THE DEVELOPMENT OF NOVEL TOOLS
TO STUDY
THE HISTORY OF RECOMBINATION
IN

HUMAN POPULATIONS

by

Claire Louise Willoughby

A Thesis Submitted for the Degree of Doctor of Philosophy of the

University of London

August 2004

MRC HUMAN BIOCHEMICAL GENETICS UNIT/ DEPARTMENT OF BIOLOGY
THE GALTON LABORATORY

UNIVERSITY COLLEGE LONDON, LONDON UK NW1 2HE

PN

UCL

——
| e ——




ProQuest Number: U642092

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest U642092
Published by ProQuest LLC(2015). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



Abstract

ABSTRACT

The initial aim of this thesis was to explore the possibility of using
genomic mismatch scanning (GMS) to study the history of recombination in human
populations. The original method of GMS did appear to have been successful on a
number of occasions, but there was still a distinct lack of published experimental
results, largely thought to be due to the complex nature of the procedure. Therefore
during this study the original method was broken down into its constituent parts and
attempts made to optimise each step individually. Although some encouraging
positive results were obtained, it was concluded that the original GMS procedure was
not robust enough to be applied as an alternative to genotyping based methods. As a
result, other GMS-like experimental approaches to achieving the same goal of whole

genome linkage disequilibrium mapping without genotyping were explored.

In parallel conventional genotyping-based studies were performed to
define the history of the ABO region on 9934, in the hope of creating a test system upon
which an optimised GMS procedure could be applied. Construction of a multilocus
genetic map and mapping of recombination breakpoints indicated variation in
recombination rates across 9933.3 to 9q34.3, with sex-averaged rates reaching 16.33 cM
Mb near the telomere. Patterns of linkage disequilibrium across a 1.5 Mb region of
9934 revealed a block-like structure, with the longest region of disequilibrium
extending 204 Kb from the ABO gene to D952135 in two Caucasian populations,
however no long-range linkage disequilibrium was detected in this region in an
African population. Haplotype analysis indicated that within the 204 Kb region there
was a finer resolution block-like structure of linkage disequilibrium, and that five
haplotypes accounted for 50% of all the chromosomes. Similar haplotypes were
detected in both Caucasian populations, whilst sequencing revealed both rare and
novel ABO haplotypes within the African population. Finally, phylogenetic analysis of
human and chimpanzee haplotypes suggested a possibly ancestry for the ABO
polymorphism and indicated an ancestral recombination breakpoint of just 35 bp
between nucleotides 261 and 237 within exon 6 of the ABO gene. This breakpoint
coincided with a region of dramatic breakdown of linkage disequilibrium in all three

populations.
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Chapter 1: Introduction

The main aim of this project was to explore the possibility of using an
optimised protocol based on the theory of genomic mismatch scanning (Nelson et al.,
1993) to study the history of recombination in human populations (see Chapter 3). It
was hoped that, in the long-term, such an approach could put the search for genes
contributing to complex traits on a firmer basis of understanding of linkage
disequilibrium. In parallel, a conventional genotyping-based approach was used to
characterise those regions shared identical-by-descent (IBD) in a 1.5 Mb region of
chromosome 9q34, more specifically the area surrounding the ABO blood group locus
(OMIM 110300). Three strategies were used to define the history of this region of the
genome, the first of which centred on the construction of a detailed multilocus genetic
map (see Chapter 4). The second strategy involved using association analysis to
examine patterns of linkage disequilibrium in the 1.5 Mb region, and in a more detailed
region surrounding the ABO blood group locus in different populations (Chapter 5).
Finally haplotype analysis was used to make inferences regarding the evolution and
phylogeny of the ABO gene in human populations and chimpanzees, the results of
which are presented in Chapter 6.

1.1. PHYSICAL NATURE OF THE HUMAN GENOME

The linear strands of double-helix DNA, which comprise four repeating
nucleotide molecules or bases (adenine, A; cytosine, C; guanine, G and thymine, T)
paired together according to Chargaff’s rule by hydrogen bonds (Watson and Crick,
1953), are packaged into chromosomes by a hierachial arrangement of coils and
supercoils. The DNA is first wound around histone protein molecules to produce a
‘beaded’ structure, which is then coiled to form nucleosomes. Finally the nucleosomes
form loops which coil together to form the condensed metaphase chromosome. This
careful packaging results in a space reduction of 10 000 times, i.e., 5 cm of DNA reduces

to 5 pm.

The human genome, the sum total of DNA molecules found within
every cell of the human body bar mature red blood cells, consists of some 3 x 10° base
pairs (bp) or 3000 Mb, and the diploid chromosome number in humans is 46 (Tijo and
Levan, 1956), comprising 22 pairs of autosomes, numbered 1 to 22 in decreasing size

order, and a pair of sex chromosomes, labelled X and Y (Ford and Hamerton, 1956).
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The hereditary units of DNA are termed genes, and they carry the basic
instructions required to make protein molecules within their coding portions or exons
(the non-coding portions are referred to as introns), as well as possessing regulatory
sequences such as upstream promoters. Indeed the Central Dogma of molecular
biology states that DNA via the process of transcription leads to RNA which by the
mechanism of translation leads to protein. Recently, however, it has been discovered
that a small subset of human genes (~1%) encode short strands of RNA termed
microRNAs or miRNAs as their end products (Lim et al., 2003). In this era of genomic
medicine, genes are studied at the nucleotide or bp level, and by April 2004 some 18
673 genes had been officially named (HUGO Gene Nomenclature Group website?,
April 2004; see also Wain et al., 2002, Wain et al., 2004).

Different versions of the same gene are known as alleles (although this
term is now commonly applied to different versions of any DNA sequence that is
inherited, whether coding or not) and the presence of a different DNA sequence at the
same position within the genome is usually referred to as a genetic polymorphism if it
occurs in more than 1% of alleles. Polymorphisms can be deleterious, whereby they
cause a genetic disease or they can be silent, whereby their presence or absence has no

obvious impact on an individuals health.

Inherited units, be it a gene or non-coding polymorphism, are referred
to as a locus or loci. At a locus, the pair of alleles are known as the genotype, which in
the case of genes, encode the individuals phenotype (the observable characteristics). If
the two alleles at a locus are identical, the individual is said to be homozygous, whilst
if they are different the individual is referred to as heterozygous. For two or more loci

the set of alleles inherited together from one parent is termed a haplotype.

1.1.1. Nucleotide Diversity

With the exception of monozygotic twins, the genetic constitution of
each individual on the planet is unique, indeed it has been estimated that any two

people would have a difference in their primary DNA sequence on average once every

1 http://www.gene.uclac.uk/cgi-bin/nomenclature/searchgenes.pl
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1000 bp or at 0.1% of nucleotide sites (Ewens et al., 1981; Cooper et al., 1985; Li and
Sadler, 1991; Nickerson et al., 1998; Sachidanandam et al., 2001). Thus, whilst rigid in its
physical structure, the human genome is extremely diverse in terms of its nucleotide
sequence. This can be expressed statistically using the normalised measure of

nucleotide diversity, © (Nei, 1987).

Despite the remarkable nature of the DNA double-helix, which through
base-pairing provides a means for its faithful and accurate replication, nucleotide
diversity arises in two main ways, (i) mutation (see section 1.1.3.), and (i)
recombination (section 1.1.4.). These physical processes are in turn followed by
evolutionary forces such as natural selection or genetic drift, which spread the ‘new’

allele through the population in which it arose (see section 1.2.3.1.).

Human geneticists have long been studying such variations to answer
question relating to the patterns of inheritance of phenotypic traits within families, and
to explore aspects of evolution, history and structure in human populations. Indeed
there has been a recent explosion of interest in human genetic variation (for recent
reviews see Jorde et al., 2001; Reich et al., 2002; Tishkoff and Verrelli, 2003), leading to
the establishment of initiatives such as The Human Genome Diversity Project or
HGDP? (Cann, 1998; Cann, 2002); the Molecular Diversity and Epidemiology of
Common Disease or MDECODE?, the Human Genome Variation Society4, and the
International HapMap Project® (The International HapMap Consortium, 2003). It
should be noted however that the first such study, which looked at the frequencies of
ABO blood groups in large numbers of ethnically diverse World War I soldiers
(Hirszfeld and Hirszfeld, 1919a; Hirszfeld and Hirszfeld, 1919b) was not met with
much enthusiasm (Stoneking, 2001).

2 http:/ /www.stanford.edu/ group/morrinst/hgdp.html
3 http:/ /droog.mbt.washington.edu/ mdecode/

4 http://www.hgvs.org/

5 http://www.hapmap.org/
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1.1.2. Types of Polymorphism

It was not until the 1960s that the molecular basis of polymorphism was
fully understood and since then molecular markers have undergone something of an
evolution themselves as recombinant DNA technology has advanced (for a review see

Schlstterer, 2004).

There are two measures relating to the degree of polymorphism which
are commonly used in human genetics, heterozygosity (H; see Chapter 2, section
2.25.1.3.) which is really only a useful characterisation of codominant loci, and
polymorphism information content or PIC (see Chapter 2, section 2.2.5.1.3.; Botstein et
al., 1980):

n 2n—l n )
PIC=1-) p' >, > 2(pp)
i=1 i=1i=1

(equation 1)

where p; and p; are the population frequencies of the ith and jth alleles at the locus and
n is the total number of alleles. A general rule of thumb is that a locus is defined as

having a useful level of polymorphism if H > 0.10 and/ or PIC > 0.10.

There now follows a brief summary of some of the most commonly used
molecular markers. It should be noted, however, that his is not an exhaustive survey as
other molecular markers, such as RAPDs (randomly amplified polymorphic DNAs)

and their derivatives, are available.

1.1.21. Protein Isoforms

The first molecular marker to be used for the study of human genetic
linkage (see section 1.2.1.) was the ABO blood group (see section 1.4.), which was
quickly joined by 16 other blood groups systems including Duffy and Rh, as well other

as other serological proteins such as haptoglobin.
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These markers were initially analysed by immunological methods until
the invention of electrophoresis by Pauling et al. (1949), and the subsequent
development of starch gel electrophoresis by Smithies (1955) allowed the
characterisation of differences based on the variations in size and charge caused by
amino acid substitutions. Other enzyme polymorphisms or allozymes (‘allelic variants
of enzymes’) were soon added to the human geneticist's repertoire of molecular
markers, including the Pi (alpha-l-antitrypsin) and GM (immunoglobulin gamma)
variants found on 14g32. Commonly these protein isoforms were distinguished by
starch gel electrophoresis with subsequent treatment of the gel using enzyme-specific

stains containing substrates and cofactors.

One lasting legacy of this class of molecular marker is the neutral theory
of molecular evolution, which states that most mutations are effectively neutral
(Kimura, 1968). It was early starch gel electrophoresis studies that highlighted the
considerable levels of intra-population variation that existed in natural human
populations (Harris, 1966), leading to the estimate that 32% of human genes were

polymorphic (Harris et al., 1977).

Although these classical markers were also instrumental in the rough
localisation of numerous loci, such as Charcot-Marie-Tooth disease 1B and the Duffy
blood group (Bird et al., 1982), they were problematical in that many were dominant,
and were an indirect method of assessing the variation that exists at the DNA level.
Thus the introduction of co-dominant DNA-based markers caused a dramatic increase
in the number of polymorphisms available for human genetic studies, as for the first

time it was possible to assay non-coding and silent protein-coding changes.

1.1.2.2. Single Nucleotide Polymorphisms

Although there has been a recent resurgence of interest in single
nucleotide polymorphisms or SNPs (see for example Sachidanandam et al., 2001;
Altshuler et al., 2000; Tsui et al., 2003), a specific class of these markers was first
identified over a quarter of a century ago by Kan and Dozy (1978). Restriction fragment
length polymorphisms (RFLPs) are single base substitutions, insertions and deletions

that alter the recognition sites of restriction enzymes, resulting in different sized
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fragments following restriction enzyme digestion. In a landmark paper Botstein et al.,
(1980) proposed the use of RFLPs as genetic markers using the technique of Southern
blotting (Southern, 1975). Unfortunately, however, although a great step forward, the
requirement for suitable hybridisation probes somewhat limited the use of an almost
infinite number of available markers. Since the advent of PCR and more recently as
genotyping techniques have advanced (for a review see Gut, 2001; Kwok et al., 2001;
Shi, 2001; Kirk et al., 2002), all classes of SNPs have been exploited for genetic mapping.
Due to the large quantity of such markers potentially available, the focus has been to
develop high-throughput, low-cost methods of SNP genotyping. With the exception of
somewhat more labour intensive mutation screening techniques (for a review see
Cotton, 1997), most of these methods require a priori information about the presence of
an allelic variation at a given position within the genome. As a result international
efforts have been established to identify, catalogue and curate SNPs throughout the
human genome, and many SNP databases have been established with this in mind. For
example, The SNP Consortium or TSCé (see Altshuler et al., 2000; Sachidanandam et al.,
2001; Holden et al., 2002; Matise et al., 2003; Thorisson and Stein, 2003), dbSNFP7 (Sherry
et al., 1999; 2000; 2001; Smigielski et al., 2000) and HGVBase? (formerly HGBASE; see
Brookes, 2001; Fredman et al., 2002), although a decision has been made very recently
to develop HGVBase into a phenotype/genotype database (Fredman et al., 2004).
However, because SNPs are usually only biallelic, their maximum heterozygosity is
limited to 50% with a maximum PIC of 0.375, and as such they are not always very

informative as molecular markers.

1.1.2.3. Repetitive DNA

Perhaps the most intriguing feature of the human genome is the huge
quantity of non-coding material. Recent estimates suggest that there maybe just 24 500
genes (Pennisi, 2003), although this is still an area of great controversy. Thus, with the
average gene possessing 3000 bp, this results in just 2 - 3% of the genome coding for

proteins, a phenomenon commonly referred to as the C-value paradox.

S http://snp.cshlorg/
7 http:/ /www.ncbinlm.nih.gov/SNP/

8 http://hgvbase.cgb.ki.se/
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The vast majority of the non-coding sequence is made up of repetitive
sequences, an observation that was made as early as the 1960s as a result of

reassociation studies (Britten and Kohne, 1968; see also Chapter 3, section 3.1.2.).

Around 10% of mammalian DNA reassociates very quickly and as such
is classified as highly repetitive, another 30% is classified as moderately repetitive
based on its rate of reassociation, whilst the remaining 60% is present in single or low
copy numbers. This last group of DNA molecules obviously includes most of the
genes, as well as intronic sequences, whilst the first group is composed of sequences
present at >106 copies per genome. Most of these sequences are motifs of 5 - 100 bp
found in long tracts of up to 100 Mb which are on the whole concentrated in the
heterchromatic regions of the genome, i.e., in the centre (centromeres) and the ends
(telomeres) of the chromosomes. It is thus thought that sequences, such as the alpha-
satellite DNA that is located at the centromeres of all human chromosomes, may play a

role during recombination (section 1.1.4.).

The moderately repeated DNA sequences, which are on average 300 bp
in length, are found throughout the genome at a copy number of 10 - 105. Examples of
these sequences include dispersed-repetitive DNA such as the transposable LINEs
(long interspersed nuclear repeats) and SINEs (short interspersed nuclear repeats). The
most abundant SINE in primate genomes is the Alu repeat (Schmid and Jelinek, 1982;
for a review see Batzer and Deininger, 2002), which has been exploited as a means to
amplify whole genomes (Nelson et al., 1989). Another important type of moderately
repeated DNA are the minisatellites and microsatellites. Whilst all types of repetitive
DNA can be polymorphic, these last two have been of most use to human molecular

geneticists.

1.1.2.3.1.  Minisatellites

Variable number tandem repeats (VNTRs) as a subset of minisatellites
were dubbed (Nakamura et al., 1987), are hypervariable tandem sets of 10 - 100 bp long
repeated consensus sequence that vary between 0.5 - 40 Kb in total length, with an
average world-wide allele number of up to 100 million. The first VNTR was discovered
on an EcoRI Southern blot using a 16 Kb single-copy probe, by Wyman and White
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(1980) in the same year that David Botstein advocated the use of RFLPs as genetic
markers. This marker, later designated D1451 and localised to chromosome 14q32 (de
Martinville et al., 1982; Balazs et al., 1982), appeared to have at least 8 alleles (Wyman
and White, 1980).

In 1983 Alec Jeffreys discovered that these repeat sequences contained
certain core sequences, opening the way for the identification of probes to detect other
variable regions within the genome, and the development of DNA fingerprinting
(Jeffreys et al., 1985a).

Being multiallelic, minisatellites have a high level of heterozygosity
(typically >60%), thus circumventing the main disadvantage of SNPs. However, this
high level of polymorphism along with their relatively large size can make it difficult
to accurately identify allele sizes. In addition they are not randomly distributed
throughout the genome; more often than not they are located near the telomeres, and

can be highly mutable.

1.1.2.3.2. Microsatellites

In 1989, two groups identified another class of polymorphic repeats,
which became known as short tandem repeats (STRs) or microsatellites (Litt and Luty,
1989; Weber and May, 1989). Microsatellites are, as the name would suggest, relatively
short tracts (<100 bp) of tandemly repeated DNA with repeat lengths of less than 6 bp.
Microsatellites are classified according to the size of their repeat unit, with the most
abundant being the dinucleotide repeats, usually of the form CAp)/GT), and it is this
class of polymorphism that has been most often utilised in human genetic studies
(Goldstein and Schlstterer, 1999). On average microsatellites have very high levels of
heterozygosity (>70%), however they also show a high mutation rate (section 1.1.3.3.),
and because they differ in size by just a few nucleotides they can be difficult to score. In
particular dinucleotides are prone to show a ‘stutter’ effect, which produces a ladder of
bands two bases apart, often making it something of a challenge to differentiate

between homozygotes and heretozygotes.
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1.1.24. Large-Scale Polymorphisms

Surprisingly, large-scale deletions, duplications and other
rearrangements (here defined as involving >10 Kb of sequence) occur within the
human genome at a higher frequency than at first thought (Bailey et al., 2001; Lander et
al., 2001; Eichler, 2001a; 2001b). As these changes are not readily detectable at the
cytogenetic level it is only relatively recently as the human genome sequence has
become available, and methods such as comparative genomic hybridisation (CGH),
multiplex amplifiable probe hybridisation (MAPH) and the multiplex probe ligation
assay (MPLA) have been developed (for reviews see Hollox et al., 2002; Armour et al.,
2002; Mantripragada et al., 2004; Sellner and Taylor, 2004) that such changes have been
described.

Many of these alterations do cause inherited disease and cancer, and as
such efforts have been made to characterise and catalogue them (see the Gross
Rearrangment Breakpoint Database, or GRaBD?Y; Abeysinghe et al., 2004). However, it is
becoming increasingly evident that some of these huge aberrations do not contribute in
an obvious manner to disease aetiology, but instead occur as neutral polymorphisms
within the human genome. For example Robledo et al. (2002) reported a 9.1 Kb deletion
polymorphism in 22q11.2 (see also Robledo et al., 2003), whilst Noonan et al. (2003)
reported a 16.7 Kb deletion polymorphism on chromosome 5. It is considered likely
that such changes have occurred with a high frequency since the divergence of the
human and non-human primate genomes (Locke et al., 2003), perhaps having arisen as

a consequence of errors during recombination (see section 1.1.4.).

1.1.3. Mutation

Mutation can be defined as any change in DNA sequence, whether it
involves single bases, large-scale chromosomal aberrations (as discussed briefly above)
or the loss/gain of whole chromosomes. In this case the discussion mainly focuses on

the former.

9  http:/ /www.uwcm.ac.uk/uwcm/mg/ grabd/
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Traditionally the term mutation has been applied to pathogenic changes
although seemingly non-pathogenic changes are mutations. Mutation is also perhaps
more appropriately used to describe the mechanism that leads to genetic change,
regardless of whether this change causes a disease or is a neutral variation. For wide
ranging reviews of all types of mutation and the mechanisms involved see Cooper and

Krawczak (1993) and Antonarakis et al. (2001).

Mutations at the nucleotide level are of three main types, substitutions,
deletions or insertions, although other forms of mutation such as inversions,
duplications and expansions have been characterised at the base pair level.
Substitutions, the most common change, are classified as either transitions or
transversions based on the nucleotide change; and in coding DNA they can
additionally be divided into silent, missense or nonsense mutations based on the codon
and therefore amino acid change. This is summarised in Figure 1.1 overleaf. Deletions
and insertions within coding DNA can cause frameshift mutations, if the change does

not involve a multiple of three nucleotides.

1.1.3.1. Mechanisms of Mutation

Spontaneous mutation can occur due to the effect of external factors
such as radiation or chemicals (usually resulting in somatic mutation unless the
damaged bases are dealt with by the nucleotide excision repair system), or as a result
of internal factors during normal cellular function (Cooper and Krawczak, 1993). The
mechanisms responsible for the latter group, which is largely the cause of germ-line
mutations, can further subdivided into three groups (i) chemical (e.g., depurination,
deamination of 5-methylcytosine to thymidine and damage by free radicals); (if)
physical (e.g., misincorporation or slippage during DNA replication), and (i)
enzymatic (e.g., errors in post-replicative mismatch repair and proof reading, see
Chapter 3, section 3.1.4.). It was demonstrated by Krawczak et al. (1998) that these
endogenous mechanisms are biased according to the surrounding DNA sequence. For

recent reviews see Antonarakis et al. (2000) and Cooper (2002).
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Figure 1.1

Types of Substitution Mutation.

A

Transition (GRIEN arrows) and transversion (BLUE arrows) mutations.
Transitions involve the exchange of a pyrimidine base for another pyrimidine base,
or a purine for another purine base whilst transversions are characterised by the
substitution of a pyrimidine for a purine or vice versa.

A silent mutation does not alter the amino acid sequence of a protein, whilst a
missense mutation results in a different amino acid being incorporated into the

polypeptide chain. Nonsense mutations generate a stop signal.
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Chapter 1: Introduction

The model was subsequently shown to be realistic in vitro by Kunkel
and Soni (1988) who noted that one such event had occurred near to a simple poly-T
repeat; whilst Krawczak et al. (1998) presented indirect evidence from human data to
suggest the model was also true in vivo. It is now generally agreed that this mode of

mutation is found between short imperfect repeat sequences (Lovett, 2004).

1.1.3.2. Rates of Mutation

It was during genetic studies of haemophilia by Haldane (1947) that the
rate of mutation within humans was first directly measured. Since this time a variety of
authors have attempted to measure the rate of mutation in humans and a figure of
~100 new mutations per diploid genome per generation is most often quoted (Vogel

and Rathenberg, 1975; Kondrashov, 1998; 2003).

During his early studies Haldane (1947) noted a sex-difference, and it
has since become generally accepted that the rate of mutations in males is
approximately five times that of females (for example see Huang et al., 1997; for
reviews see Risch et al., 1987; Crow, 1997; 2000a; Ellegren, 2002). In 1912, Weinberg
noted that sporadic cases of achrondroplasia occurred more often than not in the last-
born children of sib-ships, hinting at the possibility of a parental age effect. It was some
40 years later, however that Penrose (1955) demonstrated that Weinberg’s observation

was indeed a function of paternal age.

The obvious explanation for the two phenomena described above is that
there are many more germ-line cell divisions during spermatogenesis than during
oogenesis, and that the number of germ-line cell divisions required to create a sperm
increase with age (Crow, 2000a). In addition it has been noted that oocytes are
undermethylated whereas sperm are heavily methylated (Monk et al., 1987), and as
such it is likely that deamination of 5-methylcytosine is more common in the male

germ line.

All of these observations have led to the concept of male-driven
evolution (see Li et al., 2002). Certainly it has been shown that the Y chromosome

displays a marked decrease in the number of CpG nucleotides, indicative of male
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biased mutation in human evolutionary history (Hutley et al., 2000). It should be noted,
however, that a recent study did suggest that this male bias in mutation rate may not
be evolutionarily conserved in other primate species (Bohossian, et al., 2000; Crow,
2000b). There are of course other exceptions to the rule; for example the X-linked
disorder Duchenne muscular dystrophy does not display a sex difference or
grandparental age effect (Crow and Denniston, 1985). Another notable exception
concerns the aberrant chromosomal transmission leading to Down syndrome which is
clearly associated with maternal age, although no convincing explanation for this has

been discovered.

1.1.3.3. Mutation of Microsatellites

Microsatellites, and in particular dinucleotides, are known to mutate on
average at a rate several orders of magnitude higher than unique sequences (Weber
and Wong, 1993; Brinkmann et al., 1998), giving rise to characteristically high PIC
values (for reviews on microsatellite mutation see Goldstein and Schlétterer, 1999;
Ellegren, 2000a; Schlétterer, 2000; Ellegren, 2004). This mutation appears to occur on
the whole as the gain (expansion) or loss (contraction) of single repeat units in a step-
wise manner (i.e., the step-wise mutation model, or SMM) and it is thought that the
main mechanism for this is replication slippage, as proposed by Levinson and Gutman
(1987). Whilst most microsatellite diversity is evolutionarily neutral and therefore
solely a function of mutation, it is worth noting that some expansions can cause human

neurodegenerative diseases (reviewed by Cummings and Zoghbi, 2000).

Numerous studies have indicated that the rate of slippage is
proportional to the length of the microsatellite in that alleles with a high number of
uninterrupted repeats are less stable than those with short repeat lengths (for example
Brinkmann et al., 1998). Certainly, this can be seen in vitro during PCR where longer
repeats show more so-called ‘stutter bands’ (see Weber and May, 1989; Hauge and Litt,
1993; Lai et al., 2003; Schinde et al., 2003). Brinkmann et al. (1998) also confirmed the
findings of Weber and Wong (1993) that the mutation of microsatellites was, as
expected, five to six times higher in the male germ line than in the female germ line.

Thus the mutation of microsatellites is actually quite complicated, with different alleles
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at the same locus displaying different rates, and it has been suggested that the classic

SMM model may be over simplistic (Haung et al., 2002).

Data analysed by Ellegren (2000b) revealed that whilst expansions and
contractions are equally common amongst tetranucleotide repeats, expansions
outnumber contractions in dinucleotide repeats. This would explain why dinucleotide
repeats are more common, usually longer and therefore more polymorphic, and why
they display more stutter during PCR than tetranucleotide repeats. It was also noted by
Ellegren (2000b) and Haung et al. (2002), however that very long dinucleotides are
more likely to contract than short repeats, thus it would seem that there is another
mutational bias that imposes a length ceiling upon this class of microsatellites.
Interestingly evolutionary studies have indicated that human dinucleotide repeats are

longer than their chimpanzee orthologues (Webster et al., 2002).

1.1.4. Recombination and Gene Conversion

The main source of genetic diversity is the reorganisation of DNA by
recombination, which describes the reciprocal exchange of genetic material. Non-
reciprocal transfers of genetic material are commonly referred to as gene conversion
events. These processes allow genes from the maternal and paternal individuals to

come together, and of course genes that had been together to separate.

1.1.4.1. Mechanisms of Recombination

In eukaryotes, recombination is known to occur during meiosis I of cell
division (for reviews see Kleckner, 1996; Roeder, 1997). During meiosis the genetic
content of the cells is reduced by half from the diploid somatic cells into the haploid
gametic cells, thus ensuring that there is a fixed volume of DNA upon fusion of the
two gametes during sexual reproduction. The reduction is achieved by a single round
of DNA replication followed by two rounds of chromosome segregation, namely
meiosis I and meiosis II which produces either four sperm cells or one oocyte and three
polar bodies. The first meiotic cell division begins with a prolonged prophase that
comprises five sub-stages (see Figure 1.4, overleaf), which can be defined by

chromosomal morphology (Wallace and Hultén, 1985).
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During leptotene and zygotene, small electron-dense structures which
are termed ealy recombination nodules are visible (Carpenter, 1988). During zygotene
the synaptonmal complex (SC) forms to maintain the chromosomes in an intimate
physical coupling in a process referred to as synapsis. The SC is a ribbon-like structure
that incorpontes the two protein-based axial elements of each pair of homologous
chromosomesand holds them together until its dissolution during the early phase of
diplotene (resiewed in Roeder, 1997). By pachytene late recombination nodules
become visibk. The early nodules are much more frequent than the late nodules, the
frequency anc distribution of which have been shown to correspond to the frequency
and distributimn of crossovers (Carpenter, 1988). For this reason the popular hypothesis
is that the latenodules correspond to multienzyme complexes which catalyse crossing-
over. The ealy nodules are considered to mark all the sites of strand exchange
reactions, whist the late nodules indicate only those strand exchange reactions which

are to be resol7ed as crossovers.

As indicated in Figure 1.4, the actual physical process of crossing-over
takes place during the diplotene phase of meiosis I. By late diplotene the two
homologous chromosomes genetic material is connected solely at specific points
referred to as chiasma, and it is these chiasma that are considered to be the cytological
manifestation of recombination. A process referred to as terminalisation begins during
diplotene when the chiasmata slip laterally towards the telomere. This process
continues until diakinesis when the chiasmata are resolved. The second meiotic
division is not unlike mitosis whereby each haploid cell divides into two, and as such

meiosis I is unique and often referred to as the reduction division.

The distinct mechanisms involved in genetic recombination were first
elucidated in E. coli, where over 20 genes have been shown to be involved (Hiom,
2001); with subsequent studies in eukaryotes being performed in the budding yeast
Saccharomyces cerevisiae (reviewed in Paques and Haber, 1999) and the fruit fly
Drosophila melanogaster (see Hawley, 1993; Hawley et al., 1993). Recent evidence
however suggests that the mechanism of homologous recombination has been
conserved from bacteria to humans (Constantinou et al., 2001; see also Cromie et al.,
2001; Hiom, 2001). The first model for genetic recombination was proposed by
Holliday (1964), and suggested that the two homologous double helices align, one
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strand of each helix is nicked, the free ends associate and reciprocal exchange occurs.
The so-called Holliday junction, the crystal structure of which was elucidated recently
by Lilley et al. (1999), allowed an explanation for the observation that gene conversions
and reciprocal crossover events were often seen in close physical proximity.
Conflicting evidence, however resulted in alternative models being proposed (see for
example Hurst et al., 1972; Meselson and Radding, 1975; Champoux, 1977), although
the Holliday junction structure itself has always been retained as the recombination
intermediate. The process of recombination is now generally accepted to occur in three
stages, namely (i) strand exchange; (ii) branch migration, and (iii) Holliday junction

resolution.

The current model of recombination combines two other models,
namely the double-strand break repair (DSBR) model (Szostak et al., 1983) and the
synthesis-dependent strand-annealing (SDSA) model (Hastings, 1988; McGill et al.,
1989; reviewed in Paques and Haber, 1999). This is illustrated in Figure 1.5, overleaf.

Briefly, in the both models, strand exchange is initiated during leptotene
by a double-strand break (DSB) across one of the four paired chromatids, with the
DNA being resected 5’ to 3' to produce 3' ssDNA tails (see Figure 1.5a). In bacteria,
yeast and humans the evolutionarily conserved recombinase protein RecA, Rad52 and
hsRadb51 respectively is responsible for strand exchange (Baumann et al., 1996). In the
example shown in Figure 1.5, the RecA protein binds to the 3’ ssDNA forming a
nucleoprotein filament which promotes interaction with duplex DNA. The
nucleoprotein complex uses an as yet unknown mechanism to search for homologous
DNA, where upon it invades the homologous DNA duplex, which provides a primer
to initiate DNA synthesis (Figure 1.5b).

In this way the DSB is repaired using an intact chromatid as a template,
ensuring that the genetic information at the break site is not lost. As the nucleoprotein
complex invades the duplex DNA, one of its 3' ssDNA ends is usurped forming a

displacement loop or D-loop that can result in two possible outcomes.
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In the DSBR model (Figure 1.5di) the D-loop captures the second 3’ end
which followng DNA synthesis and ligation during pachytene generates two Holliday
junctions, one on each side of the region of strand exchange. Branch migration, which
in bacteria is :atalysed by the RuvA and RuvB proteins (Parsons et al., 1995), extends
the region of heteroduplex away from the initial site of the crossover. The Holliday
junction is then resolved by RuvC, which forms a complex with the RuvA and RuvB
proteins (van Gool et al., 1999). Endonucleolytic cleavage of two Holliday junctions in
the same or opposite orientation either produces or does not produce a crossover
respectively (Figures 1.5diii and Figure 1.5 div), with the mature recombinants visible
at this stage of diplotene as chiasmata. In addition mismatch repair (see Chapter 3,
section 3.1.4.) of the heteroduplex in favour of the invading strand can lead to a gene

conversion event (not shown).

The DSBR model therefore predicts that approximately 50% of gene
conversions ate associated with crossovers, however in both mitosis and meiosis gene
conversions are only associated with crossovers in less than 35% of cases (for example
see Paques and Haber, 1999). SDSA, an alternative model of double-strand break
repair, partially explains these results. As indicated in Figure 1.5, this model shares the
initial steps with the DSBR model, however in this case the D-loop is disassembled by
displacement of the newly synthesised strand, which anneals to the other DSB end
(Figure 1.5ei). DNA synthesis and ligation (Figure 1.5eiii) completes the repair of the
break. As before mismatch repair can lead to a gene conversion event, but this time

without a crossover.

In addition to DSBR and SDSA, a DSB can be repaired by break-induced
replication or BIR (Kogoma, 1997; Mosig, 1998; Paques and Haber, 1999). The main
difference between this and the former two models is that the DNA synthesis primed
by the invading 3' ssDNA end continues much further, potentially causing long gene
conversion tracts. This does however appear to be a minor pathway, and is most often

seen in yeast mutants defective in RAD51 (Malkova et al., 1996).

The mechanisms involved in the formation of a DSB usually occur
during DNA replication at the replication fork, due to the fork becoming blocked by a

DNA nick or a termination protein; or by the fork undergoing a reversal, although a
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DSB can also occur as a result of exogenous factors such as chemicals and radiation and
left unrepeired a DSB can lead to transocations, inversions and deletions. The
mechanisms which can cause a DSB at replication forks are reviewed in Rothstein et al.
(2000) and Michel et al. (2001). One feature of the recombination mechanism that is as
yet poorly understood is why some DSBs result in recombinations whilst others do not,
certainly evidence suggests that recombination events can be clustered, perhaps
indicating that there is some sequence-based element which promotes crossing-over

(see section1.1.4.3.4.).

1.1.4.2. Methods of Analysing Recombination

Methods of analysing recombination can be broadly classified as direct,
in that the actual recombination event is detected visually, or as indirect where the

occurrence of a recombination event is inferred.

1.1.4.2.1.  Direct Methods of Analysing Recombination

Maj Hultén pioneered direct cytological methods for analysing
recombination in the 1970s. By analysing diakinesis preparations of human
spermatocytes, information regarding the frequency and distribution of chiasmata for
individual chromosomes in males were obtained (see for example Hultén 1974; Laurie
et al., 1981). Unfortunately this method was technically very difficult; and due to the
condensed nature of the chromosomes during diakinesis, as well as problems caused

by chiasma terminalisation, the results were not always considered reliable.

Fang and Jagiello (1988) attempted to circumvent these limitations by
scoring chiasmata during early/mid diplotene which enabled identification of each
bivalent. More recently, however, immunocytogenetic methods have proved successful
for producing male recombination maps (Sun et al., 2004). Building upon work in the
mouse presented by Baker et al. (1996), Barlow and Hultén (1998) demonstrated that by
using fluorescently-labelled antibodies to the MLH1 protein (a homologue of the E. coli
MutL enzyme described in Chapter 3, section 3.1.4. which is thought to be a

component of late recombination nodules) sites of crossing-over could be identified in
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human pachytene nuclei. This method has since been used to assess the distribution of

meiotic recombination in human oocytes (Tease et al., 2002).

1.1.4.2.2.  Indirect Methods of Analysing Recombination

Traditionally the occurrence of recombination has been detected by the
observation of the progeny of a mating to see whether traits which are usually co-
inherited, due to the close physical proximity of their genetic determinants, are still
inherited together. This method of linkage analysis (which is discussed further in
section 1.21.) has been successfully applied to humans for many years, and has
enabled the construction of genetic recombination maps of the genome (see section
1.2.2.). More recently, population-based approaches have been developed which allow
the examination of all the meioses that have occurred in the history of the relevant

population (see section 1.2.3.).

Another popular technique for analysing the distribution of
recombination events utilises the methods and theories implemented in linkage
analyses by typing polymorphic markers in human spermatocytes (recently reviewed
by Carrington and Cullen, 2004). Such analysis allows many millions of recombination
events to be analysed; to assess the same number of events using conventional family
studies is not realistically possible. The methods for genotyping single cells were first
developed by Li et al. (1988), and usually requires an initial round of whole-genome
amplification (WGA). The technique was applied for the first time to analyse

recombination events in single human sperm by Cui et al. (1989).

There are two main approaches to sperm typing; namely (i) single-
sperm and (ii) sperm batch analysis (see Arnheim et al., 2003 for a review of these two
methods). In single sperm analysis flow sorting of Hoechst-labelled sperm using a
fluorescence-activated cell sorter or FACS machine (Cui et al., 1989) results in a single
haploid genome per well of a 96-well plate. Following WGA primers are used to type
two markers flanking the region of interest to identify recombinants. Once
recombinant sperm have been identified they can be typed using additional markers in
the region to obtain a higher resolution (Hubert et al., 1994). Batch sperm analysis uses

small pools of sperm DNA and allele-specific PCR to isolate recombinants, allowing
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even low frequency recombinants to be identified (Jeffreys et al., 1998). Both of these
sperm-typing approaches have resulted in advances in both the qualitative and
quantitative characteristics of meiotic recombination (see for example Hubert et al.,

1994; Cullen et al., 2002; Schneider et al., 2002).

It should be noted here that the direct cytogenetic methods and
obviously the sperm-typing techniques described have only been widely used to score
male recombination events. This is because the timing of prophase of meiosis I is very
different in human males and females. In females recombination is initiated during
foetal development and oogenesis is complete before birth, with the primary oocytes
remaining arrested in diplotene of meiosis I until just prior to ovulation in the adult
woman. Therefore the relevant female tissue is ethically very difficult to obtain. In
males, however, the process of spermatogenesis begins during puberty and continues

throughout adult life.

1.1.4.3. Rates of Recombination

The incidence of meiotic recombination in the human genome is not
uniformly distributed; instead the frequency of crossovers can vary considerably from
one region to another, and from one individual to another (for recent reviews see

Nachman, 2002; de Massy, 2003; Kauppi et al., 2004).

1.1.4.3.1. Crossover Interference

Cytogenetic studies established that there is always one obligatory
chiasma per chromosome arm, which is thought to be essential for the correct
segregation of chromosomes (Hultén, 1974), and that there were fewer than expected
exchanges towards the centromere and greater than expected towards the telomere in
males (Hultén, 1974). In addition studies by Hultén (1974) provided the first direct
evidence of chiasma interference, whereby the presence of one chiasma interferes with
the formation of another in the neighbouring region. Rao et al. (1977) also concluded
that small acrocentric chromosomes such as 21 displa'yed more interference than the
large metacentrics such as chromosome 1, possibly indiicating that the interference was

the result of steric hindrance.
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It was subsequently suggested by Egel (1978) that the SC produces an
inhibitory signal that prevents crossovers at nearby sites. This signal-transduction
hypothesis was later supported by the finding that in yeast the absence of a SC protein
Zip1 eliminated interference by preventing SC formation (Sym and Roeder, 1994).

1.1.4.3.2.  Sex-Specific Differences in Recombination

Indirect studies of recombination have shown that in general the rate of
recombination in females is 1.6x the rate in males (Yu et al., 2001; Kong et al., 2002),
with a large excess of female recombination usually being observed near the
centromere (for a review see Lindahl, 1991), although there are some regions, such as
the telomeres where there is an excess of male recombination (Broman et al., 1998;
Brennan et al., 2000). Such sex-specific variations in recombination rate would indicate
that (unless there are any unknown sex-specific motifs in the genome) this variation is
most likely due to epigenetic factors such as replication timing and chromatin
structure. Indeed Wallace and Hultén (1985) observed that the length of the female
chromosomes during pachytene was twice that of the equivalent male chromosomes,
with recent studies by Lynn et al. (2000) indicating that there is a greater level of

interference on female chromosome 21.

1.1.4.3.3. Inter-Individual Differences in Recombination

Studies of sperm donors have also indicated that inter-individual
variation in recombination rates exist. For example Laurie and Hultén (1985) reported
variation in the mean number of chiasma among 13 men ranging from 46.3 to 53.7.
More recently, Yu et al. (1996) showed that recombination rate in five donors for a
region of chromosome 6 could vary over two-fold. In addition, there appears to be a
decrease in recombination rate associated with increased maternal age, especially at the
telomeres (Tanzi et al., 1992), although no paternal-age effect has been detected (Lynn
et al., 2000; Shi et al., 2002).
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1.1.4.3.4.  Regional Differences in Recombination and DNA Sequence

Elements

It has been known for may years that certain regions show either
elevated or lower rates of recombination relative to the rest of the genome. These
regions are usually described as “hotspots” or ‘coldspots’ and have been identified in
most model organisms to date (for a review see Lichten and Goldman, 1995; Petes,
2001). Most studies have focused on hot spots, and a variety have been well
characterised in humans including the PGM1 gene (Yip et al., 1999); the B-globin gene
cluster (a 30-fold increase; Chakravarti et al., 1984; Smith et al., 1998); the major
histocompatibility complex or MHC region (Cullen et al., 2002); a region around the
insulin gene (a 24-fold increase; Chakravarti et al., 1986); the pseudoautosomal pairing
region (PARI; Lien et al., 2002; May et al., 2002), and the TAP2 gene (Cullen et al., 1995;
Jeffreys et al., 2000). Recent evidence from sperm typing suggests that these hotspots of
recombination are also hotspots of gene conversion (for example Jeffreys and May,
2004; Wall, 2004), consistent with the model of Holliday (1964) which explained the
observation that non-reciprocal and reciprocal crossovers were often seen in close

proximity.

Many studies have sought to identify the factors that influence the
frequency and distribution of recombination. In general the factors can be considered
as cis (linked local elements) or trans (unlinked). The unlinked factors can include
genes which are involved in recombination and repair mechanisms, whilst the local
effects can be in the form of chromatin structure and sequence motifs. This discussion

concerns the cis-factors.

As mentioned previously (see section 1.1.4.3.2.), it is likely that the sex-
specific variations in recombination are most likely due to the chromatin being more
condensed in male meiosis, and in humans a link between chromatin conformation
and recombination has been identified (Handel and Hunt, 1992). It appears that the
DSBs responsiible for initiating recombination are more likely to occur in accessible
regions of chromatin which are sensitive to DNase I such as chromatin loops and

promoter regions (Wu and Lichten, 1994).
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Many of the sequence elements that have been examined were first
identified in yeast and bacteria. For example the observation by Kong et al. (2002) that
poly(A)/poly(T) ns4 tracts were a strong predictor of sex-averaged recombination rates
in humans fits with the finding that in yeast a 50 bp common homology region (CoHR)
containing a poly(A) tract at is centre predicted the position of most DSBs (Blumental-
Perry et al., 2000). In E. coli the chi-sequence (5'-GCTGGTGG-3') has been shown to
initiate recombination (Smith et al., 1981), and similar sequences have been shown to be
located near to regions of increased recombination within the human genome (for

example Suzuki et al., 1997; Lopez-Correa et al., 2001).

Various repetitive sequences have been reported to show a correlation
with recombination in humans, including interspersed repeats. For example, Alu
repeats have been implicated in recombination mediated deletions (see for example
Lehrman et al., 1987), although a recent study did not find any significant association
between recombination and SINEs on chromosome 22 (Tapper et al., 2001). The same
study, however, did find a strong correlation between LINEs and male recombination
(Tapper et al., 2001). Tandemly repeated DNA such as VNTRs have also been reported
to be involved in recombination (for example Wahls et al., 1990a; Jeffreys et al., 1998),
and it should be noted that hypervariable minisatellites share a core sequences that are
not dissimilar to the E. coli chi-sequence (Jeffreys et al., 1985b), as do Alu repeats
(Rudiger et al., 1995).

With the availability of finished genome sequence (see section 1.1.6.), it
has become possible for the first time possible to try and identify correlations between
wide-spread recombination distribution and sequence elements (see for example Yu et
al., 2001; Tapper et al., 2001; Cullen et al., 2002; Kong et al., 2002). The strongest
correlations have consistently been found with dinucleotide microsatellites (Majewski
and Ott, 2000; Yu et al., 2001; Cullen et al., 2002; Tapper et al., 2002). In yeast the
frequency of reciprocal recombination and gene conversion was enhanced in regions
adjacent to a CAgq) repeat that was subcloned into a yeast chromosome (Treco and
Arnheim, 1986), whilst in mammalian cells CA @ repeats have been shown to stimulate
homologous recombination in transfected DNA (Bullock et al., 1986). Certainly in mice
several long CA () repeats have been found in the hypervariable MHC region (Hellman
et al. 1988). One possible explanation for this phenomenon is that such tracts promote
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the formation of left-handed Z DNA (Nordheim and Rich, 1983), whilst the flanking
DNA remains in the B DNA form seen in the classic right-handed double-helix. One
possible hypothesis is that this conformational change may influence the availability of
specific sites for the proteins involved in recombination. By stabilising the interaction
between chromatids following a synapsis an increased frequency of crossing over in
the proximity of the Z DNA would occur thus promoting binding of the recombination
machinery (Wahls et al., 1990b). This is supported by the observation that both the
yeast Rad51 and the E. coli RecA proteins appear to show a preference for binding to

CA) rich regions (Tracy and Kowalczykowski, 1996; Tracy et al., 1997).

The only other sequence feature to show a consistent association with
recombination is GC content; with genome wide studies in humans showing a strong
correlation between increased recombination rates and increased GC content (Fullerton
et al., 2001; Yu et al., 2001; Kong et al., 2002). These findings are consistent with those of
Plug et al. (1996) who demonstrated that recombination nodules map to regions of high

GC content.

Finally, it is likely that other sequences may also play a role in
determining recombination frequency, in particular consensus sequences associated

with origins of replication such as those identified by Dobbs et al. (1994).

1.1.5. Block Structure of the Human Genome

The complex patterns of mutation and recombination, as well as factors
attributable to human population history (see section 1.2.3.1.) have resulted in a block-
like structure of haplotypes in the human genome (for reviews see Cardon and

Abecasis, 2003; Wall and Pritchard, 2003).

1.1.5.1. Blocks of Homozygosity in the Human Genome

The existence of homozygous blocks within the human genome has long
been recognised. It is generally accepted that most of these regions are the direct
consequence of inbreeding such that the two copies of a haplotype have been inherited

from the same ancestral source, that is both haplotypes are identical-by-descent and
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therefore can be described as autozygous segments. The extent of autozygosity can be

defined by the inbreeding coefficient (F) that was first developed by Wright in 1922:

(Ho—H)
Ho

F =

(equation 2)

where H, and H are the observed and expected numbers of heterozygotes based on the

allele frequencies under Hardy-Weinberg equilibrium (HWE; see section 1.2.3.2.1.).

Autozygosity is particularly obvious in the offspring of consanguineous
unions, in whom fitness and health is generally reduced in a phenomenon often
referred to as inbreeding depression (for example Morton, 1978; Stoll et al., 1994).
Indeed the technique of homozygosity mapping developed by Lander and Bostein
(1987) using such families has enabled many rare recessive monogenic disorders to be

mapped.

Recent evidence suggests however that within the human genome
blocks of autozygosity exist which have been inherited IBD from more distant common
ancestors (Broman and Weber, 1999), thus prompting Miano et al. (2000) to highlight
potential pitfalls in the practice of homozygosity mapping. In a genome-wide study of
the core eight Centre d'Etude du Polymorphisme Humain or CEPH families (see
section 1.2.2.1. and Chapter 2, section 2.1.3.2.) Broman and Weber (1999) discovered
numerous long homozygous regions accounting for up to 5% of the autosomal
genome. Based analysis of genealogical records it was surmised that none of the
individuals were the result of first-cousin unions (for which the expected level of
autozygosity is 6%). The authors therefore claimed that such regions could be more
common within the human genome than at first thought, and could therefore have

implications for human disease.

Indeed, in a recent study by Rudan et al. (2003a) a strong correlation was
identified between F and hypertension in almost 3000 Croatian adults, suggesting that
recessive alleles may account for up to 15% of the variation in blood pressure seen in

this population. Subsequently Rudan et al. (2003b) examined the relationship between
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inbreeding and the prevalence of a further ten late onset complex diseases. Significant
correlations were found between F and coronary heart disease, stroke, cancer,

depression (including bipolar depression), asthma, gout, and peptic ulcers.

As pointed out by Wright and Hastie (2001), most of the genetic
determinants of common late onset diseases identified to date are partially recessive,
and as such it is not inconceivable that the answer to many of the problems facing
human geneticists at the current time lie in these homozygous segments (Wright et al.,
2003).

1.1.5.2. Haplotype Blocks in the Human Genome

Daly et al. (2001) were among the first to report that the human genome
appeared to be broken into blocks of low haplotype diversity (for a review see
Goldstein, 2001). It was demonstrated that in a 500 Kb region on chromosome 5q31,
discrete blocks spanning distances between 3 and 92 Kb could be identified in which
there were just a few common haplotypes in the populations studied, separated by
regions containing several inferred recombination events (Daly et al., 2001). Jeffreys et
al. (2001) reported data derived from single-sperm analysis that clearly showed that
most of the recombination in the HLA region was restricted to narrow hotspots. Thus,
it was suggested that within the genome there are regions of low haplotype diversity
separated by tight hotspots of recombination. Subsequent analysis of other genomic
regions has supported this theory (see for example Patil et al., 2001; Gabriel et al., 2002),
and more recently Greenwood et al. (2004) demonstrated that there is indeed a negative
correlation between haplotype block size and recombination rate across the whole

genome.

These observations led to the theory that the diversity of the human
genome, and as such even the causes of complex diseases, could be captured by typing
a subset of SNPs that defined the haplotypes in each block (Johnson et al., 2001). It was
noted, however that the SNPs currently available in the public databases would be of
limited use as haplotype tagging SNPs or htSNPs (Johnson et al., 2001). To this end the
International HapMap Project was established to catalogue the common haplotypes
found in multiple human populations (The International HapMap Consortium, 2003).
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1.1.6. Physical Mapping of the Human Genome

Although this thesis is mainly concerned with the genetic mapping of
the human genome, it would seem prudent to mention something of the efforts to
physically map the genome. Certainly, one of the major challenges in constructing
genetic maps that of establishing map order should be solved by analysis of physical
maps. Although many physical maps of the genome have been constructed in the past
using techniques such as radiation hybrid mapping and somatic cell hybrid mapping,
the ultimate physical map of the genome is represented by the complete base pair
sequence, the finished version of which was finally released on the 14t of April 2003
(UCSC version hgl5, based on NCBI Build 33).

The international effort to sequence the whole genome, referred to as the
Human Genome Project (HGP) was launched by the US Department of Energy and the
US National Institute of Health in 1990, having first been proposed during meetings
between 1984 and 1986. The scheme was financially supported by other world
institutions including in the UK the Medical Research Council (MRC) and the
Wellcome Trust. Significant early achievements of the HGP included completion of the
first generation maps in 1995 and the construction of comprehensive genetic maps in
1996. In 1998, fearful of competition from Celera Genomics, a commercial enterprise,
the decision was made to undertake production of a draft sequence covering 90% of
the genome (Collins et al., 1998) with full scale sequencing beginning in March 1999.
Subsequently, the first finished chromosome sequence, that of chromosome 22 was
published (Dunham et al., 1999). Eventually however on the 26t June 2000 then US
President Bill Clinton and UK Prime Minister Tony Blair announced that both the HGP
and Celera had completed their initial sequencing projects, the results of which were
published at the same time (Lander et al., 2001; Venter et al., 2001). To date 11 human
chromosome sequences have been published, the most recent of which are those of
chromosomes 9 (Humphray et al., 2004) and 10 (Deloukas et al., 2004). The draft of the
human genome used in this thesis was released in July 2003 (UCSC version hgl6,
based on NCBI Build 34), and in an analysis by Schmutz et al. (2004) was found to have
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exceeded the so-called Bermuda standards!® of sequence fidelity by tenfold with less
than one error per 100 Kb.

1.2. THEORETICAL APPROACHES TO GENETIC ANALYSIS

It was in 1865 that the theories of inheritance relating to living
organisms were first presented by Gregor Mendel. Mendel's work, which was
published the following year (Mendel, 1866), demonstrated that:

%+ The two members of each pair of factors segregate from each other during gamete

formation (commonly referred to as Mendel’s Law of Segregation), and

% The two members of each pair of factors separate from each other in a random

fashion (commonly referred to as Mendel’s Law of Independent Assortment).

The significance of Mendel's findings however was not widely
recognised until 1900 when three botanists, Hugo de Vries, Carl Correns and Erick von
Tschermak (as well as the British physician Archibald Garrod) independently
rediscovered them. William Bateson had actually pre-empted this rediscovery in 1894
in his book ‘Materials for the Study of Variation’, and he subsequently translated
Mendel’s papers into English the following year. Interestingly, it was to be some 125
years before the molecular basis of the wrinkled seed trait first observed by Mendel

was explained (Bhattacharyya et al., 1990).

Garrod was also the first to report the pattern of Mendelian inheritance
(autosomal recessive) for a human hereditary disorder, namely alkaptonuria (Garrod,
1902) the biochemical basis of which was finally elucidated in 1996 (Fernandez-Canon
et al., 1996). Garrod’s finding was followed in 1905 by William Farabee who reported
the first human autosomal dominant trait (brachydactyly, the gene for which was
identified three years ago by Gao et al., 2001), with Bateson formally interpreting both
haemophilia (first postulated to be sex-linked by Nasse in 1820) and colour-blindness

10 http:/ /www.gene.ucl.ac.uk/hugo/bermuda2
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(shown to be an inherited trait by Johann Horner in 1876) as being sex-linked in his
1909 book ‘Mendel’s Principles of Heredity .

At the same time as Mendel’s Laws were first published, Francis Galton
and Karl Pearson (who incidentally later developed the chi-squared [¥?] test in 1900)
were conducting extensive statistical analysis on human heredity. Galton founded both
the studies of biometrics and eugenics, publishing a paper on the ‘hereditary of talent
and character’ and a book ‘Hereditary Genius’ in 1865 and 1869 respectively, as well as
conducting the first major twin study during the 1870s.

1.2.1. Traditional Linkage Analysis of Monogenic

Disease and Lod Scores

In 1906 Bateson and Punnett observed that the parental traits of the
sweet pea Lathyrus odoratus did not re-assort themselves randomly into offspring, but
instead tended to be inherited in pairs, thus violating Mendel’s Law of Independent
Assortment. This phenomenon they referred to as ‘gametic coupling’, thus describing
the concept of linkage, the non-random association of certain genetic traits when
passed from parent to progeny due to their close physical proximity to each other.
Between 1910 and 1911 Thomas Morgan, a geneticist working with Drosophila,
produced the first empirical data supporting sex-linkage, having cast doubt on

Mendelian genetics just one year earlier.

The first simple statistical methods for the theoretical analysis of human
linkage, the maximum likelihood method, were described by Fisher in the early 1920s.
Using this approach Bell and Haldane (1937) reported the first genetic linkage, namely
that between haemophilia and colour-blindness. In 1955 Newton Morton, expanding
upon the work of Haldane and Smith (1947) and Wald (1947), described a sequential
maximum likelihood approach to test for linkage between two loci, which he termed a
logarithm of the ratio of the odds of linkage or lod score (Morton, 1955). This statistic
has so far stood the test of time and is still the cornerstone of most linkage analyses
performed today, even high-throughput whole-genome SNP scans for complex
disorders (Middleton et al., 2004).
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The recombination fraction theta () is the commonly used measure of
the extent of genetic linkage, and is a reflection of the proportion of recombinations
that have occurred between two loci out of the total number of possible recombinations
that could have occurred. On average, between any two independently segregating
loci, 50% of the offspring will be recombinant and the remaining 50% will be non-
recombinants. The recombination fraction is therefore restricted to the range 0 (tightly
linked loci) to 0.5 (unlinked loci). A lod score (Z) is therefore defined as the logo of the
ratio of the odds of obtaining the observed family data if two loci are linked with a
specific recombination fraction 6, to the odds of obtaining the observed family data if
two loci are unlinked (6= 0.5).

Conventionally for a result to be statistically true it should be equal or
greater than 20:1. Thus, as the prior probability of any two loci being linked is
approximately 1 in 50, and the posterior probability is the product of the prior and
conditional (observed) probability:

posterior probability prior probability x conditional probability
1:50 x 1000:1

20:1

a lod score of at least +3 (1000:1) is taken as evidence for linkage (Morton, 1955). In
much the same way, a lod score of -2, indicating a probability against linkage of 100:1,
is accepted as an exclusion of linkage at the given recombination fraction. Due to the
sequential test approach incorporated into lod score analysis lod scores can be summed
across pedigrees. As lod scores are generally calculated over a range of recombination
values (ie., 6 = 0, 0.01, 0.05, 0.10, 0.20, 0.30 and 0.40), the genetic distance and
maximum probability favouring linkage between two loci can be established, usually
expressed as the Zmax at = n. An example of the calculation of a lod score is shown

overleaf in Figure 1.6.
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Despite some success, early genetic linkage studies were hampered by
(1) a lack of suitable genetic markers, and (if) the need for the laborious statistical
calculations to be carried out by hand. The latter problem was circumvented somewhat
when Elston and Stewart (1971) described an algorithm to calculate two-point
parametric lod scores for non-consanguineous pedigrees. This method was extended
by Lange and Elston (1975) to include more complex pedigrees, and a year later the
first computer program for linkage in humans called LIPED, was developed (Ott,
1976).

This led to the beginning of the ‘positional cloning” approach to disease
gene identification, the early 1980s saw something of an explosion in the number of
Mendelian disease genes localised, including Huntington disease (Gusella et al., 1983);
cystic fibrosis (Tsui et al., 1985); nephrogenic diabetes inspidus (Knoers et al., 1989);
tuberous sclerosis (Fryer et al., 1987), and neurofibromatosis type 1 (Barker et al., 1987).
The development of more sophisticated computer packages to deal with the increasing
amount of information also continued apace. Firstly, programs such as LINKAGE
(Lathrop et al., 1984), FASTLINK (Cottingham et al., 1993) and VITESSE (O’Connell and
Weeks, 1995) were developed to calculate multipoint lod scores with a few markers
using the Elston-Stewart algorithm. This was followed by the release of the
GENEHUNTER package (Kruglyak et al., 1996; see section 1.2.3.2.2. and Chapter 2,
section 2.2.5.3.1.) which for the first time allowed the calculation of multipoint lod
scores with many markers by implementing a modification of the algorithm described

by Lander and Green (1987).

1.2.2. Genetic Maps

Since the recombination fraction increases with the distance separating
two loci it can be used to derive the order of linked loci, and hence produce a genetic

linkage map. In 1913 Sturtevant suggested that:

“the proportion of ‘cross-overs” could be used as an index of the

distance between any two factors.”
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and described the measurement of genetic distance as:

“the portion of the chromosome of such length that, on the
average, one cross-over will occur in every 100 gametes

formed.”

Using this theory the first ever genetic map was constructed by
Sturtevant (1913) from five sex-linked phenotypic traits in D. melanogaster. The genetic
distance is commonly expressed in units known as centiMorgans (cM), named after
Thomas Morgan, where a distance of 1 cM corresponds to a 1% chance of a crossover

occurring.

Over short genetic distances the relationship between recombination
frequency and map distance is linear and can be described using the Morgan map
function, however over larger distances in which crossover interference may occur, the
linear relationship is lost. In addition, the recombination fraction is not additive over
long distances because the value would be likely to exceed 0.5. Several additive map
functions have been described including the Haldane map function (Haldane, 1919);
the Carter-Falconer map function (Carter and Falconer, 1951) and the Rao map
function (Rao et al., 1977). One of the most frequently used mapping functions however
is that devised by Kosambi (1944), which along with the Rao function allows for

interference.

A variety of programs, which implement multipoint methods of linkage,
have been written to aid the construction of genetic maps. Two of the most commonly
used of these are MAPMAKER (Lander et al., 1987) and CRI-MAP (Donis-Keller et al.,
1987; Lander and Green, 1987; Green et al., 1990). CRI-MAP, which employs the
Kosambi mapping function, was used in this thesis and a detailed description of both
its theory and implementation can be found in Chapter 2 (section 2.2.5.2.1.).

1.2.2.1. The CEPH Families, Généthon and Human Genetic Maps

In model organisms, it is possible to construct detailed genetic maps by

testing large numbers of experimental crosses in large numbers of individuals.
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Unfortunately, in humans such an approach is not feasible and thus most human

genetic mapping studies have focused upon the CEPH families.

CEPH! is a non-profit organisation that was established in 1984 to
advance the construction of a whole-genome human linkage map (Dausset et al., 1990).
From 100 families with large sibships, and where possible living grandparents, 40 were
chosen to be part of an initial CEPH reference panel. Lymphoblastoid cell lines were
constructed and the DNA of these individuals was made available to collaborating
investigators. All of the genotypic data generated by the collaborating Laboratories
was deposited into a central database that was made available to the general scientific
community. Detailed information regarding the original panel of 40 CEPH families can
be found in Chapter 2, section 2.1.3.2.). The CEPH panel was subsequently increased to
65 families, and by April 2002 the CEPH database contained around 3 million

genotypes for almost 15 000 markers (Jean Dausset, pers. comm. to Prof. Sue Povey).

The first genetic linkage map of the whole human genome was
published by Donis-Keller et al. (1987) and was constructed using 403 polymorphic loci
in 21 three-generation CEPH families. Soon afterwards, in 1991, CEPH and the French
Myopathy Association (AFM) created Généthon, of which one of the aims was to
produce a genetic map using microsatellite markers, under the guidance of Jean
Weissenbach. Most of the efforts of Généthon were centred on just 8 core families out
of the original panel of 40 CEPH reference families. By examining just these eight
CEPH families Généthon was able to analyse 28% of the meioses whilst only typing
25% of the families or 138 individuals. A year later the second whole-genome linkage
map was published (Weissenbach et al., 1992) which included 814 loci, twice the
number in the map of Donis-Keller et al. (1987). Subsequently, two other maps were
published by Généthon, consisting of 2066 loci (Gyapay et al., 1994), and 5264 loci (Dib
et al., 1996). Many whole-genome genetic maps have now been constructed using
anywhere between 8 or 40 families (~180 to ~600 meioses respectively)!2, with recent
notable exceptions being Kong et al. (2002) who studied 146 Icelandic families (1257

11 Now known as ‘Fondation Jean Dausset - CEPH’.
12 Although the core 8 families have represented 188 meioses since 1997, before this time fewer
offspring were available and usually 186 meioses were studied. Similarly, the number of

offspring available from the other pedigrees has increased.

69



Chapter 1: Introduction

meioses) and Matise et al. (2003) who examined 56 CEPH pedigrees (842 meioses). A

selection of some of these studies are summarised in Table 1.1, below.

Table1.1 Reports of the Genetic Length of the Human Genome and Chromosome 9 Arising
from Whole-Genome Studies.
A summary of some whole genome genetic mapping studies conducted to date. The
types of polymorphism used to construct the map are shown (a), as well as the average
resolution in cM (b). These maps were all based on the CEPH families unless otherwise
specified.
Study Length (cM) Length 9 (cM) a b
Q 3 Loci Q 3 Loci
* Morton et al. (1982) 4718 2751 / 164 129 / / /
Donis-Keller et al. (1987) / / 403 / / / SNP 10
Weissenbach et al. (1992) 13576 814 1160 32 STR 44
NIH/CEPH (1992) 6048 3778 1416 220 128 32 MIX 3
Matise et al. (1994) / 655 131 215 56 MIX 6.2
Gyapay et al. (1994) 13690 2066 121 189 39 STR 29
Murray et al. (1994) 52221 31206 5840 2132 1317 190 MIX 0.7
Dib et al. (1996) 43969 27297 5264 1945 1385 189 SIR 1.6
Broman et al. (1998) 4435 2730 8325 193 143 304 SIR 87
+ Kong et al. (2002) 44599 25905 5136 19820 11725 193 STR 0.5
Matise et al. (2003) 44145 26416 2771 1908 1309 130 SNP 3.9
Mean
* Based on whole-genome chiasma counts in males and only includes the autosomes.
Female data was extrapolated from the male data (see Morton, 1991).
+ Based on 146 Icelandic pedigrees.
1 Sex-averaged length.
1.2.2.2, Sources of Error in Genetic Maps

Differences in genetic maps can be due to a number of factors including

(i) the different numbers of meioses and families examined; (i7) the different number of

loci included in the maps; (iii) the type and therefore heterozygosity of markers used,

and (iv) the mapping function used to construct the map. The majority of the variation

however probably arises from genotyping errors which can dramatically inflate map

distances (Buetow, 1991). As linkage maps have become increasingly dense in terms of

the numbers of loci involved, then so the possibility of genotyping errors has

increased. Genotyping errors can occur which, whilst still showing Mendelian
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inheritance, can provide support for incorrect orders by causing apparent tight double-
recombination events in non-recombinant individuals (Buetow, 1991; Shields et al.,

1991).

Another common source of spurious results in linkage maps is the lack
of telomeric loci, which has the effect of underestimating genetic distance due to the
high frequency of recombination seen in these regions. In early maps, however, it is not

inconceivable that these two common errors effectively cancelled each other out.

1.2.2.3. Integration of Physical and Genetic Maps

Genetic maps have been one of the tools used to assemble and validate
the draft genome sequence, with the Généthon maps providing the framework for the
first generation physical maps (Cohen et al., 1993). Assuming a total sex-averaged
genetic map length of 3000 cM and a physical map length of 3000 Mb the general rule
of thumb for many years has been that 1 cM =1 Mb (Donis-Keller et al., 1987). Recently
however it has become increasingly clear that the 1 cM Mb! rule does not often hold
true. For example, in the TAP2 recombination hotspot mentioned previously (section
1.1.4.3.4.) rates of recombination are found in the range of 8 - 10 cM Mb-, with rates of
just ~0.4 cM Mb-! immediately outside the region (Jeffreys et al., 2000). Furthermore, Yu
et al. (2001) and Kong et al. (2002) both found that this wide variation in recombination
rate may not be restricted to hotspots. Thus there is an increasing need for detailed
genetic maps to be built and compared to the genome sequence (for a review see
Collins, 2000). Recent efforts have therefore focused upon large-scale integration of
physical and genetic maps in order to assess the variation that is seen in recombination
rates across the genome. The main source of integrated physical and genetic maps of
the genome is the LDB2000 database?? (Ke et al., 2001) which has built upon the initial
Location DataBase (LDB; Morton et al., 1992; Collins et al., 1996). Other integrated map
studies have been performed; the most notable of which are the whole-genome studies

of Yu et al. (2001) and Nievergelt et al. (2004).

13 http:/ /cedar.genetics.soton.ac.uk/public_html/LDBmain.html
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1.2.3. Population Genetics and Association Studies

Despite the success of traditional linkage analysis to elucidate the
genetic factors involved in monogenic diseases, it has now been widely accepted that
in order to define the causal variants of complex diseases, genome-wide population-
based association studies may represent the best option (for example Jorde, 1995; Risch

and Merikangas, 1996).

In contrast to family-based linkage studies, population studies of allelic
association are considered more powerful because they are not dependent upon the
number of recombinations that have occurred in the past few generations. Instead they
assess the patterns of recombination events that have occurred over the course of a
population’s history, and as such the regions of interest that are defined are generally

much smaller (Lander and Schork, 1994).

1.2.3.1. Factors Affecting Allelic Association in Human Populations

Unfortunately, however in addition to recombination, association is also
sensitive to many other evolutionary and demographic factors including the age of the
mutation and therefore the markers used; natural selection; genetic drift; migration and
admixture; population size; population expansions; population bottlenecks and
inbreeding to name a few (for reviews see Terwilliger and Weiss, 1998; Wright et al.,

1999; Peltonen et al., 2000).

For example, if a mutation alters the Darwinian fitness of a particular
individual then it is likely that the relevant allele will increase in frequency within the
population, i.e., selection. One of the best known examples of balancing selection in
human populations is that of heterozygote advantage in areas where malaria is
endemic, leading to the persistence of diseases such as sickle cell anaemia,

thalassaemia and ovalocytosis/renal tubular acidosis (Weatherall and Clegg, 2002).

Originally it was considered by early geneticists and statisticians
including Fisher, Haldane and Pearson that the effect of selection alone could account

for the mechanisms of evolution, a theory which became known as the neo-Darwinian
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synthesis. However, Wright (1931) suggested that changes in allele frequency could
also occur simply by chance due to the random sampling of gametes between
generations. This variation in frequency continues until the allele becomes either fixed
(present at a frequency of 100%) or extinct. This phenomenon of random genetic drift

as it is known happens at an increased rate in small populations.

The concepts of selection and genetic drift apply most formally to
isolated populations, however in reality few populations are entirely isolated, and as
such migration in and out of a population will result in a gene flow which alters the
populations genetic structure, in a phenomenon known as admixture. A new group
that migrates and settles in a previously uninhabited region is known as a founder
population. As the founder population is usually smaller and becomes isolated from
the parent population the genetic structure of the group can differ significantly from
that of the original. A bottleneck, whereby the population undergoes a dramatic

temporary reduction in size, can have a similar consequence to the founder effect.

1.2.3.2. Linkage Disequilibrium Mapping

In population-based association studies, the non-random association of
loci is referred to as linkage disequilibrium (LD). LD mapping has often been used as
the final stage of monogenic linkage studies, in order to refine the location of a
causative gene, for example in the case of cystic fibrosis (Estivill et al., 1987) and torsion
dystonia (Ozelius et al., 1992). It was not until the mid 1990s, however that LD was
used to directly map a phenotype (Houwen et al., 1994), with the first genome-wide LD
scan for a complex disorder being performed two years ago (Ophoff et al., 2002).

1.2.3.2.1.  Hardy-Weinberg Equilibrium

As a result of the evolutionary factors which can have a dramatic effect
on allele frequencies a usual first step in any LD study is to assess the genotypes for

deviations to Hardy-Weinberg equilibrium (see also Chapter 2, section 2.2.5.1.4.).
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In July 1908 a letter to the editor appeared in Science from Godfrey
Hardy who, building upon a formula first proposed by Pearson in 1904, suggested
that:

“there is not the slightest foundation for the idea that a
dominant character should show a tendency to spread over a

whole population, or that a recessive should tend to die out.”

A couple of months before, Wilhelm Weinberg had also independently
published a paper demonstrating what is now commonly referred to as Hardy-
Weinberg equilibrium. HWE describes the observation that the frequency of alleles in
the gene pool is stable, as long as (i) there is no mutation; (i) there is no natural
selection; (iii) the population is infinitely large; (iv) all members of the population
breed; (v) mating is random, (vi) the numbers of off-spring produced by all members of
the population is the same, and (vii) there is no migration in or out of the population.
HWE can thus be used to estimate the genotype frequencies in a population and track

their changes from generation to generation.

The genotype frequencies of populations are routinely checked for
deviation to HWE, usually by means of Pearson’s %2 test, using the observed genotype
frequencies obtained from the experimental data and the expected frequencies
obtained from the HWE formula. However, for systems where there are large numbers
of alleles, such as microsatellites, it is likely that there will be many empty cells, and so

a form of Fisher’s exact test is often used.

1.2.3.2.2. Theoretical Approaches to Haplotype Reconstruction

Before performing any assessments of LD, it is generally preferred to
have formulated all of the genotypic data into haplotypes. One way of constructing
haplotypes is to use family members to establish phase, however more often than not
family members may not be available for study. Even if family data is available,
determining the phase of multiple markers can be ambiguous. This is especially true in
the case of SNPs with high heterozygosity where there will likely be more than one

heterozygous site that will not often be as informative as a heterozygous microsatellite
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locus. This ambiguity can in turn have a dramatic effect on the calculation of LD

(Hodge et al., 1999).

To this end, a number of algorithms, which have been implemented into
various computer programs, have been described to estimate haplotypes from
genotypes. In the case of generating haplotypes from full family data two main
computer programs have been used in recent years, namely GENEHUNTER (Kruglyak
et al., 1996) and SIMWALK?2 (Sobel and Lange, 1996). The former has been used in this
thesis and a detailed description can be found in Chapter 2 (section 2.2.5.3.1.) as well as

in Chapter 5 (section 5.4.) where there is a discussion of both of these methods.

In the case of constructing haplotypes from population genotype data,
four main approaches have been developed, namely (i) inference and maximum
parsimony; (i7) Bayesian; (iii) perfect phylogeny, and (iv) the expectation-maximisation

(EM) method.

The first of these approaches was described by Clark (1990) and later
extended by Gusfield (2001) and uses an inference model to assign the unambiguous
haplotypes namely those in individuals who are fully homozygous, and in those
individuals who have only one heterozygous site (Clark, 1990). Finally the ambiguous
haplotypes are inferred on the basis of the unambiguous haplotypes that have been
observed (Clark, 1990). The main disadvantage of this sequential algorithm however is
that is requires the existence of homozygote haplotypes or single-site heterozygote
haplotypes to initiate. In addition, unresolved haplotypes may remain, or haplotypes
may be incorrectly inferred if there has been recombination (Clark, 1990).

The Bayesian approach to haplotype reconstruction was first described
by Stephens et al. (2001) and has been implemented into the program Phase which was
used during this thesis (see Chapter 2, section 2.2.5.3.3.), and a parent-child trio based
program Phamily Phase, also used during this study (see Chapter 2, section 2.2.5.3.2.).
By using a Bayesian approach, factors known to influence haplotype structure such as
recombination and population demographics could be used to make predictions on the

patterns of haplotypes expected in natural populations. More recently two other
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slightly different Bayesian approaches have been described by Lin et al. (2002) and Niu
et al. (2002) which are reviewed by Stephens and Donnelly (2003).

The perfect phylogeny approach to haplotype reconstruction is also
relatively recent, and a description can be found in (Bafna, 2003). Briefly, this method
exploits the finding that most haplotypes occur as blocks within human populations,
and thus can be inferred by generating a perfect phylogeny with no recombination.

Perhaps the most popular haplotype reconstruction method, however is
that based on the EM algorithm of Dempster et al. (1977), which was used by
investigators including Excoffier and Slatkin (1995) to determine the values of the
haplotype frequencies from the observed genotypes. The first step in the EM algorithm
involves assigning an initial set of haplotype frequencies based on the allele
frequencies calculated from the observed genotype frequencies when there is no
association. Those haplotype frequencies are used to estimate a value, which represents
the proportion of the different haplotype combinations in the double-heterozygotes.
This value is then used to estimate new values for the haplotype frequencies working
with the observed genotype numbers. These steps are repeated through a number of

iterations until the haplotype frequencies reach equilibrium (Schneider et al., 2000).

A large number of software packages have been written which
implement the EM algorithm to estimate haplotype frequencies including EH (Xie and
Ott, 1993); EH+ (Zhao et al., 2000); and the Arlequin (Schneider et al., 2000) and GOLD
(Abecasis and Cookson, 2000) packages used during this thesis (see Chapter 2, sections
2.2.5.1.2. and 2.2.5.3.4. respectively, as well as Chapters 5 and 6).

Unfortunately all of these methods have limitations in that there is no
guarantee that all of the haplotypes derived are correct, and it is becoming increasingly
clear that some experimental form of direct haplotype mapping would be theoretically

more attractive, as discussed in section 1.3., page 81.
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1.2.3.2.3.  Measures of Linkage Disequilibrium

Most LD measures look at the haplotypes as a series of pair-wise
contingency tables, each concerning two loci, to assess the difference between the

observed and expected frequencies.

A variety of different statistics have been used to measure LD including
association (p), correlation (r or A), covariance (D), normalised disequilibrium (D),
population attributable risk (8), significance level (p) and significance test (x2), and a
number of studies have sought to establish which statistic gives the most reliable
estimate of LD (see for example Hedrick, 1987; Devlin and Risch, 1995; Guo, 1997). In
comparison with the alternatives p has consistently been claimed to be the optimal
measure of allelic association (Collins and Morton, 1998; Lonjou et al., 1998; Morton et
al., 2001; Shete, 2003). Unlike many of the other commonly used measures p takes into
account recombination, population size, time, and genetic drift, and is therefore least

sensitive to allele frequencies (Morton et al., 2001).

Despite the apparent attractiveness of this statistic however, most LD
studies still use Lewontin’s standardised disequilibrium coefficient D' (Lewontin and
Kojima, 1960; Lewontin, 1964; Lewontin, 1988), most probably due to the large number
of programs which calculate this statistic including the Arlequin and GOLD packages
used during this thesis. A detailed description of the calculation of D’ can be found in
Chapter 2 (section 2.2.5.4.2.).

1.2.3.2.4.  The Impact of Genotyping Errors on Association Studies

Given the impact of genotyping errors on the construction of genetic
linkage maps, it is not surprising that genotyping error rates as small as 3% can have a
serious effect on certain LD measures, in particular r (or r2) and D’ (Akey et al., 2001),
with such errors altering the frequency estimation of haplotypes (Kirk and Cardon,
2002) and affecting short range LD by mimicking gene conversion events (Ptak et al.,
2004a). Reported error rates for modern genotyping methods range from 1% (for
example see Pastinen et al., 2000; Prince et al., 2001) up to ~10% (Wang et al., 1998;

Hacia et al., 1999), and a variety of programs have recently been devised to detect such
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errors (see for example O’Connell and Weeks, 1998; Abecasis et al., 2002; Sobel et al.,
2002).

1.2.3.2.5.  Chromosomal Region Variation in Linkage Disequilibrium

It was recognised by Hill and Robertson (1968) that there was an inverse
relationship between LD and genetic distance, consistent with recombination being one
of the main factors in influencing LD. Subsequent studies supported this theory by
indicating that LD decayed much faster in telomeric regions (for example Watkins et
al., 1994). Other investigators also demonstrated that LD was unlikely to correlate with
physical distances over regions smaller than 50 Kb (for example Jorde et al., 1993), but
that there is a correlation in larger regions (Jorde et al., 1994; Watkins et al., 1994). Such
studies therefore hinted at a complex arrangement of LD within the human genome,
and this was exemplified by studies of the human LPL gene which indicated a complex
pattern of LD in a short genomic region (Clark et al., 1998; Nickerson et al., 1998).

As already discussed (see section 1.1.5.2.) the human genome is
partitioned into blocks of low haplotype diversity, and is has been repeatedly
demonstrated that the majority of these blocks represent regions of significant LD as
defined by D’ (for example Daly et al., 2001; Gabriel et al., 2002; Patil et al., 2002;
Dawson et al., 2002; Phillips et al., 2003). This would suggest that LD could be used as a
tool to assess the distribution of haplotype blocks, and therefore ancestral
recombination in the human genome. However each chromosomal region will differ in

terms of the distance, genetic or physical, over which useful LD will extend.

A simulation study by Kruglyak (1999) indicated that for a whole-
genome scan 500 000 SNPs would be needed to capture useful levels of LD, however
this study failed to consider the effects of natural selection. Recent studies have
indicated that useful LD can extend over much large genomic regions than the 3 Kb
suggested by Kruglyak (1999), with LD between some pairs of loci being reported over
distances of 100 Kb (for example Collins et al., 1999; Abecasis et al., 2001; Reich et al.,
2001; Stephens et al., 2001) with one study identifying LD over a region of 1 Mb
(Taillon-Miller et al., 2000). Thus it would appear that the earlier estimate of 100 000
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SNPs to captire the useful LD over the whole-genome (Collins et al., 1998) maybe more

reasonable.

1.2.3.2.6.  Marker Choice for Association Studies

A number of early studies supported the use of microsatellite markers
for LD studies despite their complex high mutation rate (Sherrington et al., 1991;
Bowcock et d., 1994; Lerner et al., 1994; Peterson et al., 1995). Despite this most
emphasis recently has been placed upon using SNPs due in part to their much higher
density in the genome, their more stable mutational spectrum and the large variety of
high-throughput SNP genotyping techniques that have been developed. For this
reason most of the statistics available for measuring LD are aimed at biallelic markers.
Studies which look at STRs most often use the p-values derived from a Fisher’s exact
test, which in themselves are not a measure of LD but simply a test statistic. A study by
Varilo et al. (2003) however indicated that in population isolates microsatellites might
be preferable to SNPs by being able to characterise both common and rare haplotypes,
whilst Ohashi and Tokunaga (2003) suggested that microsatellites may be generally

preferable to SNPs for whole-genome LD scans.

1.2.3.2.7.  Population Choice for Association Studies of Complex Disease

As already suggested LD can be influenced by demographic factors, so
there has been much debate over which populations will be best for mapping complex

diseases (for reviews see Wright et al., 1999; Peltonen et al., 2000).

A popular view is that founder populations such as those found in
Finland, Sardinia and Iceland would be useful for mapping complex diseases for a
number of reasons including the existence of good genealogical records and increased
levels of inbreeding (Peltonen et al, 2000; Peltonen, 2000), and certainly such
populations have proved useful for LD mapping of rare monogenic disorders (de la
Chapelle and Wright, 1998; Peltonen, 1999). Founder populations however have often
undergone a recent and rapid growth, and have been shown to be as genetically
diverse as more outbred populations in some regions of the genome (Eaves et al., 2000;

Jorde et al., 2000). Therefore small isolated populations of constant size may be more
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useful for mapping complex diseases by using so-called drift-mapping (Laan and
Paibo, 1997; 1998; Terwilliger et al., 1998). In these populations it has been shown that
genetic drift creates disequilibrium over time, contrary to the situation seen in

expanded populations where the disequilibrium decays with time.

Another popular approach to LD mapping takes advantage of groups
with different ancestry (admixture) which creates LD that breaks down more rapidly
for unlinked markers (Chakraborty and Weiss, 1988). This admixture-mapping method
has been utilised in some instances for mapping common disease variants and as many
of the world’s major populations are admixed may represent a powerful approach (see

for example Seldin et al., 2004).

1.2.4. Evolutionary Genetics and Phylogenetics

The ultimate history of the genome can be obtained from comparing
human sequences with those in our nearest primate relatives using phylogenetics (for a
review of these methods see Baldauf, 2003). Using such approaches it has been agreed
that, given the lower nucleotide diversity of humans compared to other primates (for
example Kaessmann et al., 2001), a rapid expansion occurred in the human population
around 100 000 to 200 000 years ago (Harpending et al., 1998; Kaessmann et al., 2001).
This would coincide with the time that Homo sapiens is estimated to have first moved
from sub-Saharan Africa in the so-called ‘Out-of-Africa’ theory of modern human
origins (Cann et al.,, 1987; Stringer and Andrews, 1988). Based on such theoretical
observations African populations are considered to evolutionarily old, and this has
been backed-up by empirical data which shows that there is higher allelic diversity in
such populations (for example Cavalli-Sforza et al., 1994) and that LD decays much
faster (Reich et al., 2001), presumably due to the additional recombination events that
have had time to occur. Analysis of primate sequences also allows inferences to be
made regarding the ancestral state of polymorphisms and therefore haplotypes in

human populations and as such can be a useful approach.
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1.3. NOVEL APPROACHES TO WHOLE-GENOME LINKAGE
ANALYSIS

Whilst the strategy of generating thousands of discrete genotypes has
been employed for the mapping of a large number of monogenic disorders, such an
approach can be very costly both in terms of time and financial commitment. This is
certainly a major consideration if the cause of multifactorial traits is ever to be
elucidated, where it is likely to be necessary to examine whole populations for

polymorphisms spanning the entire genome.

In recent years it has therefore become readily apparent that some sort
of ‘short-cut’ method which would enable human geneticists to collate information
from an individuals entire genome in parallel is required. One obvious advantage of
such an approach would be that whole haplotypes could be detected directly without
the need for their reconstruction from many individual genotypes. Such a method
could therefore also prove useful to the study of as yet uncharacterised rare monogenic
traits which may be the result of founder effects and where family samples are not

always readily available.

Various methods of short-cut linkage mapping have been described in
the literature, although the scientific community has not as yet readily embraced them.
The approaches can be divided into two categories, (i) those that map regions that
differ between individuals, (ii) and those that identify regions of similarity between
samples (for reviews see Lander, 1993; Aldhous, 1994; Brown, 1994; Zabarovsky, 2000).

1.3.1. Looking for Differences

The first method designed to look at the differences between two
samples was subtractive hybridisation (Bautz and Reilly, 1966). In its simplest form the
technique relatively enriches a sequence of interest by single or repeated rounds of
hybridisation between an excess of one population of nucleic acids (often referred to as

the ‘driver’), and a second population of nucleic acids (the ‘tester’), with undesired
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sequences being removed at the end of each round. The desired sequence is usually

absent from the driver population and present within the tester population.

A variety of so-called ‘difference-cloning’ methods to isolate
differentially expressed mRNAs have been described, however the first method which
aimed to identify differences between two genomic DNA samples based on subtractive
hybridisation was not reported until the mid-1980s (Lamar and Palmer, 1984).
Although genomic subtractive hybridisation was successfully applied to a variety of
simpler organisms the enrichment yields from genomic difference cloning in
mammalian DNA were poor (between 10- and 100-fold) requiring additional work to
analyse large numbers of undesirable probes (Myers, 1993). Kunkel et al. (1985) showed
that this situation could be moderately improved by the use of accelerated annealing
conditions such as the phenol emulsion reassociation technique or PERT (Kohne et al.,
1977; see Chapter 3, section 3.1.2.); and in 1990 a further modification to the procedure
reported by Lamar and Palmer (1984) was described (Wieland et al., 1990) which
utilised successive rounds of hybridisation and biotinylated tester DNA to aid
purification of the desired sequences. Unfortunately however, the usefulness of
genomic subtractive hybridisation in mammalian DNA was still limited to the cloning

of DNA present within large deletions or insertions (Myers, 1993).

1.3.1.1. Representational Difference Analysis

It was not until 1993, when a technique termed representational
difference analysis (RDA) was reported (Lisitsyn et al., 1993), that many of the
limitations of genomic difference cloning were circumvented and it became possible to
enrich the differences between two complex genomes up to 106-fold. Such sensitivity
meant that very small deletions or insertions and even those differences that give rise

to RFLPs could be cloned (Lisitsyn et al., 1993).

The key to the success of RDA is three-fold. Firstly, during the initial
step, the two test DNA samples are ‘simplified’ by using form of whole genome
amplification called linker-adapter PCR (LA-PCR) to create a ‘representation’ of each
genome (<10%) referred to as an amplicon. Obviously, the amplification will be biased

towards fragments of smaller size. Secondly, these representations are used in
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subsequent subtractive hybridisation steps that take full advantage of ‘kinetic
enrichment’, an idea originally proposed by Wieland et al. (1990). Finally, the
attachment of linkers onto the ends of just the target-containing DNA sequences
provides a rapid method for their purification (and thus the removal of unwanted

sequences) after each round of subtractive hybridisation by PCR.

In a typical RDA protocol, genomic DNA from two individuals is
digested with a restriction endonuclease, followed by the ligation of linkers to both
samples and subsequent PCR to produce the amplicons (LA-PCR). Although each
representation consists of less than 10% of the genome, this figure could theoretically
be increased by the use of alternative restriction enzymes in separate reactions. The
WGA linkers are removed, with new dephosphorylated linkers being ligated onto just
the 5’ ends of the tester DNA, followed by the filling-in of all the ends of the dsDNA

molecule ends.

An excess of the driver sample is then mixed with the ligated tester
sample and the DNA mixture is denatured and allowed to reanneal. This results in
dsDNA composed of (i) driver-specific sequences (i.e., no linkers); (i) tester-specific
sequences (i.e., linkers on both strands), and (iii) sequences present in both the driver

and tester (i.e., a linker on one strand).

Finally, the mixture is subjected to a selective PCR using primers
complementary to the linkers on the tester DNA. In this way the tester-specific
fragments are exponentially amplified, whilst the other fragments are either linearly
amplified or not amplified at all. Any ssDNA left at this point is removed with a single-
stranded DNA nuclease (i.e., S1 nuclease or Mung bean nuclease), and the tester-
linkers are removed, allowing the subtraction procedure to be repeated using a fresh
driver representation and incorporating tester-linkers with a different sequence to
those used previously. The kinetics of each round of subtractive hybridisation
amplifies the enrichment factor achieved in the prior round because the annealing rate

of individual fragments is dependent upon their relative abundance.
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RDA has been used to study a variety of biological scenarios including
detecting loss-of-heterozygosity (LOH) and amplification in tumour cell lines (Lisitsyn
et al., 1995); isolation of probes which are part of a deletion within the BRCA2 region
(Schutte et al., 1995); differences in mRNA expression (Hubank and Schatz, 1994), and
identification of pathogens present in samples of Kaposi's sarcoma tissue from patients
with AIDS (Chang et al., 1994). Modifications of the original protocol have also been
reported which enable the geneticist to isolate differentially methylated sequences
(Ushijima et al., 1997). However, its usefulness as a tool for linkage mapping has been
somewhat limited. Obviously only those changes present within the representations
can be analysed, and only a few RFLP polymorphisms are usually detected per
experiment as the PCR kinetic enrichment favours the cloning of very small fragments
(250 - 350 bp; Lisitsyn et al., 1994; Lisitsyn et al., 1995). In addition the protocol is
somewhat complicated, despite efforts to simplify it (Hou et al., 1996), and only those

changes which are homozygously different can be detected.

In order to use RDA for linkage mapping it would therefore be
necessary to ensure that the region containing the locus of interest was included within
one representation, and not the other. Using a modified procedure which the authors
called genetically directed RDA or GDRDA (Lisitsyn ef al., 1994), it was demonstrated
that this was feasible using organisms that can be selectively bred such as the mouse or
rat (see for example Lisitsyn et al., (1994); Toyota et al., 1996, and Baldocchi et al., 1996).
A similar method, called targeted RFLP subtraction, which uses gel-based size
discrimination to obtain amplifiable fragments and biotinylated primers to remove
excess driver, driver/tester heterohybrids and ssDNA, has also been used in the
eukaryotic alga Volvox (Rosenberg et al., 1994; Corrette-Bennett et al., 1998).
Unfortunately, however, such approaches are not feasible in outbred human
populations, and therefore the utility of RDA as a whole-genome scanning method of

linkage analysis in humans is restricted.
1.3.1.2. Cloning of Polymorphisms and Cloning of Deietions
In 2000 a group from the Karolinska Insititute described three novel

methods: cloning of identical sequences or CIS (Zabarovska et al., 2000); cloning of

polymorphisms or COP (Li et al., 2000), and cloning of deletions or CODE (Li et al.,
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2001). The first of these methods was designed to look at the similarities between two
samples, and as such is discussed in more detail in section 1.3.2.1., page 88. The latter
two methods however, as their names suggest, were designed to look at small and
large differences between genomes respectively. The authors claimed that these
methods offered an alternative to RDA that would be of use in the study of human
samples. COP, which is a modification of CIS, specifically aims to clone RFLPs that
differ between two people. For a general overview of the COP and CODE procedures,
please refer te Figure 1.7, overleaf.

In a typical COP experiment whole genomic DNA samples from two
individuals, A and B, are first treated with a range of restriction enzymes (for example
BamHI, Bglll and Bcll), so that any RFLPs present will result in different sized
fragments. A linker is then ligated onto the fragments generated from both DNA
samples (Figure 1.7, stage 1). These fragments are then amplified with a primer
complementary to the linker sequence. For one individual (individual A) the PCR
incorporates dUTP, whereas in the case if the other individual (individual B) a
biotinylated primer is used (Figure 1.7, stage 2). Obviously this PCR step is likely to
relatively enrich any smaller polymorphic fragments. The PCR products are then
denatured at a ratio of 1:100. At this stage there will be a range of homohybrid and
heterohybrid molecules present as well as a large proportion of imperfect
heterohybrids (i.e., containing ssDNA regions formed between the polymorphic and
non-polymorphic sized fragments from the two individuals) and ssDNA (Figure 1.7,
stage 3).

The DNA mixture is subsequently treated with uracil-DNA glycosylase
(UDG) to destroy all the DNA originating from individual A, before being incubated
with Mung bean nuclease which will digest all the ssDNA and any non-perfect hybrids
(Figure 1.7, stage 4). Finally, the homohybrids formed from the polymorphic region in
individual B can be purified with streptavidin beads and amplified via PCR, before
being subjected to a second cycle of subtractive hybridisation (Figure 1.7, stage 5).
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The protocol for CODE is actually very similar to that for COP, despite
the fact that CODE aims to clone large homozygous deletions rather than the small
hemizygous polymorphisms enriched during COP. Whilst COP relies on the
enrichment of smaller fragments by PCR however, the critical step in CODE is the
differential doning by subtractive hybridisation. This is because the inventors
purposely did not want to exploit the difference between exponential and linear
amplification used during RDA in an effort to minimise bias and artefacts (Li et al.,
2000). As such the number of PCR cycles used during CODE are limited, and the
subtractive hybridisation step is repeated four times versus the twice used for COP.

Unfortunately, it appears that neither of these two methods has enjoyed
widespread interest from the scientific community. Therefore it would seem that the
question of how best to efficiently scan two entire human genomes at one time to

isolate those regions that differ has yet to be satisfactorily answered.

1.3.2. Looking for Similarities

The first step of a conventional positional cloning approach to disease
localisation is to identify those regions of the genome that are shared identical-by-
descent by affected individuals. As previously mentioned a range of short-cut whole-
genome linkage approaches have been described in the last decade which aim to
circumvent the need for multiple genotyping and subsequent haplotype reconstruction
in order to locate these regions of identity. In much the same way as subtractive
hybridisation-based techniques enrich for regions of the genome that differ, so these
techniques seek to relatively enrich those areas of the genome that are similar or indeed

the same.

In order to distinguish the similarities and differences between two
individuals an intuitive approach would be to use a series of heteroduplex molecules
encompassing the entire genome. Obviously polymorphisms between the two
genomes would appear as mismatches with long stretches of mismatch-free DNA
indicating the presence of similarities. This principle and its possible application to
genomic mapping had long been recognised (Myers et al., 1985; Sanda and Ford, 1986;

Casna et al., 1986), however it was not until 1993 that it was incorporated into whole-
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genome linkige mapping technique, namely genomic mismatch scanning (Nelson et

al., 1993; see &ction 1.3.2.2.).

Since this time a variety of other methods have been described which
use similar nethodologies, including adaptations to the coincidence cloning protocol
of Aslanidis and De Jong (1991) such as coincident sequence cloning (CSC; Brookes and
Porteous, 1991) and end ligation coincident sequence cloning (EL-CSC; Brookes et al.,

1994), and mcre recently the CIS protocol already mentioned (Zabarovska et al., 2000).

1.3.2.1. Cloning of Identical Sequences

The CIS protocol described by the group from the Karolinska Institute is
not significantly different to that described for COP and CODE (see Figure 1.8). Briefly,
whole genomic DNA samples from two individuals (A and B) are digested with BamHI
and ligated to linkers containing two recognition sites for the methylcytosine-sensitive
restriction enzyme Munl. As in the case of COP and CODE the two DNA populations
are amplified using linker-complementary primers; in the case of DNA A the PCR
reaction incorporates the dUTP used in the COP and CODE protocols but additionally
uses 5-methyl-dCTP. The crucial result of this is that the DNA molecules from
individual A are now methylated at all of the cytosines. In the case of DNA B the PCR
reaction includes normal dCTP and biotinylated primers, as for COP/CODE. Unlike
the COP and CODE procedures however the two DNA populations are next mixed in
equimolar amounts and following hybridisation, treated with Munl. As this enzyme
will only cleave dsDNA molecules without 5-methyl cytosine, all homohybrid B
molecules should be digested. As with COP and CODE Mung bean nuclease is then
used to destroy the imperfect hybrids and ssDNA, leaving only perfect A homohybrid
and perfect heterohybrid molecules. Treatment with UDG which removes the uracil
base therefore destroying all of the individual A DNA. Thus, the remaining molecules
consists of ssDNA from individual B which represents those regions which were
identical between person A and B. Using magnetic beads this DNA can be
concentrated and amplified by PCR using the specific linker sequences.

Despite some initial successes with this procedure (see Zabarovska et al.,

2000), it remains to be seen whether this method can be used for the general
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identification of hereditary disease, although the Karolinska Group remain hopeful
and are currently actively pursuing adaptations to the protocol (Jingfeng Li, pers.

comm.).

1.3.2.2, Genomic Mismatch Scanning

Stanley Nelson and his co-workers at Stanford University first described
GMS, back in 1993 (Nelson et al., 1993; for details of the protocol see Chapter 3). It was
tested initially using S. cerevisiae. In this initial test, the procedure was clearly capable
of providing a very high-resolution map of identity-by-descent. A 20- to 100-fold
enrichment of fragments from sites shared IBD over a large range of fragment sizes
from 700 bp to 9 Kb was observed (Nelson et al., 1993). Despite this the practicality of
GMS as a tool for linkage mapping in larger, more complex genomes remained to be
established. Preliminary data suggested that the most obvious complicating feature of
mammalian DNA, ie., higher complexity and greater abundance of repetitive
sequences, posed a serious obstacle to efficient hybridisation (Nelson et al., 1993). Four
years later though Mirzayans et al. (1997) demonstrated the feasibility of GMS for
mapping human genetic traits. They applied the technique to identify the
chromosomal region shared by two fifth-degree cousins with an autosomal dominant
eye anomaly. Markers on the short arm of human chromosome 6p were recovered,
consistent with the results of conventional linkage analysis conducted in parallel,
indicating linkage to 6p25. Control markers tested on a second human chromosome

were not recovered.

Since this work other groups have applied GMS to humans. For
example, in Cheung and Nelson (1998), using quantitative microsatellite genotyping,
i.e., measuring peak area on an ABI310, showed that GMS can enrich the majority of
restriction fragments throughout the genome shared IBD between two related
individuals. They classified markers as to whether they showed high (over 10-fold),
medium (2- to 10-fold) or low (under 2-fold) levels of enrichment, with this variation in
levels of enrichment thought to be due in part to the properties of the restriction
fragments (Cheung and Nelson, 1998). At around the same time McAllister et al. (1998)
performed similar experiments using mouse and human model pedigrees, this time

measuring peak height as opposed to area on an ABI373. They observed similar results
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in terms of variation in the levels of enrichment of different alleles. More recently
Cheung et al. (1998) went on to show that it is possible to combine GMS and microarray
technology to map disease genes. Using this approach they correctly mapped the gene
responsible for hyperinsulinism to a 2 Mb region on a chromosome 11 microarray,
thereby demonstrating linkage disequilibrium mapping without genotyping. This was
a conservative definition of the candidate region, had they defined it as the only region
shared by the largest number of pairs of affected subjects, the region would have
spanned just 500 kb.

Since these very encouraging initial results there have been many
publications describing the usefulness of this technique, and also how the results can
be analysed (see for example Smalley et al., 1996, Grant et al., 1999; Siegmund and
Yakir, 2003), but there has not been a great wealth of new primary data. Is it perhaps

just too complex a protocol?

1.4. INTRODUCTION TO THE ABO Locus AND BLOOD
GROUP SYSTEM

We chose to define the history of the ABO gene in human populations in
the hope that it could be used as a test system for an optimised GMS protocol. The
ABO gene in itts own right has long been a focus for studies of human genetic variation
and recombimnation. Indeed recently Lynn Jorde and colleagues (Jorde et al., 2001)
suggested thatt:

“The discovery of the ABO blood group at the beginning of the
20 century is often thought to mark the beginning of the modern

study of human genetic variation.”

As such there now follows a review of the ABO blood group system and
locus. This review is fairly large, but does reflect the extent to which this system has
been studied over the last century. It is perhaps interesting to note at this point
however, that tto the best of our knowledge no LD studies have been conducted in ABO

or the surrounding region of 9q34.
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1.4.1. The ABO Blood Group System

The transfusion of blood for medical purposes can be traced back as
early as 1492, the patient being Pope Innocent VIII. Unfortunately, such early
procedures were often fatal, as a direct result of the incompatibility of the ABO blood
group system between donor and recipient, even if both individuals were human. It
was not until the turn of the century however that this incompatibility was first
understood. By mixing together human serum and red blood cells from different
individuals, (Landsteiner, 1900) observed different patterns of agglutination and went
on to describe three distinct groups A, B and O. In 1902 Decastello and Sturli, co-
workers of Landsteiner, described a fourth group, termed AB. The results of these
experiments still form the basis of blood group typing protocols used around the world

today, and are summarised in Table 1.2, below.

Table 1.2 A Summary of the Forward and Reverse ABO Blood Grouping Reactions.
The forward reaction for ABO blood group typing seeks to detect the presence of
antigens using known test anti-sera, whilst the reverse reaction looks for the ABO

antibodies by exposing the serum or plasma to known test cells.

(Forward) Test Sera (Reverse) Test Cells
Blood Red Cell anti-A  anti-B anti- Serum A B 0]
Group Antigens A&B Antibodies
A A v X v anti-B X v X
AB A&B v/ v v none X X X
o) none X X X anti-A&B v v X
e Positive agglutination reaction.
X Negative agglutination reaction.

Subsequently in 1911, Karl Landsteiner observed that some type A cells
displayed weaker expression of the A-antigen, leading him to describe two A sub-
groups, A1 (the original A sub-group) and A (an A sub-group with lower levels of A-
antigen). To date over 30 weak phenotypic variants of the ABO blood group have been
characterised, for reviews see Yamamoto (2000); Chester and Olsson (2001); Olsson and
Chester (2001) and Yip (2002). For recent specific reports of weak phenotypes not
covered in the reviews see Olsson et al. (2001); Seltsam et al. (2002); Hosseini-Maaf et al.

(2003) and Estalote et al. (2004).
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Originally the ABO antigens were considered to be exclusive to
erythrocytes, however they were later shown to be present within most cell secretions
and some epithelial cells, whilst being absent from the central nervous system and
connective tissues. In addition, changes in the levels of expression of the A-, B- and H-
antigens have been demonstrated during the differentiation and maturation of normal
cells (Dabelsteen et al., 1982), and during tumorigenesis (for a review see Hakomori,

1999).

14.1.1. Genetics of the ABO Blood Group System

In 1910, ten years after its discovery, von Dungern and Hirzfeld
published the first data demonstrating that the ABO histo-blood group was inherited.
Studying 72 families with 102 children von Dungern and Hirzfeld showed that the
phenotype was autosomally linked, and that the A and B groups were co-dominant
and both dominant over the O group. The authors suggested that the red cell antigens
were produced by two independent loci, A and B, with two alleles each, A and non-A, B
and non-B respectively. Impressed by the occurrence of multiple alleles in Drosophila
however, it was recognised by Bernstein in 1924 and 1925, using the Hardy-Weinberg
principle on the population data of von Dungern and Hirzfeld, that the phenotype was
in fact the result of three alleles at one locus. A review of these two alternative
hypotheses, summarised below in Table 1.3, can be found in Crow (1993); for a recent

historical review of the ABO blood group see Watkins (2001).

Table 1.3 Two Alternative Hypotheses for the Inheritance of the ABO Blood Group.
The first hypothesis to explain the inheritance patterns of the ABO blood group, put
forward by von Dungern and Hirzfeld in 1910,suggested the existence of two loci with
two alleles each. The second hypothesis, proposed by Bernstein in 1924 and 1925, was

that there were multiple alleles at one locus. This latter hypothesis is now accepted as the

correct explanation.
Phenotype Genotype
von Dungern and Hirzfeld Bernstein
A A-bb AAor AO
B aa B- BB or BO
AB A- B- AB
O aabb 00
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The ABO blood group was used extensively during the first half of the
century as a molecular marker for family studies (see Chapter 1, section 1.1.2.1.), and as
such it is not surprising that non-paternity was sometimes detected. More difficult to
explain, however, were cases of apparent non-maternity. For example, Hummel (1977)
reported a case of an O father and an AB mother producing an AB child, the most
likely explanation being cis-AB, that is both alleles on the same chromosome. A
molecular basis for this was predicted using transfection assays in cell lines
(Yamamoto and Hakomori, 1990; see section 1.4.1.4.1.). Other strange patterns of
inheritance have been observed, most of which have been explained in terms of de novo
mutations during gamete formation (for example Oka et al., 1982); chimerism or
mosaicism (Bird et al., 1978; see also Anan et al., 1999); or as occurrences of de novo

intra-genic recombination (Suzuki et al., 1997; see Chapter 6, section 6.1.1.).

1.4.1.2. Enzymology of the ABO Blood Group System

The biochemical basis of the ABO blood group phenotype is well
established (for example see Daniels, 2002), and in defence of von Dungern and
Hirzfeld, the ABO blood group phenotype in erythrocytes is technically determined by
two independent loci, the ABO gene (see section 1.4.1.3.) and the FUTI1 gene on
19p13.3. The ABO gene encodes two different glycosyltransferases, the A transferase
(at-3-N-acetyl-D-galactosaminyltransferase, EC 2.4.1.40) encoded by the A allele and the
B transferase (a-3-D-galactosyltransferase, EC 2.4.1.37) encoded by the B allele. The role
of these enzymes is to transfer specific sugar residues (N-acetyl-D-galactosamine or
GalNAc from uridine diphosphate-GalNAc or UDP-GalNAc in the case of the A
transferase, and D-galactose or Gal from UDP-Gal in the case of the B transferase) to

the H-antigen.

In red blood cells the H-antigen is formed from one of four precursor
oligosaccharides, by the action of the FUTI gene product, a2-L-fucosyltransferase 1.
The action of the A and B transferases then results in the production of the A- and B-
antigens, in addition to small amounts of H-antigen. These antigens are then attached
to a variety of glycoproteins and glycolipids found upon the surface of erythrocytes,
other cells and, in the case of so-called secretor individuals upon glycoproteins within

cell secretions as can be seen in Figure 1.8, overleaf.
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Chapter 1: Introduction

The O allele encodes a non-functional enzyme, and therefore
homozygous O individuals express the H-antigen. The system is therefore sometimes

referred to as ABH in the literature.

In very rare cases, individuals do not express the A-, B- or H-antigen in
red blood cells and/or saliva, and possess anti-H sera in addition to the anti-A and
anti-B sera found in O individuals. This phenomenon was first reported in Bombay
(Bhende et al., 1952), and is commonly referred to as the Bombay phenotype (On).
Recently it has been shown that this may be due to an Alu-mediated non-reciprocal
crossover causing a large deletion of the FUT2 gene (Koda et al., 2000; Pang et al., 2000),
as well as point mutations in FUT1 (Kelly et al., 1994).

1.4.1.3. The ABO Gene

Renwick and Lawler (1955), whilst working at the Galton Laboratory,
demonstrated that ABO was linked to the locus for nail-patella syndrome (LMX1B;
OMIM 161200), thus reporting the third autosomal linkage group to be established in
man. Following this, the linkage of ABO:LMX1B to another commonly used isoform,
adenylate kinase 1 (AKI) was established (Rapley et al., 1968; Weitkamp et al., 1969;
Schleutermann et al., 1969). It was not until 1976, however, that the chromosomal

position of the ABO gene was discovered.

1.4.1.3.1.  Localisation of the ABO Gene to 9q34

Initially, the ABO locus was thought to reside on either chromosome 1
(Ferguson-Smith et al., 1975); 6 (Bijnen et al., 1975) or 15 (Yoder et al., 1974). At this time
it is perhaps interesting to note that chromosome 9 was the only autosome to have no
gene assignments (Ruddle and Gilbert, 1975). Almost two years later, following on
from work presented by various groups at the Third International Workshop on
Human Gene Mappinng (Grzeschik, 1976; Van Cong et al., 1976; Povey et al., 1976a;
Westerveld et al., 1976a) the assignment of the AK1 gene to chromosome 9 using
somatic cell hybrids by Westerveld et al., (1976b) and Povey et al. (1976b) suggested
that this was the most likely location of ABO. This finding was reported the same year
by gene dosage studies of AK1, which further localised the ABO:LMX1B:AK1 linkage
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group to 9934 (Ferguson-Smith et al., 1976), substantiating the suspicions of Cook et al.
(1976), that the gene would be found within this cytogenetic band. Further assays of
AK1 in patients with chromosome 9 anomalies refined the localisation of the AK1 locus
to the proximal two-thirds of 9q34 (Ferguson-Smith et al., 1978), with evidence
suggesting that ABO was the most distal marker of the linkage group (Cook et al.,
1978). Using FISH to metaphase chromosomes, Bennett ef al. (1995) confirmed that the
ABO gene was to be found at 9q34.

1.4.1.3.2. Cloning and Genomic Structure of the ABO Gene

In 1990 a protein fraction, which appeared to be a soluble form of the A
transferase was purified from the lungs (Clausen et al., 1990) and intestinal mucosa
(Navaratnam et al., 1990) of blood group A individuals. Although other groups had
previously reported the isolation of both the human A and B transferases from various
sources (Whitehead et al., 1974; Nagai ef al., 1978a; 1978b), the specific activities of these
preparations did not match that of another glycosyltransferase which had been
purified to homogeneity and cloned (Yamamoto, 2001). Later the same year the cDNA
of the A transferase was cloned from a gastric cancer cell cDNA library and shown to
comprise 1062 base pairs of coding sequence, resulting in a 41 kDa protein with 354
amino acids (Yamamoto et al., 1990a). The A transferase was demonstrated to possess
three domains: a short N-terminal domain, a hydrophobic transmembrane domain,
and a long C-terminal domain, of which the latter was thought most likely to contain

the catalytic portion of the protein (Yamamoto et al., 1990a).

In 1995 the genomic structure of the ABO gene was characterised
independently by two groups (Yamamoto et al., 1995; Bennet et al., 1995). The genomic
DNA spans a region of over 19 Kb, and is separated into seven exons ranging in size
from 28 bp (exon 1) to 688 bp (exon 7), with six introns ranging in size from 554 bp
(intron 5) to 12 982 bp (intron 1, see Figure 1.9, overleaf). Exon 2 was shown to encode
the transmembrrane region (amino acid residues 17 - 37), whilst exon 4 encodes the N-
terminal. The Last two exons (6 and 7), which together account for 823 bp (77%) of the
transcribed mRNA, encode 91% of the catalytic domain.
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Chapter 1: Introduction

The promoter region of the ABO gene has been characterised and is
found from -117 to +31 in both epithelial and erythroid cell lineages (Kominato et al.
1997; Hata et al., 2002). This promoter contains a CpG island that extends from —-0.7 Kb
to +0.6 Kb, the methylation status of which correlates with expression levels in various
cell lines (Kominato et al., 1999). Sequence analysis of the upstream region indicated the
presence of two transcriptional start sites containing several GC boxes, but no nearby
TATA or CAAT boxes (Yamamoto et al., 1995), as well as revealing LINEs and Alu
repeats located between —0.87 to —-2.18 Kb (Kominato et al., 2002), and a minisatellite
located around — 3.8 Kb (Kominato et al. 1997; see section 1.4.1.4.2.).

Recent work by Kominato et al. (2002) suggested the existence of an
alternative exon 1 (referred to as 1a) from -682 to —656 in the epithelial and erythroid
cell lines examined, and another transcriptional start site and promoter ~700 bp
upstream from those previously reported. Hata et al. (2003) demonstrated that the use
of exon la in place of exon 1 resulted in expression of a functional A transferase,

despite this novel exon not possessing an ATG codon.

1.4.1.4. ABO Gene Diversity

As of December 2003 over 100 nucleotide differences in the ABO gene
had been described!4 most of which occur within exons 6 and 7. For recent reviews see
Yamamoto (2000); Chester and Olsson (2001); Olsson and Chester (2001) and Yip
(2002). For recent reports of novel mutations and/or alleles not mentioned in the
reviews see Hosseini-Maaf et al. (2003); Lin et al. (2003); Seltsam et al. (2003a; 2003b);
Sun et al. (2003a; 2003b); Chen et al. (2004); Estalote et al. (2004) and Roubinet et al.
(2004). Thus at first sight it would appear that ABO is exceptionally diverse. It could be
argued, however, that it is no more diverse than any other human gene; and the large
amount of reported variation is simply a reflection of the extent to which it has been
examined. Most people, at one time or another will be typed for this marker as part of
routine medical procedures, and thus the ABO system allows a unique insight into the

extent of variation that exists within human genes at both the nucleotide and protein

14 The Blood Group Antigen Gene Mutation Database:
http:/ /www.bioc.aecom.yu.edu/bgmut/abo.htm
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level. Having been one of the first molecular markers, and given its role in medicine,
ABO is one of the few human genes that has been studied in almost all human
populations. Roychoudhury and Nei (1988) collated all of the published data up to
1986 relating to the frequency of the ABO alleles A7, A2, A, B and O in over 150 distinct
World populations ranging in size from 61 to 100 000 individuals (the Irula tribe of
South India and Germany respectively). As can be seen in Figure 1.10 on the following
page, and in the data summarised by Rouchoudhury and Nei (1988), the frequency of
the main ABO phenotypes varies considerably throughout the World.

The O allele is most common, with the percentage of individuals having
the O blood group (that is individuals lacking the A and B alleles) being >50% in most
populations studied. Of particular note is South America where the O phenotype
appears fixed (100%) in large areas of Brazil, Colombia, and Venezuela. The A allele is
the next most common, with a frequency of 10 - 35% in most populations. Except in
Northern Europe and Asia, where a relatively small fraction of A is A2 the A allele is
almost always representative of Al High frequencies of A are found in some
apparently unrelated populations such as the Blackfoot and Blood Indians of North
America (50.8%); some Australian Aborigines (up to 40%), and parts of Northern
Scandinavia (up to 40%). On the other hand, no A alleles are found in some South
American countries, such as Colombia and Venezuela. The B allele is the rarest, and is
almost absent from most of the New World, having a distribution which is almost the
opposite of that displayed by the O allele. It is worth noting here that the AB
phenotype is relatively rare (<10%) in all but some Asian populations, for example

parts of Japan (18%) and the Peking region of China (13%).

1.4.1.4.1.  Diversity in the Coding Region of the ABO Gene

Cloning and sequencing of the ABO gene made it possible for the first
time to study the genotypic differences between the main histo-blood group alleles. It
is worth noting here that the nomenclature used to name the specific ABO alleles
throughout this thesis is based on the system proposed by Yip (2002), unless it is
unclear which allele is being referred to. The common A allele A101 (or A?) is normally
used as the reference against which all other alleles are compared although it was the

cDNA sequence of the A102 allele that was first reported by Yamamoto et al. (1990b).
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Chapter 1: Introduction

By cloning cDNA from cell lines derived from individuals of different
ABO status Yamamoto et al. (1990b) showed that the common O allele 0101 (also
referred to as O, O4 or O01) was identical in sequence to the A101 allele, with the
exception of a one base deletion (261delG; amino acid 87) in exon 6. This mutation
results in a frameshift which causes a premature stop codon after nt352, and thus a

truncated protein consisting of 116 amino acids, thus lacking the catalytic domain

(Yamamoto et al., 1990b).

The common B allele B101 (B?) was shown to differ from the A101 allele
by 7 nucleotide substitutions within the coding sequence (Yamamoto et al., 1990b); of
which three (297A — G; 657C —» T and 930G — A) do not alter the specificity of the
transferase. The remaining four mutations (526C — G; 703G — A; 796C — A and 803G
— C) are non-synonymous changes that result in the amino acid substitutions
Argl76Gly; Gly235Ser; Leu266Met and Gly268Ala respectively (Yamamoto and
Hakomori, 1990).

Later Yamamoto et al. (1992) showed that the common A? allele A201
(also referred to as A105) responsible for the A; blood group differed from the A101
allele in a substitution (467C — T, giving the amino acid change Pro156Leu), and the
deletion of a single C in a run of three C’s from nt1059 - nt1061. This deletion
(commonly referred to as 1060delC) results in an extension of the open reading frame,
culminating in an enzyme with 21 extra amino acids at the carboxyl terminus

(Yamamoto et al., 1992).

As mentioned in section 1.4.1.1., a rare phenotype termed cis-AB can
occur whereby a single chromosome encodes an enzyme with both A and B transferase
activity (Seyfried et al., 1964). This is distinct from the so-called B(A) phenotype,
whereby individuals have normal B-antigens on their cells and accompanying anti-A
sera but whose red cells are weakly agglutinated by some anti-A serum. It was
discovered that the cis-AB phenotype is caused by the four amino acid residues 176,
235, 266 and 268 having either the composition AAAB (cis-ABO1 or C101; Yamamoto et
al. 1993a; Fukumori et al. 1996; Ogasawara et al. 1996b) or BBAB (cis-AB02 or cis-ABv;
Mifsud et al., 2000), as opposed to the situation in the B(A) alleles which are usually
BABB (Yamamoto et al., 1993b). More recently Roubinet et al. (2002) reported a French
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family clearly displaying cis-AB inheritance which had a novel allele (cis-AB#<01) with
the compositon BBBB for the four residues mentioned above, but a novel T —» C

substitution of nt700 resulting in the change Pro234Ser.

Numerous other coding changes have been reported, the majority as
novel alleles, and a description of most of these can be found in the extensive review
by Yip (2002). Of relevance to this study is a common O allele 0201 (also referred to as
02, O, O6 or 002); another O allele O303 (O? or O03), and a rare A allele AG, which
would appear to be A104. It should be noted that apart from seven alleles including
A101, A102, B101, 0101, 0201 and O303, none of the other alleles have had their whole
coding sequerce characterised; usually just exons 6 and 7 were examined (Yip, 2002). A
summary of the differences between all of the alleles mentioned here (except B(A) and

cis-AB) can be found in Figure 1.11, page 104.

The 0303 allele is responsible for 4% of O alleles (Grunnet et al., 1994;
Olsson and Chester, 1995) and is interesting in that although it encodes a non-
functional transferase, it does not possess the 261delG mutation characteristic of most
O alleles (Yamamoto et al., 1993c). Instead, this allele is apparently rendered inactive by
a novel mutation (802G — A) which causes the amino acid substitution Gly268Arg
(Yamamoto et al., 1993¢c; Yamamoto and McNeill, 1996; Amado et al., 2000). It is worth
noting that in the B101 allele amino acid residue 268 is also altered by the 803G — C
substitution, although in this case the new amino acid is alanine which does not
apparently have such a drastic effect on the putative nucleotide sugar binding site
(Yamamoto and McNeill, 1996). The O303 allele differs from the A101 reference
sequence by a further four substitutions, of which two 297A — G and 526C — G are
characteristic of the common B101 allele. Whilst this latter mutation does change an
amino acid it has been shown not to be functionally significant (Yamamoto and
Hakomori, 1990). The other two changes to be found within the coding sequence of
0303 are 53G — T (Argl8Leu) and the 220C — T change seen in the 0201 allele.
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A rare allele, which the authors called AS, was reported by (Watanabe et
al., 1997) during the development of the novel amplified product length polymorphism
(APLP) genotyping method which was utilised in this thesis (see Chapter 5). The allele
was detected in two Japanese individuals, who had been serologically shown to be of
blood group A. Sequencing of exons 6 and 7 revealed that the allele possessed the same
sequence as A101 in exon 7, but had the 297A — G substitution of B101 in exon 6
(Watanabe et 4l., 1997). Thus, although the authors claimed this was a novel allele, we
would argue that this is in fact the A104 allele described by Ogasawara et al. (1996a).
Indeed in a paper by Shimada et al. (1999) and the review article of Yip (2002) the A104

allele is referred to as AG.

1.4.1.4.2.  Diversity in the Non-Coding Region of the ABO Gene

As previously mentioned transcription of the ABO gene has been shown
to be dependent upon the binding of the transcription factor CBF/NF-Y to a 43 bp
repeat minisatellite enhancer sequence at positions -3843 to -3672 in the 5 UTR
(Kominato et al. 1997). Interestingly, variation in this sequence was noticed at around

the same time by a previous Ph.D. student within this Laboratory.

By BLAST analysis of the 38 448 bp cosmid ABO.17 (AC000397), which
was known not to contain the characteristic nt261 O deletion and to contain one copy
of the 43 bp repeat (bases 22 790 - 22 832), a match was found with a 431 bp genomic
DNA sequence (AF(014105) which appeared to have four copies of the VNTR (Young,
1998). A further match with another genomic sequence (U22302) revealed the presence
of five copies of the minisatellite (Young, 1998). In a paper that has not been cited
elsewhere in relation to this variation, Shimada et al. (1999) reported finding the 1, 4
and 5 repeat units described above, and submitting the sequence AF014105. They had
also noticed that the 35 bp region between nucleotide positions —970 and —936 in
U22302 was deleted in AC000397. Typing these potential variations in 102 unrelated
Japanese blood donors and 29 members of eight Japanese families revealed that these

were indeed genuine polymorphisms.

15 ]t is not clear from reading Watanabe et al. (1997) that the A? allelic sequence they refer to is
A101. In fact A102 is more common in the Japanese population, and so it is possible that the

AG allele is A112, i.e., A104 additionally possessing the nt467 change of A102.
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