EPS15, NRDI and RAB3b. Figure 5.5a shows their relative positions within

the 1p32-linked interval.

The FAF1 gene encodes a ubiquitously expressed protein, involved in apoptotic
processes in the immune and nervous systems. The N-terminal 201 amino acids
contain a ubiquitin homology domain (Ryu et al. 1999). ELAVL4 encodes a putative
neuron-specfic RNA processing peptide. It shows homology with two drosophila

genes involved in the maturation of neurons (Robinow and White 1988).

The RNF11 gene encodes three different moieties of RNF11 protein, through alternate
splicing of its 3 exons. Two of the RNF11 peptides contain a zinc finger RING
domain, which are instrumental in the function of E3 ubiquitin-ligases. It is
ubiquitously expressed, including in brain (NCBI locus link ID 26994). A
pathogenic mechanism resulting from variation within RNF11, analogous to that of

Parkin protein dysfunction within the UPP, could be envisaged.

EPS15 was originally discovered as a substrate for the tyrosine kinase activity of the
epidermal growth factor receptor (EGFR). It contains a ubiquitin-interacting motif
(Klapisz et al. 2002) and three copies of the EH domain at the NH, termini. EH
domains are highly conserved through species and most proteins containing them are

implicated in actin dynamics and vesicular transport reactions (Confalonieri and Di
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Fiore 2002). EPS15 is thought to play a role in clathrin-mediated endocytosis,
including endocytosis of synaptic vesicle membranes. The C. elegans orthologue, ehs-
1, is involved in nerve terminal synaptic vesicle recycling. Targeted impairment of
function induced a depletion of synaptic vesicles and uncoordinated movement in the
worm (Salcini et al. 1999). Microarray analysis has also shown that expression of the
mouse orthologue epsl5 is upregulated in uch-11 deficient animals, suggesting a role

in pathways leading to PD (Bonin et al. 2004).

N-arginine dibasic (NRD) convertase (nardilysin) is a metalloendopeptidase that
cleaves peptides at the N-terminus of arginines. It was first discovered in rat brain
cortex and purified from testes where it is particularly abundant. In testes, it is
associated with microtubular structures (Hospital ef al. 2000). In humans, expression
is primarily in heart, skeletel muscle and testes, although in the mouse expression is
almost exclusively within neural tissues during early development (Fumagalli et al.
1998). This suggests that NRD convertase plays a role in neuronal development. It
was hypothesised that genetic variants in NRD could play a part in the viable

development of neuronal cells susceptible in PD (e.g. within the SN).

RABS3b is a member of the Rab family of GTP-binding proteins, which comprises at
least 60 different genes in humans. These monomeric GTPases are key regulators of
vesicular transport (Seabra ef al. 2002). A variety of human diseases are caused by
dysfunction of intracellular trafficking; mutations in the Rab27a gene are instrumental
in Griscelli Syndrome, and result in accumulation of melanosomes in the perinuclear
region of melanocytes (Menasche ef al. 2000). Although many Rab proteins are
ubiquitous, the Rab3 family isoforms (a-d) are enriched in neurons and endocrine
cells. Physically, they are associated with secretory vesicles and functional studies

point towards a role in neurotransmitter and hormone secretion. By way of analogy
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play a role in secretory vesicle mobilisation along the cytoskeleton (Darchen and

Goud 2000). The essential functional differences between the four Rab3 moieties is

unclear, although RAB3b has been implicated in the calcium-dependent secretion of

the dopamine metabolite norepinephrine (Weber et al. 1996). It was hypothesised

that variation within RAB3b could deleteriously affect dopamine trafficking in

dopamine neurons.

Figure 5.5a PARK10-linked PD Susceptibility Candidate Genes

Candidate genes investigated (pink boxes) at their approximate Mb positions. Peak LOD was
at D1S231 in Icelandics, D1S2784 and D1S475 flank the peak LOD-1 region (Hicks et al.
2002). The blue line represents elevated LD in cases compared with controls (Section 5.4)

and shows positions of SNPs 1, 2 and 3 (Table 5.4a).
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5.5.1 htSNP Haplotype Analysis

To rapidly screen for variation between cases and controls within candidate genes,
haplotype analysis using htSNPs was undertaken. This was carried out in a late onset
case control series for genes RNF11, EPS15, NRDI and RAB3b. The case group
comprised 110 individuals (60% male) with an age of disease onset >60 years
(median 68 years, range 61-88 years). Median current ages of cases was 76 years
(range 64-94 years). The control group comprised 137 individuals (57% male) with a

median age of 81 years (range 69-100 years).

To identify htSNPs, 80 of the control individuals were genotyped for SNPs spanning
each gene, at an approximate density of 1 SNP every ~15Kb. SNPs were identified
from the CDS SNP database and tested for Norwegian population frequency by
genotyping in 11 individuals (Section 2.2.6). SNPs with frequencies >0.1 were
chosen for further analysis. Multilocus haplotypes were estimated using Arlequin
(Section 2.3.5) and used for htSNP identification (sufficient to capture >90% of
haplotype variation) with SNPtagger (Section 2.3.6). Ideograms of the genomic
structﬁre of each gene, the positions of SNPs genotyped and those identified as
htSNPs are shown in Figure 5.5.1b. SNP identification numbers are given in Table

5.5.1a.

179



Table 5.5.1a SNPs and htSNPs in 1p32 Candidate Genes
SNPs are listetd 5° to 3°. htSNPs are italisized.

RNF11 EPS15 NRD1 RAB3b
1 hCV3122415  hCV3125022  hCV79313 hCV1805213
2 hCV11304546 hCV3125029  hCV15818300  hCV1805212
3 hCV11304542 hCV3125045  hCV15818304  hCV1805209
4 hCV3122423  hCV1771642  hCV393617 hCV1805202
5 hCV937775  hCV3125034  Glu indel hCV1805200
6 hCV3125031  hCV2776338  hCV315881
7 hCV1591238  hCV2776339  hCV16117609
8 hCV1591233  hCV2776344  hCV11865899
9 hCV11740229 hCV2776353  hCV11865894
10 hCV11740230 hCV8847889 2230325
11 hCV1591218 hCV439172
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Figure 5.5.1b SNPs and htSNPs Positions in Candidate Genes

Exons are depicted as blue boxes. SNPs typed in 80 controls are numbered (as Table 5.5.1a)
Of these, htSNPs (sufficient to capture at least 90% of haplotypic variation) are shown in red.
Coding SNPs are underlined.
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htSNPs were typed in remaining control and case individuals.

Multilocus htSNP

haplotypes were generated with Arlequin (Section 2.3.5) and frequencies were

compared between cases and controls by a ¥’ test using CLUMP (Section 2.3.10).

Haplotype counts in cases and controls were not signficantly different (Table 5.5.1c),

although a strong association between the ‘1’ allele at hCV2776353 (NRDI) and

disease was observed when single marker tests of association were carried out (OR

[11&12 vs 22] =2.4, 95% CI 1.3-4.4, p<0.005).

Table 5.5.1c htSNP Haplotype Count Comparisons in Cases and Controls

Empirical p values shown are for a * test (using CLUMP) comparing case and control

haplotype counts.
Gene Haplotype Control Count Frequency Case Count Frequency p
RNF11 14 192 0.793 144 0.802 0.94
%2 36 0.149 27 0.148
21 14 0.058 9 0.048
EPS15 10141 117 0.492 69 0.411 0.52
1121 63 0.265 57 0.339
2211 39 0.164 29 0.173
2212 18 0.076 12 0.071
1221 1 0.004 1 0.006
NRD1 1B IR 94 0.433 89 0.494 0.42
T2 2 58 0.265 40 0.220
22121 19 0.087 14 0.077
22222 10 0.046 9 0.050
22122 8 0.039 3 0.016
12 22 8 0.035 13 0.070
22111 7 0.032 3 0.016
21111 7 0.030 2 0.013
11241 1 0.005 0 0.000
328 1 1 0.005 3 0.018
1 e 1 0.005 2 0.013
o 1 0.005 0 0.000
21012 1 0.005 0 0.000
2i=1271 1 0.005 2 0.009
ZATEA22 1 0.005 0 0.000
21514052 0 0.000 1 0.003
RAB3b e 122 0.535 104 0.571 0.23
21155 74 0.325 54 0.297
21221 10 0.042 6 0.033
22121 6 0.026 4 0.022
A2 5 0.020 2 0.011
21222 4 0.019 9 0.049
21211 3 0.014 1 0.006
11122 3 0.011 0 0.000
22111 1 0.004 0 0.000
21122 1 0.004 2 0.011
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5.5.2 Direct Sequencing

Direct sequencing of candidate genes was also undertaken in some case individuals.
RAB3b was sequenced in genomic DNA and ELAVL4, FAF1, RNFI11, NRDI and

EPS15 were sequenced in cDNA. Primers are detailed in Appendix 1.

Coding regions, exon/intron boundaries and 1 Kb of the promoter of RAB3b were
sequenced in 42 probable and possible cases (Section 2.2.7). Age of disease onset

was between 48 and 80 years. No mutations were found.

ELAVL4, FAF1, RNFI11, NRDI and EPS15 contain multiple exons and were
sequenced in cDNA when this became available from 9 cases (1 probable PD, 8
possible PD; age of onset range 47-63 years). No mutations were found, however
irregular sized products from two sequencing primer sets was observed for EPS135, so

further investigation of these transcripts was undertaken.

5.5.3 EPS15 Transcript Analysis

As EPS15 was sequenced in cDNA, primers designed to amplify and sequence are
positioned within exons. As part of the sequencing process, PCR products were
agarose gel electrophoresed after purication to check size and intensity (product
strength). In sample P023, products for primer sets 3 and 4 displayed additional

bands to those expected (Figure 5.5.3a).
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Figure 5.5.3a PCR Products from EPS15 ¢cDNA Primer Sets 3 and 4 in P023

Three additional bands were observed for both primer sets 3 and 4.

1 Kb
ladder Product 3

506/517 tp —>

3.1 ~490 bp

Expected product 380 bp
3.3~300 bp

T

3.4~150 bp

1 Kb
ladder Product 4

4.1 ~400 bp

Expected product 338 bp
4.3~250 bp

(R

4.4 ~180 bp
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The positions of primer sets 3 and 4 within the EPS15 cDNA are shown in Figure
5.5.3b. All bands were excised from the agarose gel, purifed and sequenced (Section
2.2.7). The majority of sequence anomalies involve an alteration in the copy number

of exons 9, 10, 12 or 13 (Table 5.5.3c).

Exons 9 to 14 (including at least 30 base pairs of flanking introns) were subsequently
genomically sequenced in P023. Primers are shown in Appendix 1. No variations

were found which might affect splicing to produce altered transcripts.
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Figure 5.5.3b Positions of Primer Sets 3 and 4 Within EPS15 cDNA

3 Forward 4 Forward

- 3 Reverse 4 Reverse

Table 5.5.3c EPS15 Additional Transcript Sequence in P023

The majority of sequences involve the alteration in copy number of exons 9, 10, 12 or 13

Band Sequence Anomalies
3.1 Exon 10 duplicated
3.3 Exon 9 not present
3.4 Exon 9 and 10 not present
4.1 Undetermined
4.3 Exon 12 not present
4.4 Exon 12 and 13 not present
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5.6 Investigation of the 1p32 LOD-1 region

To further investigate 1p32-linked PD susceptibility over a wider region, a denser
SNP marker set, spanning the 1p32 LOD-1 interval (Hicks et al. 2002; Li et al. 2002)
was investigated in a larger case control series. A total of 49 SNPs and 8 STRP

markers were genotyped in 233 cases and 136 controls.

The control group comprised 136 individuals (50% male) with a median age of 81
years (range 69-100). The case group comprised 233 probable and possible PD cases
(65% male) with a median age of 70 years (range 40-93). Median age of disease

onset was 60 years (range 25-88).

The SNPs genotyped were those used in Section 5.3, in addition to others chosen from
the CDS SNP database, with the exception of SNP 25 which was identified through
sequencing of the NRDI gene (Section 5.5.2). Identification numbers and relative
positions within the linked interval are shown in Figure 5.6a. Assay details and allele

codes are shown in Appendix 1.

Single marker tests of association were carried out. ORs (11&12 vs 22 and 11vsl2 &
22) for SNPs were calculated using SPSS (Section 2.3.11). Chi-squared analyses
using CLUMP (Section 2.3.10) was performed for STRP allele frequencies. The —

Logjo p values for each of these tests are shown in Figure 5.6b.
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Figure 5.6a Markers Analysed at PARK10

Relative positions of SNPs (purple lines) and STRPs (pink boxes) are shown to the left;
names and marker identification numbers are shown to the right. They span ~8.3Mb

Telomere

Marker Position (bp)

1 hCV12109344 45 562 613

2 hCV11872095 45 705 D40

3 hC\1476946 45 779 602

D1S2874 4 hCV11872065 45 811,406

D1S2874 46,194 536

5 hCV3027948 46,874 820

6 hCV3027932 46,917 248

L 7 hCV3027900 46,955 387

=i 8 hCV2809720 46,986,495

e 9 hCV2371385 47 013,828

10 hCV435984 48,845 735

11 hCV15886654 48,874 011

D1S197 49,036 426

12 hC\V9509099 49 605,735

D1S1661 49717 216

13 hC\B847088 49726 288

14 hCV11870545 49,755 076

15 hCV277402 49,770,088

16 hC\V1413746 49 919 492

- 17 hCV3122409 49,975 436

D1S232 50,004 877

L D1S197 18 hCV1591218 50,107 519

19 hCV11740230 50,113,450

D1S319 50,192,385

20 hCV386562 50,321 582

D1S1661 21 hCV428790 50,407 599

D1S231 50,489,739

22 hC\8847889 50,550,601

D15232 23 hCV2776353 50,550,601

D1S319 24 hCV2776338 50,578,917

25  Gluindel (ex2) 50,578,917

D1S231 26 hCV79313 50,635 692

27 152230325 50,686,355

28 hC\V1805212 50,745 658

29 hCV1805260 50,785 852

30 hCVv12112305 50,932,360

3 hCV11286191 51317 521

32 hCV11873295 51,485 641

33 hCV7842707 51,485 641

34 hCV11869553 51918722

35 hCV1797353 52,036,132

36 hCV1797412 52,059 945

37 hCV1797425 52,064,017

38 hCV1797435 52,084 889

39  hCV11871255 52,193 932

40 hC\1452838 52875715

41 hCV2431676 52970 645

42 hCV1761854 53,078,338

43 hCV11870762 53,267 443

44 hC\736440 53,364 006

45 hCV3154981 53,469 892

46 hCV11732075 53,604 083

- DS 47 hCV2794215 53 515,152

D1S2652 53,754 447

= 48 hCV998739 53,820 346

. D1S475 49 hCV1758290 53917 746

D1S475 54,173,693

Centromere
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Figure 5.6b Single Marker Tests of Association at PARK10

Single marker tests for association were carried out for 49 SNPs at 1p32 (Figure 5.6a).
—Logo p values for i) ORs (11 & 12 vs 22 blue dots; 11 vs 12 & 22 purple dots ) for SNPs
and ii) ¢ analysis of STRP allele counts (green dots) are shown.
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Significant p values (when accounting for multiple testing, 0.05/49=0.001) were
obtained for carrying the 2 allele at SNP 7 (hVC3027900; p=0.001, -Log;o p=3.0) and
for carrying the 1 allele at SNP 48 (hCV998739, rs13312; p=0.001, -Log;o p=3.0).
SNP 7 lies within an intergenic region and SNP 48 is within the 5° UTR of the
ubiquitin specific protease 24 gene (USP24) and are separated by ~6.8 Mb. The ‘1’
allele at SNP 23 (hCV2776353 in NRDI) was also elevated in cases (OR [11&12 vs
22] =2.3, 95% CI=1.3-4.3, p<0.006) a similar association to that detected in late-onset
cases (OR [11&12 vs 22] =2.3, 95% CI=1.3-4.4, p<0.005; Section 5.5.1). This SNP

lies in the centre of the 6.8Mb region flanked by SNPs 7 and 48.
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5.7 Multipoint Linkage Disequilibrium Mapping

Comparison of LD and single-marker analyses pose challenges in mapping genes in
populations. Retrospective studies in CF have shown that the major mutation (A508)
does not lie in the centre of the region displaying highest LD in case chromosomes
(Kerem et al. 1989; Morris et al. 2002). Similarly, SNPs which were most
significantly associated with the CYP2D6 poor metaboliser phenotype were located
>150Kb either side of the CYP2D6 gene (Hosking et al. 2002; Morris et al. 2003). In
both cases, COLDMAP analyses have been successful in identifying relatively small

regions containing actual disease mutations (Motris et al. 2002; Morris et al. 2003).

We used genotype data generated in Section 5.6 to perform multipoint LD mapping
using the COLDMAP algorithm for genotype data (Morris ef al. 2003) (Section
5.1.3). This method initially assigns a set of random values for variables including
the location of the disease mutation, effective population size, ancestral haplotypes,
ordering of coalescent events, time between coalescent events and missing genotype
information. Each ‘iteration’ of the algorithm proposes different values from within a
distribution of possible values. Initially, values will be correlated (dependent upon
those from the previous iteration) but eventually will converge upon the most likely

set of values after many interations, if the data can be resolved (Morris et al. 2002).

5.7.1 Runs1land?2

Two runs were initially performed with the same set of input parameters to test
whether the algorithm would perform consistently with reproducible results. Run 1
was set to perform 22,000 iterations and the algorithm converged (as shown by

stabilisation of the Log posterior probability) at ~10,000 iterations (Appendix 3). Run
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2 was set to perform 10,000 iterations initially, then a further 10,000 were performed,
starting from the finishing point of the first set of iterations. Run 2 had also
converged by the start of the second set of iterations. Each iteration produces one
output record with an estimated mutation location. The distribution of these from

both runs is shown in Figure 5.7.1a.

The median estimated mutation location from Run 1 is at 50.568 Mb (95%
CI=50.504-50.612 Mb) and the median from Run 2 is at 50.558 (95% CI=50.496-
50.612 Mb). Both estimates show good agreement; evidence that the algorithm is not
producing random results. The combined estimated location interval is ~116 Kb
spanning the NRD! locus; this is also very close to the peak LOD marker D1S231 in

Icelandics (Hicks et al. 2002) (Figure 5.7.1b).
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Figure 5.7.1a Estimated Mutation Location

Frequency of recorded output for disease mutation is plotted against against the estimated
physical position.
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Figure 5.7.1b COLDMAP Estimated Location of a PD Susceptibility Locus in
Norwegians

The estimated location is a relatively small region (~116Kb, shown in red) encompassing the
NRDI locus. D1S231 gave the maximum LOD score for PD susceptibility in Icelandics
(Hicks et al. 2002).
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5.7.2 Rho and Cladistic Analysis

The COLDMAP algorithm also produces a ‘shattering parameter’ referred to as ‘p’
(rho) and refers to the probability that an individual forms part of a genealogically
related group. Hence, a value of 1 indicates that a single genealogical tree
(coalescent) can be constructed for cases and thgt j:he mutation is likely to be
homogeneous. Conversely, lower values indicate that the coalescent is shattered and
heterogeneity exists at the disease locus (Morris et al. 2002). The estimations of p
from Runs 1 and 2 are 0.632 and 0.626 (95% ClIs 0.596-0.662 and 0.574-0.656
respectively), suggestive of a relatively high level of heterogeneity at the disease

locus.

COLDMAP also produces a cladogram of disease individuals. Cladograms group
together individuals that are expected to share disease mutations in common.
Individuals sharing two mutations will cluster together at the bottom of the
cladogram. Individuals sharing one mutation will cluster half way up, and those
sharing none will cluster towards the top of the cladogram (Morris et al. 2002).
Cladograms from Runs 1 and 2 are shown in Figure 5.7.2a. Genetic heterogeneity (p)
is apparent since many individuals are clustered towards the top of the cladograms.
However, around % are clustered halfway up, indicating that these individuals may

share one susceptibility locus.
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5.7.3 ‘Dummy’ Run

To test whether the results of Section 5.7.1 may be spurious, a ‘dummy’ run was
performed. Input parameters were as for Runs 1 and 2, except that the case/control
status was randomized. The genotype input file, in which all case records are
followed by control records, was recoded such that alternating records were assigned
the code for ‘case’ status, and intervening records were assigned “‘control’ status. This

resulted in a random status reassignment of half the samples in each group.

The algorithm was set to perform 20,000 iterations and had not converged upon
completion, showing that the algorithm could not resolve the data. The distribution of
location estimates was bi-modal (as opposed to unimodal with normal distribution in
Runs 1 and 2), a further indication that the input data could not be resolved.

Covergence and mutation location estimates are shown in Appendix 4.
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5.8 Discussion

The aim of the work described in this chapter was to map a PD susceptibility locus in
the Norwegian population. Since the majority of Iceland’s founder population were
Norse and considerable migration from Scandinavia to the US has occurred, we
hypothesised that variability of Norse origin underlies the linkage to 1p32 in Icelandic
and US late-onset PD cases (Section 5.1). Although samples used in this study were
carefully selected to have Norwegian ancestry dating back at least 4 generations, this
was based on self-assessment by those individuals. Analysis of non-recombining Y
chromosome markers allowed Trondheim individuals to be assigned to one of the 5
haplogroups present in the Norwegian population (Section 5.2). Haplogroup
frequencies did not vary significantly from those reported for Norway (p=0.07) in
contrast to those reported for Greeks who share Norwegian haplogroups (p<1.0°®,

Table 5.2¢).

One control individual (K036) carried a haplogroup (00000) not consistent with
Norwegian nor Swedish, Danish, Irish, Scottish, British, German, Greek, Italian or
Russian ancestry (Helgason et al. 2000). Genotyping errors may be to blame and
confirmation by repeat genotyping would be able to rule this out. However, if non-
Norwegian ancestry was confirmed, it might imply that 0.8% of samples are not
Norwegian. This represents only a few individuals (7 out of 774) and is not likely to
greatly affect the study. The results indicate that sample ascertainment criteria on the
basis of self-reported Norwegian ancestry was effective and that this series represents
a useful population in which to map a PD susceptibility locus of Norse origin. In

addition, the samples are ethnically well-matched, and not likely to have undergone
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significant admixture; favourable population characteristics for mapping population

genetic variation associated with complex diseases (Section 1.3).

Elevated LD between SNPs in around the peak LOD marker D1S231, in cases
compared with controls, was suggestive of shared ancestry in cases (Section 5.4).
Selection for a beneficial variant could account for increased levels of LD at any
particular genomic région (Schlotterer 2003); althoﬁgh this does not explain the
striking increase in cases compared with controls. We therefore hypothesised that
Norwegians harbour 1p32 PD susceptibilty that predates the Icelandic settlement. It
may, however, have been useful to determine whether this phenomenon was specific
to the 1p32 region, and not a general feature of the case genome. Additional parallel

comparisons at other loci not linked to PD would be instructive and is warranted.

Extensive LD in relatively young populations can be of benefit in low resolution
mapping, but may be prohibitive for higher resolution studies (Varilo et al. 2003).
Since the Icelandic population are younger than the Norwegian (Section 1.4), we
hypothesised that lower levels of LD within Norway would facilitate high resolution
mapping. Using a regression model to predict the decay of LD over physical distance,
it was shown that a SNP density of ~50 Kb may be required to map variation to
within a ~150Kb interval (Figure 5.3.1b). In theory, the level of LD can also be used
to predict the sample size required for detecting disease association. To have the
same power to detect the association between the disease locus and the marker locus,
the sample size must be increased by 1/, in comparison to the sample size required
to detect association with the disease locus itself (Ardlie et al. 2002). This may be
beneficial when the LD is uniform across the region under study. However, within

1p32 it is apparent that LD is not uniform. Significant LD can be detected between

199



markers 1 Mb apart, whereas there is virtually none between some markers that are as

close as 25 Kb (Figures 5.3.1a and b).

Sliding averages of 5-marker pairwise measures of LD across the region revealed a
possible block-like structure of LD at 1p32. This phenomenon has previously been
reported in various genomic regions. If the amount of haplotypic diversity is known,
then it should be possib‘le‘to position SNPs such that most information is captured
with minimal marker typings (Section 1.2.3). A contiguous ~3Mb stretch of
significant LD is apparent in the Norwegians at the 5° end of the analysed region. An
area containing smaller blocks characterises the 3’ end. However, marker density in
the 5’ block is much lower (1.7 SNPs/Mb) than at the 3’ end (5.7 SNPs/Mb) (Figure
5.3.2a). Studies using sparser marker sets (Dawson et al. 2002; Gabriel et al. 2002)
have typically revealed longer blocks than those using denser sets (Patil et al. 2001;
Ke ef al. 2004) so marker spacing may have impacted the results shown here.
Previous studies have used pairwise measures of LD (Daly et al. 2001) (Gabriel et al.
2002) and blocks are regions where all pairwise statistics are above a certain level.
However, this may not adequately reflect haplotype ancestry, due to the non-
independence of LD coefficients (Cardon and Abecasis 2003). Other studies define a
block as a region where inferred haplotypic diversity is low and a small number of
haplotypes account for the majority observed (Daly et al. 2001; Zhang et al. 2002).
Since the completion of this study, an LDU map (Tapper er al. 2003) has been
constructed for the region, using data from 99 SNPs (Appendix 5). There is evidence
of haplotype blocks (horizontal plateaus within the profile), although the value of
identifying these, with regard to facilitating multipoint LD mapping with COLDMAP

has been disputed (Morris et al. 2003).
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Assessment of LD at 1p32 provided a cursory assessment in a representative number
of samples and revealed that LD is variable within 1p32 and that D’ is also inflated
compared to r* (Figure 5.3.1a); both of which are consistent with that seen at
chromosome 22 (Dawson et al. 2002). In addition, SNPs were identifed that would

be useful for further analyses (Section 5.6).

To identify the 1p32 susceptibility locus, both candidate and postitional approaches
were taken. The initial set of candidate genes chosen for analysis in a subset of
samples included those close to the 1p32 peak LOD marker, or within the region of
elevated LD in cases (Section 5.5). However, roles in the pathogenesis of PD may be

envisaged for most. These were FAF1, ELAVL4, RNF11, EPS15, NRDI and RAB3b.

Multilocus haplotypes composed of htSNPs, sufficient to capture >90% of the
variation within RNF11, EPS15, NRDI and RAB3b, were compared between 110 late-
onset cases and 137 controls, closely matched for age (Section 5.5.1). Although no
significant differences were found (Table 5.5.1.c), a single marker test of association
for one SNP (SNP 23) within NRD1 was significantly associated with disease. This is
a non-synonymous change in exon 23, which may be in LD with a causal variant.
The utility of htSNPs is determined largely by the SNP set from which they are
ctosen. In order to identify htSNPs, it was aimed to type at least one SNP every
15Kb, although many SNPs were not found at useable frequencies and thus the final
hiSNP set was limited. Also variation in many of the coding regions was not directly
asssessed. For example, there were no SNPs genotyped in 30 out of the 34 exons in
NRDI. Hence there may not have been enough power to capture association with

disease with the htSNP set employed and rare haplotypes may have been overlooked.
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c¢DNA sequence analysis of NRDI in 9 cases did not reveal any coding mutations
(Section 5.5.2). This was undertaken prior to the completion of the multipoint LD
mapping in samples for which cDNA was available, representing a cost effective
approach over genomic sequencing, given the number of exons within NRD1 (24).
However, in light of the results of multipoint LD mapping (Section 5.7) with an
estimated mutation location spanning the NRDI locus, heterogeneity at the disease
locus (average p=0.63) and clustering of only ~30 individuals likely to share a disease
mutation, it is feasible that those samples included in cDNA analysis do not harbour

1p32-linked PD susceptibility.

The facility to identify individuals within COLDMAP cladistic output was a
subsequent addition to the algorithm and time constraints did not allow further
investigation in these samples. Hence, it will now be important to identify those
individuals estimated to share mutation within the interval spanning NRDI. A first
pass mutation screen, for example using DNA conformation analysis (Andersen et al.
2003) or DHPLC technology (Lilleberg 2003) would readily detect variation in
samples for which sequencing or exon dosage analysis could then be carried out.

Samples that carry SNP23 should also be included.

cDNA sequence analysis also identified a possible candidate. This was the EPS15
locus which lies 400Kb 5’ of the COLDMAP estimated location 95% CI.  Three
extra transcripts were observed for two of the cDNA primer sets in one case, P023
who was diagnosed with probable PD at age 59 years (Section 5.5.3). Sequencing of
transcripts revealed alterations in copy number of exons 9, 10, 12 and 13.  The
region between exons 9 and 13 encodes part of the EH domain of EPS15, so variation
within this may be functionally important. However, genomic sequencing of exons 9

to 13 (and flanking intronic regions) did not reveal any mutations that might affect
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splicing. There is clearly one normal transcript present that appears to be the most
abundant. Alterations in exon copy number may account for this and exon dosage
analyses using semi-quantitative PCR (Section 2.2.9) would be able to determine this.
Brain tissue expression analyses would be useful although post-mortem samples are
not available, as we must consider this may be an artefact of the EBV-transformed
cell line from which cDNA was derived. This could be ruled out by examining cDNA
from fresh cell lines. However, one case represents >10% of all those analysed. It
may therefore be possible that other individuals share variation within EPS15 and
late-onset individuals should also be prioritised for exon dosage analyses. This gene is
an excellent candidate as a worm orthologue knockout exhibit defects in movement
behaviour (Salcini ef al. 2001) and the mouse orthologue has been implicated in PD

pathways (Bonin et al. 2004)

Identification of functional conservation within NRD! and EPSI5 (using VISTA
analysis; Section 4.4.6) may be useful for determining intronic regions that may
harbour variation associated with disease. Any such regions should be also prioritised
for mutation screening in late-onset patients. It would also be useful to further
examine NRD1 and EPS15 in post-mortem brain samples. In situ hybridisation
would determine the normal expression patterns and levels of these genes and also
any differences in PD brains compared with normal controls. Since NRD may be
neuronally expressed specifically during development only (Fumagalli et al. 1998), it
is possible that variation within NRDI could have a detrimental effect on the

development of viable neurons, able to withstand the insults of old age.

Significant association of SNP48 within the ubiquitin-specific protease 24 (USP24)

gene is also worthy of additional study as the protein product is potentially involved
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in the UPP. Examination of USP24 halpotypes in cases and controls would determine

the potential involvement of this locus with PD.

One of the major strengths of this study is that we have employed a large case-control
series from a genetic homogenate, which can be beneficial in identifying subtle
variation associated with complex disorders. Results of COLDMAP analyses in these
samples haQe identiﬁéd é relatively smail i)ufaﬁvé mutétion cohtaining region at 11532
which is remarkably close to the most tightly linked marker in the Icelandic
population (Hicks et al. 2002). In addition, the 95% CI for mutation location
(~116Kb) was in good agreement with that expected (150Kb) given the levels of LD
at 1p32 (Section 5.3). However, there are factors which may have influenced these
results. We employed SNP genotype data from all case and control samples available
at the time in the initial COLDMARP runs. Given that 1p32 susceptibility is associated
with late-onset PD (Hicks et al. 2002) and AAO (Li et al. 2002), it may be helpful to
stratify data by age of onset and repeat the analyses, although we do not know if a
decrease in sample n will result in a decrease in the power to identify mutation
location. Marker density may also affect results. Our initial assessment of LD at
1p32 indicated a required marker density of 50Kb to detect association with disease.
To minimise genotyping costs, the SNP density used in our initial analyses was ~170
Kb. Lack of suitably frequent SNPs in some regions also meant that considerable
regions were not directly assessed. For example, there is ~1.8 Mb between SNPs 9
and 10 (Figure 5.6a). It would therefore be of benefit to generate additional SNP data
within the region to include in future analyses, to determine if SNP density would
alter the predicted mutation location. Morris and colleagues (2003) suggest that using

htSNPs rather than SNP data does not dramatically reduce power (Morris et al. 2003),
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therefore, additional genotyping of the most informative SNPs may offset the costs

associated with additional data generation.

Extra support for linkage to 1p32 in Norwegians might also be achieved by linkage
analysis in families. It would also be useful to examine PD cases from the US, in
particular the Minnesota region which has been subject to significant Norwegian
immigration in the past. It may prbve difﬁcﬁlt fo ‘co‘nsi‘:ruct such a well-matched case
control series as we have used in this study, although family based methods may be
used to overcome potential cryptic population stratification and genetic heterogeneity.
Discordant sib-pair analysis may be appropriate, given that parental data may not be
available for late-onset cases, and most PD cases are singletons (Rabinowitz 2001).
Underlying levels of LD may also be lower than that in Norway (if individuals have

not been subject to inbreeding) which may increase the resolution of mapping efforts.

5.9 Summary and Conclusions

PD susceptibility has been linked to 1p32 in both the Icelandic and US populations.
Icelandic peoples are largely derived from the same gene pool as present day
Norwegians and there has also been significant immigration from Norway to the
USA. We hypothesised that 1p32-linked susceptibility may be of Norse origin and
sought to identify this through both candidate and positional approaches in a large
case control series from central Norway. Y chromosome haplotyping showed the
Trondheim case control series to be a suitable population to map a gene of Norse
descent and comparisons of LD in cases and controls suggested the possibility of
shared ancestry at 1p32. By assessing underlying Norwegian population LD in this
region, we predicted that a disease associated variant could be LD mapped to a

resolution of ~150Kb. Indeed, multipoint LD mapping estimated a disease associated
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allele to lie within a ~116Kb region, containing only the NRDI locus. A potential
role for EPSI5, in particular through alterations in normal transcription, was also
identified through candidate gene analysis. The potential roles that variation within

these genes may have in susceptibility to PD remain to be investigated.
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6 General Discussion
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6.1 Review of Aims and Experimental Approaches

PD is a complex disorder, for which genetic causes may be many. Families with
causal mutations account for only a small percentage of PD cases (Bonifati ef al.
2004). This study aimed to investigate recessive and susceptibility loci, in a
homogeneous population from central Norway. Most cases of disease in this
population appear sporadic in nature and may be the result of recessive and

susceptibility variants.

Firstly we examined monogenic recessive loci implicated in parkinsonism — PARK2,
PARK6 and PARK7 (Chapter 3). Semi-quantative PCR, DHPLC and sequence
analysis was used to identify coding variants and alterations in Parkin exon copy
number. STRP haplotype reconstruction was used to investigate the possibility of a
founder effect at one of the variants identified. At the time of the start of this study,
two further regions containing multiple genes, had been linked to monogenic
recessively inherited parkinsonism. STRP genotypes, homozygosity screening and
assessment of population allele frequencies was used to identify early onset
individuals that might also be linked to PARK6 or PARK7 and therefore possibly

useful for further narrowing candidate regions.

The second aim was to investigate the MAPT HI haplotype associated with
parkinsonism (Chapter 4). A case-control analysis was undertaken to investigate the
association of H1 and clinically defined PD. Second, SNP association analysis was
used in an attempt to identify the extent and boundaries of the MAPT extended
haplotype. = Third, the genetic architecture of H1 haplotypes was explored, by

identifying SNPs specific to the H1 haplotype and those which represented htSNPs.
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htSNP multilocus haplotype analysis, and case-control analysis of H1 sub-haplotypes

was used to identify a specific haplotype and genetic region most associated with PD.

The third aim was to identify a novel parkinsonism susceptibility variant that has been
linked to PARKIO0 at chromosome 1p32 (Chapter 5). Y-chromosome haplogroup
analysis was used to investigate population ancestry in Trondheim and LD analysis
was used to inVestigate shared ahcestfy in4the ]inked region. The extent and variation
of LD at chromosome 1p32 was assessed through analysis of pairwise LD as a
function of physical distance, and as a sliding average acoss 1p32. Third, to identify a
susceptibility variant, both positional and candidate approaches were taken.
Candidate genes were investigated through htSNP haplotype analysis and direct
sequencing (genomic and cDNA). Multipoint LD mapping, using “shattered
coalescent modelling of genealogies” was used to estimate the location of a PD

susceptibility locus and the level of disease heterogeneity expected.

6.2 Summary of Findings

At the time the present study was initiated, two distinct regions of chromosome 1
(PARK7 and PARK6) had been linked to early-onset recessive parkinsonism in
European populations. The PARK7 gene, DJ-1, was identified within the time-frame
of the present study, therefore the two known mutations at that time, A1-5 and L166P,
were screened for in individual P113 who showed extended regions of homozygosity
for rare alleles in the region. Results were suggestive of a heterozygous deletion
including exons 2 and 4. Haplotype analysis in Norwegians identified two cases
(P095 and P023) that are homozygous for very rare STRP alleles at PARK6; PINKI

mutation screening should therefore be prioritised in these individuals.
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PRKN mutation carrier frequency is comparable between cases and normal controls,
although assessment of the contribution of PRKN to PD in Norway awaits further
screening. Carrier frequency, in particular for A82E, was high compared with an
outbred, US case-control series. This was hypothesised to result from a common
founder in the relatively isolated population and haplotype analysis about A82E

indicated that this was likely.

We demonstrated MAPT H1 is a misnomer; it consists of a family of recombining H1
alleles and one MAPT H1 sub-haplotype is preferentially associated with Parkinson’s
disease. The disease associated region lies within a ~90kb interval in 5° MAPT,
encompassing exons 1-4. We also suggest that the CRHRI locus has undergone
positive selection and may account for the increase in H1 in human populations, given

that H2 is likely the ancestral allele.

At PARK10, LD analysis suggested the possibility of shared ancestry in case samples.
Multipoint LD mapping estimated a disease associated allele to lie within a ~116Kb
region, containing only the NRDI locus. A potential role for EPS15, possibly through

alterations in normal transcription, was also identified.

6.3 Synthesis

Molecular genetics has provided a considerable contribution to understanding not
only the pathogenic mechanisms in PD, but also the complex processes in the normal
and aging brain. This has been facilitated by the analysis of genes involved in rare
inherited forms of the disease, in which variation can also factor in sporadic cases
(Singleton et al. 2004). It is also apparent that rare genes identified within population

isolates can also impact disease in the wider human population (e.g. PRKN and DJ-1).
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In the present study, genetic analysis within a population isolate has shown that
multiple genetic factors may be involved with PD susceptibility in Norwegians.
Although genetic abnormalities were found in only a proportion of cases, it is possible
that subtle variation within any of the genes already implicated in PD (since they can
all be linked to some extent) may have a combined and complex effect on a common
neurological pathway towards disease outcome. 'Man'y cases of apparently sporadic
disease may be due to multiple, variably penetrant alleles. Comparison of a complete
PD risk ‘multigenotype’ and detailed phenotypic and pathological analysis, will help

to further elucidate the pathways involved in PD.

As additional susceptibility loci are uncovered, the arsenal of potential cellular and
animal models will widen and provide powerful tools for the cause. Development of
both preventive and palliative therapies is our goal; the molecular understanding
acquired through genetic studies, past and future, will play an important role in

achieving this.

6.4 Future Direction

6.4.1 Parkin

Complete screening of PRKN mutations in Norwegian case and controls will allow a
better understanding of 1) the contribution of parkin to PD in Norway and 2) the
population frequency of variants in the general population. In PRKN cases, collection
of family samples and clinical data will allow further analysis of genotype-phenotype
correlation and the pathogenesis of mutant PRKN. It also would be useful to further
investigate the exon 3 proline insertion identified in case P154; in vitro studies would

begin to shed light on the pathogenic mechanisms of this mutation.
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642 DIJ-1

Complete screening of DJ-1 in P113 will confirm the suspected presence of a deletion
that includes exons 2 and 4. It would also be of value to assess the contribution of
DJ-1 in disorders with pathological tau inclusions. Investigation of potential
interactions between DJ-1 and tau may shed light on the underlying mechanisms that

result in the association of MAPT in both tauopathies and PD.

6.4.3 PINKI1

PINK I mutation screening in P095 and P023 is warranted.

6.4.4 MAPT HI

Support for the association of a particular MAPT H1 sub-haplotype in a region
encompassing exons 1-4 could be obtained by H1 analysis in an alternate population.
The hypothesis that the variability associated with PD affects exon 2 and 3 splicing
could be tested by examining ON/IN/2N ratios in brain samples. PSP cases should
also be included in this analysis, and also in H1-SNP analysis, to help address the
question of whether distinct mechanisms are responsible for MAPT association in PD
and tauopathies. Exon 2 and 3 dosage studies in H1 carriers will be able to rule out

the possibility of a heterozygous deletion.

The hypothesis that H1 and H2 are inversion polymorphisms can be tested through
macrorestriction mapping pulse field gel electrophoresis. Searching for the signatures
of natural selection within other genes contained within the MAPT extended
haplotype, will maybe shed light on why H1 has become the more common allele in

human populations.
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6.4.5 PARKI10

To show that the association of PARK10 in cases was not the result of population
admixture, LD could be examined in other genomic areas unlinked to PD. Support
for this locus harbouring PD susceptibility in Norway, would be gained by the
identification of families and traditional linkage analysis. Mutation analysis of EPS15
and NRDI in individuals that ‘clﬁstér’ togeﬁér (COLDMAP cladistic analysis) will
determine the potential roles that these genes may have in PD. Haplotype analysis,

around USP24 will determine any involvement of this particular locus also.
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8.1 Appendix 1 - Marker Assays

3.2.1 Exon dosage Parkin exons 3,4 and 5

Exon Primer
3 F
R
4 F
R
5 F
R
Control F
R
PCR Conditions

Product Size
Sequence (5' - 3') (bp)
CTTGCTCCCAAACAGAATT 314
AGGCCATGCTCCATGCAGACTTGC
ACAAGCTTTTAAAGAGTTTCTTGT 261
AGGCAATGTGTTAGTACACA
ACATGTCTTAAGGAGTACATTT 227
TCTCTAATTTCCTGGCAAACAGTG
ACGTTCCTGATAATGGGATC 328
CCTCTCTCTACCAAGTGAGG
PCR Mix 1
95°C 5 min
95°C 30 sec
563 °C 23 cycles |45 sec
68 °C 2 min 30 sec
68 °C 5 min

3.2.1 Parkin point mutation screening exons 3, 7, 9 and 11

Product Size
Exon Primer Sequence (5'-3') (bp)
3 F CTTGCTCCCAAACAGAATT 314
R AGGCCATGCTCCATGCAGACTTGC
7 F TGCCTTTCCACACTGACAGGTACT 239
R TCTGTTCTTCATTAGCATTAGAGA
9 F GGGTGAAATTTGCAGTCAGT 278
R AATATAATCCCAGCCCATGTGCA
11 F ACAGGGAACATAAACTCTGATCC 303
R CAACACACCAGGCACCTTCAGA
PCR Conditions PCR Mix 4
Program 60>50
3.2.1 STRPs about AB2E (Parkin exon 3)
Size Range
Marker {bp) Repeat type Primer Sequence
D6S1599 121-165 dinucleotide Forward [FAM)-TGTTTTCCACAGGTTCCAG
Reverse CTTCAGATGTAGGCTCCACG
D6S980 255-325 dinucleotide Forward [FAM}J-AGGGAGCCGAGATTGCAC
Reverse CTGAAGGGTGAGGAGTTTCT
IVS2-P2 170-190 dinucleotide Forward [HEX}-TCAGCCACTGGGTCCATCTG
Reverse ATTGGAGTGTTCCTGGAGCTTC
IVS2-P3 250-270 dinucleotide Forward [HEX]-ACACATTCCCAGATGCACAG
Reverse CAAGAAAGACTCTGCCAATCTG
PCR Conditions PCR Mix 1
Program 60>50
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3.2.2 PARK? STRPs

Size Range
Marker (bp) Repeat type Primer Sequence
D1S243 142-170 dinucleotide F [HEX]-CACACAGGCTCACATGCC
R GCTCCAGCGTCATGGACT
D1S468 125-145 dinucleotide F [FAM]-TTAACCGTTTTGGTCCTACC
R CTCTGACCAGCATTAAAGATTC
D1S2870 190-212 dinucleotide F [HEX]-GATCATGCCAATGCACTAT
R CCAGGGTGACACAGCA
D1S1646 130-150 dinucleotide F [HEX]-AAGTAGATGGGAGCCACACA
R CAAGATCATGCCACTGCCTT
D1S1612 94-130 dinucleotide F [FAM}-TCCCATGCCAAAATTCTTAG
R GAAAGAAAGAGAAAGAAGGAAGG
D1S244 280-300 dinucleotide F [FAM)}-GAGCAGCACCGTACAAAT
R AGCTCCGCTCCCTGTAAT
PCR Conditions PCR Mix 1
Program 60>50
3.2.2 Exon dosage DJ-1 exons 2 and 4
Product Size
Exon Primer  Sequence (5' - 3°) (bp)
2 F [HEX]-CTCTGCTTGAAAATGCTCC 392
R GGCAAGACATTAACAAGCG
4 F [HEX]-GGCTATCTCCTGTACTTCCC 297
R TCACAGCCTCCTCCCGAA
Control F [HEX]-ACGTTCCTGATAATGGGATC 328
R CCTCTCTCTACCAAGTGAGG
PCR Conditions PCR Mix 1
95°C 5 min
95 °C 30 sec
53 °C 23 cycles 45 sec
68 °C 2 min 30 sec
68 °C 5 min
3.2.3 PARKS6 STRPs
Size Range
Marker (bp) Repeattype Primer Sequence
D18552 244-260 dinucleotide F [HEX]-TTCATGCAGCATCATCCC
R TGTGGGCAGGTGTAAAGAGT
D1S199 94-116 dinucleotide F [HEX]-GGTGACAGAGTGAGACCCTG
R CAAAGACCATGTGCTCCGTA
D1S478 155-175 dinucleotide F [HEX]-ATGCCCAATACCCCAGT
R GCATTCATTTATTCAGCAAGAT
D1S2828 247-279 dinucleotide F [FAM}-GGCTCCTGAACCTGGG
R AGCTTTGGCTGACCTTCC
D1S2885 217-263 dinucleotide F [HEX]-GACATCCATCCCCTGGCTTA
R GGGTCCCACTCGGGCT
PCR Conditions PCR Mix 1
Program 60>50
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4.2.2 MAPT Haplotyping by (intron 9) 238 bp indel

Forward primer
Reverse primer

Sequence

PCR Conditions PCR Mix 1

Program 60>50

GGAAGACGTTTCTCACTGATCTG
AGGAGTCTGGCTTCACTCTCTC

4.3 MAPT Extended haplotype boundary analysis

Product Size (bp)
H1 H2
498 260

Restriction Enzyme Digest
F Primer PCRmix Product Enzyme Alleles Fragment Sizes
SNP R primer - Program size (bp) (bp)
hCV15853219 AACCCAAGATGAGTGAGATACATTCC 1 404 Alut G 277,127
CGTTGGTCCACACTTGTTGAGG 60>50 A 404
hCV11411459 AGCCGATCGAGCCTTTGTCTGG 1 374 Nia v G 152, 113, 69, 40
AGGGTTTGGGTGCTGGGTGTTC 60>50 c 265, 69, 40
hCV2077569 TGCATATAAGAATCACCTGGGAAAC 1 514 Msc | G 300, 214
GACATCCTCCACAGACACCAATG 60>50 C 514
hCV7450752 GGCCCTGTTCATAGATGTCCTCAG 1 504 Mwo | c 251, 204, 49
GATGATAACTTGGCTTCCTGTGTGG 65>55 G 455, 49
hCV11417996 CTCTTGGAATCTTATTTGTGCAACTG 1 455 Mse | A 206, 112, 69, 54, 14
CTCCGATTCAGGTCACACCATC 65>55 (o 318, 69, 54, 14
hCV2265270 TGCTACAGCTTACCTAATACAGTGCC 1 536 Hpy 1881 G 300, 141, 95
GAGCAAGACATTCAAAGGTAGGAGAC 60>50 A 441,95
hCV2265267 ACCCTTTAGCAGTCACTCCTCATTTC 1 559 Msi | T 245, 204, 100
TCAAATGTCCTCTGCTCTGAGTGC 60>50 C 449, 100
hCV7450783 GTTAGGTCTCATGCCCACTCCC 1 351 Ban It G 225, 126
GAGTCAGAGGCTGTCACGAGTTG 60>50 c 145, 126, 80
hCV11936211  TTAAGCTGAAACTGAGGCATGTTCTC 3 301 Acil G 126, 112,63
(rs1816) CCTTTAGCATGTTTGCACATCCAG 65>55 A 175, 126
hCV11416920 GGGTAGGAAATGGAGCTGGAGC 1 323 Msl | T 220,71,32
AACTGGCTGTAAATTGGAGGTCCC 60>50 c 220, 103
hCV9473153 CACATAATTGAAATCCCAGGAAATG 3 437 Hhal G 274, 183
TTCTTTCAGTCCCAGTATGCTGTTG 65>55 A 437
hCV11411497 TTGGTGCCTTCCTTGGGTGTG 1 490 Fnu 4HI G 268, 124, 56, 44
ATGCAAGTCTGAAATCCAATAGGGC 60>50 A 322,124, 44
hCV11618556 GTCCAGTCTCGCCATGAAATCACC 1 490 Fnu 4HI Cc 301, 149, 92
GCCCACCCATGTAATCCAGGATAATC 60>50 T 393, 149
Sequencing hCG1640620
Primer name F Primer Sequence PCRmix Product
R Primer uence Program size (bp) _Region
hCG1640620-1F GTTGAGTGTATAGCAGGCCTCCTAAC 1 517 exon 4
hCG1640620-1IR AGGTGGAGGTCACAGTGAGCTG 65>55
hCG1640620-2F CCGTTAGGAGTTCCTGACAGATTGGC 1 899 exon 5
hCG1640620-2R GAGGATTGCTTGAGCCCGAGAGAC 65>55
hCG1640620-3F TGTTAGTCTTTGGCATCCTTTICG 3 845 exon 5
hCG1640620-3R AAGAACATTTATCTCAGAGCAGGGAG 60>50
hCG1640620-7F AATCCACCTTCTCTCTCTCACAAACC 1 865 exon 8
hCG1640620-7TR TACATCATCTTGCTCGCCTCAGG 65>55
SNP Primer set variation  position
17Vv67981559 (novel) hCG1640620-1 G>A Exon4 45bp
hCV2265263 hCG1640620-7 C>T Exon8+196bp
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441 MAPT H1 SNPs
Restriction Enzyme Digest
F Primer PCRmix Product Fragment Sizes
D SNP R Primer Program size (bp) Enzyme Alleles (bp)
3 hCV2544832  ACCCACAGACCACGACCT TCGAAC 1 471 Mnl ) G 279, 192
- - CCTGCCTCTITCTGCCCATIGG - €0>50 A 471
4 hCV2544799 GGGCCACTGGATCACAAGGTTG 1 528 Tsp509 | T 258, 181, 59, 30
CCGGCCCATAATCTGCATTTCTAAC 60>50 C 288, 181, 59
5 hCV2544792 TTAAGGAAGCACCCATGACAGCC 1 461 Mbo It A 266, 144, 51
©°  AAACAGTTCTGTGGAATTTCACCCTG 60>50 G 410, 51
7 hCV3202942 GGTAGAGGCCAGGAATGCTGTTAAAC 1 479 Acil C 277, 202
GGTCATGCTCCGATTACAGACTCTTG 60>50 A 479
8 hCV3202957 CAGCCTTCCCTGTCCTTGATTC 1 385 Xho'! G 385
GCCTTCCCAACAGAGCAACC 60>50 A 287,98
10 hCV16089259 AGCAAGCTGTGTGACCAG 1 238 Bdl G 197, 41
CCCATTCTCTGACAGATTTG 60>50 A 112, 85, 41
11 hCV16017251 AGACATCCACACGTTCCTC 1 248 Afi Cc 141, 107
CAAACCACAGCAGAGCAG 60>50 T 248
12 Ex 8lil CGAGTCCTGGCTTCACTCC 2 370 BstN | G 257, 54, 26, 20,6
CTTCCAGGCACAGCCATACC 60>50 A 201, 56, 54, 26, 20, 6
13 385342 GGCTGGCCCTGCTCCTICTCTA 1 352 Tail T 247, 105
TGGCAAGGACGTTGGGGGACAGGG 60>50 (o4 352
14 385928 GACTGATAGGTGGGAGGTGGCTGC 1 454 Pw il CT 228,226
CAGCAGCTCGGACGTGAG 60>50 AA 454
16 Ex 3 -347 ACTCTCAGTGCTCCCTCAACAGG 1 732 Dpn li A 597, 134
CCTGTGTAAACGCTGCAGTGAAAC 60>50 G 497, 134, 101
19 17V40678709 GCAGCCCAACAGAGAAATACCC 1 6068 Bs! El Cc 364, 242
TCCCAAATTGCTGAGGTTAAGGTC 65>55 T 606
17 Ex 0 +120 TCGACTATCAGGTAAGCG 1 712 BsaWi G 581, 131
AAGGGCAACTAAAGTGACAG 60>50 C 712
18 hCV1016016 CTGTTGGATAATGGACATTTGGC 1 684 Apa tl G 529, 155
CTGAAGGCTCTTGTTTGACAGTACC 65>55 A 684
SNaPshot
F Primer
R Primer PCRmix Product
D SNP $ Primer ( +non annealing sequence) ram slze (bp) Alleles
1 rs110402 GTGCACTCTGTACACTCACTGGACC 1 483 C
GTATGATTCAGGAATAAGGCAGAAGC 60>50 T
CACAGAGGACTGGTGTTGC
2 hCV2544834 CTGCACAGAACAAAGTACACGTGAC 1 433 G
TCCTATGCAAAGAAGACACAAGGG 60>50 A
GAGGGACCAAGAGAAG
6 hCV2257661 GGTCATCTCTAGTGGGCATTAACACG 1 381 [+
TGACAAAGGCAAGAGTACACAAAGGG 60>50 T
8actCCAGGCTGTTCTCGAACT
9 rs3785883 CCATCACCTTGTCAGAAACTC 1 277 G
AGCCATGTGGTAGCCTCAG 60>50 A
aactgactaaCACTGTCACCACTGGGC
20 17V40666057 GGATTCCAGAAGAGCTAGGTAACCAC 1 738 G
(Taud7-51 set2) CTGGCAAGAAAGAAGCACAAAGAG 60>50 A

GAAGTCTGCCTCTGTGCTA
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4.4.6 Sequencing conserved regions in MAPT

Region F Primer Sequence R primer %m« Productsize PCRmix _Program
Promoter 1 GCTTCAAGACAACTTCCCATCTCCC GGTCCGCT CTTTACTTTCAG 684 1 65>55

1
2 AAAGCAAGGAGAAAGGAAGCAGC 2 GCGCTTACCTGATAGTCGACAGAG 702 2
3 CTACAGGAGGTGGAGAAAGC 3 CTGCAGTCGAGAGTGAAGGG 779 2
4 TCGACTATCAGGTAAGCG 4 AAGGGCAACTAAAGTGACAG 711 1
48.5-50Kb 1 TGTCTTCCGTGAAATGTCCTCCTG 1 CCAAGATGGCTTCCTATTGTTTATGC 708 1
2 GGATTCCAGAAGAGCTAGGTAACCAC 2 CTGGCAAGAAAGAAGCACAAAGAG 738 1
3 TTTCCAAGCAGAACTTCATTTCCTC 3 . TCTCGTYACAGAGTCATGTTCCACTG 535 1
4 CTGTTGGATAATGGACATTTGGC 4 CTGAAGGCTCTTGTTTGACAGTACC 683 1
5 TCACAGGGTCTGCCATCTGC 5 GCCAGGGTGACAGAGTGAGATTC 698 1
6 AGATGTGTATGCTTGCCCTGGTATGG 6 AGGGAAGACAAGGAAGGCGATCTG 737 1
§9-61 Kb 1 GCACAGCTGCGCCATTTIGTC = 1 . CCCAGGTCACACAGCCAGTAAGAGG T2 1
2 AGGTTGAGAGAAGTGGCTTGGTTAC 2 GGAAATGCTCGTAGGTTCATGGAC 704 1
3 TTTCTTAACATGGCAGGTAGGTCC 3 TAGGCTTCTCCAGTATTTCTTCG 710 1
4 GCAGCCCAACAGAGAAATACCC 4 TCCCAAATTGCTGAGGTTAAGGTC 605 1
4a TTATTTATGCTCGATGGCTGCTTTCC 4a GTTTCACCGTGTTAGCCAAGATGGTC 573 1
4b TGAGGTGGGTGGATCACGAG 4d AGGGAAGGCAGCTGGACAAG 24 1
5 AGGCTGAGGCAGGAGAATGTCTTG 5 CGATTGGATGGGTAGAGAGCAACTG 551 2
6 AAGCCCACCTCTAGCATAATACGAG 6 GGAGAATCGCTTGAACCTAGGAG 612 1
78-80 Kb 1 CCGTGTTCCAGCTGTTTCCAC 1 ACAAACACCGTGGCCAAAGTC 673 1
2 AGGTCCCAGAGCAGCCATTTG 2 AATGTCCCAGCCTTGCTCGCAG 642 1
3 CTGCTTATGTCTCATTGGCCAGAG 3 TCTTGAGTCTCATGCCTGCACAG 650 t
4 ACTCTCAGTGCTCCCTCAACAGG 4 CCTGTGTAAACGCTGCAGTGAAAC 732 1
5 GACTTGCCCAAAGCCTCACAG 5 CGAGCTACTCACAACCCAAGATTC 664 1
4.5.1 CRHR1 genomic sequencing
Product size
Exon F Primer Sequence R primer Sequence (bp) PCR mix
2 CRHR1-2F TCCAAGAGCAGGGCAACTCCAGAC CRHR1-2R AATTGCTTGGAGCCCTGGAGAGG 449 1
3 CRHR1-3F TTTAACACCACCTCCAGCCATCTCTC CRHR1-3R ACAGGGCACCCAGGAGAATACAGC 558 1
4 CRHR1-4F AATGGGCAGAAAGAGGCAGGAAG CRHR1-4R GAGAAGGAAGGAAGGAACAAGGACC 532 1
6 CRHR1-6F TCCTGGTGGCCTTTGTCCTCTTTC CRHR1-6R GGTGCCTTCTACTCCCTGCCATTC 514 1
7 CRHR1-7F CTGTGCCTCAGTTTCCTCATCTACAC  CRHR1-7R TTGTAGGCGGCTGTCACCAAC 465 1
8 CRHR1-8F AGAGGAGGAGCCCACAGAACAG CRHR1-8R CTCAAACTCACACACCTCCTTCAAG 481 1
9 CRHR1-9F GCGGCAGTAGAAGCACCTTGAAGG CRHR1-9R TATTTGAACCTGGGCAGTCTGGCTC 486 1
10 CRHR1-10F CCGTTCCCAGCCACTCAGTCTTTC CRHR1-10R TGAGCACCTGCACATCTCTGACCC 492 1
12 CRHR1-12F GCATCCACCACGTCTGAGACCATTC  CRHR1-12R TCAAAGGTCGGCTGCAGGTGTTG 480 1
13 CRHR1-13F CACCTACATGCTGTTCTTCGTCAATC CRHR1-13R TCAAAGATACTGGAGCTCTGGCTTC 539 1
14 CRHR1-148F CTGTTCCGACAAATATGCAAAGCAG CRHR1-14aR TTTCAATTCATTCCCATGTCCCTTC 601 1
4.5.2 CRHR1 ASOV
SNaPshot
F Primer
R Primer PCR mix Product
S Primer ( +non anneali sequeng_e) ngrnm size (bp) Alleles PCRmix Program
TTTAACACCACCTCCAGCCATCTCTC 1 483 C 1 60>50
ACAGGGCACCCAGGAGAATACAGC 60>50 T

aactgactaaactaggGAACCACTAGCTGCCCC
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65>55
60>50
60>50
60>50
60>50
60>50
65>55
60>50
65>55
60>50
60>50
60>50
65>55
65>55
60>50
65>55
60>50
60>50
60>50

60>50
60>50

ram
60>50
60>50

60>50
60>50
60>50

60>50
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M9 GCAGCATATAAAACTTTCAGG AAAACCTAACTTTGCTCAAGC 340 Hinfl 0190, 80,70 126,80 1 60>50

SRY-1532 TCCTTAGCAACCATTAATCTGG AAATAGCAAAAAATGACACAAGGC 180 Dralli 0180 1110, 70 1 60>50

TAT GTGAAGTAAGATATCAGATGG TGCAAGCTTAATTCATAGCAC 1110 Nia il 0350, 225, 220, 140, 12 1 500, 350, 140, 12 1 60>50

YAP CAGGGGAAGATAAAGAAATA ACTGCTAAAAGGGGATGGAT 455/150 - 0 455 1150 1 60>50

SRY-2627 CGCGGCTTTGAATTTCAAGCTCTG CCAGGGCCCCGAGGGACTCTT 350 Ban! 0250, 100 1350 1 60>50

5.5.1 htSNP discovery in 1p32 candidate genes (hSNPs) ** Haplotyp} ptured by htSNPs
SNP R Primer Variation
Gene ** F Primer {S Primer for SNaPshot) {1/2) Enzyme  Afleles and Frag Sizes PCRmix Program
RNF11 (90%)
hCV3122415 AGAGATGAGGTCTTGCTGTGTTGCC CTTATCCTCCCACTCACTGTCCTTCC CIA Mfel A 508 C 290, 218 1 60>50
hCV11304548 GAAAGTGTGGGAATGAAGAAAGCAAC GCTGAGGCAGGAGAATCGCTTC cr Stul T 485 C272,213 1 60>50
hCV11304542 CATAGAGTTGAATAGCGTGGGTCCAC GCCCAAGAAGCTGCTCATGATG TIC Haelll T 300,88 C 189, 111,88 1 60>50
hCV3122423 CATGCACATGAGAATCGAAAGAAAGAAC TGGGATTGCCTCTCACGGATTC TG Dde) G 220, 180 T 180, 114, 108 1 60>50
hCV937T75 CACGTATGTGAACCACAAGACTGAAG TCTTGGCCTCTGTTGTGATCTCTG AG | Hincll G293 A 191,103 1 60>50
EPS15 (100%)
hCV3125022 ATGGCAGAGCTACAATTCAATCCAG AGGATCCAGGGTTGTTACTGTAGAGG AIG Bstl A397 G 286, 104 1 60>50
hCV3125029 GAAGGGTTTCATCTGCCATTGTAGAG TCTCTTCTGCCATTGTCAATGTTCAG TIC Mstt T 205, 161 C 366 1 60>50
hCV3125045 GCTCAAGAACATTCAAGGCACCAG CACACTCAAAGACTTGGCTCTATCCC AG BsaAl A390 G 248, 142 3 60>50
hCV1771642  AAGAATTCATGGCGATGGATATTGGG TGACTTCTTGGCTGGGCATGGTG RL. Sty} T 454 C244, 270 1 65>55
hCV3125034 CATAAGGGAGGCTCCACTGAAGATTC ATGATTGGATGCTCCCTGAGGC GIC Bgll G 460 C 297,163 3 60>50
hCV3125031 TAGGAACACAGAATCTGGCTACCTGG TCCAGATTGCCTGACATGACCTG AT Spet A 300 T 247,53 3 60>50
hCV1591238 ATTCTGCTGTTTCTTGCTGTAGACGG CCTGGGCAACATAGCAAGACTCTC AG (SNaPshot)

(TCGCAGATCTCCACTT)

hCV16681233 TGGTGTGGGCAATCATAAACG AAGATGAGATTTAGCAGAGTGCATTG MG Swal A 206, 127 G333 1 60>50
hCV11740229 TGATGTCTTGGGCCTTCAC TGATCCACCACACTGAGCAG cr Rsal C 264, 106, 106, 8T 348, 106, 106 1 60>50
hCV11740230 ATGGAACAACCGTAGAACTG CAATCATCCTCTACCCACAG TIC Sspl C 476 T 263,213 1 60>50
hCV1591218  CTTAGGTCACTGGATTCGT ACACGGTTACTGACTTAGATG ™G BstEW T375 G293, 82 1 65>55
NRD1 (90%)
hCV79313 AGAAAGCAAGTCAGTATGGC GGTATCATCTTCTATTGCCT cIr Accl T 350 C 234, 116 1 60>50
hCV15818300 CCTCTGCACTCTAGCCTGGTGACAG CCAGCAGAATTTCACAGCCTCAGTG GIA Rsal G204, 61,51 A 153, 61,51, 5° 1 65>55
hCV15818304 AAAGCAAGGCGTGGTAGAACATCC TCCCATGTCTCTTGCCTGAATCAC cr Mse | C291,54 T 198, 93, 54 1 60>50
hCV393617  AAACATTGCTAGAGGGCCACACAAG AATTACGGGTATGAACCACTGTGCC AIG Bsl| A 385 G 249,136 1 60>50
Glu indel [HEX]-CCAGATACATCAAATTACAGAATGGC  TCTTCATCGTCATCTTCTATTTCAGC 169/172 (ABI sizng) 169=1 172=2 1 60>50
hCV2776338 CTTTATACAGTTTCTAGAGTGG GAACACTTAGAGACCATATTTG GIT Dde | G262,128869 T 348,1289 1 60>60
hCV2776339 CGCGTTTGAAAGGCTAACTAGC TCCTTGCTTTCYGTTCTGTAAGTTTG TG Bsti T 330 G 167,163 1 60>50
hCV2776344 GTCATCTGCTTAATCCTCTCACTGCC TGTGTCACGGTGGTTTGTTGTACAG [el4) Sall G 272,159 T431 1 80>50
hCV2776353 TGAGTTCAATTCCACACCAGC TGCTATATTGCCCAGGCTAGTC ™ Dde | T 345,5542,39 C387,5539 3 60>50
hCVB847889 AAACTTGACTCATCTGGCAGCTTTAC TGCTTGTGACATTCCCTTGTACC T BstN| C308,81,36,24 T7344,81,24 1 60>50
RAB3b (100%)
hCV1805213 GGTGACTTCTTTGCCTGAGCCTC TGAGGGAGCAGTTCAGCGTAGC AIC Mse | A218,153,65 (371,65 1 680>50
hCV1805212 TTTGCTGCCCTCTGCTAG GGAGAAAGCAACCAGAAG G/A Rsal G 349,229 A 256,229, 94 1 60>50
hCV1805209 AATGACTCCTCAAAGGGTGGCTG AACATTTCTTGCCAAGGTCTCATAGG NG Dpnll  A287, 141,118 G405, 141 1 60>50
hCV1805202 AACAATTTCCACCCTGCTCTTCTCAC CAGCCTCATGCCCTTTCTTTGC G/A Hinf ) G 260,209,40 A 469,40 1 60>50
hCV1805200 CAGTGACCAACAGAACGCTGTAAGG CGAACTCCTGACCTTGTGATCCG AG B8stUl A308 G 239,69 1 60>50
hCv315881 CCAGGCACTGTGCTAATTCTTACAAC TCTCCCAGCAGTTAATTTGATCACTC AIG Aval A327 G202, 125 1 60>50
hCV16117609 TTACACACAGGGATAATCACTGCAAC GAAATCACAGCCAAGCATAAAGAAG AIG Nialit  A262, 149 G411 1 60>50
hCV11865899 CTGCCCTCAGGAAACCTCAATAGAG CCTGAAGAACCCAGCCTATCCTAAAG AT Rsal A 275, 249 T524 1 60>50
hCV118656894 CACAAGGTCACTCTCAGCTCAAGC ACCCAGTGTCCCTGCTCAGATG GIA BstNl G 89,8863 A177,63 1 60>50
2230325 CGAAGACTCCACCTCCAAATAC CACACTCGTACCCTGTTTACCC T Dde ) T132,112,87 C199, 132 1 60>50
hCV439172 ACATGTCTCCTCCACGGTTCAG GAGATTAATAACATGAGCAATGGCAC TIC Mspl C 259, 192 T 451 1 60>50
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$.5.2 Sequencing candidate genes at 1p32

Product
Gene Exon F primer R primer size (bp) PCRmix  Program
RAB3b Genomic
Promoter AGAGGAAGGGCAGGGATATGTTAAG CTCAACTCCTAGCAGGTGTAATCCG 350 1 60>50
Promoter ATGACTGGAGACCACAGGAGAAAG CGTTCTATGGCTCCGTCTTCAC 327 1 60>50
1 CATGACAATTAAGATAAATCACGAGA TCTITCTTGCTCCCCTCCC 572 2 60>50
2 AGTAAGGAGTGAGTGTGTGAATGGTG CCCACCTCTAAGCCCTTGTACTG 405 1 60>50
3 ACTCCAGCCTGGGCAACAAG . CAGCACACAATACAGGACCTAGCAC 338 1 60>50
4 (5 end) AAGACTCCACCTCCAAATACCATTAC GTACATACCAAGCTGCTCTGCAAG 257 1 60>50
4 (3 end) TGACATGGAGGAAGAGAGGGTTG CAGCACAAAGCCCATATGTACCTC 243 1 60>50
5(5 end) GGGTTCCAGCAGAAGGGATG AGAGACGCGTGTTCTTGGAGG 202 1 60>50
5(3' end) TGGACACAGACCCGTCGATG AGGCAAAGAATAGCAGCAACTCATC 235 1 60>50
5 (3' UTR) GCCCACTCTCCCTGTTACACACTGC TTCACGCCATTCTCCTGCCTCAG 766 1 60>50
EPS15 Genomic
9 GAGAGCCTGACGATGATTTATCATTG CCTGTCTTAATGGTGCTTTGGTAGG 300 1 60>50
10  TGGAAGTGATACATTGTTGCTCTGAG  AAGCTTCAGGTAACCCATTCTCAAG 473 1 60>50
1" TCTACCTCTTCGAACAGTTGAGTGAG CAAGGCACTCCAGCATATTTATAGG 483 1 60>50
12 TTTACTGCAAGGTTCTGAACAGGC TTAGAACAGAAAGGTGTGTGTGGG 516 1 60>50
13  AAGCGATTCAGGATTAGGAGGATGG GCAGGCCAGAATTCCAAGCAAG 337 1 60>50
14  TGTCCAAGGACAGATTTGAGTTAGC GCCAACCACCACCATCAATAAC 490 1 60>50
RNF11 cDNA (5-3)
CACCGCTGCTTTCTCCTC TTCCAGGGTCATAAACTCC 1 60>50
GCTGACTGAAGAGGAACAAA GGCTCTTTGGGCTCAGTG 1 60>50
ELAVLA cDNA 5-3)
TTTAACAGAAGAGTCGAAGCTCTGCG  GGCTTTCTCTGCATCCTTTGGATC 358 1 60>50
AGGACAGAGTTTAGGGTATGGATTTG  CTGCCTCAATCCTCTTATCAAAGC 31 1 60>50
AAGTCACAGGAGTGTCCAGAGGG CCACAAGGCTTGTCATTCCATC 357 1 60>50
CGTAAAGAGACTGATGTCTGGACCAG  AAAGGAAACTTGCAACACTCTGTCTC 362 1 60>50
TGTCACCATGACCAACTATGATGAG TGGTACACCTCAGGATAATCCAATG 299 1 60>50
FAF1 cDNA (5-3)
AGGAGGTGCCGTCTGCC GAAGTCCAGCATCCGAGG 1 60>50
CGTTTCGACCTGTAATGC GGACTTCTCGGTGGGTGA 1 60>50
GCCACCACCTTCATCATC GTCATCTCCATCGCTATCAC 1 60>50
GGGAACAGTCGGAAGAACA TGGATTCAGCACAAAGCA 1 60>50
GCTTCTTGCTATCTACCTCC CTTCCTGTTGTTGGGCTG 1 60>50
ACAAGGGAACACAACAGTAGA ATGGCCTCACGTTCCTC 1 60>50
GATGGCAGAACAGTTTCG AGCCCTTCTCCTGACGCA 1 60>50
NRDA ¢cDNA (53)
GTTCAGGCCTGTTCCCC AGATTCATCCGCTCCTAGAC 1 60>50
GGAACAAGGCGAAGTCTA TCATTATCCTCAGTATCAAGA 1 60>50
GGAGCTGAAATAGAAGATGACG TTTCACCCTGCTCGTCCTC 1 60>50
AGCTGAAAGCAGGTCTGCAC CGGTCAATTGCATCTCTGATC 1 60>50
ATGCCTCAACTGATTGTGAACG TGTTGCTGTTGAGGAGGAAGTG 1 60>50
CGGATCCATTTGACACACC TCCACCAAACAGTGCAAGAG 1 60>50
AGGCAGCATTCTTTCTTTCC GTCCTGCAATGGGTACAGC 1 60>50
AAATGCTGCAGAAGCTAGGC TCAGCTGGAAGATGAAGATCTG 1 60>50
TGGGCTGAACTGTGGAATAG CACATTTGCTGCAGATTTCTG 1 60>50
CGTTTCCATCTAATTTCACCG CCAACGGGCATATTCCAAG 1 60>50
TTCAATTCCACACCAGCTGTC ATCACCCTTGTTCAGAGCTTTC 1 60>50
GCAGTTCCAGGTGGTAGAGC TTTGGTTGCCTGAGTCCC 1 60>50
GAACACATCCGGGATTCTAGG GCGGTCAAAGAGGTACTGCTG 1 60>50
GAGGTGGATAGGAACTGGAATG TTCAGGCCAACGTGACTGC 1 60>50
EPS15 cONA (53)
CCCTTGCATGATGGAAACACC ACTGGTATCATGAAATCTTGGTGGAG 342 1 60>50
TGTTGCTTTGCGTCTTGTGGC AACATGGCAACTGCAAACTCATCTC 348 1 60>50
TGATGGAATGCTTGACAGAGATGAG GAACGTGAGGAGGATCAATGCC 380 1 60>50
CAGTCAGAAGTTAATCAAGGGCATTG  CCAGTTCATCAAGGAGTTCCTGTACC 338 1 60>50
AAGTGAGGTTCAGGATCTTCAAGATG  TGCATTGAACTAATTTCCTGTTGTG 378 1 60>50
AATTGGAGGAGAGTGTAGAGTCAGGG TCAGTCACACCAGAAGGCAGTAGTTC 331 1 60>50
CACCAGGAATCTCCAGCAAGAAGTAG  TATTGTTGGCTGCACTGAAAGGG 376 1 60>50
TCAGACTGTTTCTTCAGGCAATCTAC  AGTTCCGATCTTTGGTGGCAG 369 1 60>50
AGCTCTGTCAGCAACGTAGTGATTAC CTCTGCTCTTCCTCTCTCTCACTTTC 377 1 60>50
CCTCTGAAGAAGATATGATCGAATGG  AAGGTGAATTTGTCTGACTGGGTTAC 364 1 60>50
GAATACAAAAGGTTTGAGATT CAAAATATTTTTCCTTATCTCT 451 1 60>50
CTAAAGTGCATTTTTAAATTTC ACCCACTAAGAACTAAACAGG 418 1 60>50
AAAGTCTTAACATGGCAGCCATTC ATTTCAAATTCAGCTTGTCCACTAGG 422 1 60>50
CTATAAAATTGTCAAGCTAGCAA CAAGAAGAAATGAATTGGATATT 356 1 60>50
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§.6 ALL 1p32 SNPs

A 144, 250
T203,93,70,9

A 241, 108, 38, 14,
C 242,203

G 216,94,58

T 354

C 263, 189

G 252,229,28

G 218,164

G 176,91

G 128,83,70

€ 327,109,51,38,32
T 245,27

G252

A 144,123

C=2

G293, 82
T263,213

G 222,134,119,24
G 228, 152

T 344,81, 24
C 387,55,39
T348,1289
172=2

C234, 118

C 199,132

A 25522094
G 170,120,50

C 258, 174,64
T 200, 120, 78
A 150,117
€91,83,38
T285

A 160,50
A293, 144

C 253, 144
c417

G207, 111, 57
G482

G 299,139
Ada3
A252,118

C 298,139
c408

C 283, 147

Celera NCB! dbSNP ID Variation
SNP 1D F Primer R Primer 1 E Alleles and Fragment Sl&
T hCV12100344 2065396 AAAGCAGGCCCAGCACAG GGGAGGCATGGTAATGACTARTC CR— Tep 5091 G 170,36 A 101,69,38
2 hCV11872095 AGACCTGCCACTGACTTCCATCC TCACCACTTTGGACGTGCCTTC AG Taql G394
3 nCV1476948 TTAGGTCTTCTGATCCATGAACACAG AATTAAAGAAAGCCGGGAGTGG ar Hinfl G 203,163,9
4 hCV11872085 ACATCCTCGATCACCACCTCAC GGTTGTGGAGGTAAAGAGTGCTAGTC CIA Tsp5091 C 349,38,14,13
5§  hCV3027948 TCCATYACGTCACTACTTTCTCAGGG GAATGACTCCTCAGCACTACTCCTTG cr Ncil T445
6  hCV3027832 ACAAACACTCAGATCGCACCTGG TTCCATCTCTTCTGTGTTTCCTTGTC ce Bsit  C310,58
7 hCV3027900 CACTGGATTAGGAAGGAGAGACTTTG CTCTCTGAATCTCAGGACTCTTGGTC or BsrBl G243, 111
8 hCV2809720 ACTCTCACCTCCAGCCTCCTCCAATC TCTTCACCCTGGGCCTTTGCAC GIA BREN A452
8  hCV2371385 TATTGGGAAGCCAGAATCATCAAATG GGAATGCACCATATGTCCTCATCTG AG Fok| A481,28
10 hCV435984 AATATGCACTGTTTCCCAGGTATGTC TGCTGCTGCCTGTAAACATGC G/A Acc)  A383
11 hCV15888654 2494883 AGGCACTGAATGGATTTGGGAC ATCACAGCAGGAGATAGGACAGGC AG Dde| 'A267
12 hCVB500089 1398868 AAACAGCAATGTCAGCACAGGC AGTGTAGATGATGGCAGGAGAAGATG AG Rsal A18883
13 hCVB847088 1043141 TTTAAGACGTTCCATCATAG GCTAACAACCTCATTCCTC cr Hae ffi T 327,147, 51, 32
14 hCV11870545 CCCTCTCCAGACATCATG CACTCTCTACCATTATTCTCAC o Dde| C179,68.27
15 hCVZ77402 AAACACCTAGTACTGCGATG GGAAATATGTAAACACCTCTG AG Apol  A176,78
18 hCV1413746 AACTATCTGTAAACCAAGCTC ATGAAGTGAATGTTGTCTGATC G/A Rsal G267
17 hCV3122400 CTCATGAAGGCTAGGCTC GCATCTAGCATTATCTTTCAAG Gic (DHPLC) G=1
18 hCV1591218 CTTAGGTCACTGGATTCGT ACACGGTTACTGACTTAGATG Ll <] BstENl T 375
19 hCV11740230 ATGGAACAACCGTAGAACTG CAATCATCCTCTACCCACAG T Sspl C476
20 hCV388562 1316961 CTTTCTGCTTCTAGGTCTCC GACCTCCTTCTCCTCTTC AG Al A25322224
21 hCv428790 CTCTTCCAGGCTCATTCAG CCCCTTTGAGTATGGATGA GIA Hae Il A 380
22 hCV8B47889 AAMCTTGACTCATCTGGCAGCTTTAC TGCTTGTGACATTCCCTTGTACC TC BstN1 C 308,81, %, 24
23 WCV2776353 1126997 pmmwmenssm TGAGTTCAATTCCACACCAGC TGCTATATTGCCCAGGCTAGTC TIC Ddel! T 345,5542,39
24 hCV2776338 856610 CTTTATACAGTTTCTAGAGTGG GAACACTTAGAGACCATATTTG GIT Dde| G 262,128,869
25  Gluindel [HEX}-CCAGATACATCAAATTACAGAATGGC ~ TCTTCATCGTCATCTTCTATTTCAGC 169/172  (ABI sizing) 169=1
28 hCV78313 AGAAAGCAAGTCAGTATGGC GGTATCATCTTCTATTGCCT cr Accl  T350
27 2230325 2230325 CGAAGACTCCACCTCCAAATAC CACACTCGTACCCTGTTTACCC h{ Ddel T 132,11287
28 hCV1805212 1024313 TTTGCTGCCCTCTGCTAG GGAGAAAGCAACCAGAAG GIA Rsal G39229
29  hCV1805260 TCCCTCCAAGGCAGAGTCTCAC GAGCTCAATGACAAACAATGTATGGG GIA Dpnti  A220,120
30 hCV12112305 649676 TTTGTTGCCCAGGGTGGTC CTCTTCACTCTACATGGTTTCACTGG TC Hphi C 26041
31 hCV11288191 AACACAAAGGATAAATGCTTGAGGTG AACGACACTAATCCCATTCATGAGG GIA BstN} A458
32 hCV11873295 CAAACAAGCCTCAGCTAGTTCTCTG CTCACTATCTTGTCCAGGCTGGTC AG Tsp 5091 G 328,68, 15
33 hCV7842707 TGGGATGAGAAGAGCAGCTGG CATACCTTTGGTCTGCGGAGAAC T Hpsll T432,64
34 hCV11868553 ACTCCAACCTGGGTGACAGAGCAAG CAAAGGTGCCGCCAATTCGTG w© Niali C410,78
35 hCV1797353 1288516 GGAAACTGGGAGTTGGGAG AATAGAGGTGCATGGGAATCCC G/A Fokl G267
38  hCV1797412 1288489 AGGCCCTCATCTGTCTACATCACC GCACATCCTGTGTTCTTCCTGTTTC cG BstNI G 12191
37  hCV1T9T425 1288480 TCCCAGGAGGTATGCAAGCAG GCTACCCTGGATGTTTCCCAAG cor Taql C 180,105
38  hCV1797435 2782491 CACCCTGCCACTCCCAAGTC CCCAGAGGAGGAGGCATTTG AC Bsp 1286 | C 94,88,50
39 hCV11871255 GTCTCGAACTCCTGACCTCAAGCG TCTGCGGATCACACTTGTGAGAATG C/A Asel C437
40 hCV1452838 GCAGTGGGCATCAAATGAGGC CAGGATAGAGGGAGCTGGAACCAG GIC BsoBI G 203, 144, 50
41 hCV2431676 CAGTAATATGCACCCTGGAGAGACC TGCAGAGGTGAGGAGAAGCTGTC [ ] Banl G273, 144
42 hCV1761854 CCAAACTTCCCGGCTAGCTGAG TCTGGCTGGGATTTAGAGGAGTGG AG Hee M A318,57
43  hCV11870762 GGCTCAAACCCTGACTCAATTCC GATAAGGACCAGGAGGCAAACTACC [ 7] Xhol C 294,188
44 hCVT36440 GAACCAGCCACTCCACATTCAGAC AACCCAGAAGAGCCGCAGTTAAG GIA HpaN A438
45 hCV3154981 AAGAACATAAGGGCGCTCAATTAATG CAATCAGAACGCTTCTAACCCACAC TIA Taql T277,188
48 hCV11732075 ACAAGACCCTGCTAAGACACTGGC ACGTGGGCAAGTCATTGTCCTC GIA Nafll G368
47 hCV2784215 TCCACCATATCAGTCCCTTGTCAGTC AGGGTGTGGGAGTTCTCTTCTGATTG w Hpal T435
48 hCVB98739 TAGCTGTCAGCAATCAAGTGGTTACC TGGTCTTGCAGTTTGAAATGTGATG [ ] Hind Il G 295,113
49 hCV1758280 GGATCAGGAAGAAGGATGAGCAAC TGGCTCAGGATAGATAGATGGGAATC ™ Smal T430
5.6 1p32 STRPs
Size Range
Marker (bp) Repeattype Primer Sequence
D1S2874 230-240  dinucleotide F [HEX}-CCTAGACGCCCCTATAAG
R GCAAGAATTATGTCTGATGG
D1S197 115-129  dinucleotide F [HEX]-TCATGTCCCTCCTCCCAAAG
R GAGCAAGCATCCAAAAACGA
D1S1661  89-101 dinucleotide F [HEX}TTCATGGTTATAAAATATGATGCA
R GCGAGATTCAGTCTCAAAAA
D1S232 184-202  dinucleotide F [HEX]-GAGCAAGACTCTCTGTCCCC
R CCATGTTCAAGGGTCAACTG
D1S319 149-163  dinucleotide F [HEX}TGTAAAGCAAAATTACAGCCT
R CTTAACCCAAATATTAGGTAGCA
D1S231 168-168  dinucleotide F [FAMJ-TAACTGAGTGCTTACCTTATGC
R CATGTGTTATATTTCAGGGG
D1S2652 94-106 dinucleotide F [FAM}-GCAGGTGTGATGCCAGG
R TACGGCTGATTGGGAGAAC
D1S475 191-207  dinucleotide F [FAM}CCTAGTGCCTGGNACATAGT
R TGACTGGATACTGAGGGTTTGT
PCR Conditions PCR Mix 1
Program 60>50
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8.2 Appendix 2 - COLDMAP Input Parameters

The input parameters for the program are given in the file GEN.IN.
These are:
Number of individuals in sample 369
Number cf markers 49
Assumed marker mutation rate 0.000025
Assumed recombination rate (cM/Mb) 1
Population growth parameter rate (O=constant) 0
Control parameter for choosing branches to be removed from
the shattered genealogy (0O=all branches equal rate,
l=branches have weight proportional to their length)
Number of iterations 20000

Thinning parameter for recorded output 10

Random start (0O=yes, l=use final output from previous
analysis)

If you specify a random starting point, you then have to specify
Starting points for the following parameters:

Shattering parameter (0-1) 0.9
Location of disease locus 52.0
Effective population size 1000

Frequency of allele 1 (initially same at each marker) 0.5

Run the algorithm using the command:

./genldco < gen.in > gen.out &
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8.3 Appendix 3 - COLDMAP Mutation Location Convergence
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8.4 Appendix 4 - COLDMAP ‘Dummy’ Run Estimated Mutation Location
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8.5 Appendix S - Metric LD Map of 1p32
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8.6 Appendix 6 - Patient Information

Sample Age Sex Age of Onset Family History Classification
P-001 76 m 73 0 Atypical
P-002 64 f 52 1 (cousin) Probable
P-003 77 m 61 0 Probable
P-004 79 m 72 0 Probable
P-005 64 m 53 0 Probable
P-008 49 m 48 0 Atypical
P-007 77 f 70 0 Possible
P-008 72 m 64 0 Possible
P-009 77 f 74 0 Probable
P-010 59 f 58 0 Possible
P-011 73 m 58 0 Possible
P-012 52 m 49 0 Probable
P-013 76 m 68 0 Probable
P-014 69 m 40 0 Probable
P-015 84 f 72 0 Possible
P-016 52 m 39 0 Probable
P-017 65 f 57 0 Possible
P-018 73 m 70 0 Probable
P-019 66 m 59 1 (cousin) Probable
P-020 85 f 75 0 Probabie
P-021 80 m 67 0 Probable
P-022 60 m 49 0 Probable
P-023 67 m 59 0 Probable
P-024 51 m 44 0 Atypical
P-025 67 f 60 0 Probable
P-026 62 f 50 0 Probabie
P-027 81 m 73 1 (sib) Possible
P-028 65 m 48 0 Probable
P-029 48 m 35 0 Possible
P-030 77 f 67 0 Possible
P-031 78 f 71 0 Atypical
P-032 78 m 77 0 Probable
P-033 62 f 47 0 Probable
P-034 81 f 70 1 (uncle) Probable
P-035 76 f 70 0 Possible
P-038 71 f 55 0 Probable
P-037 76 m 74 0 Possible
P-038 69 f 46 death at 69 Definite
P-039 75 f 68 0 Probable
P-040 78 f 60 1 (uncle) Probable
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P-041
P-042
P-043
P-044
P-045
P-046
P-047
P-048
P-049
P-050
P-051
P-052
P-054
P-055
P-056
P-057
P-058
P-059
P-060
P-061
P-062
P-063
P-064
P-065
P-066
P-067
P-068
P-069
P-070
P-071
P-072

P-073
P-077

P-082
P-083
P-084
P-085
P-088
P-089
P-090
P-091
P-095
P-096
P-097

75
70
81
72
72
79
82
77
80

S NN

63
82
69
67
63
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70
67
70
72
70

IR

63
69
67
71
72
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50
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69

65
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3+~33-+-333-+-333333+-3333=-3—++*-+3 -+--=-3 333333333 -=333
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55
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68
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65
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42
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65
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58
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60
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59

53
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51
61

62

SRS

43
75

25
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62

O 0O 0O OO0 00O O0OO0OO0O OO O OoOOo

1 (father)
0
0
0
0

1 (brother)
0

1 (mother)
0

O O O O O
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1 (2 cousins)
0
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0
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0
1 (2 cousins)
0

Probable
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Atypical
Atypical
Probable
Probable
Atypical
Probable
Possible
Probable
Probable
Probable
Probable
Probable
Possible
Probable
Probable
Probable
Probable
Probable
Probable
Possible
Probable
Probable
Atypical
Atypical
Probable
Probable
Probable
Probable
Probable
Probable
Possibie
Probable
Probable
Probable
Probable
Probable
Possible
Possible
Probabie
Probable
Probable
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P-098
P-099
P-100
P-101
P-102
P-103
P-104
P-105
P-112
P-113
P-114
P-115
P-116
P-117
P-120
P-121
P-122
P-123
P-124
P-125
P-126
P-127
P-129
P-130
P-131
P-132

P-133
P-134
P-135
P-136
P-137
P-138
P-139
P-140
P-141
P-142
P-143
P-144
P-145
P-146
P-147
P-148
P-150
P-151

55
67
62
75
47
70
59
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74
70
79
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52
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76
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80
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52
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67
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74

-3+ +-+x3 -3 -3 «3-+-33 3333-+-333+~--333—=-—=-3 33 —=~-~=333
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40
70
51
70
55
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33
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70
61
65
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53
67
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0
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0
0

1 (father)
0

O O O © O ©

0
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1 (mother and grandmother)
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0
1 (mother and uncle)
0

o O O O

0
1 (uncle)
0
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o

1 (sib)

Probabie
Probable
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Probable
Probable
Probable
Probable
Probable
Probable
Probable
Probable
Possible
Probable
Probable
Probable
Possible
Probable
Probable
Possible
Probable
Possible
Possible
Probable
Probable
Probable
Probable
Probable
Probable
Probable
Probable
Probable
Probable
Atypical

Probable
Probable
Probable
Probable
Possible
Probable
Probable
Probable
Probable
Probable
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P-152
P-153
P-154
P-155
P-156
P-158
P-159
P-160
P-161
P-162
P-163
P-164
P-165
P-166
P-167
P-168
P-169
P-170
P-171
P-172
P-173
P-174
P-175
P-176
P-177
P-178
P-179
P-180
P-181
P-182
P-183
P-184
P-185
P-186
P-187
P-188
P-189
P-190
P-192
P-193
P-194
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P-196
P-197

57
75
71
75
68
79
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68
57
93
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62
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78
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70
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56
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1 (brother)
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o O O O O ©

0
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0
0
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0

0
0
0

Possible
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Probable
Probable
Probable
Probable
Possible
Probable
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Probable
Probable
Probable
Possible
Probable
Probable
Probable
Probable
Probable
Possible
Possible
Probable
Probable
Probable
Probable
Probable
Possible
Probable
Probable
Probable
Probable
Possible
Probable
Probable
Probable
Probable
Probable
Possible
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P-198
P-199
P-200
P-201
P-202
P-204
P-205
P-206
P-207
P-208
P-209
P-210
P-211
P-212
P-213
P-214
P-215
P-216
P-217
P-218
P-219
P-221
P-222
P-223
P-224
P-225
P-226
P-227
P-228
P-229
P-230
P-234
P-235
P-236
p-237
P-238
P-239
P-240
P-241
P-242
P-243
P-244
P-245
P-245
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70
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50
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53
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61
48
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66
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62
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53
70
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0
0

1 (uncle)
0

OO0 O o o

0

1 (3 aunts)
0
0

1 (father)
0
0

1 (brother, sister)

0
0
1 (father)
1 (father)
1 (mother)
0
0
0
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0

O O O O O O o

0
1 (brother)
0
0
0
1 (father)
1 (cousin)
0
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P-247
P-248
P-249
P-250
P-251
P-252
P-253
P-254
P-255
P-257
P-258
P-259
P-260
P-261
P-262
P-263
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P-265
P-266
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P-269
P-270
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P-272
P-273
P-274
P-275
P-276
P-277
P-278
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53
47
72
59
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56
55
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40
38
69
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70
65
57
74
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35
72
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40
52

60

71

42

62

70

39

82
65

0
0
0
1 (aunt)
0
1 (mother)
0
1 (mother and uncle)
0
0
1 (father)
0
0
0
1 (father)
0
0
0
1 (uncle)
0
0
0
1 (father)
1 (sib)
1 (cousin)
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1 (uncle)
0
1 (sib)
1 (grandfather)
0

O 0O O O O O oo O o

o

1 (sib)
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Possible
Possible
Possible
Probable
Probable
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Possible
Probable
Probable
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Probable
Probable
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P-297
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P-326
P-327
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P-336
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P-338
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P-340
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P-342
P-343
P-344
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67
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70
72
72
77
73
70
42
76
74
51
50
43
43
57
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74
65
81
71
62
65
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59
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68
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53

67
61
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60
72
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39
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72
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56
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53
37
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72
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57
72
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60
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O O OO0 O O O o

0
1 (father)

1 (aunt)
0

O O 0O O O O o

0
1 (grandfather)
0

o O O O

0
1 (father & uncle)
1 (grandmother)
0

o O O O O

0

1 (sib)
0

1 (aunt)

Probable
Probable
Possible
Probabie
Probable
Probable
Probable
Possible
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Probable
Probable
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Probable
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Probable
Probable
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Probable
Probable
Probable
Possible
Possible
Probable
Probable
Probable
Probable
Probable
Probable
Probable
Probable
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Probable
Probable
Probable
Probable
Atypical
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Possible
Probable
Probable
Probabie
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P-350
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P-353
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P-358
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7
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3 33333333 ==23
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o O O O o o

0
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Probable
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Probable
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