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ABSTRACT

This thesis describes a molecular genetic study of three groups of inherited movement
disorders: primary torsion dystonia (PTD), paroxysmal dyskinesias and autosomal
recessive juvenile parkinsonism (ARJP). The principal methodology employed in the
study of these disorders was genetic linkage analysis. Sets of highly polymorphic
microsatellite markers were used to map the subchromosomal location of the disorders
as the first step in a positional cloning or positional candidate strategy for disease gene
identification.

Primary Torsion Dystonia

The prevalence of the DYT1 gene in the British population was analysed and genotype
phenotype correlations were drawn. Moreover, a detailed haplotype analysis in
Ashkenazi Jewish and non-Jewish British dystonic patients carrying the GAG deletion in
the DYT1 gene and linkage disequilibrium analysis demonstrated a limited number of

founder mutations in the United Kingdom.

Three large PTD families were ascertained, and a detailed description of clinical
features obtained. These families were analysed for linkage between the disease and
all PTD loci (DYT1, DYT6 and DYT7). Exclusion of linkage with the known PTD loci in
these three families indicated the existence of at least one more genetic locus for PTD.

In family PTDO1 a genome-wide search was performed, and a novel PTD locus
(DYT13) was mapped to a 22 cM region on the short arm of chromosome 1. In families
PTDO02 and PTDO3 linkage with this novel locus was also excluded, further supporting
the wide genetic heterogeneity of primary torsion dystonia.

Paroxysmal dyskinesias

Three large families with paroxysmal kinesigenic dyskinesia were ascertained and
clinical details were collected. A genome-wide analysis on the largest family mapped
the disease on the pericentromeric region of chromosome 16, nearby but clearly
separated from the only PKD locus so far identified and from the ICCA locus (another
paroxysmal movement disorder associated with benign infantile convulsions). These
data demonstrate the existence of a second PKD locus and are strongly suggestive of a

cluster of genes for paroxysmal dyskinesias on human chromosome 16.



One large British family with paroxysmal exercise-induced dyskinesia and migraine was
tested for linkage with microsatellite markers spanning paroxysmal dyskinesia and
hemiplegic migraine loci (PNKD on chromosome 2q, PKD and ICCA on chromosome 16,
FHM on chromosome 19p). Exclusion of linkage with all tested loci indicates the
existence of a novel PED locus in this and possibly in other families.

Autosomal recessive juvenile parkinsonism

A large consanguineous family from Italy was ascertained and detailed clinical analyses
were performed. A novel locus for autosomal recessive juvenile parkinsonism (PARK6)
was identified by means of homozygosity mapping on the short arm of chromosome 1,
in a 12.5 cM region. Linkage with PARK6 was further confirmed in other eight
European families, allowing preliminary genotype-phenotype correlates and the
refinement of the linked interval to 7.4 ¢cM (4.2 Mb on the physical map).

These findings are discussed and future directions of study for identification of the

disease genes involved are suggested.
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CHAPTER 1 - INTRODUCTION

The discovery of human genes and of functional mutations within these genes leading
to diseases is of fundamental importance to genetics and medicine. The ability of
researchers to isolate and clone the genes underpinning human diseases is the central
tenet of the doctrine of ‘the new genetics’ (Comings, 1979). It has led to insights into
the underlying biological mechanisms of disease, the development of molecular
diagnostic and predictive testing, and may ultimately enable the development of
rational forms of treatment, including, it is hoped, gene therapy. It is no exaggeration
to assert that ‘the new genetics’ has revolutionised both genetics and medicine
(Collins, 1992).

The human genome contains approximately 3 x 10° base pairs of DNA. The whole of
the human genome has been recently sequenced and comprises 25,000-35,000 genes
(Lander et al, 2001). Identification of a point mutation in a gene, with no prior
knowledge about its function, may be compared to searching for a needle in a
haystack. Technological and methodological advances over the last two decades,
however, have paved the way for the molecular characterisation of many disease
genes. The availability of increasingly dense and polymorphic genetic maps of the
human genome, in tandem with advances in the analysis of the markers comprised in
these maps, have made possible an exponential increase in the numbers of disease
genes isolated. In 1992 some 13 disease genes had been positionally cloned; by late
1995 more than 60 had been cloned based on their position, and more than 500 genes
had been mapped to specific chromosomal locations (Collins, 1995; Lander and
Kruglyak, 1995).

The announcement of the complete sequencing of the human genome in February
2001 has in many ways changed the approaches to the identification of disease genes.
This draft sequence, independently generated by a public (Human Genome Mapping
Project) and a private (Celera Genomics) effort, provides the researcher with the first
comprehensive integration of diverse genomic resources, mostly accessible through
free on-line databases. The ultimate goal of the Human Genome Mapping Project, still
under completion, is to produce a single continuous sequence for all human
chromosomes and to delineate the position of all genes. The working draft sequence
described by the International Human Genome Sequencing Consortium was

constructed by melting together sequence segments derived from over 20000 large-
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insert clones. All of the results of this analysis are available on a web site maintained

by the University of California at Santa Cruz (http://genome.ucsc.edu). Over the next

few years, draft quality sequence will be steadily replaced by more accurate data. The
National Centre for Biotechnology Information (NCBI — http://www.ncbi.nlm.nih.gov/)

has developed a system for rapidly regenerating the genomic sequence and gene
annotation, as sequences of the underlying clones are revised. Other databases apply a
variety of approaches to large-scale annotation of genes and other features. One such
database is Ensembl, a joint project of the European Bioinformatics Institute (EBI) and

the Sanger Centre (http://www.ensembl.org; http://www.sanger.ac.uk).

Among the 25000-35000 estimated human genes, more than 10000 of them have
been catalogued in the “Online Mendelian Inheritance in Men” (OMIM -
http://www3.ncbi.nIm.nih.gov/Omim/), which documents all inherited human diseases

and their causal gene mutations. The mapping of ESTs, gene predictions, STSs and
SNPs onto the draft sequence can enable identification of alternative splicing,
orthologues, paralogues, map positions and coding sequence variations (Wolfsberg et
al, 2001). However, the Human Genome Mapping Project is far from completed, and a
large number of genes have not been characterised yet. This chapter reviews the
strategies available for gene identification, with particular emphasis on the technique
of genetic linkage analysis, which forms the basis of much of the work described in this

thesis.

Strategies for gene identification

Four general strategies exist for identification of disease genes: functional cloning,
positional cloning, positional candidate approaches and position-independent candidate
approaches. The suitability of each approach depends on the degree of understanding
of the molecular pathology of the disease, the availability for study of patients and
families with the disease, and the completeness of the available gene maps. The

theoretical background to these techniques will only be described in brief.

Functional cloning

Functional cloning makes use of fundamental information about the function of a
disease gene, such as the presumed biochemical defect, to identify the gene without
reference to its chromosomal map position. In most cases this approach relies on

demonstration of an abnormal or deficient protein and its subsequent purification.
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Amino acid sequencing of the protein allows complementary oligonucleotides to be
synthesised and used to probe cDNA libraries. Once a cDNA fragment containing the
gene of interest is identified, this may be used to screen genomic DNA to isolate the
disease gene. An alternative approach makes use of a monoclonal antibody raised
against the purified protein to screen expression vectors transfected with cDNA
fragments, one of which may express the disease-associated protein. Functional
complementation of mutant yeast strains with defined biochemical defects by human
DNA fragments is also used as a means of gene identification.

Functional cloning was the first method of gene identification to be developed and has
been employed to identify many disease genes including the genes for phenylketonuria
(Robson et al, 1982) and factor VIII (Gitschier et al, 1984). However, functional
cloning as a technique is limited, as it depends on a high level of understanding of the
molecular pathology of a disease to predict the abnormal protein involved, yet the
biochemical defect involved in most single gene disorders is not known.

Positional cloning

Since the early 1980s the strategy of positional cloning has emerged to identify genes
for diseases where little or nothing is known about the nature of the disease gene
product. The term positional cloning refers to the isolation of a gene solely on the basis
of its chromosomal map position. The principle upon which positional cloning is based
is the initial localisation of the gene to a specific subchromosomal region, followed by
successive narrowing of this candidate interval, which eventually resuits in the location
of the gene itself. The initial localisation of the gene is usually achieved using the
technique of genetic linkage analysis, described below. Alternatively, this information
may be derived by other means, such as loss of heterozygosity screening in the case of
genes involved in oncogenesis, or more commonly, the identification of cytogenetic
abnormalities, such as chromosomal deletions or translocations, which have been used
to pinpoint disease genes with great accuracy. The first success of the positional
cloning technique was the identification of the gene for chronic granulomatous disease
on the X chromosome in 1986 (Royer Pokora et al, 1986). Many of the first disease
genes to be mapped were on the X chromosome because it was possible to localise the
gene to this chromosome on the basis of an X-linked inheritance pattern, and because
cytogenetically visible deletions and translocations involving the X chromosome
frequently result in a clinical phenotype in males due to the haploid status of the X
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chromosome. A substantial proportion of positional cloning successes have in fact
relied on fortuitous identification of chromosomal rearrangements in individual
patients. Despite the difficulties, the positional cloning approach has resulted in
numerous successes, although the more efficient positional candidate approach
(discussed below) has become the prevailing method of gene cloning.

In the absence of visible cytogenetic rearrangements to locate a gene, families in
which the disease segregates are recruited and studied using genetic markers, with the
aim of identifying a marker linked to the disease gene (see section “genetic linkage
analysis” later in this chapter). Fine genetic mapping follows, to assign the gene to as
small a genetic region as possible between defined markers. The resolution achieved
by genetic mapping depends upon the number of informative meioses available in the
pedigree material. In practice, it is unusual to be able to localise a gene to a smaller
genetic interval than one centimorgan (cM), defined as the genetic distance over which
two loci will be separated by recombination in 1% of meioses. Often, however, the
candidate region containing the gene is larger. The minimum genetic localisation
required for success in a purely positional cloning strategy is considered to be
approximately 2-3 cM. It should be appreciated that genetic and physical distances are
not linearly related, but that 1 cM corresponds to approximately 1 million base pairs
(Mb) of DNA. A region of this size may contain a substantial number of genes (Fields et
al, 1994). Cloning within a candidate region using the techniques of physical mapping
is an expensive and time-consuming endeavour. Thus, reduction of the size of the
genetic region to which a gene is mapped at the outset of a positional cloning project

is of paramount importance.

The genetic and physical genome maps have been partially united to provide
integrated maps containing a selection of microsatellites and other sequence tagged
sites such as expressed sequence tags (ESTs -which are fragments of cDNA sequence
most of which have been mapped to radiation hybrid or other physical maps) ordered
relative to one another (Cox and Myers, 1996; Schuler et al, 1996). Nevertheless, the
transition from knowledge of the genetic map position of a gene to its exact physical
position is a laborious process. Characterisation of the gene for Huntington’s disease,
for example, followed some ten years after initial linkage was established (Gusella et
al, 1983; Huntington's disease collaborative research group, 1993). An understanding
of the techniques used for physical mapping is necessary to appreciate the scale of the

undertaking required in moving from genetic map position to final gene identification.
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The principle of physical mapping for the purposes of positional cloning rests upon the
construction of an ordered series of overlapping, cloned DNA fragments spanning the
candidate region - known as a contig. Genes within the contig, any of which may be
disease gene candidates, are then systematically identified and screened for disease-
associated mutations. A variety of cloning vectors are available for this purpose, each
of which typically carries a different sized insert. These include yeast artificial
chromosomes (YACs), the bacteriophage P1 and bacterial artificial chromosomes
(BACs). The choice of vector depends upon the contig resolution required, as well as a
number of technical factors. A hierarchy of contigs of increasing resolution is often
constructed to cover large areas. Initial clones from the area of interest may be
identified by screening DNA libraries for clones containing the microsatellite markers
close to which the gene has been mapped. The contig may then be extended by
creating probes from the end sequences of clones and using these to identify
overlapping fragments (a process called chromosome walking), or by ‘fingerprinting’ of
random clones to identify overlapping sequences. Whichever technique is used, the
construction of a contig is highly labour-intensive despite increasing automation of the
process. Nowadays it is often possible to bypass this stage by making use of pre-
existing contigs of the area, produced as part of the Human Genome Project strategy

for genome sequencing and available through public databases.

Assembly of the contig is followed by identification of coding sequences of genes from
the clones, a process termed transcript mapping. A wide variety of methods have been
developed for transcript mapping, including ingenious techniques such as exon
trapping (Church et al, 1994) which makes use of splice sites flanking exons to express
cloned exons in cell culture, as well as more straightforward approaches such as simple
insert sequencing. Transcripts identified in the contig are often fragments of genes
which may subsequently be fully characterised. Analysis of tissue expression patterns
and putative function of novel genes as well as mutation analysis in patients are
required to verify whether any gene identified is the cause of the disease studied.

Positional cloning has long been considered a standard means of gene identification.
The sequencing of the whole human genome, although not completed yet, is making
available on the databases a huge mass of information about the genomic structure of
a region identified by linkage analysis. Powerful bioinformatic tools are being
developed to analyse the large mass of data coming from the Human Genome Mapping
Project. Several genes have already been identified and characterised, other genes
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have been predicted and annotated on the basis of the presence of putative exons, of
similarities with other genes in different species and of the predicted function
(identification of specific structural domains in the predicted protein product). For this
reason, the positional candidate approach (see below) is overtaking the positional
cloning approach, and is currently considered the most efficient way of identifying

disease genes.

The candidate gene approach

As the Human Genome Project nears completion, the base pair sequence of an
increasing proportion of the human genome is becoming available. As a result, an
increasing number of human genes are being identified and placed on the gene map

(NCBI map viewer at: http://www.ncbi.nlm.nih.gov; UCSC map viewer at

http://www.genome.ucsc.edu). The difficulties of a pure positional cloning approach

may sometimes be circumvented by directly testing previously characterised genes
which are considered to be putative disease-causing genes. Genes may be considered
candidates either by virtue of their chromosomal position in the vicinity of the disease
locus, or because the function of the gene is such that it may be envisaged to play a
part in the pathophysiology of the disease, or preferably both. The most frequently
used is the positional candidate approach, which is dependant upon knowledge of the
genetic map position of the disease locus and of the genes previously assigned to this
region. Some appreciation of the molecular pathology of the disorder being studied is
also required. This strategy is much more efficient than pure positional cloning and has
already resulted in numerous successes (Collins, 1995). The positional candidate
approach looks likely to completely supersede positional cloning as the human gene

map is completed.

If no suitable candidate genes are known to exist in the vicinity of a disease locus,
syntenic chromosomal regions of model organisms such as the mouse may be
searched for previously mapped candidate genes. Genes identified in this way are
particularly convincing candidates if they are known to be associated with a mouse
phenotype having features in common with the human disease. Such a situation was
encountered in the case of Charcot-Marie-Tooth disease type 1A (CMT1A) which was
known to be associated with duplications on chromosome 17p, syntenic to mouse
chromosome 11. Subsequently, mutations in the peripheral myelin protein 22 gene
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(PMP22) in the Trembler mouse (a model of CMT1A) led to identification of PMP22
mutations and duplications in CMT1A patients (Scherer and Chance, 1995).

When a predicted pathophysiological link between a disease and a known gene is
sufficiently convincing, it is possible to screen the gene directly for mutations in
patients, without first performing linkage analysis to map the disease locus. This
approach has been termed the position-independent candidate gene approach.

Mutation analysis of candidate genes

Regardless of the approach employed to identify putative disease genes, disease-
causing mutations must be demonstrated in patients to confirm the identity of a
disease gene. The most widely applied method of mutation screening is by genomic
DNA sequencing of the candidate gene. Differences in sequence between patients and
controls may represent pathogenic mutations. Alternatively, sequence variants may be
simple neutral polymorphisms of no pathological significance. Distinguishing between
these two alternatives is essential. Features suggesting a pathogenic mutation include:
large-scale deletion or rearrangements involving a gene, stop codon or frameshift
mutations, non-synonymous changes (altering the amino acid specified by a codon),
non-conservative amino acid substitutions (substitution of one amino acid by another
with different chemical properties) and changes in amino acid residues highly
conserved throughout evolution (suggesting an important role in protein function). In
addition, putative mutations should segregate with the disease within a family and
other mutations in the same gene may be identifiable in unrelated families; in some
instances a single mutation may be associated with disease in unrelated families and
even in different species, strengthening the case for a pathogenic role. The final
requirement when studying dominantly inherited disorders is that putative disease-
causing mutations should be absent in ethnically-matched controlé. By convention, any
sequence variant present in 1% or more of the population is termed a polymorphism,
but rare variants present at lower frequency may not be identified in controls if
insufficient numbers are screened. The ultimate distinction between pathogenic and
neutral variants however can only be made by demonstrating changes in protein
function consistent with models of disease pathogenesis. This might include
demonstration of changes in the oxygen dissociation curve of haemoglobin due to
globin gene mutations (Weatherall, 1985), or patch clamp recording from single
channels, for example, in hyperkalaemic periodic paralysis where genes encoding
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sodium channel subunits carry mutations (Hudson et al, 1995). Relatively recent
advances have permitted the creation of transgenic animal models of human disease
by introduction of mutation-carrying human genes and subsequent functional rescue
by reinsertion of the wild-type gene. Studies of this type, performed to study the Clock
gene for example (Antoch et al, 1997), provide unambiguous evidence of the
pathogenic role of mutations.

Genetic linkage analysis

Genetic linkage analysis is the first essential step in the positional cloning and
positional candidate approaches to gene identification; the success of both are
dependent to a large degree on the exactness of initial genetic mapping. Gene
mapping by linkage analysis forms the basis of much of the work described in this
thesis, and its principles will be described in detail in the following paragraphs.

Principles of linkage analysis

Genetic linkage analysis makes use of the exception to Mendel’s Law of Independent
Assortment which states that alleles at different genetic loci assort at random during
meiosis. This applies to loci on different chromosomes which segregate independently
of one another. During meiosis, homologous chromosomes cross over and exchange
genetic material, a process called “recombination”. As a result, widely separated loci on
the same chromosome may be separated during meiosis. Where the probability of
recombination between two syntenic loci during meiosis is 50%, these loci will also
segregate independently. Observation of chiasmata shows that there are an average of
53 crossovers during a male meiosis; there is a minimum of one crossover per
chromosome and there are on average 1.5 crossovers per (sex-averaged) chromosome
(Ott, 1991). Regardless of the number of crossovers between two widely separated
loci, the net result is that 50% of chromosomes will be recombinant, and 50% non-
recombinant for these loci. Loci which are in close physical proximity on the same
chromosome, however, are less likely than distant loci to be separated by
recombination if chiasmata occur at random along the chromosome. Thus such loci do
not segregate independently but tend to be inherited together more often than not,
and are said to be /inked. The degree to which two loci tend to be inherited together is
therefore a measure of their physical proximity. Recombination will rarely separate loci

that lie very close together on a chromosome, because only a crossover located
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precisely in the small space between the two loci will create recombinants. Therefore,
sets of alleles on the same small chromosomal segment tend to be transmitted as a
block thorough a pedigree. Such a block of alleles is known as a haplotype. Haplotypes
mark recognizable chromosomal segments which can be tracked through pedigrees
and through populations. When not broken up by recombination, haplotypes can be
treated for mapping purposes as alleles at a single highly polymorphic locus. This may
be measured in practice by observation of the segregation of alleles in offspring. The
proportion of offspring in which two parental alleles are separated by recombination is
the recombination fraction (6). The recombination fraction varies from 0 (for adjacent
loci) to 0.5 (for distant loci) and may serve as a stochastic measure of the distance
between the loci (Ott, 1991).

For closely linked loci (where 6 < 0.05-0.1), it is reasonable to assume that the
probability of more than one recombination occurring between the loci is small. In
these circumstances the recombination fraction is equal to the genetic map distance
between the loci, thus two loci showing recombination in 1% of meioses (6 = 0.01) are
approximately 1 ¢cM apart. Small values of 6 are equivalent to the actual map distance
(w) between loci, and thus recombination fractions are additive over small distances.
The simplest case relating 6 to w occurs when it can be assumed that multiple
crossovers between two loci do not occur when the distance is very small, then 6 = w.
For larger distances, recombination fractions are not additive because multiple
crossovers occur. When this is the case, mapping functions must be used to translate 6
values into actual map distance. Some commonly used mapping functions are those of
Haldane and Kosambi (Haldane, 1919; Kosambi, 1944). Haldane’s mapping function
assumes no interference, (i.e. crossing over is evenly distributed over the entire
chromosome). In fact, the phenomenon known as interference inhibits the formation of
crossovers in the vicinity of an existing crossover. The Kosambi mapping function takes
interference into account and is the mapping function most often used in humans. It is
the physical position of loci on the DNA molecule and the distance between loci
measured in base pairs of DNA that is of greatest interest to researchers attempting to
clone genes. The relationship between genetic and physical distance, however, is not
constant but depends on the recombination rate which in turn varies quite considerably
both between chromosomal regions and between males and females. However, if a
total genetic map length of approximately 3,000 cM in man is assumed, this
corresponds on average to 1 Mb of DNA per 1 cM of genetic distance in the 3 x 10° bp

human genome.
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For the purpose of localisation of disease genes, linkage analysis between two loci -
the disease gene locus and anonymous DNA marker loci - is performed to determine
whether the two co-segregate and are therefore in close physical proximity. Since the
sub-chromosomal location of markers is known, the position of linked genes within the
framework of the genetic map may be deduced. There are a number of prerequisites
for linkage mapping of diseases. It is self-evident that the aetiology of the disease
must have a genetic component; predominantly non-genetic diseases, such as
vertically transmissible infectious diseases, may be mistaken for genetic disorders.
Ideally, the disease should be monogenic (i.e. caused by a single disease gene) and
the mode of inheritance established by segregation analysis. If these criteria are not
met, for example in the case of polygenic diseases caused by the interaction of
multiple disease-susceptibility genes with one another and with environmental factors,
model-free methods of analysis, such as the affected sibling pair method, may be
employed (Ott, 1996). However, a full discussion of non-parametric methods of linkage
analysis is beyond the scope of this thesis. Clinical ascertainment of pedigrees in which
the disease studied is segregating is of fundamental importance, and may, to a large
extent, determine the success of a linkage study. Identification of large pedigrees with
numerous affected individuals is desirable in order to maximise the power of the study
to detect linkage. In practice, large pedigrees are often not available, particularly when
studying recessive disorders. Smaller families may then be grouped together for
linkage analysis, but locus heterogeneity (i.e. different disease genes resulting in
indistinguishable phenotypes) is a commonly encountered problem which complicates
this approach. Correct phenotypic designation of affected and unaffected status is an
essential requirement for successful linkage analysis, and should be decided at the
outset of the study in order to minimise bias. Finally, linkage testing can fail as a
consequence of insufficiently informative markers, of markers that are not enough
close to the disease locus (and thereby having a high rate of recombination between

the marker and disease gene).

Markers for genetic mapping

The tools needed for genetic mapping in humans have only become available during
the last two decades. Markers used for mapping must fulfil three requirements: they
must be polymorphic (two, or preferably more, common alleles in the population), their
chromosomal location must be known, and it must be easy to type the marker (i.e. to
distinguish between alleles). It was not until the 1980s that a comprehensive array of
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human DNA markers, in the form of restriction fragment length polymorphisms
(RFLPs), became available (Botstein et al, 1980). The usefulness of RFLPs in genetic
mapping is limited by their biallelic nature (i.e. the presence or absence of a restriction
enzyme cleavage site) which results in low heterozygosity (50% maximum), and by the
labour-intensive methodology required to type large numbers. Although RFLPs are still
useful in genetic mapping, particUIarly when typed with the aid of the polymerase
chain reaction (PCR), they have been largely superseded in linkage projects by variable

number tandem repeat markers (VNTRs) such as microsatellites.

A microsatellite is a genomic sequence in noncoding DNA consisting of a mono, di, tri,
or tetranucleotide, repeated in multiple tandem copies. The number of repeat copies is
usually highly variable between individuals in a population, relatively stable between
generations, and inherited in a mendelian fashion. Microsatellites are therefore
extremely useful as genetic markers, particularly since they are abundant (CA
dinucleotide repeats occur on average every 18-28 kb - Stallings et al, 1991), dispersed
throughout the genome, and may be easily typed by PCR (Weber and May, 1989;
Silver, 1992). The technique of genotyping makes use of polymorphic microsatellite
DNA markers to identify a chromosomal region segregating with the disease in one or
more families. Amplification of a short segment of DNA using PCR primers situated in
non-repetitive DNA surrounding a microsatellite, produces multiple copies of a DNA
fragment which may be sized by electrophoresis on a high resolution polyacrylamide
gel, thus distinguishing between alleles with differing repeat numbers. Allele lengths
for each marker are defined by their number of tandem repeat sequences, enabling
family members to be genotyped according to the pattern observed. Segregation of a
marker allele with the disease phenotype in a family suggests linkage between the
microsatellite marker and a putative disease gene. The use of panels of fluorescent
tagged primers and microtitre plates for PCR as well as computerised semi-automated
genotyping techniques have significantly increased the throughput accuracy of
genotyping in recent years (Mansfield et al, 1994; Schwengel et al, 1994). Systematic
identification of microsatellites and careful ordering of these relative to one another in
the genome by observation of recombinations in large pedigrees has enabled
comprehensive genetic marker maps to be constructed for humans and several model
organisms. The first phase of the Human Genome Project, completed in 1996, was the
construction of a comprehensive high resolution genetic map of the human genome
based on over 5,000 microsatellites with an average spacing of 1.6 cM and an average
heterozygosity of 70% (Dib et al, 1996). The advent of such maps, along with the
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technology for large-scale, rapid typing of markers, has made systematic disease
linkage analysis possible, and provided a framework which is a prerequisite for
construction of physical maps of the human genome and ultimately for complete

genomic sequencing.

The most common type of human genetic variation is the single nucleotide
polymorphism (SNP), a variation between two alternative bases occurring at a single
position. SNPs are highly abundant, occurring on average at least once per kb (Wang
et al, 1998). When the two alternative bases both occur at appreciable frequency in
the population, SNPs may be used as biallelic genetic markers. Although SNP maps are
still at an early stage of development they have the potential to supersede
microsatellite markers for mapping. Genotyping large numbers of microsatellite
markers for linkage analysis is both costly and time-consuming. Unlike microsatellites
which require gel-based methods to distinguish between alleles on the basis of length,
SNPs are more amenable to automated genotyping using new technologies such as
hybridisation to high density DNA probe arrays known as 'DNA chips’ (Goffeau, 1997;
Wang et al, 1998). These comprise high density arrays of oligonucleotides capable of
hybridizing or not hybridizing to certain SNPs. Thus, an individual’s total genomic DNA
can be fluorescently labelled, momentarily placed on a chip to hybridise, and the
resulting pattern of spots detected nearly immediately using light signals (Goffeau,
1997; Wang et al, 1998). Considerably more markers could be rapidly screened,
although the information content per each marker would be less and sophisticated
computational methods of analysis would be required to decode the information.
Although individually less informative than microsatellites, the potential for rapid high
throughput genotyping, and the predicted availability of SNP maps with a marker
density much greater than 1 per cM, are likely to give SNPs significant advantages over
current genetic markers (Jordan and Collins, 1996; Kruglyak, 1997).

Testing for linkage - the LOD score method

The LOD score method (Morton, 1955), a maximum likelihood analysis, has been used
successfully to map a substantial number of mendelian disease genes. Linkage
calculates the probability that two loci are linked, expressed as a LOD score which is a
logso of the odds ratio favouring linkage. Convention dictates that a LOD score > 3,
which indicates a probability in favour of linkage of 1000 to 1, is enough to establish

linkage, and conversely a LOD score of -2 indicating a probability against linkage of
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100 to 1 excludes linkage between the two loci being tested. Although a LOD score at
the Z = 3 threshold indicates an odds ratio of 1000:1 in favour of the data being
explained by the hypothesis of linkage, it should be appreciated that this corresponds
to a conventional probability of linkage at the p = 0.05 level of significance. This can
be explained by the prior probability of linkage between any two randomly chosen loci
(the probability that they are close enough for linkage to be detected) which is
estimated to be in the order of only 0.02.

The odds ratio favouring linkage is defined as the likelihood that the two loci are linked
at a specified recombination (8) versus the likelihood that they are not linked (6 =
0.5). LOD scores are calculated by computer programs over a range of values of 6,
facilitating the maximum probability of recombination (and hence genetic distance)
between the two loci to be calculated. Standard LOD score (parametric) analysis
requires a precise genetic model, detailing the mode of inheritance, gene frequencies
and penetrance of each genotype. This requires that reproducible diagnostic criteria
are established so that segregation analysis can identify all of the above.

The direct method of linkage analysis depends upon observing and counting
recombinants and nonrecombinants to directly calculate 6 (Ott, 1991). In human
genetics, however, the information needed to unambiguously identify the position of
crossovers is often lacking, due to unknown phase and incomplete penetrance, for
example, and an indirect statistical method is generally used. The most frequently used
method is the likelihood method, which calculates the likelihood (L) that the observed
genotypes could have arisen from two linked loci at a given value of 6, against the
likelihood of observing the same genotypes for unlinked genes (L(0.5) - the null
hypothesis of independent assortment). When the ratio of L(8)/L(0.5) is greater than
1, it indicates that linkage is more likely than non-linkage to explain the observed
genotypes. This odds ratio is usually expressed as a decimal logarithm, called a LOD
score (for Log of ODds ratio), in order that scores from different families may be
summed (Ott, 1991):

Z(8) = logso[L(6)/L(0.5)],

where Z is the LOD score at a given value of 6. The LOD score is calculated for various
values of 0 using computer programs such as MLINK (Lathrop and Lalouel, 1984 and
1988; Cottingham et al, 1993; Schaffer et al, 1994; Terwilliger and Ott, 1994) to obtain
the value of 8 associated with the highest LOD score. This provides an estimate of the

genetic distance between the two loci studied, along with a measure of the weight of
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the data in favour of the hypothesis of linkage (Ott, 1991). Calculation of LOD scores
requires specification of the mode of inheritance, the penetrance of the disease gene
and estimation of the disease gene frequency.

Pairwise and multipoint linkage analysis

Linkage analysis between two loci is a powerful technique for the localisation of
disease genes. The technique depends upon pairwise linkage analysis between a
disease locus and each of a large number of genetic markers. In practice genome-wide
searches for linkage usually involve genotyping family members from one or more
affected pedigrees, using a panel of microsatellite markers spaced evenly throughout
the genome. Panels of microsatellite markers designed specifically for this purpose are
available. These consist of markers selected on the basis of high heterozygosity and
reliable amplification using the polymerase chain reaction. The density of markers
screened in a genome-wide search for linkage will depend on the estimated maximum
LOD score of the pedigrees studied. Once genetic linkage between a marker and the
disease is identified, additional fine mapping may be undertaken, using closely spaced
markers in the area of interest. This allows informative flanking recombinations
between markers and disease to be identified by reconstruction of chromosomal
haplotypes in family members. A disease gene can then be assigned to the genetic

interval between the two closest flanking recombinations identified.

Pairwise analysis may be complemented by multilocus (or multipoint) linkage mapping,
wherein three or more loci may be considered simultaneously. This technique is
particularly useful for determination of probable marker order for a series of linked loci
when constructing genetic maps, and is also helpful for exclusion mapping of disease
loci to fully exclude a disease locus from the vicinity of a set of markers. Multipoint
analysis between closely spaced loci yields more information than serial pairwise
analysis and may therefore be helpful in a region where pairwise scores are equivocal.
Multilocus mapping also helps overcome problems caused by the limited
informativeness of markers as simultaneous linkage analysis of a number of markers
extracts the full information. Several computer programs can notch the disease locus
across the marker framework, calculating the overall likelihood of the pedigree data at
each position. The result is a curve of likelihood against map location. Peak heights
depend on precise distances between markers and on the mapping function and in

reality these are seldom accurately known.
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Problems in linkage analysis

Genetic complexity may occur for one or more of the following reasons: a) the disease
may be aetiologically heterogeneous, with only a subset due to genes conferring high

risk; b) the disease may involve many different genetic loci that act together to cause

disease; c) a gene for the disease may predispose only in the presence of a particular

environmental exposure.

Genetic studies of complex diseases such as PD face difficulties arising from
uncertainties in diagnosis, disease definition and lack of understanding of its genetic
transmission, although the several PD loci discovered to date have reduced some of
this uncertainty. In view of the difficulties of assigning a precise genetic model and to
avoid averages of the above variables being taken over a heterogeneous set of
families, several approaches can be used. These include seeking a pool of families in
which the disease segregates in a manner which would fit with autosomal dominant
inheritance, using affected members of the pedigree only in parametric analysis and
using a non-parametric (model-free) method of linkage analysis. The choice of strategy
is based on its ability to detect susceptibility gene(s) of a given effect. Also in some
mendelian diseases, especially those with autosomal dominant inheritance, linkage
analysis can be impaired by several critical factors, such as incomplete penetrance,
variable phenotypic expression, genetic heterogeneity, phenocopies. Large families and
accurate diagnostic criteria are needed in order to overcome these problems.
Moreover, careful approaches such as “affecteds only linkage analysis” may be
employed. In this approach, the penetrance is irrelevant for affected people and
unaffected members are scored as having an unknown disease phenotype. If the
penetrance is low, unaffected people provide relatively little information but the
genotypes of affected people can be inferred, as they must have the susceptibility
allele. This strategy has often been used during the course of this thesis.

Identity by state and descent

Whether a particular allele is inherited identically by state (IBS) or identically by
descent (IBD) is of prime importance in establishing allelic ancestry. Alleles IBD are
demonstrably copies of the same ancestral allele. For very rare alleles, two
independent origins are unlikely, so IBS generally implies IBD, but this is not true for
common alleles. Multiallele microsatellites are more efficient than two-allele markers

for defining IBD, and multilocus multiallele haplotypes are better still as any one

36



haplotype is likely to be rare. IBD is more powerful but requires parental samples,
which are not necessarily available, particularly in the case of late-onset disorders like
PD. The identification of alleles IBD in consanguineous families is particularly useful to
map rare autosomal recessive disorders through a homozygosity mapping approach
(Lander and Botstein, 1987).

Linkage disequilibrium

While linkage refers to the relationship between two loci, the term linkage
disequilibrium is used to describe the non-random association of alleles at linked loci.
When a new mutation creating a disease allele is first introduced into a population, it
occurs on a chromosome with a unique combination of surrounding alleles (a
haplotype). During subsequent generations the original characteristic haplotype will be
altered by random recombination, but the closer an allele to the disease allele, the
greater the likelihood that these alleles will co-segregate through subsequent meioses.
It follows that diseases which have originated relatively recently in a population (in
generational terms) will be associated with a unique surrounding haplotype inherited
from the founder. The more recent the common disease origin, the greater the genetic
distance over which patients will share a common haplotype. These considerations
make analysis of linkage disequilibrium a useful tool for high resolution genetic
mapping, since the technique provides indirect information on a far greater number of
recombinations than may be observed in any pedigree-based linkage study. In practice
it is possible to map genes at a resolution of less than 1 cM by the identification of
markers that are in strong linkage disequilibrium with the disease allele (Xiong and
Guo, 1997).

Application of molecular genetics to neurological diseases

A large proportion of the human genes are expressed in the human central nervous
system. It is perhaps not surprising then, that of the approximately 10,000 mendelian
disorders of humans listed on the OMIM database, a significant proportion have a
partly or wholly neurological phenotype. For these reasons, and because the
pathophysiology of neurological disorders may sometimes be difficult to elucidate due
to the complexity and inaccessibility of brain tissue, molecular genetic techniques have
been applied extensively to the study of neurological disorders (Harding, 1993a;
Baraitser, 1997). This approach has met with considerable success - a review published
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in 1997 listed 96 disorders predominantly affecting muscle, peripheral nerve or spinal
cord for which the causative genes have been identified or mapped (Kaplan and
Fontaine, 1997). The OMIM database is continuously updated to reflect the daily
progresses in the field of genetically inherited disorders.

Identification of neurological disease genes is of importance for several reasons.
Perhaps most importantly, characterisation of a disease gene often provides biological
insights into the function of that gene in health and disease. Greater understanding of
pathophysiology as a result of cloning studies is essential to pave the way for the
development of rational forms of therapy. It is also hoped that study of relatively
uncommon monogenic variants of diseases such as Alzheimer’s disease, Parkinson’s
Disease and amyotrophic lateral sclerosis will help to clarify the molecular
pathogenesis of the far more common sporadic forms of these diseases. However,
although many new disease-causing genes have been identified in recent years,
understanding of the processes linking genotype to final disease phenotype is

beginning to emerge only relatively slowly.

Cloning of disease genes has provided clinicians with the means for both diagnostic
testing and predictive testing of at-risk individuals and foetuses. These advances have
simplified genetic counselling and increased its accuracy, thus directly benefiting
patients (MacMillan and Harper, 1994; Bird and Bennett, 1995). The nosology and
classification of neurological diseases has also been clarified by characterisation of
diseases at the molecular level. This is exemplified by genotype-phenotype studies of
the hereditary ataxias, as a result of which, it is now clear that several genes may
result in clinically indistinguishable phenotypes and that a single locus may cause more
than one phenotypic manifestation, a phenomenon recently designated as “splitting
and lumping” of inherited diseases (Rosenberg, 1995). Future classifications of these

disorders will thus be based on genetic locus as well as phenotype.

Many of the recent advances in the field of neurogenetics have been based on the
elucidation of single gene disorders. Although these are important, many of the
commoner neurological disorders are not caused by single genes but are thought to
result from the interaction of environmental factors with multiple susceptibility genes.
Diseases such as Parkinson’s disease, multiple sclerosis, stroke, epilepsy and
Alzheimer’s disease, are all believed to have a genetic component. Studies based on
use of non-parametric linkage methods and analysis of candidate genes in these
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conditions are recommended and can yield better results (Bell and Lathrop, 1996;
Glnel and Lifton, 1996; Wood, 1997).

Application of molecular genetics to the study of movement disorders

Movement disorders are neurological syndromes in which there is either an excess of
movement (hyperkinesias) or a paucity of voluntary or automatic movements,
unrelated to weakness or spasticity (hypokinesias). The involuntary movements which
comprise the hyperkinesias may be classified into five main categories: tremor, chorea,
myoclonus, tics and dystonia. Parkinson’s disease and a number of other akinetic-rigid
syndromes with parkinsonian features constitute the hypokinesias (Marsden, 1996a).

Involuntary movements may occur as part of the clinical phenotype of numerous
genetically determined neurological disorders. In many such disorders the involuntary
movements are accompanied by other neurological or non-neurological features,
producing a distinct clinical syndrome or disease. However, several movement
disorders may occur in isolation, without associated abnormalities on clinical
examination or routine investigation. Some such disorders appear to have a genetic
basis, and a molecular genetic approach has begun to identify some of the genes
responsible for these disorders. Study of a large American kindred of Czech ancestry
and Icelandic kindred with essential tremor have resulted in identification of two
genetic loci for tremor on chromosomes 2p22-p25 and 3q13 (Higgins et al, 1997;
Gulcher et al, 1997). The molecular genetic basis of the dystonias, paroxysmal
dyskinesias and Parkinson’s Disease have likewise been the subject of intensive

investigation and are discussed in chapters 3, 4 and 5 respectively.

Objectives of this thesis

The author has attempted to apply molecular genetic techniques to the study of

families with a number of inherited movement disorders.

Mutation analysis of the DYT1 gene was performed in individuals with primary torsion
dystonia, and a detailed haplotype study was performed to detect linkage
disequilibrium. Families with dominantly inherited forms of primary torsion dystonia,
with a variety of paroxysmal dyskinesia and with autosomal recessive juvenile
parkinsonism were studied. An introduction to each disorder is given in the individual

chapters. Kindred were first followed up and clinically ascertained, and DNA collected
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for analysis. Exclusion mapping at the known loci was performed in three families with

primary torsion dystonia and in three families with paroxysmal movement disorders.

Genome wide searches were performed in three families with primary torsion dystonia,
paroxysmal kinesigenic dyskinesia and autosomal recessive juvenile parkinsonism
respectively. These studies were undertaken with the aim of genetic mapping of the
responsible disease genes as a first step in the process of gene characterisation, as

described previously in this chapter.
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CHAPTER 2 — MATERIALS AND METHODS

Outline of chapter

This chapter describes the materials used and experimental methodology employed in
this study. The first part concerns the assessment and collection of affected family
members and their unaffected relatives. In most cases, subjects were personally
examined and videotaped using a standard protocol. The methodological stages of
linkage analysis are described including extraction of DNA from blood, generation of
DNA fragments using the polymerase chain reaction, separation of fragments by
polyacrylamide gel electrophoresis, scoring of genotypes and computational linkage
analysis. Buffers and solutions used are described at the end of the chapter. The
clinical features of the families and patients studied are given in the relevant results

chapters.

Diagnostic criteria and ascertainment of patients and families

Primary Torsion Dystonia

The dystonias are a clinically and genetically heterogeneous group of movement
disorders characterised by sustained involuntary muscle contractions causing twisting
movements and abnormal postures (Fahn et al, 1987a). The aetiological classification
of dystonias has recently been revised with subdivision into four categories (Fahn et al,
1997):

1. Primary torsion dystonia (PTD), where the phenotype is of dystonia alone, which
may be accompanied by tremor.

2. Dystonia-plus syndromes, where the dystonia may be accompanied by other
neurological features such as parkinsonism (Dopa-responsive dystonia) or

myoclonus (myoclonic dystonia).

3. Secondary dystonias, resulting from environmental factors (such as birth trauma,

anoxia, stroke and so on).

4. Heredodegenerative diseases, where dystonia is part of a more complex clinical

neurodegenerative phenotype, such as Huntington’s disease and Wilson’s disease.
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Patients with primary torsion dystonia are clinically sub-classified according to two
important parameters: a) age of onset (useful because it represents the best
prognostic indicator as to whether there will be spread to other body parts); b)

distribution (which can be considered a partial indicator of the severity of dystonia).

Three families with primary torsion dystonia have been ascertained during this project.
The author has directly examined two families (PTD01 and PTDO02), together with Dr
AR Bentivoglio (Catholic University, Rome); videotapes were reviewed by Prof A
Albanese (Catholic University, Rome). The third family (PTDO03) has been on site
examined by Dr A Minchau and revised by Dr K Bhatia (Institute of Neurology,
London). Videotapes of family PTDO1 were also revised by Prof CD Marsden and Prof
NW Wood (Institute of Neurology, London).

Participating family members older than 18 years signed an informed consent. Minors
were not included in the study for ethical reasons. All the examined subjects provided
detailed information on familial and personal medical history and checked a detailed
guestionnaire of common motor problems observed in movement disorders. The
neurological evaluation included specific tasks for dystonia, tremor or other movement
disorders. Blink rate was assessed in all subjects according to published guidelines and
compared to values expected (Bentivoglio et al, 1997a). Each subject was videotaped
during the assessment. On-site examiners established a diagnosis of definite or
probable dystonia and identified the body segments involved. A senior neurologist
reviewed the videotapes blinded on the presumptive diagnosis and on the family
history. A diagnosis of definite dystonia was made where unequivocal sustained muscle
contraction resulting in twisting or repetitive movements was witnessed unanimously
by the three examiners (Fahn et al, 1987a). A diagnosis of probable dystonia was
made where a rapid jerky dystonic tremor was observed, when clinical features were
subtle, or when not all examiners agreed on a diagnosis of definite dystonia. A
diagnosis of definite or probably dystonia was made in deceased family members on
the basis of history obtained from family members interviewed. Causes of secondary
dystonia were excluded with appropriate investigations.

A definite diagnosis of blepharospasm was established when all the examiners
observed at least two prolonged dystonic spasms of the orbicularis oculi muscle (or of
any other peri-ocular muscles) during the whole duration of videotape (about 10
minutes). Subjects were considered probably affected by blepharospasm when their

blink rate was increased as compared to the blink rate of the normal population
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(Bentivoglio et al, 1997a) or when overactivity of the eyelids, but no prolonged

spasms, were observed.

Definite cervical dystonia was characterised by slow dystonic movements or abnormal
neck postures associated to jerky movements of the head. When just jerky movements

or abnormal postures were observed, the diagnosis was considered probable.

A definite diagnosis of upper limb dystonia was established when slow dystonic
movements or definitely abnormal postures were present, with or without irregular or
asymmetric tremor. Subjects with jerky, irregular, asymmetric tremor evident at the
nose-finger manoeuvre or mildly abnormal postures were considered probably
affected. Scoliosis, mirroring or clumsiness of the limbs were annotated, but were not

considered diagnostic for dystonia.

For the retrospective DYT1 study, patients were selected from the dystonia database of
the movement disorder clinic and the neurogenetics clinic at the National Hospital for
Neurology and Neurosurgery (NHNN), London and from previous clinical and genetic
studies of familial PTD (Fletcher et al, 1990a; Warner et al, 1993). Inclusion criteria
were 1) generalised, multifocal, segmental or focal dystonia as defined by published
criteria (Fahn et al, 1987a); 2) a clinical course compatible with PTD with no features
to suggest secondary dystonia or other dystonic states such as Dopa-responsive
dystonia or paroxysmal dyskinesias (see Chapter 3).

Paroxysmal dyskinesias

Four families were ascertained in this study. Three families (PKD0O1, PKD02 and PKD03)
had paroxysmal kinesigenic dyskinesia (PKD), while the fourth family (PED01) had

paroxysmal exercise-induced dyskinesia (PED).

Family PKDO1 is Indian; twenty-six family members were directly examined and
videotaped by Dr GM Wali (KLE Society Hospital, Belguam, Karnataka, India) and
diagnoses were discussed with Dr K Bhatia. Family PKDO2 is a three-generation
Caucasian English family, ascertained through Dr TT Warner (Royal Free Hospital,
London), who personally examined all available family members. Family PKDO3 is also
a three-generation Caucasian English family. Dr PR Jarman (National Hospital for
Neurology and Neurosurgery, London) examined and collected blood by all available
family members. All examined subjects gave informed consent. A detailed history was
obtained from each family member. Specific attention was paid to associated

paroxysmal disorders such as epilepsy, migraine, and paroxysmal ataxia. Physical and
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neurological examinations were performed in all affected members and attempts were
made to provoke paroxysms with sudden movements, running and hyperventilation.
Patients were designated as affected at the time of interview based on the observation
or on the history of typical attacks of PKD (paroxysms of dystonia, chorea, ballistic or
athetoid movements induced by a sudden change in position, usually manifesting in
childhood or early adolescents, lasting from a few seconds to a few minutes and

occurring up to 100 times daily, without loss of consciousness).

Family PEDO1 is a Caucasian English family ascertained by Dr A Miinchau (Institute of
Neurology, London). All available family members were examined on site and
videotaped by Dr A Miinchau; videotaped were revised by Dr K Bhatia. Physical and
neurological examinations were performed in all affected members and attempts were
made to provoke paroxysms with prolonged exercise. As for PKD, diagnosis was made
based on the observation or on the history of typical attacks of PED (attacks of
dystonia coming after 10-15 minutes of continuous exercise and disappearing shortly

after ceasing the exercise).

Parkinson’s Disease and Autosomal recessive juvenile parkinsonism

The European Consortium for Genetic Susceptibility in Parkinson’s Disease established
clear diagnostic criteria to be followed by all participating centres, in order to carefully
define PD consistently across the EU partnership, to prevent any confusion from allied
disorders such as multiple system atrophy and progressive supranuclear palsy, and to
enable retrospective analysis of individuals or families, should interesting genetic
associations or mutations be identified. These inclusion criteria are summarised in table
2.1. They are similar to those previously proposed (Koller, 1992) but more rigorously
exclude allied conditions.

Table 2.1 — diagnostic criteria for PD

Bradykinesia, rigidity, rest tremor, asymmetry of signs at onset 3 out of 4

Improvement at some stage with L-dopa therapy over 50%

No supranuclear ophtalmoplegia except 40%
limitation of
upgaze

No pyramidal or cerebellar signs or dyspraxia

No severe, early (<1 yr from onset) loss of postural reflexes
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No prominent, early (<1 yr from onset) urinary symptoms
(urgency, frequency, incontinence)

No significant postural hypotension >30mm systolic BP

No mini-mental test score of less than 24/30 within 2 yrs of onset

No neuroleptic drug ingestion in the 6 months prior to onset

No encephalitis or possible toxic exposure (6 months before onset)

All the examined subjects provided detailed information on the following: birth, growth
and development, education, use of well-water, medications, drug misuse, exposure to
toxins or chemicals (particularly regarding organophosphorous compounds and other
substances used in agriculture), previous illnesses, previous hospitalisations, any
neurological or psychiatric disease, head or body injuries. The levodopa equivalent
daily dose (LEDD) was calculated in order to have comparable data on drug therapy.
All participating family members had a complete on-site neurological examination that
included the UPDRS motor scale in the on condition (and, whenever possible, in the off
condition), the mini-mental state examination (MMSE), and tasks aimed to disclose
dystonia or paroxysmal dyskinesias (Folstein et al, 1983; Fahn and Elton, 1987b). Each
subject was videotaped during the assessment. Exclusion criteria were supplemented
by investigative data, including imaging and external sphincter EMG. Wilson’s disease
or other metabolic causes of PD were screened if there was clinical suspicion
(especially if PD began in the index case under the age of 40 years). Autosomal
recessive juvenile parkinsonism (ARJP) was defined when a diagnosis of Parkinson’s
disease was associated with onset before 45 years of age (in at least one family
member) and family history compatible with an autosomal recessive mode of
inheritance. In this project, all cases of Parkinson’s disease or autosomal recessive

juvenile parkinsonism have been selected following these criteria.

Three ARJP families were ascertained through the Movement Disorder Unit of the
Catholic University (Rome). The author personally examined, with Dr AR Bentivoglio,
the Marsala kindred (a large consanguineous Sicilian family) and a second
consanguineous family from Central Italy. The other family had been previously
examined and videotaped, and DNA from available family members was already stored
in the Movement Disorder blood and DNA bank based in the Movement Disorder Unit
of the Catholic University (Rome). Videotapes from all patients were revised by Prof A
Albanese, blinded to the previously assigned diagnoses.
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For families collected by the European Consortium, the methods of ascertainment
varied between countries depending on the established links and communication
networks. In the UK (and Ireland) all registered neurologists were circulated with a
request to notify the study centre about families. The UK centre (based at the Institute
of Neurology, London) used the Parkinson’s Disease Society (a lay charitable
association), the PD Research Group (an established network of clinicians interested in
PD research) and the British Neurological Surveillance Unit which exists as a reporting
resource for precisely this kind of project. In the UK, ascertainment of patients with
familial PD had been in progress for several years and DNA from 24 sets of affected
siblings was already available. The collaboration started with access to around 100
sibling pairs. Throughout the three years until August 1999, recruitment and collection
of blood from identified subjects in Italy, Germany, Holland, France and the UK
continued in parallel.

In each centre, the index patients were examined using a standard protocol by a
clinician with experience in the diagnosis of PD, either at home or in hospital. Thirty
mls of blood was taken from each subject with informed consent. Each patient was
videotaped using a standard format and inclusion was subject to the agreement of the
examining clinician and two videotape reviewers experienced in the diagnosis of PD
(only used in doubtful cases). Index subjects were only included if they fulfilled
rigorous diagnostic criteria for clinically definite PD. Once an index subject was
examined and found to fulfil the criteria for definite PD, their affected and unaffected
siblings and parents (if available) were examined according to the protocol described
above. Parents and siblings were also allocated as clinically
definite/probable/possible/non-PD or unknown 'PD’. Samples were collected from
subjects allocated as clinically definite, probable and possible PD. Participating
clinicians also collected blood samples from parents and unaffected siblings if available
(to aid in determining allele segregation in the families), the spouses of patients (to
provide age, sex and ethnically matched control subjects for determining allele
frequencies in the normal population), and larger PD families. Information was also
obtained on age, age of onset, sex and ethnic origin of patients and spouses. Patients
without affected relatives (isolated cases) were sampled for future association studies.
All clinical information was stored in a standard database format. All core information
on DNA samples and family trees was stored in the central databases in both London
and Paris.
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DNA extraction

DNA was extracted from venous blood samples (collected in EDTA) using the Nucleon
IT system (Scotlab). To extract leucocytes, 10 mls of blood was added to 40 mis of
reagent A (to lyse erythrocytes), and the mixture was shaken for four minutes before
centrifugation (Beckman, model GS-6R centrifuge) at 2,600 rpm for five minutes (to
pellet the leucocytes). The supernatant was discarded, 2 ml of reagent B added (to
lyse leucocytes) and the pellet gently resuspended. 500 pul of 5 M sodium perchlorate
was then added (to deproteinise the mixture) and the mixture shaken for 10 minutes
at room temperature and for 15 minutes in a 65°C water bath. DNA was extracted by
the addition of 2 ml of chloroform (at -20°C) and the contents shaken for one minute
before centrifugation for two minutes at 2,000 rpm (Beckman, model TJ-6 centrifuge).
Nucleon suspension (300 ul) was added and the mixture centrifuged as above for five
minutes at 2,000 rpm. The aqueous DNA-containing phase was taken and DNA
precipitated by the addition of two equal volumes of absolute ethanol, the mixture was
then gently inverted. DNA was then hooked out into a tube containing 0.5 - 1 ml of
sterile 1 x TE.

Measurement of DNA concentration and dilution of DNA

DNA concentration was estimated by measurement of optical density (OD) using a
spectrophotometer (Cecil, model CE202). OD measurements were performed at a
wavelength of 260 nm using quartz cuvettes. Measurements were calibrated using
distilled water. DNA dilutions of 5 pl of DNA in 1 ml of distilled water (1 in 200) were
used for OD measurements. For linkage analysis using fluorescently tagged primers
and microtitre plates, DNA was diluted to a concentration of 10 ng/ul using 1x TE, and
stored in covered deep-well titre plates (Beckman) at 4°C when in frequent use, and at
-20°C when used infrequently. Concentrations of all other DNA samples were adjusted

to approximately 50 - 100 ng/ul.

The polymerase chain reaction (PCR)

The polymerase chain reaction is a method for the selective enzymatic synthesis of a
specific DNA sequence using two oligonucleotide primers hybridising to opposite
strands of DNA flanking the target sequence. Repeated cycles of DNA denaturation,

primer annealing and extension of the annealed primers by the thermostable DNA
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polymerase derived from Thermus aquaticus ( 7aqg), results in the selective
amplification of the target DNA fragment. The extension products of each cycle are
used as templates in subsequent cycles, resulting in exponential accumulation of target
DNA. The requirements of PCR are as follows: DNA template, oligonucleotide primers,
deoxynucleoside triphosphates (dNTPs), 7ag DNA polymerase, a magnesium-
containing buffer for the enzyme and a thermal cycler. Both primers and dNTPs must
be present in excess. The method of visualising and sizing the final PCR product used
in this study was the labelling of one primer from each pair with a fluorescent dye

detectable by laser using an automated DNA sequencer.

Fluorescence-based PCR

PCR reactions using fluorescently-labelled primers were usually carried out in final
reaction volumes of 20 ul in 96-well microtitre plates (Micro Test III, Falcon). The
reaction mixture consisted of: 0.2 mM each of dATP, dCTP, dGTP and dTTP (2 pl of 10
x dNTP solution, Promega); 2 ul of GeneAmp 10 x magnesium-free PCR Buffer II
(Perkin Elmer); 1.5 mM MgCl, (1.2 pl of 25 mM MgCl, solution, Perkin-Elmer); 10 ng of
each primer; autoclaved and filtered distilled water to make up reaction mixture
volume to 15 pl; 0.5 units of DNA polymerase added last (AmpliTag Gold™ Sunits/pl,
Perkin-Elmer). The reaction mixture was prepared at room temperature and aliquoted
into microtitre plate wells using an eight channel pipette (Scotlab). Fifty ng (5 ul) of
template DNA was then added to each well. Microtitre plates were then centrifuged at
1000 rpm for 30 seconds (Beckman GS-6R centrifuge).

PCR reactions were performed using a Perkin Elmer 9700 thermal cycler. Reaction
mixes were first heated to 95°C for 11 minutes to activate the AmpliTaq Gold™;

subsequent cycling conditions were:
94°C (denaturation) 30 seconds
48 - 56°C (annealing) 30 seconds
72°C (extension) 30 seconds
repeated for 28 - 33 cycles.

PCR conditions were optimised for each primer pair to determine the optimal annealing
temperature and the number of cycles required to produce an approximately constant
PCR vyield. For microsatellite markers from the Linkage Mapping Set ABI PRISM LD-10
(see below), used for genome-wide searches, 2 couples of primers from the same
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panel were multiplexed together in the same PCR reaction, to save time and
consumables. PCR conditions for these markers have been already optimised by the
manufacturers, and all markers in the set can be PCR-amplified under the same
conditions. Reaction mixes were first heated to 95°C for 11 minutes to activate the

AmpliTaq Gold™; subsequent cycling conditions were:
94°C (denaturation) 30 seconds
60°C (annealing) 15 seconds
72°C (extension) 15 seconds
repeated for 20 cycles, then:
94°C (denaturation) 30 seconds
55°C (annealing) 15 seconds
72°C (extension) 15 seconds
repeated for 15 cycles.

As PCR is a sensitive technique capable of amplifying very small quantities of template,
great care was taken to avoid contamination during set-up and all reagents and
materials used were sterile. A negative control (omitting template DNA) was always

included in experiments.

Oligonucleotide primers for microsatellite markers

For genome-wide linkage searches, a set of fluorescently labelled primers designed for
this purpose were used in all families studied. This marker set (ABI PRISM Linkage
Mapping Set LD-10) contains 400 individual markers spanning all the autosomes and
the X chromosome with 10 cM average resolution. The markers are organized into 28
panels containing 10 to 20 fluorescent dye-labelled primer pairs (6-FAM, NED or HEX)
that generate PCR products that can be pooled (combined) and detected in a single gel
lane or capillary injection. Many of the primers have been redesigned to ensure
efficient PCR amplification and to produce products over a broad molecular weight
range. Forward and reverse primers are combined and supplied in a tube at 10 uM
concentration (5 UM of each primer) in 10mM Tris-HCI, 1 mM EDTA, pH 8.0.

Additional microsatellite markers used for high resolution genetic mapping and
exclusion mapping were analysed using custom-made fluorescently labelled primers.
Primers were manufactured by Perkin-EImer with a 5’ 6-FAM, HEX or TET (or NED) dye
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