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Abstract
Complex multi-factorial diseases such as cardiovascular, metabolic, neurological and respi-

ratory disorders affect a great number of people across the world. In the post-Human Genome
Sequencing era, genome wide association studies are increasingly viable alternatives to linkage
approaches in locating disease genes. In addition, positional and hypothesis-driven candidate
genes can be assessed for their role in susceptibility to sporadic common diseases. The effi-
ciency and success of these approaches depend on knowledge of DNA variation and linkage
disequilibrium. This thesis describes the comparative sequencing of regions across the can-
didate genes HTR2C, MAOA, MAOB, IDE, KIF11 and HHEX to illustrate the importance of
understanding the fine scale nucleotide and LD distribution for improvements in association
study design with Obesity, Depression and Alzheimers disease.

In HTR2C, recombination between the commonly used nsSNP marker, Cys23Ser, and the
promoter was observed (Paper I). Furthermore, nucleotide and haplotype analysis showed that
gene conversion in the promoter contributed to the complexity of LD. If the functional pro-
moter polymorphisms act in the susceptibility to serotonergic-related phenotypes, this work
suggests that the unknown structure of LD across HTR2C could have been an issue in previous
association studies using Cys23Ser. Support for HTR2C promoter polymorphisms in obesity
was provided by the associations of promoter haplotype, TA13GCG ( P>0.0001) with high
body mass index (BMI, 30 ≥ kgm-2) and promoter SNP -995G>A, (P = 0.01) with serum-
leptin/%body fat (Paper I). The HTR2C promoter haplotype GGCC effects were suggestive,
but not significant, as having a role in depression (Paper IV).

Sequence variation was scarce in the MAO regions studied. This contributes to the hy-
pothesis that these genes are under selective pressure and that much of the variants in public
databases for MAOA/B could be population specific (Paper II). Lack of MAO variation was re-
flected in the poor validation rate of SNPs and LD complex structure in a Swedish twin sample
group. While MAOB SNPs were found to correlate with depressive state in elderly Swedish
Twins, no association was observed with polymorphisms in this gene and trbc-activity (Paper
II). Conversely, low trbc-activity was found to associate with MAOA SNPs and haplotypes. A
potentially additive effect on the risk for depression per MAO haplotype was observed. In a
larger sample, no significant associations were found with any of the MAO SNPs or haplotypes
(Paper IV). However, a trend towards departures from Hardy-Weinberg Equilibrium between
the genes may suggest that this region warrants further sequencing to identify potential regula-
tory mechanisms of MAO expression.

A wealth of polymorphisms was found in re-sequencing IDE, KIF11, HHEX and conserved
regions within a haplotype block associated with Alzheimers Disease. However, no significant
associations between IDE and KIF11 SNPs, and Alzheimers disease were observed.

These works demonstrate the advantages of re-sequencing in providing a better understand-
ing of the various genetic factors influencing studies of polymorphisms with complex diseases.
With advances in technology and throughput, sequencing will become instrumental in the lo-
cation of disease genes and the identification of causative polymorphisms.
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IV Shane McCarthy, Annica Dominicus, Måarten Jansson, Björn Andersson, Nancy L. Ped-
ersen
Serotonin Receptor 2C Polymorphisms and Risk for Depression in Swedish Twins
Manuscript

* These authors contributed equally to this work



List of Abbreviations
DNA Deoxyribonucleic acid
PCR Polymerase Chain Reaction
SNP Single Nucleotide Polymorphism
LD Linkage disequilibrium
HapMap Haplotype Map
HGP Human Genome Project
RNA Ribonucleic Acid
dNTP deoxytribonucleotide
ddNTP dideoxytribonucleotide
ISM Infinite-sites Model
EPG Environmental Genome Project
CD/CV Common Disease/Common Variant
CD/FV Common Disease/Fixed Variant
CD/RV Common Disease/Rare Variant
HTR2C Serotonin Receptor 2C
MAO Monoamine oxidase
IDE Insulin-degrading enzyme
KIF11 Kinesin Family Member 11
HHEX Hematopitically Expressed Homeobox



Contents

1 An Introduction to DNA, Genes and the Human Genome 4

2 Basics of Human Genetic Variation 6
2.1 Single Nucleotide Polymorphisms . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1.1 Classification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.1.2 SNP Discovery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3 Nucleotide Diversity and Neutrality 11
3.1 Estimators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2 Patterns of Human Diversity . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

4 Linkage Disequilibrium, Estimators and Haplotypes 15
4.1 Haplotype Diversity and Neutrality . . . . . . . . . . . . . . . . . . . . . . . . 16

5 Human Genome Patterns of Linkage Disequilibrium 18
5.1 Predictions, Empirical Data and The International

HapMap Project . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

6 Factors Shaping Patterns of Diversity & Linkage Disequilibrium 20
6.1 Mutation Rates and the Neutral Mutation Parameter . . . . . . . . . . . . . . . 20
6.2 Random Genetic Drift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
6.3 Recombination and Gene Conversion . . . . . . . . . . . . . . . . . . . . . . 21
6.4 Molecular Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
6.5 Population Dynamics, History and Structure . . . . . . . . . . . . . . . . . . . 24

7 Application of Human Genetic Variation 26
7.1 Molecular Anthropology & Study of Human Evolution . . . . . . . . . . . . . 26
7.2 Medical Genetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

8 Mendelian Disease 28
8.1 Linkage Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

9 Complex Disease: Lessons from Linkage Analysis 30
9.1 Is there a Genetic Component to Common Disease? . . . . . . . . . . . . . . . 30
9.2 The Genetic Architecture of Common Complex Disease . . . . . . . . . . . . 31

1



10 Identifying Complex Disease Genes 33
10.1 Selection of Candidate Genes . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
10.2 Genotyping Technologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

11 Issues in Association Mapping 40
11.1 Linkgage disequilibrium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
11.2 Sample homogeneity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
11.3 Genotyping and Multiple Testing . . . . . . . . . . . . . . . . . . . . . . . . . 41
11.4 Population Stratification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
11.5 Study Replication and Functional Validation . . . . . . . . . . . . . . . . . . . 42
11.6 Benefits of Re-sequencing Candidate Genes . . . . . . . . . . . . . . . . . . . 43

12 Positional and Hypothesis-driven Candidates Genes 45
12.1 Hypothesis Driven Candidates of the Serotonergic

System for Depression and Obesity . . . . . . . . . . . . . . . . . . . . . . . . 45
12.1.1 Serotonin receptor 2C . . . . . . . . . . . . . . . . . . . . . . . . . . 46
12.1.2 Monoamine Oxidase A and B . . . . . . . . . . . . . . . . . . . . . . 47

12.2 Hypothesis Driven and Positional Candidate Genes For Alzheimers Disease . . 49

13 Present Investigations 51
13.1 Aims of this Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
13.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

13.2.1 Sequencing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
13.2.2 Genotyping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

13.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
13.3.1 Paper I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
13.3.2 Paper II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
13.3.3 Paper III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
13.3.4 Paper IV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

13.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
13.4.1 Re-sequencing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
13.4.2 Application of Variation in Association studies . . . . . . . . . . . . . 58

13.5 Conclusions and Future Perspectives . . . . . . . . . . . . . . . . . . . . . . . 60

14 Acknowledgments 61

2



Preface
Two groundbreaking events in the field of human genetics mark the beginning and ending

of this thesis; the 2001 release of the Human Genome draft sequence [1, 2] and the 2005 an-
nouncement of Phase I completion of the Human HapMap Project. The goal of the Human
Genome Project (HGP) was to understand the structure, organization and content of the human
genome. The identification of approximately 1.42 million differences (variants) between the
sequences used to establish the draft [3], supplied researchers with material of anthropologi-
cal, evolutionary and medical importance. For these reasons, the objective of the International
HapMap Consortium was validating common variants and analyzing their distribution across
the genome to determine if they are the same across different populations for a better under-
standing of human origins and future simplification of disease gene location [4].

Analyzing the genomic and global spread of these variants can teach us about the develop-
ment of our ancestors, their evolution and migrations out of Africa into Europe, Asia and the
Americas an estimated 150,000 years ago. For medical purposes, some of these differences
may explain variation in a range of features such as eye color, height, and disease susceptibility
to autoimmune, cardiovascular, metabolic, neurological and respiratory diseases.

The concepts behind these breakthroughs are amalgamated into the aims of this thesis. We
have comparatively re-sequenced candidate genes for obesity, depression and Alzheimers dis-
ease to discover variants between individuals in the population with or without the disease. The
relationship between these variants to those already known is compared as a way to understand
better the genes role in complex disease. As sequencing technologies improve and their costs
reduce re-sequencing of genes will be a very useful tool for discovery and detection of variants
functioning in disease susceptibility, mechanisms and treatment.
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Chapter 1

An Introduction to DNA, Genes and the
Human Genome

Figure 1.1: Fundemental Structure of
DNA
image credit: NHGRI Talking Glossary;
http://www.nhgrinig.gov

Deoxyribonucleic acid (DNA) is composed of a
strand of molecules known as deoxyribonucelotides,
connected by phosphodiester bonds at the 5’ and 3’
ends (Figure 1.1). There are four types of deoxyri-
bonucelotides; two purines: Adenosine (A) and Gua-
nine (G); two pyrimadines: Thymine (T) and Cytosine
(C). Each have the same sugar, phosphate and base ar-
rangement but vary in their base composition. In 1953,
Watson and Crick discovered that DNA did not exist
purely as a single string of deoxyribonucleotides but as
a double helix, two strands of DNA held together by
hydrogen bonds between the bases [5]. These bases
pair specifically such that A is opposite T and C pairs
with G. This complementation (Chargaffs rules) is a
fundamental feature of DNA and is at the center of
DNAs ability to replicate, repair and maintain its in-
tegrity.

A gene is a regional stretch of DNA whose nu-
cleotide composition has particular properties that are
important for the production of ribonucleic acid (RNA)
and proteins. Regulatory regions, known as promot-
ers, are involved in gene transcription i.e. the produc-
tion of mRNA. Introns separate exons, which are sec-
tions of genes that are spiced together to form the mRNA (Figure 1.2). Parts of the mRNA are
translated into the amino acid sequence of a protein. Gene length is variable; with the largest
known human gene, the dystrophin gene, (DMD) approximately 2.4 million base pairs long
[1]. Not all genes code for proteins but also for RNA molecules that function in regulation of
gene transcription and translation [6].

The human genome is the collection of all 30,000 human genes and the DNA that sep-
arates them (intergenic) totaling approximately 3.2 billion nucleotides. Protein coding genes
may compose only 1-2% of the genome and transcribed genes comprise an additional 33%.
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So the function of over 60% of the human genome is unknown. However in this vast DNA
wilderness are the tools for cell maintenance, cell communication, tissue organization and or-
gan co-operation: there is a blueprint for life.

Figure 1.2: Basic organization of a gene
image credit: NHGRI Talking Glossary;
http://www.nhgrinig.gov

The human genome is broken up into higher or-
der DNA and protein-rich structures known as chro-
mosomes (Figure 1.3). Most cell nuclei of the human
body contain 46 chromosomes (diploids): 23 pairs of
autosomal chromosomes and one pair of sex chromo-
somes with the exception of the gametes, sperm and
oocytes. These cells contain only 23 chromosomes
(haploids), one random chromosome from each pair
(Random Segregation). At fertilization, the pairing
of these chromosomes is restored; with one member
of each pair originating maternally and the other pa-
ternally. Those who inherit two X sex chromosomes
(XX) are female and those with one X and one Y are
males.

The inheritance of chromosomes, dense with genes, from parental lines is the pillar of
human and medical genetics. The transmission of parental genes and gene variants is what
provides some shared characteristics with their offspring and at the same time makes them
unique to everyone else.

Figure 1.3: Staining of male chromosomes. Note that there is only one X and one Y chromo-
some
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Chapter 2

Basics of Human Genetic Variation

That “The Human Genome” is the same for all humans is a common misnomer. Rather it is
a global representation of a number of human genomes. From sequencing multiple human
genomes and in-depth gene analysis, much is now known about the range of genetic variation
between two haploid genomes in the general population. On average, two chromosomes share
99.9% similarity in their DNA sequence [3]. The remaining 0.1% signifies differences that
may have no effect or variants with potential medical consequences such as disease or provide
protective effects against infectious agents like viruses and bacteria. The discovery of these
differences in the genome, their utility and contributions to disease is the focus of this thesis.

The most frequently observed difference is a single nucleotide substitution (Figure 2.1). For
the same position in the DNA sequence (Locus), alternative base pairs are observed (Alleles),
whose combination in one individual is a genotype. One allele (major allele) may be found
more frequently than the others (minor allele) in a population of chromosomes. Where the
minor allele characterizes 1% or more of these chromosomes, the locus is termed a Single
Nucleotide Polymorphism (SNP).

Figure 2.1: An error in DNA replication has introduced A instead of G

Deletions of nucleotides are less occuring than SNPs in the genome but are as three times as
common as insertions [7]. Insertion/deletion polymorphisms are known as Indels. The average
deletion and insert is 4.2bp and 4.3 bp respectively. Longer indels are less frequent whereas
those of size 3 bp or less are more common.

The human genome is 35%- 50% repeat sequence [2]. There is exceptional variability in
the range of these repeated sequences: polynucleotide repeats; tandem repeats (VNTRs), such
as mini and microstatellites; bigger repeat elements, like transposons, LINEs, SINEs (Alu).
Although the first variations in genomic structure to observed were chromosomal aberrations
and aneuploidy, little has been known until recently about population variation in large-scale
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duplications or rearrangements of chromosomal segments in the human genome. Gains or
losses of up to several hundred kilobases potentially containing genes, could be influencing
gene expression levels and contributing to disease [8]. Furthermore, the number of (gene)
copies appears to be variable in the population and have implications on methods of tracing
human history and disease.

2.1 Single Nucleotide Polymorphisms

2.1.1 Classification
SNPs can be characterized in a hierarchy of levels: Type, Location and Function. There are
two types of SNP, transversions: the substitution of a purine to a pyrimidine or visa versa; and
transitions: replacement of a purine or pyrimidine with a purine or pyrimidine respectively.
There are three forms of transversions owing to base pairing rules: (G-C & C-G), (A-T &T-A),
(A-C & T-G), while only one transition: (C-T & G-A). Approximately 66% of all SNPs are
C-T transitions followed by A-C, C-G and A-T transitions [9]. This higher C-T transition rate
is primarily due to the increased spontaneous mutability of 5-methylcytosine (5mC) through
deamination to thymine [10]. Regional GC content, nucleotide neighbouring effects [11] and
if the strand is coding further influence the rate of this mutation.

SNPs are located in regions with out any protein coding potential are ncSNPs. Such are the
preponderance of SNPs located within the introns of genes, while exonic SNPs are known as
coding SNPs (cSNPs). At the functional level, SNPs may affect protein action or the regulatory
properties of the gene. Non-synonymous cSNPs (nsSNPs) result in an amino acid substitution,
which may have deleterious effects on protein function by altering the activity or structure.
Conversely, synonymous cSNPs (sSNPs) modify the codon sequence but do not alter amino
acid. Some result in an amino acid with the same properties while others do not and so the
functional consequences of all nsSNPs remain unclear. A number of efforts have been made
to develop algorithms designed to predict the impact of cSNPs on protein integrity, taking into
account amino acid properties, homologies and effects on overall protein structure [12, 13].

Promoter SNPs or those in the 5’ and 3’ UTRs may have subtle alterations on gene ex-
pression, mRNA stability, translation or transportation to other locations in the cell (regulatory
SNPs, rSNPs) [14]. ncSNPs adjacent to exons could potentially affect the splicing mechanisms
required to construct mRNA [15]. Disruption to mRNA secondary structure stability may be
influenced by sSNPs that are located in exonic splicing enhancers elements [16]. As for cSNPs
programs have been developed to predict the effects of alternative SNP alleles on gene regula-
tion. However with all prediction algorithms [17], experimentation is required to validate these
effects.

2.1.2 SNP Discovery
Determining the range of SNPs in the genome is a fundamental fact if researchers are going
to use them to their full potential for human history and disease gene identification. While
development of the polymerase chain reaction (PCR) [18, 19] has helped the advancement of
methods for discovery of low level variation, the requirement for high through put technologies
with maximum efficiency and minimal costs has spurred the innovation of new approaches.
Techniques for SNP discovery can be categorized into four classes:
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1. Confirmation Based Discovery

2. Based Discovery

3. DNA Sequencing

4. In Silico Discovery

Confirmation Based Discovery

The approaches for confirmation-based discovery are based on the principles of sequence con-
text and base pairing. A single strand of DNA is an unstable molecule and will form different
structures depending on the context of the sequence. Furthermore, DNA duplex of complemen-
tary base pairs is a more stable structure than that with mismatched base pairs.

In Single Strand Confirmation Polymorphism (SSCP) amplified DNA fragments are dena-
tured to produce single strands. Strands with nucleotide differences between them will form
alternative structures, which will migrate at different rates through non-denaturing gels thereby
allowing detection of variants [20]. Advancements have been made to develop different plat-
forms for SSCP, such as capillary electrophoresis, however assessing various conditions is still
required and it therefore remains relatively low throughput by comparison to other methods.

The migration of double-stranded DNA with mismatches forms the basis of Confirmation-
Sensitive Gel Electrophoresis [21]. Amplified DNA is denatured and allowed to re-nature form-
ing homoduplexes and/or heterduplexes, which will have different migratory patterns. Advan-
tage of this instability has been utilized on a number of different with various detection systems.
Denaturing Gradient Gel Electrophoresis (DGGE) monitors the early separation strands form-
ing heteroduplexes in comparison to the homduplexes [22]. Denaturing High Pressure Liquid
Chromatography (DHPLC) monitors the retention times of the heteroduplex strands, which
should be lower than homoduplexes. This method can be automated and allows for rapid ana-
lyis but requires much optimization. Cleavage Fragment Length Polymorphism utilizes this
principle of DNA repair mechanisms through chemical or enzymatic means to identify variants
[23].

Recent methods for high throughput discovery based on confirmation principles have used
the cleavage approach. Photosensitive metallointercallators have been used to cleave heterodu-
plex strands at the mismatch sites. These strands are be labeled with fluorescent tags and identi-
fied by capillary separation techniques [24]. As an alternative, the Mismatch Repair Detection
(MDR) system in E. coli to selectively separate colonies with mismatch containing plasmids
[25]. They have used this method in the identification of mismatches from a 1000-plex PCR in
a 96-well format, which can be labeled with fluorescent probes and hybridized to arrays using
tags. This approach appears to be very sensitive to rare SNPs and in application to Autism,
they sequenced amplicons showing significant differences between cases and control confirm-
ing nsSNPs in the same exon of CMYA3 [25].

DNA Sequencing

The principles of DNA sequencing have been around for 30 years since Sanger introduced the
plus-minus method, based on DNA elongation with DNA polymerase [26]. A chemical cleav-
age method was developed by Maxam and Gilbert [27], however, it was Sanger who coupled

8



DNA elongation with dideoxynucleotides (ddNTPs), to revolutionize the field of genetics. Con-
sequences of the Sanger method have been vast including the deciphering of human genome,
but it is instrumental for SNP discovery in candidate genes for disease. It permits direct SNP
identification and the characterization of its alleles.

The concepts of Sanger sequencing are based on the extension by DNA polymerase, of an
oligonucelotide (primer) that is hybridized to a single strand of DNA, Polymerase incorporates
a complementary base of the single strand to the 3’ end of the primer however, if ddNTPs are
used, the reaction is terminated and elongation no longer continues. This is due to the fact that
ddNTPs lack the 3’ hydroxyl group and the incoming nucleotides’ 5’ triphosphates cannot form
phosphodiesterbonds bringing the reaction to a halt. Therefore, when the correct ratio between
a ddNTP and its corresponding dNTP is pooled with the other three dNTPs, repeated processes
of primer annealing and elongation (cycles) will produce different lengths of elongated products
(nested products) due to ddNTP termination at different positions. Consequently, by resolving
the length of the nested products, the order of ddNTPs and their positions can be determined.

Figure 2.2: Basics of a DNA sequencing reaction.
Flourescently labeled ddNTPs, dNTPs, a DNA tem-
plate, a DNA primer and a DNA polymerase (pen-
tagon) are combined. Cycles of primer extension pro-
duce nested products of various lengths which can be
seperated to identify the ddNTP at the postion. Chro-
matogram shows a single nucelotide difference T>C

Initial studies performed reactions for each
ddNTP separately, running on polyacrylamide
gels for high-resolution separation of strands
and were aided by the development of PCR and
asymmetric PCR [28]. Advancements have be-
en made in ddNTP chemistry [29], detection
[30] and reaction kinetics [31]. Contemporary
high throughput approaches now involve the
labeling of each ddNTPs with an unique flouro-
phore and separation is carried out using capill-
ary-based instruments [32]. Each base is deter-
mined from the quality of the fluorescent signal
[33, 34] and tools are available to visualize the
finished sequence [35]. Through the assembly
and alignment of multiple sequences, low-level
alterations such as SNPs can be observed and
extensions to algorithms for base-calling and
quality checks can be implemented to aid SNP
discovery [36].

Sequencing is a much more expensive met-
hod than confirmation-based strategies. How-
ever, as it provides more information, improve-
ments are being developed to increase the high
throughput capacity of current sequencing tech-
nologies, reduce running times and costs. The-
se are either based on Sanger sequencing prin-
ciples or new alternatives. Microelectrophoretic

sequencing is an upgrade of Sanger sequencing technology, using microfabricated capillaries
with more control over sample injection and less running time [37]. PCR amplification-free
methods are being introduced for sequencing single molecules of DNA [38], including re-
versibly terminated nucleotides [39] and nanopore technology [40]. Alternatives to the Sanger
sequencing, but require amplification, are fluorescent in situ sequencing (FISSEQ) [41] hy-
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bridization [42] and the Pyrosequencing [43]. With improvements to the latter there is the po-
tential for whole genome sequencing or extensive candidate gene sequencing in under 4 days
however of the three alternatives, hybridization has had the most impact on our knowledge of
SNP patterns and diversity [44, 45].

In silico Discovery

The depositing of DNA sequence to large databases permits the alignment and comparison
of sequence reads for SNP discovery. The sources of these sequences were initially from the
Human Genome Project, which used a number of ways clone large amounts of DNA sequence
from diploid individuals such as bacterial artificial chromosomes (BAC), P1-based artificial
chromosomes (PAC) and expressed sequence tags (EST). The databases housing these reads are
therefore pools of sequences from many chromosomes and by careful analysis; it is possible
to identify SNPs and other variants. The same tools in sequence analysis aid the process of
identifying SNPs from database sequences, however additional tools were developed for high
throughput purposes such as POLYBAYES [46, 47]. These were primarily based on the quality
and dept of reads but required efficient alignment to reduce false positives. By 2001 75% of the
SNPs submitted to dbSNP were from alignments of BACs [48], PACs [48] and ESTs [49, 50].
Nonetheless, SNPs discovered through such alignments require confirmation by sequencing.
As sequencing technologies improve and confidence in the quality of data increases, alignments
of reads from genome data bases will greatly facilitate medical genetics.
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Chapter 3

Nucleotide Diversity and Neutrality

Understanding nucleotide variation is an important element of re-sequencing projects. Insights
into SNP diversity and patterns can tell us about the factors that have shaped them, which is
important for tracing human evolution, but critical for medical genetics and the identification
of disease genes.

3.1 Estimators
There are a number of ways to measure nucleotide diversity. Most often used are the summary
statistics π, the mean number of pairwise differences per site between two sequences chosen at
random [51] and θw the number of segregating sites [52]:

π =
∑
ij

xixjuij (3.1)

where uijis the proportion of nucleotide differences between the ith and jth DNA se-
quences, and xi and xj are the frequencies of these respective sequences;

θw =
S

a1

where a1 =
n−1∑
i=1

1

i
(3.2)

and n is the size of the sample. Essentially these are estimates of a central parameter of the
neutral theory of molecular evolution (Neutral Theory), the population mutation rate:

θ = Neµ (3.3)

where Ne, is the effective population size and µ is the neutral mutation rate per generation.
This was derived by Motoo Kimura [53] to explain that the high variation in protein electro-
morphs between species observed at that time was not due to equilibrium between selection
and mutation, but rather to random genetic drift. In stating this, it was implied that much of
the variation was indicative of neutral, or nearly neutral polymorphisms in a balance between
mutation and stochastic sampling. Selection, background or positive, could never be ruled out
in shaping the patterns of variation to some degree but it was emphasized that the variation
remaining had little or no effect on fitness. Potentially departures from neutrality could then be
considered as signs of selection.
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The Standard Neutral Model, is based on the conditions of population panmixia, constant
size and the infinite-site mutation model (ISM) where recurrent mutation at the same site does
not occur. Under the ISM, estimates of π and θw approximate the neutral mutation parame-
ter [54]. If the Standard Neutral Model is assumed then departures from neutrality could be
estimated by comparison of π and θw. One common measure to compare these estimators is
Tajimas D [55]:

D =
π̂ − θ̂w√

V ar(π̂ − θ̂w)
(3.4)

where π̂ and θ̂w are estimated from the data, and the denominator is the the square root of
the variance between the two.

Fu and Li developed statistical tests considering the distributions of mutations occuring on
the external and internal branches of a genealogy tree [56]. Older mutations are in the internal
branches of the tree while younger mutations are located on the external branches. In their
models there are two expectations of θ based on the mutations in the external branches and
internal branches. Under neutrality there should be no difference in these estimates of theta.
D* tests for the number of singletons (polymorphisms appearing once) to overall number of
polymorphisms, whereas F* tests for the number of singletons in the external branches against
all pairwise differences.

It is useful to consider what factors would effect neutrality to interpret the outcomes of these
measures. For example, Background selection (negative or purifying selection) will create an
excess of deleterious mutations in external branches because of their low frequencies. In their
elimination, linked sites would also be removed and so we would expect to see an increase in
rare variants compared to higher frequency polymorphisms. In such cases Tajima’s D and Fu
and Lis D* and F* will be negative. (See figure 3.1 below)

Figure 3.1: Patterns of variation for different ranges of Tajima’s D
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Positive and balancing selection will increase the frequency of older mutations. However
positive selection will create mutations on the external branches if advantageous mutations are
becoming fixed and so the majority of them are expected to by young. On the other hand
balancing selection will be have a deficiency in external mutations, replacing older mutations
with new alleles with intermediate frequencies. As such these forces will in turn influence π but
have little affect on θw. Because of the excess of higher frequencies polymorphisms, Tajima’s
D and Fu and Lis D* and F* will be positive.

It is important to consider that these are measures from neutrality based on the genealog-
ical process and are not just affected by selection. Population dynamics also has effects the
genealogical process and in such influences the patterns of diversity in ways that are virtually
indistinguishable from other forces.

3.2 Patterns of Human Diversity
Since the 1980s with the development of the polymerase chain reaction (PCR), restriction frag-
ment length polymorphisms (RFLP) techniques [57] and sequencing technologies [26], a lot
more information is available for interpretation of DNA nucleotide diversity within and be-
tween populations. A range of studies focused on re-sequencing particular genes involved in
biological and disease systems [58, 59, 60, 61, 62] or a large number of genes in greater sample
sizes to understand the distribution of SNPs in the genome [63, 44, 45, 64].

Eleven million SNPs are predicted in the contemporary population of ”human genome”,
occurring on average once every 1331 base pairs (bp) (1/1331bp) between two chromosomes
and increasing from 1/300bp to 1/100bp with larger sample sizes [65]. SNPs are more often
bi-allelic, however instances where more than two alleles have been reported [66]. The vast
majority of these are rare (MAFs ≤5%, greater than 4 Million approx while the average MAF
freq is approx ∼0.11.

The distribution of SNPs based on gene location and function is consistent for all genes
rather than for specific genes per say. Protein-coding polymorphisms are only a subset of all
variation and functional constraints on proteins explains why cSNPs tend to be less observed
and less frequent than ncSNPs, that is they are not very diverse [67]. Among cSNPs, there
appears to be an even distribution in the numbers of sSNPs and nsSNPs but nsSNPs tend have
lower frequencies in the population and therefore less diverse . Diversity increases as the loca-
tion of the nsSNP moves from non-degenerate to two-fold degenerate to four-fold degenerate
codons [68]. On average there are 4 cSNPs per gene, with an expected 120000 to 219,000
genome wide [65, 69]. Taking into account the occurrence rate and frequencies between 50,000
and 876000 (40%) are predicted to be nsSNPs. Diversity increases in introns, while 5 and 3
UTR appear to have similar diversities as the genome wide averages.

The distribution density of SNPs across the genome is non-random because of evolutionary
and population dynamic forces [70]. Some regions show higher levels of diversity than others
which seems to be consistent with features of the human genome, such as simple-repeat content,
GC content, CpG islands [71], distance from telomeres and centromeres are also apparent
predictors of diversity levels. Some regions of the genome are variation “desert”, such as on
the X-chromosome [72], which has an estimated 40-80% of the autosomal variation [73].

Consistent with early protein studies are observations that most of the nucleotide variation
is within populations (84.4%) rather than between [68][74]. However, based on autosomal,
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X-chromosomal and mitochondrial DNA studies, the African continent houses more variation
than outside [75, 76, 77, 78]. Non-African variation is a subset of that within Africa. Dif-
ferences in some polymorphism frequencies may possibly reflect the migration and adaptation
of Homo sapiens in different environments during its evolution, which may also reflect the
susceptibility of contemporary humans to common diseases today.

14



Chapter 4

Linkage Disequilibrium, Estimators and
Haplotypes

According to the infinite sites model, nucleotide substitutions at different positions occur in-
dependently. Therefore, mutation events occur on chromosomes with the same or different
backgrounds of extant nucleotide variation. As a result the mutation is correlated with the
other variation that is present on the chromosome.

Consider two independent mutation events on the same chromosome. Each event creates
two alleles: A and a at locus 1; B and b at locus 2. A combination of these alleles along the
chromosome is known as a haplotype e.g. AB or ab. If a combination of alleles rises to higher
frequencies in a population, then a correlation may be observed between the new and extant
variation such that Allele A at locus 1 is found more often Allele B at locus 2 than predicted by
random chance. This departure from independence is known as Linkage disequilibrium (LD)
or Gametic phase disequilibrium.

A number of measures for LD have been proposed, and their properties have been studied
extensively. The earliest known estimator was D, the difference between the observed haplo-
type frequency, PAB, and what is expected under equilibrium:

D = PAB − PAPB (4.1)

D is positive or negative depending on the arbitrary labeling of alleles and is affected greatly
by sample sizes and allele frequencies. Consequently, the majority of other methods for mea-
suring LD attempt to take these factors into account. A more commonly used measures is D′

[79], a scaled measure of D to control for allele frequencies:

D′ =
D

Dmax

(4.2)

where Dmax is the lesser of PAPb or PaPB if D is positive or −PAPB or −Pa if D′ is
negative. D′ is a ratio of observed LD to the maximum LD possible given the polymorphism
allele frequencies. Values of D′ are between 1 and -1 depending on the arbitrary labeling of
alleles. As D is symmetric, | D′ | values (absolute) are reported. | D′ | values equal to 1
imply complete LD whereas | D′ | equal to 0 indicates total independence. Recombination is
a factor in reducing the associations between alleles [80]. Complete LD is then interpreted as
a situation where recombination has not occurred. Intermediate values of | D′ | are difficult to
interpret but are believed to be signatures of ancestral recombination. | D′ | is upwardly biased
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by sample sizes and rare allele frequencies [80, 81]. Although some argue that | D′ | is not
influenced by allele frequencies, others claim that no method for measuring LD is free from the
effects of allele frequencies [82]. An alternative measure of LD is the coefficient of correlation
[83], r2:

r2 =
D2

√
PAPBPaPb

(4.3)

Only when alleles have the same frequency r2 equals 1 indicating that they occurred in
proximity to one other on the same branch of the genealogy lineage and have not been separated
by recombination [84]. This is considered perfect LD because the alleles are fully informative
of each other. r2 is typically lower than | D′ | for any physical distance (kb). r2 has a number
of pit falls including sensitivity to allele frequency and issues with interpretation. However,
estimating r2 provides a number of advantages in population genetics and association mapping
studies using comparative re-sequencing [84].

For association mapping purposes, the inverse of r2 may be used to estimate the increase
in sample size required to obtain an association with a marker and have the same power as
testing the disease allele directly [80]. For example, in order to find an association with a
maker with the same power as the disease polymorphism, which has an r2 of 0.5 with a disease
polymorphism in a sample of 100 chromosomes, the sample size needs to be doubled (1/0.5).
This measurement indicates of the extent of useful LD in association studies. Distances over
which | D′ | decreases by half (“half-life” of | D′ |) has also been suggested but since | D′ |
overestimates the magnitude of LD, application of the half-life to fine scale mapping remains
unsure [85]. To test against the null hypothesis of no LD, the significance of LD between
markers can be obtained by dividing r2 by the number of chromosomes, estimating a chi-
squared value and with 2 degrees of freedom [84].

In a population genetics setting, the standard neutral model has been used to predict the
extent of LD [84]. In this model r2 is an estimator of 1/(4Nec + 1), where Ne is the effective
sample size and c is the per nucleotide recombination rate. Therefore, r2 is a function of the
scaled population recombination rate; high recombination rates imply lower r2, whereas if 4Nec
is low then r2 is approximately 1. An advantage of this scaling is that it allows the comparison
of regions rather than pairwise measures of LD. Furthermore, other factors such as population
dynamics, selection and crossover events contribute to the estimates of 4Nec, making it more
applicable to comparisons within and across population.

4.1 Haplotype Diversity and Neutrality
The diversity of haplotypes can be estimated similarly to gene diversity ([86]:

Hd = 1−
∑

pi
2 (4.4)

A number of tests have been developed to study departures from neutrality based on haplo-
types. These tests center on the infinite alleles model. According to this model, each mutation
occurring in a background of pre-existing mutations creates a new haplotype. Based on this
concept, Ewans described a formula using the neutral mutation parameter θ estimated from the
number of segregating sites to predict the expected haplotype frequencies [87] .
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Strobeck modified Ewans sampling formula by using θ estimated fom π in his S test to
determine if a population was mating randomly or if substructure existed [88]. If there is
substructure then the number of haplotypes is expected to be less than predicted by the modified
formula. Therefore, the probability of obtaining a sample with less than or equal to the number
of observed alleles which are in the sample is estimated. However, since the effects of balancing
selection are proposed to be similar to that of substructure i.e. a deficit in haplotypes, then the
S-test has also been suggested to be an estimate of departure from neutrality.

Fu and Li proposed the Fs test as an alternative to Strobecks S [89]. The modification S is
essentially the opposite of S i.e. the probability of observing more haplotypes than that found
in the sample based on π. Fs tends to be negative when there is an excess of recent mutations
and appears to be more powerful for detecting background selection.
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Chapter 5

Human Genome Patterns of Linkage
Disequilibrium

5.1 Predictions, Empirical Data and The International
HapMap Project

Early studies of linkage disequilibrium involved the use of micro-satellite markers and simula-
tions to predict the extent of LD in the human genome [90, 91, 92]. However, SNPs are more
abundant in the genome and with improvements in technologies for their discovery/detection,
SNPs have been the main tool in research to shed light on the complexity of LD in human
populations.

A number of independent groups and an international collaboration, the International Hap-
Map Project, have tried to predict and study LD empirically across an extensive range of genes,
genomic regions and whole chromosomes, as well as the entire human genome in order to get a
better understanding of LD and haplotype structure. Typically, patterns have been examined in
a number of populations from different continents to get a global perspective on LD. The data
produced has provided a wealth of information for future studies of population genetics, and
they will have a large impact on medical genetics for disease gene identification.

LD simulations based the expansions of a small founder population to the current popula-
tion size over 5,000 generations predicted that LD would not be found beyond 3kb of DNA in
the genome [90]. Some researchers argued the model used to derive this expectation was in-
consistent with the LD in current populations and empirical studies have revealed regions of the
human genome where LD extends far beyond 3kb [93]. Early empirical studies using micro-
satellites demonstrated that LD across the genome is heterogeneous, often extending over long
distances with an inverse relationship with physical distance. However, over shorter distances
LD was more variable and less predictable [94]. Although LD between SNPs is does not extend
as far as for microsatellites, the LD pattern displays the same relationship with distance but is
more consistent with a genetic (cM/Mb) rather than physical map (kb) [95].

The degree of LD correlates with features of the genome such as G+C content, SINE re-
peats, gene density and gene function for both physical and genetic maps [96, 97, 4]. There
appears to be low LD within genes involved in immune response and neurophysiology whereas
higher LD is observed among genes involved in DNA and RNA metabolism, DNA damage,
and the cell cycle. Extensive haplotypes are observed towards autosomal centromeres and the
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X-chromosome appears to have even more regions of extended LD [4].
In a number of studies spanning large regions of the genome, including entire chromo-

somes, short regions of low LD often interrupt areas of high LD [85, 95, 98]. These regions
of high LD are characterized by low haplotype diversity, where 2-5 common haplotypes (MAF
≥5%) explain much of the variation, and low recombination rates [99]. Regions of low LD
correspond to increased haplotype diversity and potentially higher recombination rates. In a
number of studies, it has been demonstrated empirically that some of these regions of low LD
do correspond to regions of elevated recombination and they have been termed recombination
“hotspots” [100]. In some cases, the majority (50-80%) of all recombination occurred in a sub-
set (10-15%) of the sequence [101]. However, regions of high LD may also have recombination
hotspots that may have arisen recently [102, 103], which is consistent with the observations of
different hotspots in non-human primates [104].

Regions of low haplotype diversity are termed “haploblocks” and can also be defined based
on the extent of pairwise LD half-life | D′ |, or by combining both haplotype diversity and
LD [105]. SNP information in haploblocks is partially redundant and a subset of the SNPs
can be informative of other SNPs in the region. These “haplotype tagging” SNPs (htSNPs)
can be selected based on the methods used to define the block structure. For example, SNPs
can be chosen to capture a percentage of the haplotype diversity [106], distinguish between
the haplotypes [99] or exceed a threshold of LD with other SNPs. As the block definition is
subjective, strategies have been developed to capture SNPs based on regression of multiple
measures of LD and so are not restricted by the definitions of block boundaries but can span
them [107].

The alignment of block boundaries and block patterns are similar between related popu-
lations [108]. Conversely, the degree of LD and the extent of haploblocks is much smaller
in African population samples than in non-African populations [109, 110]. As for SNPs, the
majority of haplotype variation is explained by differences within the populations rather than
between. The sequence covered by the blocks is often dependent on which method was used
to define recombination such as pairwise LD or the Four Gamete Test. Eventhough haplotypes
have been found to span recombination hotspots, their length is also correlated with genetic
distance [4].

Due to differences between populations, the concept of using a common subset of htSNPs
to tag global variation is questionable. Difficulties in comparing patterns of LD and haplo-
type blocks between populations are due to polymorphism density, the measure of LD, sample
sizes, large numbers of pair-wise comparisons, and inconsistent selection of SNPs with high
frequencies that are not shared between all populations (ascertainment) [111]. For example, in
studies where SNPs were selected from databases it has been shown approximately 50% of the
genome is organized in this block fashion [112], while SNPs identified by re-sequencing such
as that obtained from the Environmental Genome Project (EPG) showed better blocks [69].
Additionally, a number of studies have shown that factors other than recombination may result
in block-like haplotypes.

Attempts to understand the fine-scale resolution of LD using genetic map are very recent.
There is a consistency in recombination events recombination rates between populations mea-
sure using dense marker sets across regions. However, population specific recombination spots
can be observed. This complements the pairwise measures of LD to some degree but also
questions the definitions used to describe haplotype blocks and the shared patterns between
populations [113].
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Chapter 6

Factors Shaping Patterns of Diversity &
Linkage Disequilibrium

Tests for deviations from selective neutrality are sensitive to other factors influencing the as-
sumptions of the standard neutral model and gene history. The measures and patterns of diver-
sity are variable possibly reflecting past events other than selection in the genealogy. However,
there are correlations in levels of diversity over distances as short as 100bp to 1000kb that are
consistent with patterns of LD [70]. This indicates that the same forces shaping diversity have
consequences regarding the correlations between polymorphisms.

6.1 Mutation Rates and the Neutral Mutation Parameter
Error in the replication and repair of DNA is a critical source of mutation. Most of our knowl-
edge on mutation rates is provided by comparisons of genes between species and pseudogenes.
These are based on the neutral theory of molecular evolution, which assumes that the rate
of neutral mutation is similar between and within species. A number of studies find that the
neutral mutation rate lies between 1.3x10-8 and 3.4 x10-8 with an average of 2.5x10-8 [114].
Therefore, the number of new mutations per diploid genome per generation is between 115 and
175 [65, 63]. Genes show differences in their mutation rates. These are often correlated with
features such as coding regions, introns, CpG content and repeat. The X-chromosome also
appears to display lower mutation rates perhaps due to lower mutation rates in females (male-
driven molecular evolution) [115], while other studies have not found significant differences
between the X and autosome chromosomes.

Variation in mutation rates is predicted to affect SNP density and subsequently influence π
and θw. Assuming regions with no function and high mutation rates, the number of potentially
rare mutations will be greater, effecting θw more than π. A negative Tajimas D will subse-
quently indicate an excess of rare variants, as will Fu and Lis D* and F*. Furthermore back
mutation (homoplasies) in these regions cannot be ruled out which violates the infinite sites
model. Regions with high mutation rates will result in rare mutations on several branches of
the genealogy, which creates weaker correlations between neighboring SNPs. Therefore, if
the neutral mutation parameter is high, the haplotype block size is expected to be smaller than
that predicted by lower rates of mutation. From the point of view of evolutionary and disease
genetics, mutation will break down the size of haploblocks [116].
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6.2 Random Genetic Drift
Not every mutation that arises is going to persist in the population for a long period of time.
Owing to random mating, the effects of sampling from one generation to the next will either
be the complete loss of new mutations and/or haplotypes or a “drift” (fluctuation) between
frequencies. As a result, there is a potential for the new alleles to replace the ancestral allele
and become fixed. This is a function of the population size (1/2N ). In a large population, it is
expected that a new neutral mutation will survive approximately ten generations before being
lost [117]. On the other hand, in smaller populations, such as geographically isolated groups,
the effects of drift will be greater.

These fluctuations from generation to generation may explain some of the patterns of vari-
ation that are observed in extant populations. The majority of variants are rare because of drift.
When the effects of population dynamics and selection are excluded, drift is expected to be a
major driving force in molecular evolution and is the key factor in the Neutral Theory. The
balance between rates of neutral mutation and drift will result in similar neutral parameters by
pi and thetaw and Tajimas D is expected to be zero. The number of mutations from the inner
and outer branches of a genealogy will reflect this, and Fu and Lis D* and F* will be near 0.

Linkage disequilibrium is expected to increase under random genetic drift. The effects will
be more pronounced in small populations. This is due to the loss of chromosomes, which will
increase the correlation and extent of association between polymorphisms that have occurred
on the same chromosome or descend from a common ancestor [118].

6.3 Recombination and Gene Conversion
Recombination is the balanced crossover of genetic material during prophase I of meiosis. As
a result, there is shuffling of genetic material from generation to generation without altering the
density of existing polymorphisms, unless new mutations occur. Correlations have been shown
between the recombination rate and nucleotide diversity [119], which may be due to selection
processes or that recombination is mutatgenic [120, 121]. The average genome recombination
rate is approximately 1.1cM/Mb based on genomic-physical distance maps. However, recom-
bination is neither uniform across the genome nor similar between the genders. Moreover, for
the sex chromosomes recombination is also lower than the genome average [122].

Many of the models that are used in population genetic analysis assume absent or uniform
recombination across the regions under investigation. Recombination will increase allelic com-
binations, influencing the variances of π and the number of segregating sites without affecting
their means. As a result, many of the summary tests based on θ estimated by the number
of pairwise differences (e.g. Fs and Strobecks S) could potentially be either conservative or
inflated.

The detection of recombination from population genetic data is difficult although a number
of methods have been proposed for this purpose including the Four Gamete Test (FGT). Under
an infinite sites model the FGT assumes that the four haplotypes observed from diallelic mark-
ers can only be created by balanced crossover and not by homoplasy [123]. Performing this
test across a region will identify recombination spots that overlap giving a conservative number
of recombination events Rm. This minimum number of recombination events can be used to
estimate the population recombination rate. However, as it does not identify all potential events

21



that have occurred in the history of the sample, it is not expected to be very precise. Hudson
proposed another method by which C (also known as ρ) is estimated from the variance of the
number of site differences between pairs of sequences in the sample [123]. However, a number
of groups have now developed other ways of estimating recombination rates from population
genetic data. These methods have been designed to be more precise by taking sample history
into account through coalescent modeling and are insensitive to SNP ascertainment [124].

Recombination is the strongest force that will break down LD. A theoretical rule of thumb,
LD between two sites per generation will be:

Dt = (1− θ)tD0 (6.1)

where D0 is LD at the time 0, Dt is LD at the t’th generation broken down by the recombi-
nation fraction θ [80]. Therefore, with distance and time, LD will decrease gradually, as seen
with absolute | D′ | and r2. However, over shorter distances LD can be very variable. A major
driving force in shaping these fine scale patterns of LD is suspected to be gene conversion: the
non-reciprocal transfer of DNA from one chromosome to another (figure). Gene conversion
has been overlooked as a mechanism shaping the structure of genomic LD. If gene conversion
occurs as common as predicted, and as interest in copy number variants increases, then gene
conversion will have to be taken into account for evolutionary and disease mapping purposes
[125, 126].

Gene conversion (Fig. 6.1) replaces the alleles on one chromosome (Acceptor Strand , Blue)
by the alleles of the other (Donor strand, Red) and can be identified as tracts of two or more
consecutive SNPs that could also be homoplasies [127]. Gene conversion tract lengths are on
average between 350-1000bp and appear to be frequent in regions of high GC content, possibly
to counteract the increased mutation rates at CpG islands [128]. As the tracts are quite small,

Figure 6.1:
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gene conversion cannot be as easily observed between markers that are outside the tract as in
low-density marker scans for LD structure determination. When higher densities of markers
are used, LD varies much more and haplotype block sizes decrease. Andolfatto and Nordborg
pointed out that gene conversion could contribute to the per generation recombination rate, c,
if the distance between two sites is equal to or smaller than the length of the gene conversion
tract [129]. If gene conversion inflates c, estimates of the population recombination rate, C,
will be expected to increase. As r2 is a function of the population recombination parameter,
gene conversion will reduce allelic associations at high SNP densities.

Gene conversion can occur intra-chromasomally between duplicated sequences on either
side of the same chromatid or sister chromatid and thus plays a significant role in the evolution
of multi-gene families such as the globin gene, ribosomal and MHC [130]. Hayashida described
that gene conversion involving the X-linked Zinc Finger (ZF) genes could possibly explain the
unusual divergence pattern of the mammalian Y-linked ZF genes [131]. Gene conversion occurs
frequently in the germ-line [132] and is important in forensics [133].

Gene conversion has been important in phenotype variation such as color vision and ol-
factory receptor evolution [134]. Amino acid substitutions in the red cone gene (OPN1LW)
are caused by the gene conversion of alleles from the green cone gene (OPNL1MW) on the
X-chromosome. In the HLA class three region, gene conversion between CYP21B and pseu-
dogene CYP21A is responsible for 75% of the mutant alleles that cause congenital adrenal
hyperplasia [135]. Of the 89% of unrelated individuals with Shwachman-Diamond syndrome,
60% have two converted alleles from the pseudogene SBDSP [136]. Gene conversion between
two functional genes plays a significant role in chronic pancreatitis where 289bp from the an-
ionic trypsinogen gene PRSS2 is relocated to exon two of the cationic trypsinogen gene PRSS1,
resulting in two exonic mutations increasing susceptibility for spontaneous activation to trypsin
[137]. Interchromosomal gene conversion of alleles from homologous pseudogenes on chro-
mosome 22 to chromosome 12 is important in von Willebrand disease [138].

6.4 Molecular Selection
Mutations that result in amino acid substitutions can potentially have a number of consequences
depending on how they influence the fitness of the carrier. For example, deleterious amino acid
substitutions may result in congenital deformations or early-onset disease, which reduces the
chances of the carrier to pass on the mutation to the next generation. Therefore, the mutation
is negatively selected and maintained at low frequencies. The contrary may be true for bene-
ficial mutations. Mutations that improve the survival of the carrier to reproductive age will be
positively selected and increase the likelihood of that mutation becoming polymorphic or fixed
in the population. Alternatively, mutations will occur that may have no effect on fitness, be
slightly deleterious, or have little effect on improving fitness. These mutations are considered
neutral or slightly neutral and their frequency in the population is subject to random genetic
drift [139].

Selection will have local effects on the neutral polymorphisms surrounding the mutation.
In the case of negative selection, diversity will be reduced, as polymorphisms surrounding
the mutation will also be quickly eliminated resulting in an over-representation of rare alleles.
Both a negative Tajimas D and a negative Fu and Lis D* and F* will indicate the excess of rare
variants in these regions. As new alleles will occur on different chromosomes and frequencies
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will be low, LD between the alleles will be complex. Some alleles will show moderate LD,
while others may not be in LD at all. Alternatively, a positively selected polymorphism will
increase in frequency along with the neutral polymorphisms in the surrounding [120]. In the
process, there will be a decrease in a number of pre-existing high frequency polymorphisms
and an increase rare variants, an occurrence that is also be indicated by negative Tajimas D and
Fu and Lis D* and F*. LD will be increased between the new linked sites. Because the extent
of selection around the mutations will be subject to recombination, using LD as in indicator of
positive selection has been of debate, as some argue it will breakdown rapidly after a selective
sweep [140].

Under balancing selection, when two or more alleles at a particular locus have selective
advantage, alleles will be maintained at intermediate frequencies. In contrast to positive se-
lection, there will be a deficit in the number of rare variants. However the effects on neutral
variation in the vicinity of the polymorphisms will be similar, in that existing polymorphisms
hitch-hike along with the beneficial polymorphisms, leading to an excess of heterozygotes near
the selected polymorphisms [141]. Subsequently, the number of pair-wise differences and sub-
sequently Tajimas D will be positive. Fu and Li’s D* and F* will also be positive also as the
number of internal, older mutations will exceed that observed in the external branches of the
genealogy.

Balancing selection can be further categorized into negative frequency-dependent selection,
where the fitness of allele decreases as it becomes more common, or generalized overdomi-
nance, where heterozygotes have a selective advantage over homozygotes [141]. Selectively
balanced polymorphisms are greatly influenced by the development and adaptation of humans
to different environments, immunity and protection against infections agents. Most notable
of these are the HLA loci [142], Glucose-6-phosphate dehydrogenase (G6PD) and protection
against malaria [143], CCR5 promoter polymorphisms and protection against HIV [144]and
most recently PRNP [145].

Much of the polymorphisms occurring in coding regions of genes is a result of selection.
Diversity in coding regions is lower especially for non-degenerate mutations. Many coding
regions in human genome do not have an excess of rare alleles and indicating that balancing
selection is more common than previously anticipated

6.5 Population Dynamics, History and Structure
As opposed to selection, which shapes diversity and LD locally, the dynamics of populations
shape diversity across the genome. Consequently, the same forces influence associations be-
tween markers and shape LD.

Population growth will reduce genetic drift. As a result, the balance between mutation and
drift is tilted towards mutation, increasing the number of rare alleles and reducing of LD. The
extent of this effect depends on the growth rate, with the greatest breakdown in LD happening
in a rapidly growing population [84].

A decrease in population size followed by growth (a bottleneck) will reduce genetic diver-
sity and increase LD between markers that have not been eliminated. The decline in diversity
is of course dependent on the severity of the reduction in population size and the rate of pop-
ulation growth following the bottleneck. The effects of migration are similar to that of the
bottleneck effect, resulting in a reduction in diversity and an increase in LD in the new founder
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population. The effects on the extent of diversity loss and LD formation will be greatest in
the migrating population size is small, owing to genetic drift. Within populations there may be
substructure. Drift and other forces will act in each subpopulation and function in shaping the
degree of within subpopulation diversity. The effects on LD within each population are as de-
scribed above; however, when substructure is not detected, LD may be high because of within
population allele associations [80, 116]. Migrations between the subpopulations (admixture)
will also create LD but is dependent the time of admixture on the rates of gene flow stephens).
The effects of subdivision will reduce in the following generations.
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Chapter 7

Application of Human Genetic Variation

7.1 Molecular Anthropology & Study of Human Evolution
Over the last 50-60 years developments in molecular techniques and automation have provided
more in depth knowledge of genome diversity within and between humans and other species.
Antigenic protein analyses, hybridizations of non-repetitive DNA and sequence comparisons
show that African Apes are closely related to humans, suggesting a most recent common an-
cestor (MRCA) about 5 million years ago (MYA) with chimpanzees (Pan troglodytes) [146]
and about 8 MYA with the gorilla. Pan troglodytes are 98-99% similar to humans in terms of
DNA sequence, but greater differences up to 5% are observed when insertions and deletions are
taken into account [147]. Studies concerning variations in insertions, repeat copy number and
genome structure illustrate that speciation and human development has been dynamic [148].

Early comparisons of blood proteins indicated that there was greater variation within human
populations than between them, and more differences were present in the between the African
compared to the non-African continents [147]. Based on such patterns, it was proposed that
non-Africans were from the Africa. From studies of mitochondrial DNA (mtDNA), regions
of the X and Y-chromosomes and of autosomal DNA from global samples show that diversity
observed in non-African populations is a subset of that found with in the African population
[76, 77, 78, 134, 149, 150, 151]. This further suggests that a population of approximately
10,000 Homo sapiens migrated “Out of Africa” an estimated 100,000 to 200,000 years ago into
the middle-east replacing other species of Homo such as Neanderthals. Additionally because
of the diversity between Africans and native Australians, it has also been suggested there were
migrations south-west to east.

There are alternatives to the Out of Africa theory, such as the multiregional hypothesis,
which argues that Homo sapiens developed globally, rather than from within Africa alone, fol-
lowing a migration of Homo erectus out of Africa. Alternatively, there may have been two
migration events: first erectus and secondly sapiens. Following the sapien migration, there
may have been total replacement by sapiens (replacement hypothesis). There may also have
been interactions and gene flow between sapiens with erectus or Neanderthals. All these mod-
els are supported by substantial amounts of fossil and archeological evidence [116]. However,
studies of mitochondrial DNA from Neanderthals show a high degree of variation with sapiens,
suggesting that Neanderthals did not contribute to the variation in contemporary mtDNA. How-
ever, this cannot completely rule out gene flow to nuclear DNA. Recently, it has been hypoth-
esized the MAPT gene, which shows an extreme haplotype structure and codes for Alzheimers
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disease protein tau, may have been derived from Neanderthals [152]. Therefore, nucleotide
and haplotype diversity can be useful tools for tracing the potential origins of genes that are
important in common diseases.

7.2 Medical Genetics
The synergistic relationship between population and medical genetics has become fundamental
for locating genes influencing phenotypic traits and understanding the origins of disease alleles.
By comparing the human genome to those of other species, such as Pan troglodytes, can provide
information about the genes and genetic variation that have been important in the evolution and
development of Homo sapiens in terms of cognitive abilities and language [153]. We can also
improve our understanding of how climate and environmental exposures can influence genetic
variation and gene function.

The majority of the 0.1% differences between two individuals have presumably no function
and little influence on fitness. However, a subset of the variation is important for susceptibility
to disease. These diseases may be caused by rare novel mutations, for example in cystic fibro-
sis, Huntingtons disease, Tay Sachs and muscular dystrophy. However, not all diseases have
discrete inheritance patterns in families. In fact, the most common diseases, such as cardiovas-
cular disease, respiratory diseases, and psychiatric diseases, are sporadic. Furthermore, these
diseases are more frequent in the western world, which suggests that common polymorphisms
and environments are contributing to disease. Therefore, to find the causes of genetic disease
across populations, we need an understanding of the range, structure, effects and sharing of
natural and disease causing genetic variation in the human genome both within and between
populations.
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Chapter 8

Mendelian Disease

Mendelian Disease Around the time Mendels work on independent segregation and assortment
was rediscovered, Garrod was observing trends of “inborne errors of metabolism” (alkapta-
nuria) segregating in families following similar patterns of dominant and recessive inheritance.
Mendelian genetic diseases are considered simple given that they have a readily identifiable
pattern of inheritance, typically caused by mutations in a single gene.

Figure 8.1: Filled Squares:- Male, Diseased; Filled
Circles; Female, Diseased; Spots:- Muation carriers, not
diseased. (A) Dominant Inheritance pattern (B) Reces-
sive (C) X-linked (D) Mitochondrial

A dominant inheritance pattern is observed
when affected individuals (probands) occur in
consecutive generations (vertical), independ-
ently of gender, and are caused by the trans-
mission of one disease allele that sufficient to
cause disease (dominant). Examples of domi-
nant diseases include Huntingtons disease, m-
yotonic dystrophy and variegate porphyria. A
recessive inheritance pattern is also gender in-
dependent, but two copies of the disease allele
are required to cause the disease. Therefore,
the disease phenotype may only be observed
in one generation (horizontal) or alternative
generations. Examples include cystic fibrosis,
spinal muscular atrophy and phenylketonuria.
The transmission patterns of mutations on the

sex chromosomes are different from those on the autosomes. Affected males with an X-linked
dominant mutation only inherit the disease in the maternal line while affected females can re-
ceive the disease allele from either parent, as examplified by hypophosphatemic rickets. As
males carry a Y-chromosome, recessive X-linked mutations transmitted from mother to son
will be dominant, e.g. color blindness, Duchene Muscular Dystrophy and heamophilia. Like-
wise, mitochondrial diseases are typically transmitted in the maternal line and all offspring are
affected e.g. Lebers optic atrophy.
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8.1 Linkage Analysis
Genetic Epidemiology and Medical Disease Genetics are born from the concept that alleles
increasing the risk for disease are transmitted in pedigrees and populations. However, disease
genes are not easy to identify. The allele contributing to a particular disease phenotype could
be in any of the 30,000 genes in human genome. Early methods focused on markers available
at that time, such as the ABO blood groups [154]. With knowledge of the genetic paradigms,
improvements in technology and the identification of genetic markers, the process of locating
disease genes has been built on two platforms known as forward and reverse genetics. Forward
genetics relies on knowledge of disease mechanisms. Consistent alterations in protein activity
or structure in affected individuals are taken as indications of mutations in the genetic code.
The amino acid sequence could be used to determine the DNA sequence and the hybridization
of probes to isolated clones can be used to locate the gene. The clones can subsequently then be
sequenced to identify the mutations. However, for the majority of inherited diseases the molec-
ular basis remains unknown and alternatives requiring no knowledge of disease mechanisms
have been designed.

Reverse genetics takes advantage of deviations from Mendels law of independence: linkage.
Linkage refers to the close physical proximity of loci on a chromosome, which are transmit-
ted together from parent to offspring (co-segregation) but may be separated by recombination
(independence). As the probability of recombination between two loci increases with distance,
recombination is essentially a function of distance. This principle is the foundation of Linkage
Analysis: by monitoring marker co-segregation through pedigrees and determining the number
of recombinants (recombination fraction: θ) in order to locate the disease gene. Distinguish-
ing which marker allele is transmitted from each parent is essential and informative, highly
polymorphic markers, such as microsatellites, are most often used.

Morton devised the LOD score method (logarithm of the odds) to test the hypothesis of
linkage or independence between markers [155]. The higher the odds of observing the allelic
combination for a given theta against the odds of the same data under complete independence
was utilized to indicate linkage between the markers. The maximum log10 of the odds (likeli-
hood ratio) gives the Z-score, which can be used to test the significance of the linkage. In such
studies Z = 3, indicates that linkage is 103 times more likely than no linkage with a probability
of 10−5 which is significant at the 10−4 threshold.

Since recombination is a function of distance, the number of meioses is crucial for disease
gene identification. As the number of generations per family is quite limited and the number
of observed meioses small, the resolution of linkage studies can be quite poor. The disease
gene could be anywhere in a broad region of 5-10cM, containing hundreds of other genes. The
LOD method was designed to be a sequential test meaning that data from a number of different
pedigrees could be combined for each given recombination fraction. The overall maximum
score was used to determine the location of the markers in relation to each other. Although
this may help in narrowing down the position of the disease gene, the resolution remains low
at approximately 1cM. This method of linkage analysis has formed the basis for locating genes
by other methods such as the multilocus method and the MOD score [156].
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Chapter 9

Complex Disease: Lessons from Linkage
Analysis

In 1989 the recessive mutations in the gene CFTR that cause cystic fibrosis were located [157].
This was a discovery heralded as the first real success for linkage analysis. Since then 1833
phenotypes have been described where the molecular basis of the disease is known(OMIM,
January 31st, 2006). However, in the course of applying linkage analysis to a range of diseases,
Mendelian and common, a number of issues have arisen concerning the genetic component and
architecture of disease i.e. number of genes and mutation frequencies.

9.1 Is there a Genetic Component to Common Disease?
Most of the mutations that contribute to monogenic disease are deleterious and occur within
the coding regions of structural or enzymatic proteins. These mutations tend to have a high
penetrance i.e. a strong one-to-one relationship with the disease, and are not influenced by the
environment. They may be presented congenitally or at an early age, thereby influencing fit-
ness. Because the balance between mutation and selection is tipped, the mutations are quickly
lost from the population or are kept at low frequencies (less than 1%) including disease inci-
dence. As recessive mutations tend to have a smaller effect on fitness, they may have higher
allele frequencies than dominant mutations.

Some genes involved in common diseases such as breast cancer (BRCA1, BRCA2) [158] and
Alzheimers (APP) [159] have been identified by linkage analysis, primarily due to early onset,
relatively high penetrant alleles that follow a Mendelian mode of inheritance. However these
cases make up only 5-10% of all the disease incidences, while the remainder occurring sponta-
neously in families who may not have had a prior history of disease. Therefore, the application
of the traditional linkage based method becomes more difficult as the inheritance pattern be-
comes less obvious due to incomplete penetrance of disease mutations [160]. Furthermore, the
phenotype may manifest itself at a post reproductive age (late onset) and subsequently previous
generations could be difficult to collect for linkage analysis. Late onset suggests weaker effects
on selection and so the mutation may be subject to random genetic drift. The alleles could be
lost immediately or increase in frequency, which could render descendents susceptible to the
disease.

The contribution of genetics to a common disease may be ascertained from measures of
“relative similarity”. Heritability in the narrow sense is the proportion of the phenotype vari-
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ance due to additive genetic effects (VA/VP ), which represents the extent to which the pheno-
type resemblance is determined from transmitted genes [161]. Additionally, λs measures the
ratio of risk for disease in siblings of the proband as compared to the population prevalence.
The increase in risk between siblings may indicate the segregation of genetic factors contribut-
ing to the risk. The risk can be observed for all possible degrees of relatedness and should
decrease with distant relatives [162].

Estimates of phenotype heritability and risks indicate that common diseases are mulifacto-
rial: both genetic and environmental components contribute to disease susceptibility. However,
the heritability of various diseases and phenotypes is a summation of the genetic contribution
and not a quantification of the number of genes the type or of effects made by each mutation.
Some mutations or polymorphisms may impose a greater individual effect and risk than others
and collectively increase susceptibility. It may also be the case that a large number of genes,
each with a minor increase in risk could contribute to the disease (polygeneic) [160, 163, 164].

The existence of a genetic component to a number of late-onset, common diseases has also
been questioned [165, 166]. Common diseases such as obesity and cardiovascular disease may
have a large amount of influence from the environmental but have little genetic influence (phe-
nocopy). Lifestyle changes such as a lack of exercise and a greater consumption of high calorie
and fat foods may be contributing to higher incidence rates [167]. Environmental pathogens
such as viruses may also contribute to common diseases such as Schizophrenia. For example,
children born during the winter appear to have a higher risk due to in utero infections affecting
development of the nervous system [160].

Therefore common diseases that exhibit late onset, unknown modes of inheritance, un-
known genetic or environmental composition and unknown genetic architecture are labeled
Complex Diseases.

9.2 The Genetic Architecture of Common Complex Disease
Mendelian genetic disease architecture can be intricate due to the fact that, different mutations
in the same gene (allelic heterogeneity; CFTR and cystic fibrosis) or different genes (locus het-
erogeneity; Retinitis pigmentosa and hearing loss) may cause the same phenotype. Moreover, a
single gene may cause a range of different diseases (pleiotrophy; ABC1-Tangeir Disease, Famil-
ial hypoalphalipoproteinemia). Multiple genes may be needed for disease, such as mutations
in the tyrosinase and MITF genes for digenic Warrdenburg syndrome type 2.

However, the genetic architecture that underscores the genetic contributions to complex
disease remains largely unknown. Some population genetic models propose an oligogenic or
a polygenic structure, which implyies that either relatively few genes with moderate increases
in risk or that many genes each with a small contribution to risk are involved. The Common
Disease/Common Variant hypothesis (CD/CV) proposes that high frequency predisposing poly-
morphisms in a limited number of genes contribute to disease susceptibility [154, 168]. Each
polymorphism has a limited effect on fitness and the risk of disease. Therefore, it is expected
that polymorphisms may have drifted into high frequencies either prior to or during population
expansions, and could be shared among various populations because of population history. As a
result, the expected allelic identity for the disease mutations is high, i.e. the diversity in disease
alleles is quite old but has not changed very much [169].

It is possible that alleles with low selective constraints may have become fixed in the popu-
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lation. In this way, alleles would not contribute to heritability but they would be important for
disease susceptibility. During human evolution alleles beneficial for metabolism and storage of
energy became fixed, but in modern society food is readily available, and these alleles may not
be so advantageous (The Thrifty Gene hypothesis) [170]. The Common Disease/Fixed Variants
(CD/FV) cannot be ruled out [171], given that such alleles fixed in different populations were
observed in the HapMap Project [4].

The Common Disease/Rare Variant hypothesis (CD/RV) proposes that relatively new muta-
tions, with relatively weak effects on the fitness of the carrier, collectively increase risk for dis-
ease. These mutations may only last a few generations due to random genetic drift [172, 173].
According to such a model, the high turnover of mutations leads to a diverse allelic spectrum
for the disease, causing the allelic identity to be low. The ability to find these mutations is
limited unless extensive re-sequencing is carried out to discover the variation. Other models
take into account the effects of selection on rare mutations [169]. The “mutation accumula-
tion” model predicts that mutations accumulate in the genome and affect aging (senescence)
and subsequently age-associated diseases. Alternatively, “antagonistic pleiotrophy” suggests
that mutations may have beneficial effects early in life but deleterious effects later [171].

Understanding the genetic architecture of complex disease could be instrumental in identi-
fying high and low risk disease groups. A study modeling the population risk of breast cancer,
based on high frequency low risk alleles, demonstrated that a polygenic multiplicative model
best fit the familial aggregation of non-BRCA1/2 breast cancer. By identifying the population
proportion above or below a given risk that explains a percentage of all cases, shows how im-
portant it is to identify the genetic risk factors. For example, if all the factors were identified,
2% the population with a risk of 11% for breast cancer before 70 years of age would account
for 50% of the cases of breast cancer [164]. To date many studies indicate the a small number
of loci may contribute to most of the risk in diseases such as Diabetes (TCF7L2, CTLA-4)
[174, 175]. Therefore the knowledge of the genetic architecture is important to aid the identifi-
cation of genes, which could result in improved prevention, diagnosis and prognosis.
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Chapter 10

Identifying Complex Disease Genes

The characteristics of complex disease reduce the power of linkage studies to identify the
causative regions of the genome; therefore alternatives to the conventional parametric approach
have been developed. To overcome the lack of individuals from previous generations and spec-
ification of a genetic model, non-parametric linkage analysis, avails of genotype sharing be-
tween two individuals. The Affected Sibpair (ASP) linkage method measures the relationship
between sib phenotype similarity and the proportion of alleles shared between the sibs; iden-
tical by descent (IBD, alleles have the same common ancestor). In other words, if an allele is
truly involved in the trait then it should, in theory, be shared by those affected. The probability
that full sibs share 2 alleles IBD is 1

4
, 1 allele IBD is 1

2
, and none IBD is 1

4
. The hypothesis

is that a greater proportion of alleles linked to the disease locus will be shared between the
sibs, i.e IBD > 1

2
, and can be useful for locating disease alleles. Although sib pairs are most

commonly used, methods have been developed for other degrees of relationship and extended
pedigrees. However, disadvantages are that the resolution of these linkage approaches remain
low and some issues with sample collection remain [176].

Alternatively, Tests of Association performed at the population level are proposed to be more
powerful than linkage studies for finding complex disease genes [177]. The principle behind
the association study is if the risk factor (disease allele) is found in or transmitted to affected
individuals more than in unaffected individuals, then that allele could possibly be contributing
to the disease or phenotype. Tests for association are tests of identity by state (IBS), where
the causative allele is assumed to have arisen from a common ancestor among the cases and or
controls but is too far back in time to be determined and the segregation pattern (inheritance
vector) cannot be resolved [178].
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Figure 10.1: Case-Control study: To the left are Cases, to
the right are controls. The polymorphism is more frequent
in the cases than in controls

The most commonly used test of asso-
ciation is the case-control (Figure 10.1).
This is a relatively simple epidemiologi-
cal method where exposure to the risk fac-
tor (allele/genotype) is compared between
a group of unrelated individuals with the
disease (cases) and a group without the dis-
ease (controls) from the population. Ulti-
mately, if the exposure is contributing to
the risk of disease, then it should be over-
represented in the cases. If the exposure is
independent of the disease then it should
be found equally in both groups. As the
individuals are collected based on disease
status and exposure to the risk is exam-
ined, these tests are often termed retrospec-
tive studies. Conversely, in a prospective study, individuals may be collected in a cohort
study and separated into groups based on the presence or absence of exposure itself (alle-
les/genotype). Over time, the incidence rate of disease is compared between the two groups
and the difference is related to the exposure to the risk factor.

One of the main differences between a prospective and a retrospective study is sample size
because not everyone in the exposure groups develops the phenotype. As a result, many more
samples are required for analysis. However, this may not be the case if the outcome is common
such as depression, or cardiovascular disease. Nonetheless, case-control studies are often the
researchers choice because they are cheaper and faster.

In the application of these methods to the location of disease genes, the strongest association
will be found if the disease allele is tested directly. However, finding the location of the disease
allele among the estimated 11 million SNPs across the genome poses a dilemma. Testing all the
SNPs in hundreds to thousands of individuals is not feasible by existing technologies and would
be a nightmare statistically. To narrow down the search for the disease allele, contemporary
approaches have been structured on the function of polymorphisms, genetic disease architecture
and population genetics.

Contemporary approaches can be categorized into two forms: Direct and Indirect Asso-
ciation [179]. Direct Association is based on the causal hypothesis, which assumes that if all
coding SNPs are discovered, catalogued and tested, the polymorphisms contributing to complex
disease will be amongst them [93]. Similar to the reverse genetic design to Mendelian disease,
the Direct Whole Genome Association (WGA) envisions genotyping all coding-polymorphisms
or a prioritized subset across the entire genome to find the polymorphisms causing complex dis-
ease. However, cSNPs tend to be quite rare, not very diverse and the magnitude of their effects
may be unknown. Consequently, methods are being developed to determine the contributions of
cSNPs to function in order to prioritize SNPs for genotyping in collected samples [69]. Perhaps
the greatest concern of the Direct Approach is the limited gene variation that is used. Without
concern for polymorphisms beyond the coding region, such as promoter or splice-sites, true
causative SNPs could are be missed.

The Indirect Association attempts to address the concerns of the Direct Association by as-
suming that the genotyped polymorphism (marker) is in LD with the causative SNP (Proximity
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Hypothesis) [93]. For this reason, the indirect association is also called LD mapping. The dis-
ease allele is assumed to occur against a background of SNPs forming a disease haplotype. At
this point the disease polymorphism is in LD with all the SNPs that occur on that background.
If selection against the polymorphism is relatively negligible then the haplotype is subject to
drift, potentially rising into high frequencies. In the course of this time, LD will decay due
to recombination and the extent of correlations around the polymorphism will get smaller and
narrower (Figure 10.2). If association is found, the assumption is that the marker is either
the disease allele or in LD with it. Application of this ideology avoids the necessity to geno-
type all known functional polymorphisms and has the potential to locate unknown contributory
polymorphisms.

Figure 10.2: Break down of LD. Linages are in differ-
ent colours. Recombination shuffles them an narrows down
region around the mutation (arrow)

Both the direct and indirect association
studies have the potential of whole genome
application. However, a more in-depth fo-
cus can be made by selecting Candidate
Genes based on the biological mechanisms
involved in the development, actions and
treatment of the disease (Hypothesis-Driven
Candidate) Alternatively genes can be cho-
sen based on regions linked or associated
previously with the disease (Positional Can-
didate). These principles can be applied
to both the direct and indirect associations
with the potential to improve power for find-
ing disease genes

10.1 Selection of Candidate Genes
To date, the Candidate Gene approach has been the most frequently applied method for either
the direct or indirect association. Less restrictions by high throughput technologies and bud-
gets, make the candidate gene approach appear to be an straightforward alternative to WGA.
However, selecting candidate genes for study is a daunting task, particularly when the genetic
architecture of the disease is unknown. The random selection of gene would not be very ef-
ficient, and such a method is best suited for WGA. Instead, there are means of prioritizing
candidate genes that could improve the likelihood of finding disease alleles.

Advantage can be taken of positional candidates in regions previously identified in linkage
or association studies [180]. Mendelian disease genes are sometimes characterized by muta-
tions that factor in severity of the phenotype and onset. In the absence of highly penetrant
variants, these genes may also contain polymorphisms with weaker effects and still contribute
to complex disease [163]. Direct Associations may find polymorphisms in the particular gene
significant and may select this gene for further study. Alternatively, linkage and association
may identify extensive regions containing a number of genes that could possibly be involved in
the disease.

The identification of plausible hypothesis-driven candidates with functional relevance to the
disease can narrow down the selection of genes genome wide or in regions of previous linkage
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or association [181]. If the molecular disease or treatment mechanisms are somewhat under-
stood, genes can be targeted for their impact on the phenotype. For example, many of the genes
studied in neurological disorders have been identified by treatments targeting the gene products
such as transporters, receptors, membrane channels and neurotransmitter metabolizers.

A great deal of our understanding of mechanisms behind disease has come from modeling
the phenotypes in the laboratory. In vitro studies have been very useful for understanding the
molecular mechanisms of genes and their cellular functions. Of equal importance are in vivo
studies using model organisms such as worms, flies, mice, rats and primates. For example, a
gene of interest can be “knocked out” and effects on the organism can be monitored through
development into late adult age. On the other hand, genetic variation in animal models may
be controlled to produce a congenic strain where the only source of variability is in the gene
of interest. Phenotypes can then be monitored for the contributions by the gene and its differ-
ent variants. An advantage of model organisms is the ability to produce extensive pedigrees,
increasing the number of recombinations and thereby narrowing the region of interest. This is
quite useful for reducing allelic and locus heterogeneity. A model state reflective of the hu-
man state may help identify the strong contributors to the disease that are shared between the
species. This strategy is useful for also identifying disease genes with strong effects and is
thereby well suited for follow up studies to the findings of CD/CV hypothesis [182].

Through in silico comparisons of the human genome to those of other species, such as
mouse, rat and chimpanzee, chicken and cattle, not only are we gaining more insight into the
evolution of the human genome but it is becoming possible to identify candidate genes for
diseases such as Bardet-Biedl syndrome [183], renal failure [184] and arthrosclerosis [185].
Additionally more is being learned about the characteristics of disease genes [184, 186, 187].
For instance, the majority of human disease genes are conserved in most species, and appear
to have faster evolutionary rates than non-disease genes. Neurological and malformation genes
appear to be under negative selection, while immune, heamatological and pulmonary genes
appear to be positively selected [186].

10.2 Genotyping Technologies
The prospects for candidate gene and genome-wide associations in hundreds to thousands of
samples requires the development of technologies for SNP detection and allele discrimination
with greater high-throughput capabilities (100-fold) and increased sensitivity/specificity, while
decreasing the cost per genotype. SNP genotyping is built on three components: biochemical
reaction principal, assay platform and detection method. A range of platforms with the same
principle can be matched to different detectors in order to identify the SNP, thereby providing
various approaches to the discrimination of alleles. The common reaction principles in use
today are:

1. Hybridization

2. Oligonucleotide Ligation

3. Primer Extension

4. Enzymatic Cleavage
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Hybridization

Besides DNA sequencing, hybridization was the earliest form of SNP detection [188], taking
advantage of base-pair specificity and the instability of miss-paired nucleotides. Complemen-
tary probes that differ by one base pair to either allele of the SNP, known as Allele Specific
Oligos (ASO), are hybridized to the target sequence forming a duplex. Mismatched probes are
not as stable as matching probes and less energy is required to disrupt the duplex.

Early applications for detection commonly used Southern blot procedures [189], the dot
blot [190] or reverse dot blot platforms. Improvements in technologies and detectors have
allowed monitoring of duplex stability over an increasing temperature range. The signal from
an intercalating dye, which only fluoresces when a duplex is formed, will be lost at a lower
temperature upon melting of the mismatched probe, thereby permitting discrimination of the
allele. Dynamic Allele Specific Hybridization (DASH) is an example of a method that relies
on this principle [191]. Alternatively, probes can be labeled with flourophores that do or do
not emit light when in the proximity of a quencher molecule (Fluorescence Resonance Energy
Transfer: FRET). For example, when a probe is bound to its specific target, DNA polymerase
cleaves the fluorophore from the probe, which separates it from the quencher and permits the
emission of light. This can be used as both a quantitative and qualitative SNP assay and is
exemplified by the TaqMan™[192] and Molecular Beacon [193] approaches.

The stability of hybridization methods can be improved by using Locked Nucleic Acid
(LNA) [194] or Peptide Nucleic Acid (PNA) [195] to increase the stability of the probe. Al-
ternatively, a minor groove binder (MGB) is bound to the TaqMan probe [196]. Multiplexing
hybridization reactions is difficult but high throughput capabilities have been developed for al-
lele specific hybridization using micro-array assay platforms such as GeneChip by Affimetrix
and the semi-homogenous solution DASH-2 [197]. TaqMan and Molecular beacons have lim-
ited capabilities for multiplexing, but as they have less handling and no separation step, they
are more suitable for analysis of large sample sets [198].

Oligonucleotide Ligation

The principle of OLA reaction is based on the joining of two hybridized oligonucleotides ad-
jacent to the SNP site using the specificity of DNA ligase. Only when the correct base is
incorporated, will the ligase join the oligonucleotides [199]. A number of detection systems
for this method are available [200, 201]. One variation of this approach is the Padlock Probes,
which works in the same way as the OLA with the exception that the probes are joined at
opposite ends by a stretch of DNA. Upon ligation, circular DNA is formed, which can subse-
quently be amplified (rolling circle amplification, RSA) [202]. The Molecular Inversion Probe
(MIP) is an adaptation of RSA where an endonuclease site is placed between the primer sites
common to all probes. Probes that do not ligate are degraded by exonuclease, leaving only
circular strands. Endonuclease is then used to splice the circle. A unique tag sequence is used
to hybridize the probe to an array-platform, where alleles can be discriminated [203]. RSA and
MIP overcome the limitation of multiplexing PCR reactions by performing the PCR after SNP
detection, reducing difficulties in multiplex design, and producing enough tag sequences for
both qualitative [204] and quantitative [205] high throughput genotyping.
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Primer Extension

There are two separate principles of primer extension. First, there is the amplification of
PCR products using allele specific primers; the second involves the incorporation of single-
nucleotides and utilizing fluorescence or reaction chemistry to discriminate the SNP alleles.

One primer of an allele-specific primer pair has a complementary nucleotide to either of
the SNP alleles at the 3’ end and the DNA polymerase will only carryout extension when
there are matches. Subsequently, fluorescent probes can be utilized for allelic discrimination.
Alternatively, gel-based or capillary-based electrophoresis systems are used to separate the
amplicons and visualize the outcome. However, optimization for each SNP is required and the
throughput is limited to a few SNPs at a time.

Allele-specific nucleotide incorporation also utilizes base pairing but the extension reaction
is limited to 1-50 bps. The concept behind “minisequencing”is the specific incorporation of flu-
orescently labeled dideoxyribonucleiceotides (ddNTPs) [206] detected using DNA-sequencing
instruments. The ratio of fluorescence determines the allelic state of the SNP. Alternatives
to fluorescence detection methods are numerous. One such approach is based on hapten la-
beled ddNTPs which can be detected using ELISA reactions [207]. Another approach to de-
tection is Matrix-Associated-Laser Desorption Time-of-Flight Mass Spectrometry (MALDI-
TOF), which separates the extension reactions based on the molecular mass of the products
[208]. The process of Pyrosequencing uses pyrophosphate, which is released when a nucleotide
is incorporated at the 3’ end of a primer, as a substrate for luminescence by luciferase [209].
Each nucleotide is added sequentially and light is quantified to determine the allelic state of the
SNP and surrounding sequences up to approximately 50-100bps. This technique is now a basis
for modern DNA sequencing technologies.

The multiplexing of mini-sequencing reactions has been successful on a microarray format
with either one or two detection primers [210, 211]. Some approaches employ primers with
specific tags at the 5’ ends that can be captured on arrays [212] or microbeads [213] with com-
plementary tags. Further advancements in multiplexing have been developed that address the
issue of PCR limitations in multiplexing for primer extension methods. The Golden Gate assay
attaches biotinylated fragments of the genome to avidin microparticles. Specific hybridizing
primers bind and DNA polymerase extends the primer. These primers contain sites for fur-
ther hybridization in their 5’ end. One of these primers contains a tag site compatible with
GeneChip arrays or Bead arrays. The products are amplified by PCR with complementary
primers, one of which is labeled, and then tagged to the arrays permitting signal detection.
Modifications such as enzymatic allele-specifc primers using fluourescent nucleotides [214] or
hapten ddNTPs [215] can be used to increase the multiplexing capability of this assay.

Enzymatic Cleavage

The cutting specificity of restriction nucleases was first utilized in the development of cloning
techniques and was later recognized as a method for SNP detection in the form of Restriction
Fragment Length Polymorphim (RFLP). Restriction enzymes will only cleave double stranded
DNA if the sequence at the cleavage site is correct. In doing so, PCR amplified DNA will be
cut into 1+N pieces (N= number of specific cleavage sites).

A more advanced cleavage technique is the invasive approach, which uses a probe that is
complementary to the allele but the 5’ end is not matched to the upstream target sequence.
When the probe matches the allele, in the presence of an invader probe, the 5’ end forms a
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structure that is recognized by a FLAP nuclease and cleaved. This will only function when the
alleles match, without which, a different 5 structure is formed and that goes unrecognized by
the endonuclease [216]. The cleaved product can be detected in a number of ways including
FRET; however, for the purpose of large scale multiplexing, it has been adapted to solid-phase
arrays [217].
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Chapter 11

Issues in Association Mapping

The ability to locate alleles that contribute to disease (power) depends on the magnitude of the
contribution of each allele and the degree of LD between markers and disease alleles. For this
reason, the finding of disease genes using direct or indirect approaches may be problematic,
which could limit the use of these strategies and lead to misinterpretation of results. Improve-
ments in the design of and the approach to an association study have common goals: Maxi-
mization and efficiency. The objective is to reduce costs while increasing power or limiting the
loss of power thereby minimizing the chance for obtaining false positives. The genetic archi-
tecture of complex disease has a significant role in the power of association studies. The idea of
studying common variation and LD in the population suits the CD/CV hypothesis very well and
many successes have contributed to the optimism of this approach such as APOE (Alzheimers
disease) [218]), PPARG (Type 2 Diabetes) [219], ADAM33 (asthma) [220], NOD2 (Crohns
disease) [221], LTA (myocardial infarction) [222] Factor V(deep vein thrombosis) [223]. How-
ever, the actual utility of common variation needs to be addressed once the low hanging fruit
have been picked. Important alleles with weaker effects need to found. This is especially
relevant to the CV/RV hypothesis.

11.1 Linkgage disequilibrium
The strongest associations will be found if the disease polymorphism is tested directly. For an
indirect association, the strength of LD between the marker/haplotype and the disease polymor-
phism will determine whether an association is found. If the polymorphisms are not in perfect
LD (r2 = 1), then the association signal will be weakened or “diluted” This may be due to
the choice of markers, or htSNPs, that do not represent the branch of the genealogy on which
the disease mutation occurred or maybe due to recombination. It has been shown that studying
common polymorphisms and inadequate selections of htSNPs may not be very powerful for
locating disease alleles with low frequencies and risks [224]. On a finer scale (< 2kb), gene
conversion could be influencing LD more than anticipated. From the HapMap Project, approx-
imately 20% of the ENCODE SNPs genotyped in Europeans and Asians are not in perfect LD
with SNPs adjacent to them. Three in five SNPs have 5-19 SNPs in perfect LD, while one in
five have over 20. These numbers are even lower for the Yorubas as seen by the average r2

with the best SNP on the map: 0.85 vs. 0.67. Therefore the number of samples will need to
increase in order to compensate for the loss of signal, or additional coverage of the region may
be warranted. Having the HapMap actually will be useful for such purposes. The HapMap
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may help researchers identify SNPs in the region of their study that may be in LD with their
markers, which could aid to strengthen signals, and improve efficiency [225]. Phase II of the
HapMap project will result in a denser map of 4.2 million common SNPs, which will be even
more useful for finding disease alleles and understand extent of crossovers.

11.2 Sample homogeneity
The issues with LD become even more problematic when the magnitude of the effect by the
disease polymorphism is not maximized in the sample. The ideal situation would be sample
homogeneity: an enriched sample where a minimal amount of variants render the cases liable to
disease. Again this may suit the CD/CV hypothesis, but will be critical for issues such as allelic
and locus heterogeneity, phenocopies, epistasis, gene-environment interactions and low allele
frequencies (CD/RV), which could all be factoring in the variation of the phenotype [226]. For
this reason, the definition and classification of the phenotype is very important in the choice
of sample to be collected. The power of an association study could be improved by selecting
cases based on sub-phenotypes (endophenotypes), extreme states of the disease, or highly dis-
cordant/concordant sib-pairs. Isolated or inbred populations have been useful for locating rare
disease genes and can be important for reducing the heterogeneity in complex disease allele
architecture. Twins offer a unique resource for the controlling of genetic and environmental
factors. Due to sharing of genetics and/or environments, the genetic contributions to disease
can be estimated independently of the hypothesized allelic architecture [161, 227]. Further-
more, correlations between twins with the same alleles contributing to the disease can give a
strong indication of the magnitude of the disease allele. Phenotype maximization will also in-
crease the efficiency of an association study by reducing the sample size and thereby lowered
costs and time.

11.3 Genotyping and Multiple Testing
When power is compromised, the probability of spurious findings increases with the number of
tests performed. This is a central issue in whole genome studies and of dense candidate gene
studies. For example, if one was to extrapolate the SNPs required to genotype the ENCODE
regions to the entire genome, approximately 600,000 individual assays would need to be per-
formed. Assuming there is 90% power to detect the 150 SNPs causing the phenotypes at a
significance threshold of α at 0.05, then 99% of the SNPs that test positive for association will
be false positives. For this reason, stringent thresholds are needed to reduce the Type I error
rate. Assuming the same conditions but a more stringent α = 0.0001, the percentage of false
positives will drop to 31% and the positive predictive value of the test increases. An initial
p-value of 5x10-8 has been proposed to control for such false results [177].

A number of tests have been developed to determine whether or not significant results are
true positives or not. One of the most frequently used methods is the Bonferroni Correction,
which divides the significance of each positive by the number of tests performed. One draw-
back of this is that it assumes all tests are independent and in association mapping this is not
the case due to LD between markers and therefore Bonferroni correction is very conservative.
For example, the p-value of 5x10-8 presented above is equivalent to a p-value of 0.05 after
correction for 1 million independent tests [177]. Although other correction methods have been
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developed to deal with correlations between SNPs [228], their use has not been extensively
investigated [229, 230]. Permutation testing of the case-control samples in order to produce a
distribution of significance values is one alternative against which the p-values of the original
findings can be compared [231]. The False Discovery Rate (FDR) takes into account the pro-
portion of expected false positives in a study in comparison to the chance of finding any false
positive. This approach to multiple corrections is becoming more widely used in association
studies [232].

False positives may also be introduced due to technical errors or mishandling of samples,
leading to the wrong assignment of individual genotypes. The assay conditions could also be
variable and lead to a bias in allele scoring. The conditions of the Hardy-Weinberg Equilib-
rium (HWE) test make the assumption that alleles and genotypes are assorting independently
of each other. Genotyping errors may be observed by deviations in the observed frequencies of
genotypes from that expected with the allele frequencies. Error is often measured by repeat-
ing the analysis in a subset of the samples and/or by comparison to an alternative genotyping
technology.

11.4 Population Stratification
Although population choice may be very useful for minimizing disease heterogeneity, pop-
ulation stratification may also lead to false results in association studies. Stratification arises
from substructure within populations or the recent “admixture” of different populations. Within
these subpopulations, there may be differences in the prevalence of the disease or phenotype.
If cases and controls are selected without knowledge about the existence of substructure and
allele frequency differences between the subpopulations due to drift, then these polymorphisms
will show spurious associations with the phenotype although there is no real effect by the poly-
morphism. Furthermore, LD between polymorphisms may misdirect the location of disease
alleles. Someways to detect and control for stratification have been proposed. These include
genotyping polymorphisms not linked to the sites or looking for population specific alleles in
the groups [233, 234]. Cases and controls should be carefully matched from the same popu-
lation. However this may not always be appropriate [235]. Family-based associations can be
used to control for the problems of stratification. The Transmission Disequilibrium Test (TDT)
examines the segregation of chromosomes from parents to offspring. This eliminates the issue
of parent origin. However, this test can suffer from issues with genotyping, as tests may often
be biased towards conditions that suit the genotyping of particular alleles. Additionally, ques-
tions have arisen concerning transmission distortion, which might also affect these associations
[236].

11.5 Study Replication and Functional Validation
Confidence in an association is a major concern for complex disease genetics. Given the high
probability for false positives, replicating significant findings is of importance and can be ap-
proached in a number of ways. It is of primary interest is to repeat the analysis using an
independent sample from the same population, thereby strengthening the hypothesis that the
polymorphism has a potential role in the disease phenotype in that population (239). This may
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be difficult if the disease or sub-phenotype is not so common or the population is small. At-
tempts at replicating significant findings are most often performed in different populations and
if successful will further suggest that the polymorphism is involved in the disease [237]. Com-
plications arise when the results are not repeated and confidence in the trustworthiness of the
original findings is undermined.

Literature reviews illustrate a bias towards positive findings and many follow up studies
fail to repeat the significant associations of the initial publications [238]. This could indicate
that many of the first studies contain type I errors. In addition, inconsistencies in study design,
sample size and homogeneity, phenotype classification and population choice all factor [239]
in follow-up studies, which may often turn out to be under powered. However, there are clear
examples where published results have been verified such as Factor V in deep vein thrombosis
(Arg507Gln), CTLA-4 in Graves Disease (Thr17Ala), APOE in Alzheimers Disease (ε4) and
PRNP in CJD (Met29Val) [238]. These consistencies would indicate that polymorphisms in
these genes contribute to modifications on disease risk in a number of different populations in
support of CD/CV.

As a number of studies are underpowered, there are probably missed associations (False
Negatives/Type II errors), especially for alleles with low frequencies and/or low penetrance.
Meta-analysis combines data from a number of studies as a way to increase the sample size,
and thereby potentially increasing power.

The analysis of gene function for significant associations is important for the validation of
findings. Understanding the action of particular alleles is key to endorsing the biological role of
the polymorphism in disease. The approach to functional validation depends on the location of
the polymorphism. Examining the affinity of the corresponding protein to ligands, substrates,
inhibitors, agonists and interactions with other proteins can assess the effects caused by poly-
morphisms in the coding region of the gene. Comparing the expression of cloned polymorphic
regulatory elements via reporter vectors is a common way to examine promoter variants. Ef-
fects on RNA isoforms, levels and structure are explored for splicing variants or variants that
could potentially influence RNA stability. Other methods for analyzing regulatory elements
are under development such as HaploChIP, which examines the levels of phosphorylated RNA
polymerase II bound for different alleles using chromosome immuno-precipitation (ChIP) and
mass-spectrometry [240].

Functional studies play an important role in instances where association is found for mul-
tiple SNPs in LD. For example, if 20% of the common SNPs are in perfect LD, the ability to
distinguish the real disease polymorphism will be important [241]. Functional assays provide
the possibility to assess which polymorphisms are contributing to the phenotype. For exam-
ple, the Thr17Ala polymorphism at CTLA-4 shows consistent associations, but is in LD with a
regulatory polymorphism in the 3’-UTR that correlates more strongly to the phenotype [242].
Other situations have arisen where promoter SNPs are in LD but have opposite individual func-
tional effects, which demonstrates the complexity and importance of studying haplotypes and
combined SNP effects [243, 244].

11.6 Benefits of Re-sequencing Candidate Genes
Primarily due the high cost, sequencing has been one of the last steps in identifying alleles
contributing to disease. However, as sequencing is both de novo discovery and an a priori de-
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tection tool, it is instrumental for the classification and tracking down of the genetic contribu-
tions to disease. Initiatives have been taken by the National Human Genome Research Institute
(NHGRI) to entice improvements in methods for minimal cost Whole Genome Sequencing. As
sequencing platforms and technologies improve towards high throughput capabilities at lower
cost, the re-sequencing of regions of the genome, including candidate genes, acts in two ways: a
detection method of known polymorphisms and a discovery tool for unknown genetic variants.
As the genetic architecture of many common diseases is relatively unknown, re-sequencing is a
way of simultaneously tackling both CD/CV and CD/RV hypotheses and a number of the issues
with association studies.

Earlier examination of candidate gene sequence has provided insights into the patterns
of candidate gene variation for cardiovascular disease [245, 58], HIV [246], and origins of
Alzheimers disease alleles [247, 60]. By sampling a large number of individuals, we can gain
insight into the distribution of genetic variants across different regions of the gene, genome,
populations and species, which can tell us about the population history and forces such as mu-
tation rates and crossovers that affect the disease gene. With CD/CV in mind, this level of detail
increases our knowledge of polymorphism correlations. Recombination and gene conversion
can be separated using approaches based on diversity, and together with a better understanding
of the true polymorphism density, an improved selection of htSNPs for LD mapping approaches
can be made.

Comparing the levels of diversity between disease genes and non-disease genes can benefit
the CD/RV hypothesis. Departures from the neutral model might indicate the type of effects
mutations have on the survival of the carrier and reasons for low frequencies. Perhaps the
comparison of candidate gene diversity between cases and controls, or parents and offspring,
will give insights into the germline mutation rates of these genes, which may be variable. This
could be particularly important for the examination of allelic heterogeneity in proposed CD/CV
diseases and even of greater importance to the CD/RV.

The identification of new alleles will be of great benefit to the CD/CV and CD/RV hy-
potheses. Knowledge of the population diversity and polymorphism correlations based on re-
sequencing will be critical for the interpretation and validation of association studies where
the alleles may differ or be at different frequencies in different populations. Additionally, re-
sequencing of both DNA strands can help in the confirmation of rare variants such as singletons
or doubletons and reduce genotyping errors. Ultimately, re-sequencing of genes will play a sig-
nificant role in the maximization and efficiency of genetic association studies.
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Chapter 12

Positional and Hypothesis-driven
Candidates Genes

12.1 Hypothesis Driven Candidates of the Serotonergic
System for Depression and Obesity

The monoamine neurotransmitter serotonin (5-hydroxytryptamine) was first purified from serum
in the late 1940s and is so named for its effect on the tone of blood vessels [248]. Serotonin
was later found to be expressed in the brain [249]. In the synthesis of 5-hydroxytryptamine
(5-HT), dietary L-tryptophan is hydroxylated to a 5-hydoxytryptophan intermediate (5-HTP)
by tryptophan hydroxylase, which is subsequently then decarboxylated to 5-HT by amino acid
decarboxylase. Serotonin is catabolized by monoamine oxidase and aldehyde dehydrogenase
to 5-hydroxyindoleacetic acid (5-HIAA).

The diffuse serotonergic modulatory system has one of the smallest numbers of neurons in
the central nervous system (CNS) (1 in 1 million) [250] and mediates its actions thought the vast
number of projections (5x105mm−1). There are two main groups of nuclei that express 5-HT:
the inferior and superior raphe nuclei restricted to the basal plate of the pons and the medulla
[251]. The inferior nuclei innervate the spinal chord whereas the superior nuclei project into
the midbrain and the forebrain [251, 252].The superior nuclei are composed of the dorsal raphe
nuclei (DRN) and the median raphe nucleus, while the inferior group is composed of nucleus
raphe obscruus and the nucleus raphe pallidus. Median raphe projections are more abundant
in the hippocampus. The DRN also projects to the hippocampus via the cingulated cortex, but
DRN projections are more abundant in the cortex and striatum [253].

DRN innervate the paraventricular nucleus of the hypothalamus and the intermediate lobe
of the pituitary. The serotonergic system is also connected to other neurotransmitter sys-
tems, such as dopaminergic neurons in the substantia nigra, noradrenergic neurons in the locus
coeruleus and GABA neurons in the hippocampus and midbrain. Through innervations to the
hypothalamus-pituitary-adrenal axis (HPA) and the limbic system, serotonin plays a central
role in the homeostasis of cardiovascular regulation, respiration, emotion, gastrointestinal sys-
tem, circadian rhythm, aggression, cognition, learning, memory, appetite and mood. Perturba-
tions in the components of the serotonergic system, such as synthesis, response, reuptake and
degradation have effects on the system, either early or late into neuronal development. Such
perturbations influence 5-HT synaptic plasticity and increase vulnerability to anxiety, depres-
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sion, aggression, sleep disorders and appetite. In behavioral, mood and psychiatric disorders,
alterations in the baseline levels of 5-HT are known to be very important. For example, in
depression, reduced 5-HT synthesis or reduced levels in the synaptic cleft are noted. Inefficient
turnover of 5-HT in the synaptic cleft can lead to antisocial behavior and aggression. Therefore,
knowledge of these components, their functions and which factors influence them and when, is
important in detecting the causes of a number of neurological disorders [254].

This is complicated by the scope of 5-HT innervations and by a number of system com-
ponents including the large number of different 5-HT receptors. The magnitude of effects on
neuronal plasticity during stages of development and neurological disease pathogenesis can be
monitored by targeting the components in animal models. Most of what we know about 5-HT
stems from the treatment of disorders and the knock out of components in mice. Therefore
a number of serotonergic candidate genes have been identified that potentially influence an
individuals susceptibility to behavioral and neurological disease.

12.1.1 Serotonin receptor 2C
The serotonin receptor 2C is one of 14 receptor subtypes which mediate the actions of 5-HT
[255]. It is expressed in many areas in the CNS such as the hippocampus, nucleus accumbens,
amygdala dorsal striatum and the substantia nigra but particularly abundent in the choroids
plexus [256]. It is a seven transmembrane G-coupled receptor [257] and it is expressed post-
synaptically [256]. The secondary signaling mechanism employs phospholipase C (PLC) to
initiate a phosphoinosital second messenger cascade producing protein kinase C (PKC) and
phospholipase C (PLC) which stimulates the release of calcium and the activation of protein
kinase C (PKC).

The receptor is expressed in the paraventricular and ventromedial nuclei of the hypotha-
lamus [258] and has been considered a candidate for mediating the role of serotonin in the
HPA and may ultimately influence appetite and response to stress. To date, the best example
of the role of the receptor in modulating feeding behavior comes from a htr2c-knockout mouse
model, in which a stop codon was introduced in exon 5 [259]. The mutant mice exhibited ele-
vated weight compared to wild-type mice due to abnormal eating behavior. After 5-6 months,
these hyperphagic mice displayed a substantial increase in body weight coinciding with in-
creases in white adipose tissue, hyperinsulinemia, hyperglycemia and leptin resistance [260].
Weight gain and pre-diabetic conditions were more rapid in high-fat diet fed mutant mice. As
these results were observed in the late stages, hyperphagia was considered as the main effect
and the increase in weight was due to a lower intake of oxygen and energy expenditure in older
mutants [261].

The induction of hyperphagia in htr2c-knockout mice complements the observations that
serotonin receptor 2c drug antagonists also induce hyperphagia [262, 263]. Conversely, the
HTR2C agonists m-chlorophenylpiperazine (mCPP) [264], 1-(2,5-dimethoxy-4-iodophenyl)2-
aminopropane (DOI) and lysergic acid diethylamide (LSD) [265, 266] reduce hyperphagia.
Fenfluramine is a drug that both inhibits the reuptake and stimulates the release of serotonin. A
reduction in meal size, eating rate, and an increase in intervals between meals are observed in
normal mice treated with fenfluramine [267]. When d-Fenfluramine was marketed as a treat-
ment for obesity (Redux®), food intake was decreased in obese subjects [268, 269]. However
due to cardio-toxicity, the product was withdrawn (272).

D-Fenfluramine and mCPP have bee shown to stimulate the increase of 5-HT in the hy-
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pothalamus, which induces an anorexic effect, is similar to the effect of direct microinjection
of 5-HT into this region. Therefore this serotonin receptor is considered to induce effects on
appetite by increasing ACTH. It has also been found to activate accurate neurons expressing
the melanocortin precursor pro-opiomelanocortin which gives rise to ACTH [270]. Therefore
HTR2C is a strong candidate for involvement in hyperphagia.

A consequence of treatment with anorexogenic drugs that increase the circulation of ACTH
and vasopressin [271] is the elevation of the levels of cortisol and prolactin, which play a signif-
icant role in stress and anxiety (anxiogenic). Other disorders such as depression are associated
with stress and elevated cortisol levels [272]. It has been proposed that htr2c may be involved
in stress [273] and may be up-regulated in depression [274]. Consistent with these studies,
htr2c-KO mice are less anxious [275], which is supported by pharmacological evidence that
HTR2C antagonists are anxiolytic [276][277]. Likewise mCPP increases depressed mood and
tension in patients with depression [278]. Evidently, the serotonin transporter inhibitor, fluox-
itine has a similar affinity to 5-HTR2C, where it exerts an antagonistic effects [279] and other
antidepressants have been found to influence the response of mice under the swim test [280].

A unique feature of the X-linked 5-HT2C receptor [281] is the editing of its pre-mRNA in
which adenosine residues are converted to inosines by double stranded RNA adenosine deam-
inase. The coding of amino acids is altered and the resulting structural change in the second
intracellular loop effects the affinity to G proteins and the activity [282, 283]. The distribution
of these receptor isoforms is altered in the brains of suicide victims with a history of major
depression. This does not occut in those treated with fluoxitine [284]. These lines of evidence
suggest that HTR2C is a valid candidate for depression.

Linkage of bipolar disorder to Xq24-25 [285] and the discovery of a common G-C transver-
sion (Cys23Ser) in the third exon of the human HTR2C gene [286] sparked a large number of
studies into the role of HTR2C genetic variation in susceptibility to a range of affective, be-
havioral and psychiatric disorders and the corresponding responses to treatments. Although
the Ser allele is expected to have no effect on function [287], studies were initiated under the
premise that the polymorphism was functional or in LD with the functional variants. However,
studies on affective disorder [288] biopolar disorder [289, 290, 291], depression [292] obses-
sive compulsive, BMI [293], bulimia nervosa [294], binge eating [294] are either inconclusive
or negative. One study found the Ser allele to be significantly associated with a higher rate of
anorexia in a cohort of teenage girls [295]. Similarly, other associations studies have shown
that the Ser allele correlates with reduced hypophagia effect of the response to mCPP [296].
Findings of associations of the conserved promoter microsatellite polymorphism with panic
disorder [297] and bipolar disorder [291, 298] were not confirmed.

However, the promoter SNPs -995G>A/-759C>T were found to be associated with obe-
sity and type two diabetes. Different haplotypes also showed variability in expression [299].
Smaller weight gain was observed with the -759 T allele in the use of clozapine [300, 301, 301,
302] ,while the C allele was found to associate with obesity and heterozygotes lose the least
amount of weight [303]. Thus, important associations may have been missed previously due to
the unknown LD between SNPs in the promoter and the Cys23Ser.

12.1.2 Monoamine Oxidase A and B
The monoamine oxidase enzymes MAOA and MAOB are located on the outer membrane of
mitochondria [304]. They function in the oxidization of biogenic and xenobiotic amines but
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have distinct neurotransmitter and inhibitor specificity. Clorgyline is a drug that inhibits the
deamination of 5-HT and norepinephrine by MAOA, while MAOB preferentially deaminates
benzylamine and beta-phenylethylamine but is inhibited by deprenyl. Both enzymes contain a
covalently bound flavin adenine dinucleotide co-factor (FAD) for activity [305].

MAO isoenzyme expression is differential in the CNS but seems conserved between hu-
mans and primates. MAOA is found in catecholamine containing cells like substantia nigra,
nucleus coerulus, and PVN of hypothalamus. MAOB is expressed in serotonin regions: DRN,
histaminergic neurons and astrocytes [306, 307]. Beyond the CNS, MAOA and MAOB are
both expressed in lymphocytes and liver [307] whereas MAOA is expressed in the placenta
[308] and MAOB in platelets [307].

MAOA and MAOB are transcribed by separate genes [309] located on the X-chromosome,
Xp11, [305], and oriented in a tail to tail fashion [310]. MAOA is over 70kb and has 15 exons
where exon 12 houses the FAD domain and potentially has two different polyadenylation sites
[311]. MAOB is 50 kb away from MAOA, has a similar exon-intron structure as MAOA but is
almost twice as large (115kb) [312]. Little variation has been reported for the two genes, and
sequence screens indicate that the patterns of known MAO variation result from a bottleneck
[313] and/or selection [314]. Because of the similarity in gene structure and 70% homology
in amino acid sequence, the MAOs are believed to have arisen from the duplication of a com-
mon ancestor potentially of bacterial origin [1]. The genes have different promoter structures
possibly reflecting their cell and tissue specificity [315].

The normal range of platelet-MAOB and skin fibroblast-MAOA activities are highly vari-
able and MAO activities are 20% higher in females than in males. The function of the two
deaminases is also influenced by environmental exposures such as smoking, which lowers the
activity [316]. Nonetheless, platelet MAO activity does seem to have a large heritable compo-
nent (∼0.77) as indicated by a number of family and twin studies [317, 318].

Given the actions of these enzymes in the CNS, the determinants of MAO-activity has been
of central interest for understanding the role of different neurotransmitter systems in neuro-
logical disorders, including depression. Early studies on serotonin turnover indicated a positive
correlation between platelet-MAO activity and the 5-HT metabolite 5-HIAA in normal individ-
uals. However, correlations with a depressive phenotype have been inconclusive [319]. Platelet
activity appears to be high in depressed individuals, especially females, suggesting the involve-
ment of other factors that influence 5-HIAA levels in the cerebro spinal fluid (CSF).

Although platelet and frontal cortex MAOB have the exact same amino acid composition
[320], there is no clear correlation between their activities. Likewise, there is no correlation
between the activity of MAOA in skin fibroblasts and MAOA in the CNS of the same indi-
viduals.. The use of monoamine oxidase inhibitors (MAOIs) in the treatment of depressive
disorders increases 5-HT in the synapses [321]. It has been proposed that both lipid environ-
ment and common genetic factors underlie differences in MAO activity between the CNS and
peripheral tissues.

A Dutch kindred with aggressive and violent behaviors has been described, where the af-
fected have a defect in urine MAOA metabolites, low 5-HIAA levels, but normal platelet-
MAOB activity [321]. A point mutation in exon 8 of MAOA has been found to terminate
translation of the fully functional oxidase [322]. In a MAOA-knockout mouse model increases
in 5-HT and noradrenalin were observed along with anxiety and aggression. 5-HT synthesis
inhibitors reverse these symptoms. This potentially reflects the importance of MAOA in sero-
tonergic development.
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It has been hypothesized that low MAO-activity early in life and exposure to stressful events
could render people vulnerable to behavioral and psychiatric disorders [323]. This hypothesis
was perhaps best exemplified by Caspi [324], who showed that a significant number of children
maltreated early in life that grew up to have anti-social behavior had a low expressing variant of
the MAOA promoter tandem repeat [325]. It is therefore possible that high-MAO activity, such
as that seen in depression could affect behavioral development. Studies have demonstrated that
MAOA is not X-inactivated [326], while other studies have shown that a CpG island near the
VNTR in intron 1 of MAOA is methylated on an X-inactivated chromosome [327]. Consid-
ering that X-inactivation skewing with age appears to also have a heritable component [328],
this could possibly explain MAO activity increases with age and increases in vulnerability to
depression. Therefore the monoamine oxidases are considered candidate genes for depression.

12.2 Hypothesis Driven and Positional Candidate Genes For
Alzheimers Disease

Progressive memory loss, cognitive decline and an increasing necessity for daily assistance
are clinical characteristics of dementia and Alzheimers disease (AD). Characterization of neu-
ropathological lesions in the AD brain known as plaques and neurofibrillary tangles [329] iden-
tified the accumulation of the amyloid precursor protein (APP) cleavage product, amyloid-β
(Aβ), and tau protein, respectively [330]. Determining the mechanisms of Aβ synthesis con-
tributed to the identification of mutations in the APP gene [159] as well mutations in genes
required for cleavage presenilin-1 [331] and presenilin-2 [332]. These mutations have high
penetrances with an early onset of AD (EOAD) and follow a Mendelian mode of inheritance.
However, familial AD (FAD) comprises less than 5% of all AD cases and the majority of pa-
tients have late onset AD (LOAD) with no clear mode of inheritance.

Alipoprotein E, which is believed to be involved in the clearance of Aβ40 and the insoluble
form of Aβ42, is the only gene that repeatedly shows strong associations with LOAD. Alone, it
does not cause AD but the isoform ε4 influences the risk for the disease in an additive manner.
In other words, those with two copies of ε4 have a greater risk for AD at an early age than those
with one and no ε4. Considering that the prevalence of AD rises steadily from 2.8% per 1000
people between the ages of 65-69 years to 56% per 1000 over 90 years of age [333, 334] and that
a 50% percent increase is expected in people over 65 by 2025, determining more components
in the etiology of AD is critical for efficient early diagnosis, prevention and therapy.

The insulin-degrading enzyme (IDE) has been considered to play an important role in the
progression and severity of Alzheimers disease. Expression of IDE was first observed in the
in the liver, testes, muscle and brain. Its primary substrate is insulin [335] and a decrease
in IDE activity is considered to be a major contributor to hyperinsulinaemia and pre-clinical
Type II diabetes (T2D) as indicated in the model mouse for T2D, GK, which has mutations
in the ide gene [336]. However IDE has also been found to interact with Aβ and function as
one of the main degraders of Aβ [337]. In the brain, extra-cellular soluble fractions of the
AD abundant Aβ40 and Aβ42 are degraded by IDE, but in the hippocampus of AD brains the
of degradation of Aβ is reduced. Interestingly, in a diet induced model of T2D, increases in
gamma secretase activity and Aβ concentrations are observed in the presence of lowered IDE
activity and concentration (347).

An important feature of the IDE-KO mice is a 50% increase in Aβ [338]. Because insulin
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and Aβ are competing substrates for IDE, it has been hypothesized that hyperinsulinaemia or
elevated Aβ saturates IDE, or that decreased IDE activity could contribute to the accumulation
of Aβ and vulnerability to Alzheimers Disease.

If has been shown that IDE activity decreases with age and that individuals who develop
T2D have twice the risk to develop Alzheimers disease compared to those who do not. Insulin
levels are is elevated in Alzheimers patients, and this also correlates with cognitive impairment.
A limitation in locating the genetic contributions to LOAD is sample collection. However, a
number of genome linkage scans have identified regions of chromosome 10q, including the IDE
gene, as regions potentially housing genes involved in the susceptibility to AD. Two linkage
peaks on chromosome 10q have been observed for APOE ε4 positive and APOE ε4 negative,
respectively [339]. Subsequent studies show specific associations 195kb from IDE [340], while
others found maximum linkage peaks proximal and distal of IDE [341], one of which is a
quantitative trait locus for plasma Aβ [342].

The allele specific effects observed in the linkage scan were replicated in a case contol
setting in which APOE ε4 status had a modifying effect [343]. Follow up studies showed LD
to be strong across IDE. However, associations with IDE SNPs and LOAD were only observed
when tests controlled for APOE ε4 [344, 345, 346]. Subsequent analysis of a more dense set
of markers demonstrated that IDE and two other genes KIF11 and HHEX, were encased in an
extensive LD block of approximately 276kb. Certain haplotypes showed protective (H2, H5)
and predisposing (H1, H4) associations with quantitative traits, such as the Mini-Mental State
Examination (MMSE), CSF-tau and age of onset. In an independent sample the effects of these
haplotypes were replicated with LOAD and Aβ plasma levels. Based on linkage analysis and
associations the genes IDE, KIF11 and HHEX in the haplotype block identified by Prince et al
(2003) and prior functional analysis IDE is considered a candidate gene for increasing the risk
for Alzheimers disease.
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Chapter 13

Present Investigations

13.1 Aims of this Thesis
This thesis serves to demonstrate the importance of re-sequencing both hypothesis-driven and
positional candidate genes as a strategy for enhancing our knowledge of gene variation patterns
and for improving association study design. To exemplify this, the following goals were set:

1. Re-sequence the HTR2C promoter and intragenic regions in order to understand the rela-
tionship between polymorphisms utilized for direct and indirect association studies. To
use the sequence data and patterns of variation in determining the forces which could
have shaped these relationships

2. Carry out a SNP discovery effort in the promoters of the Monoamine oxidase A and B
genes, which show low levels of variation, and validate polymorphisms obtained from
dbSNP in the Swedish population

3. Identify polymorphisms in a haploblock, linked to and associated with Alzheimers Dis-
ease, through comparatively re-sequencing the promoters, exons and conserved regions
of three genes: IDE, HHEX, and KIF11 in Alzheimers patients and controls

4. Utilize the polymorphisms of these genes and their LD in association studies with disease
phenotypes;

• HTR2C: Obesity and Depression

• MAOA and MAOB: Depression

• IDE, HHEX, KIF11: Alzheimers Disease
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13.2 Methods

13.2.1 Sequencing
The Sanger dideoxy-terminator method was used to obtain DNA sequence reads from PCR
products. Overlapping amplicons were designed to span the gene or region of interest and
optimized PCR reaction conditions eliminated the requirement for product purification. PCR
reactions were performed in parallel using a 96-well format that allowed direct transfer of
amplicons to DNA sequencing reactions following inspection on agarose gels.

High throughput separation and detection of sequence reads was performed on the Mega-
Bace™1000. This is a 96-capillary instrument with a FRET-based recognition system using
an argon laser. Each ddNTP is labeled with flourescein and one of four other rhodamine dyes
(rodamine 110, rodamine 6G, rodamine X or tetramethyl rhodamine). The maximum excitation
wavelength of fluoresceins is at 488nm, at which it transfers energy to the flourophores for
detection through four separate channels by two photomultiplier tubes (PMT).

For base calling and assembly of DNA reads, the Poly/Phred and Phrap software were used,
respectively. Consed was used to visually inspect the sequence reads and polymorphisms were
determined from deviations from the consensus sequence in a read. Each PCR product was
sequenced in both directions for the purposes of polymorphism identification and validation.

13.2.2 Genotyping
In papers I and III, SNP detection was performed using Dynamic Allele Specific Hybridization
(DASH). This is a PCR-based hybridization assay that utilizes a biotinylated primer to bind
double stranded PCR products to streptavidin-coated microtiter plates. A washing step with
sodium hydroxide destabilizes the double strand structure and only the single strand bound
by biotin remains. An allele specific probe is subsequently allowed to hybridize to the single
strand. Sybr Green 1, an intercalating dye used to detect the presence of a double stranded
structure over a temperature range of 35°Cto 85°C. The loss of fluorescent signal indicates that
the probe has melted from the template, and this will occur earlier for mismatches than for
full complement matches. The negative derivative of this signal is determined to illustrate the
distinct peaks for analysis of the allelic state. Following washing steps to clean the bound PCR
product, the process can be repeated with a probe specific for the opposite allele, which permits
determination of the genotypic state of the SNP.

In paper II, Pyrosequencing was the genotyping platform for allele detection in the SATSA
(Swedish Adoption /Twin Study of Aging) sample set. This is also a PCR based method with
either reverse or forward biotinylated primers. PCR products are bound to streptavidin-coated
sepharose beads and washed with NaOH for denaturation, which renders them single stranded.
A primer is annealed adjacent to the SNP of interest and incubated with a reaction mixture
containing DNA polymerase, ATP sulfurylase, firefly luciferase, and apyrase and each dNTP
is added cyclically. Only if the correct dNTP is present will DNA polymerase elongate the
primer by one nucleotide. Pyrophosphate is released from the added nucleotide, which is then
used to convert adenosine 5’ phosphosulfate (APS) to ATP by ATP-sulfurylase. Luciferase
utilizes the ATP in the production of oxyluciferin from luciferin and in the process emits light.
A charge-coupling device is used to detect the signal is which is relative to the amount of ATP
and determines the SNP allele and adjacent nucleotides.
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TaqMan ®Allelic Discrimination was chosen for genotyping a larger twin sample set in
Paper IV for the study of HTR2C and MAOA/B polymorphisms in depression. The principles
of the TaqMan assay are also based on hybridization. However, in comparison to other methods
in the same category, TaqMan is a homogenous reaction that requires no washing steps, which
increases high throughput capacity. The reaction is PCR-based and takes advantage of the 5
exonuclease activity of Taq DNA polymerase. During the production of amplicons, probes
bind specifically to their complementary alleles. These probes are labeled with a 5-fluorophore
(FAM or VIC) and a 3’-non-flourescent quencher (TAMRA)/-minor groove binder complex. If
the specific probe is stably bound, Taq will cleave the 5’-flourophore from the probe permitting
it to fluoresce. Both probes are present in the reaction and the fluorescence ratio is used to
determine the genotype of the SNP.

13.3 Results

13.3.1 Paper I
The HTR2C mouse knockout model expressing a hyperphagic-obese phenotype, as well as the
identification of a G to C transversion nsSNP (rs6318, Cys23Ser) in the third exon, spurred
a large amount of studies of serotonin receptor 2Cs role in modulating food intake and asso-
ciations with eating disorders. Work on HTR2C agonists and antagonists in animal models
continued to reveal significant effects. However, association studies failed to demonstrate, with
conviction, that rs6318 is directly involved in disorders and it was considered that other poly-
morphisms in other regions of the gene were contributing to the effect in such disorders. Studies
published around the beginning of this study indicated that promoter polymorphisms could be
important in obesity related disorders.

Approximately 1,282 bp of the HTR2C promoter and 5,223 bp of intragenic sequence,
encompassing coding exons one and two, were sequenced in 64 males resulting in 1.16 Mbp of
sequence for analysis. A greater degree of nucleotide and haplotype diversity was found in the
promoter than in the intragenic region. Neither region indicated a deviance from the standard
neutral model. The analysis of haplotype diversity did suggest potential balancing selection or
population substructure in the intragenic regions. This could not be observed in the promoter,
recombination could serve to increase haplotype diversity, thereby potentially removing the
signs of balancing selection or substructure. As recombination is an important factor in the
design of association studies, this possibility was explored further.

The Four Gamete Test indicated that recombination had occurred in the proximity of rs6813
and between the regions but not in the promoter. Conversely, the population recombination
parameter was elevated in the promoter while very low across the other regions. Although
| D′ | demonstrated strong to perfect LD, r2 gave a better indication of potential crossover
events such as gene conversion in the promoter. When the background rate of recombination is
low, gene conversion over small distances has been shown to elevate C. This will be reflected
in r2 because of the relationship with the population recombination parameter. Therefore gene
conversion and recombination were considered to be a driving force in shaping nucleotide,
haplotype and LD diversity in HTR2C.

Common haplotypes also showed variability in expression of a luciferase reporter gene.
The second most frequent male haplotype showed significantly lower expression than the most
frequent. At position -697, which is located in a strong transcription start site, the C allele
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appeared to decrease expression in comparison to the wild-type haplotypes. Variation in the
expression of this promoter could be influential in HTR2C related functions and disease; how-
ever, the power to detect associations with these promoter polymorphisms using rs6813 as a
marker is likely to be weak due to recombination and gene conversion.

Concerning obesity, no associations were found with high BMI ≥ 30kgm-2 for any of the
promoter SNPs at the allele, genotype and haplotype levels. However, when the microsatellite
data was included, associations and increased risks for obesity were observed for the haplotype
TA13GG (OR = 4.42, CI = 2.25-8.68, 2.25, P<0.0001), and the diplotype TA13GG/TA16GG
(OR = 5.8, CI = 2.3,14.6, P = 0.0006), which are relatively rare in the control population (1%).
Individuals heterozygous for promoter SNP -995G>C were associated with high serum-leptin
levels%body fat (Mean Serum = 0.663±0.358, P=0.03). Diplotypes heterozygous at -995G>C
and/or the microsatillite exhibited a similar trend of elevated serum-leptin/%Body Fat. This was
most noticeable for TA13GG/TA16GG, however was insignificant after Bonferroni correction.

13.3.2 Paper II
The function of MAOA and MAOB in the central nervous system, correlations between throm-
bocyte-MAO activity and number of behavioral and psychiatric disorders, and their targeting
in the treatment of these diseases, suggest that MAOA and B genes potentially participate in
susceptibility to neurological disorders. However, few polymorphisms have been associated
with such diseases with conviction. The lack of variation across the genes complicates the
validation of previous MAOA and B associations with disease states is. Approximately 4.5
kb were sequenced from the promoter region of each gene to determine the extent of genetic
variation in the Swedish population. Additionally, 12 SNPs from dbSNP, and two previously
reported in the Swedish population were selected for genotyping and validation in the sample
set.

With a sample size of 148 X-chromosomes, the power to find SNPs with a frequency be-
tween 1% and 3% was calculated to be 77% to 100%, respectively. Even with enough power
to find SNPs with a frequency under 1%, little variation. No SNPs were found in the MAOB
promoter, while three were found in an intronic region from the MAOA gene. One of the MAOA
polymorphisms was previously documented (rs3788863) and selected for further study. Sur-
prisingly, of the 14 SNPs selected a priori for validation, six were monomorphic in the sample
subset. This included two SNPs from introns 3 and 10 of MAOB that had been previously found
by resequencing in a Swedish sample group. Of the SNPs that were polymorphic, heterogene-
ity was observed in the minor allele frequency of MAOB SNPs, which was reflected in the
haplotype and LD structure. Conversely MAOA SNPs were similar in frequency, had stronger
allelic correlations and only two haplotypes pdominated the sample set.

Gender differences were observed in trbc-MAO activity. Males and smokers showed signif-
icantly less trbc-activity, while females with depressed state had much higher activity. Exami-
nation of the gender stratified data, revealed that MAOA SNP rs979605 genotypes C/C and C/T
were associated with a significant decrease in trbc-acitivity in females (-2,9; CI 95%: -5,2 -0,6
and -2,4; CI 95%: -4,7 -0,1 respectively). Depressive state was associated with the A-allele
of MAOB SNP rs1181252 in males (OR = 4,5; CI 95%: 1,0 21,7) and both GG and GA of
rs766117 (OR = 2,2; CI 95%: 1,1 4,3) in females. No associations were observed with MAOB
haplotypes and trbc-MAO activity, while a decrease was associated with two MAOA haplo-
types, A1 and A3. Haplotypes from neither gene associated with depressive state but female

54



MAOA/B homozygotes showed an increase in risk.

13.3.3 Paper III
Fifteen individuals from Sweden and 15 from Scotland were selected for SNP discovery on
whether they carried protective haplotypes H2 or H5, or high-risk haplotypes H1 or H4, which
span the haploblock containing the three genes IDE, KIF11 and HHEX on chromosome 10q.
In total 48 variants were found, the majority of which were SNPs. One sixth were inser-
tion/deletion polymorphisms. No LD analysis was performed on the sequencing data. SNPs
weighted on the biological relevance of the genes to Alzheimers disease, were selected (9 from
IDE, 4 from KIF11) for genotyping in Alzhiemers disease cases (N = 121) and controls (N =
152).

One predominant haplotype accounted for approximately 60% of the IDE haplotype di-
versity, while 2 haplotypes explained 70% of the haplotype variation in KIF11. LD analysis
indicated that the genotyped SNPs were in strong LD, however r2 yielded contrary results.
This may be due to the rarity of some of the SNPs selected for genotyping. Suggestive associ-
ations were observed with two polymorphisms in KIF11 20 and 32. However after Bonferroni
correction these observations were no longer significant.

13.3.4 Paper IV
Following the results in Paper I and Paper II, selected SNPs from the HTR2C promoter and
the MAO loci were genotyped in a large sample composed of three sub cohorts of the Swedish
Twin Registry (Swedish Adoptee/Twin Study of aging (SATSA), GENDER and OCTO), to test
for association with depressive state (N = 1563).

The distribution of allele frequencies and patterns of LD were similar to those observed
previously in Paper I and II. The llele frequencies were consistent in MAOA and HTR2C but
variable in MAOB, which was reflected in the LD pattern. | D′ | was strong across the regions,
but r2 was more complex, especially for HTR2C. Not surprisingly, little LD existed between
HTR2C and the MAO loci, which are located on the opposite arm of the X-chromosome. Inter-
estingly, the MAOA and MAOB SNPs indicated a trend towards HWD from the 5’ to the 3’ ends
of each gene, This has been suggested to reflect deviations from neutrality, and more recently
potential indel copy polymorphisms.

No associations were found with any SNP, genotype and haplotype in the male sample
set. A suggestive, but not significant, association was observed for the HTR2C promoter SNP
rs498207 (G, P= 0.061) between cases and controls. This appeared to confer an increased
risk for depressive state in an additive manner. Haplotype analysis suggested significant de-
viations in frequencies between cases and controls especially for HTR2C-GGCC (P = 0.028)
and MAOA-CT (P = 0.033). Although the risk for depressive state increased with each allele of
HTR2C-GGCC, it was marginally insignificant (OR = 2.33 P = 0.06).

The haplotype effects were studied further by taking the correlations between twins into
account using a GEE model and comparing the risk per haplotype allele to the increased risk
of homozygotes over heterozygotes. These should complement each other if there are additive
effects. Suggestive, but insignificant, additive effects were again observed again for HTR2C-
GGCC (P = 0.06). Consistent with Paper II, a trend toward significance was observed for
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MAOA-CC per allele effects for increased risk of depressive state. However, there were no
differences between homozygotes and heterozygotes.

13.4 Discussion

13.4.1 Re-sequencing
Empirical studies have demonstrated active roles for the serotonin receptor 2C in obesity and
depression, the monoamine oxidases A/B in depression and the insulin-degrading enzyme in
Alzheimers disease. However, the identities of possible polymorphisms in these genes that
contribute to the risk of disease remain difficult to uncover and validate with confidence. In-
consistencies between studies may include, study design, sample selection, sample size, SNP
selection and SNP density. To optimize the power of locating disease polymorphisms, an
understanding of nucleotide variation and nucleotide correlations at the population level is
paramount. Without this information, inappropriate polymorphisms that do not represent the
genealogy may be selected as markers and associations may be missed or falsely identified.
Therefore, this thesis has focused on regions of hypothesis-driven and/or positional candidate
genes to demonstrate the utility of re-sequencing for improving our understanding of nucleotide
variation and thereby enhancing association study design.

Re-sequencing the candidate regions revealed differences in the rates of nucleotide poly-
morphisms between each of the genes studied. Approximately 26 SNPs were observed in the
HTR2C promoter and intragenic region with little difference in allele frequency (Paper I). How-
ever, different types of polymorphisms with variable allele frequencies were found among the
48 IDE, KIF11 and HHEX variants (Paper III). In contrast with these genes, the MAO regions
studied showed very little variation (Paper II). A number of factors can limit the identification
of novel polymorphisms. One of the biggest issues is the power to discover polymorphisms
(1−(1−q)N), which is influenced by sample size (N ) and allele frequency (q). Polymorphisms
that have higher frequencies (≥5%) are easiest to find owing to their large heterozygosity and
the reduced probability of two persons having the same allele. Therefore, smaller sample sizes
are suitable for discovery of higher frequency polymorphisms. However, the SNP allele dis-
tributions show that there are more SNPs with minor alleles with frequencies lower than 5%,
than SNPs with minor alleles over 5%. Consequently, many polymorphisms are missed in the
re-sequencing of small samples.

Although different samples were used for re-sequencing regions of HTR2C and of the hap-
loblock encompassing IDE, KIF11 and HHEX, the sample sizes were similar (60-64 chromo-
somes, Paper I, III). Both studies therefore had similar power to find SNPs of a given fre-
quency. Due to a larger sample size, the power to find SNPs at the same frequencies or less
by re-sequencing was enhanced in the MAOA/B regions (Paper II). However, there was a poly-
morphism deficit in the MAOA/B regions compared to HTR2C and the haploblock. This lack
of polymorphism has been noted previously [347, 313] and may be indicative of a population
bottleneck or positive selection. Under such models, a number of rare variants would have been
expected to occur. The lack of variation in our sample could suggest that many of the MAOA/B
SNPs documented in dbSNP are sample or population specific, which is further supported by
the low validation rate of SNPS (42%) in our sample. Because population and/or selective
forces have a large effect on the frequency of nucleotide variation, they not only influence
the discovery of SNPs, but are a significant factor in SNP detection and therefore important
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instrumental for the power to find polymorphisms that are potentially useful for association
studies or find the polymorphisms that are important for disease etiology. Therefore, in-depth
re-sequencing of genes in different populations will be important in determining the forces that
have shaped these patterns of nucleotide diversity.

As gene history has an influence on the frequency of polymorphisms, the forces that shape
the genealogy will also impact on the LD between SNPs. Crossovers, influence the power
of an association study by breaking down LD between markers and potential disease SNPs.
Understanding and identifying these factors that create or breakdown LD are therefore critical
for direct and indirect association studies where it is assumed that the SNP being genotyped is
the causative SNP or potentially in LD with the marker.

The FGT showed that recombination had occurred between the SNPs identified by re-
sequencing of the HTR2C promoter and intragenic region (Paper I). Both of these regions con-
tain SNPs that have been used in association studies with serotonin receptor 2C related pheno-
types. To date, the Cys23Ser SNP in the third exon has been the most commonly used marker
because 1) it causes an amino acid substitution and 2) the minor allele is of high frequency
permitting ease of detection using a number of genotyping methods. However, a number of
recent studies suggest that promoter polymorphisms are possibly important for the influence
of HTR2C in response to treatments and weight gain. In Paper I, the promoter polymorphisms
affected expression in a luciferase reporter assay. Therefore, if promoter SNPs do factor in
HTR2C’s contributions to disease, reduced LD between the regions could be a factor in false
negative associations or replication studies.

The LD structure is further complicated by gene conversion in the promoter. Studies in
Chinese and Japanese populations have previously noted that promoter SNPs -759C>T and
-995G>A are in strong LD, while the adjacent promoter SNPs -697G>C and -759C>T do
not. This indicates that gene conversion may have occurred before ancestral migrations to
Asia. This could be tested by extending the studies to other global populations and genotyping
additional promoter SNPs. Recently, copy-number variation, including gene conversion, has
been demonstrated to be an important factor in the interpretation of SNP associations and a
necessary consideration for the study design of such studies. However, from the study of the
HTR2C promoter, | D′ | is probably not an appropriate estimator to detecting gene conversion.
r2 gives a better impression of the event in this sample and since it is a function of the population
recombination parameter, it is influenced by the events that shape the genealogy. However, as
the length of a gene conversion tract can be quite small, higher SNP density is required, which
may not often be the case, and consequently, they may be overlooked. As a result the SNPs
selected may not represent the genealogy of that region and potential associations could be
missed.

Given that linkage and association studies have identified 10q22 and the haploblock span-
ning IDE, KIF11 and HHEX as potentially housing polymorphisms contributing to the risk
of Alzheimers disease, a novel polymorphism rate of 54% in the promoters, exons, flanking
and conserved regions demonstrates the utility of re-sequencing genes in regions of strong LD
for the discovery of unknown variants that could influence susceptibility to disease. The ele-
vated number of novel polymorphisms in this study may be due to the use of SSCP to discover
polymorphisms in IDE previously [344] but could be also due to the inclusion of individuals
with high risk (H2, H5) and low risks haplotypes (H1,H4) . Sample enrichment increase the
possibility of discovering polymorphisms common to cases and to the risk of disease. It may
in future studies be of interest to compare the discovery rates between cases and controls. A
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higher number of polymorphisms in the disease class could indicate a greater mutation rate in
this group, which would be of importance if the CD/RV hypothesis were true. A complemen-
tary study may be to examine the patterns of nucleotide/haplotype diversity between cases and
controls. An excess of rare variants or common polymorphisms in either group, may represent
an elevated mutation rate or, in particular, enrichment for certain polymorphisms that might
distinguish the groups and improve SNP selection and power. It should be pointed out that
this is speculation and it has to date not been tested. There may be unforeseen biases that may
confound such a comparison between cases and controls, but studying candidate genes in large
cohorts followed by comparison of the nucleotide distribution between the groups could be also
interesting very interesting also.

13.4.2 Application of Variation in Association studies
Obesity and Serum Leptin: Paper I

.
Significant associations between HTR2C haplotypes, diplotypes and obesity suggest that

promoter polymorphisms collectively act to increase the risk of obesity. However, given the
rarity of these haplotypes, replication is necessary to validate their frequencies and also rule
out imputation error. Even though expression analysis was performed on the most common
haplotypes, it is difficult to extrapolate what effects TA13GCG could have on expression in
a luciferase reporter vector. If it is assumed that this haplotype has lower expression ability,
then its contribution to obesity may be similar, but less extreme, to that exhibited by the htr2c-
KO mouse model. The degree of expression by this promoter needs to be investigated before
any conclusions can be made concerning its relationship to obesity. The TA13GCG/TA16GCG
diplotype also presented elevated serum leptin levels (corrected for % body fat), which is also
similar to the htr2c-KO mouse condition. This may suggest that obese individuals are re-
sistant to leptin or that HTR2C is an alternative pathway for controlling appetite and phagia.
Schizophrenics treated with clozapine show increases in weight, leptin and serum triglycerides
[348]. This study is complemented by our study, which shows that -995G>A heterozygotes
have higher serum leptin and work by Pooley et al, which found that -759C>T heterozygotes
have elevated triglycerides [303]. Therefore, there are potential grounds for the heterosis hy-
pothesis [303], which may also be supported by evidence of balancing selection in our sample.

Depression: Paper II & IV

The differences in trbc-MAO activity between genders, smoking, and depressive states were
not surprising but compliment previous findings concerning these groups (Paper II). The lack
of variation in the sequenced regions and the poor validation rate made interpretation of the
association studies difficult. Although an increase in risk for depressive state was observed
for the Norrie Disease gene polymorphism rs766117, MAOB SNP rs1181252, and MAOB ho-
mozygote haplotypes, no correlations with trbc-activity were found. Conversely, decreased
trbc-MAO activity was associated with MAOA SNP rs979605 as well as haplotypes A1 and A3,
which may suggest that factors in controlling MAOB activity may be located between the genes
or in LD with MAOA haplotypes. This is further suggested by the observation that departures
from HWE become more obvious towards the 3’ end of each gene (Paper IV). Departures from
HWE have been used to indicate variation in copy number and it therefore may be interesting
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to investigate the region between MAOA and MAOB, either for polymorphisms or for variation
in the number of potential regulatory elements that could affect trbc-activity.

The lack of X-inactivation at the MAOA locus could be a factor in explaining the increased
risk for depression by A1 homozygotes. However, further reduced trbc-activity by A1 homozy-
gotes based on haplotype effects, is contrary to what is expected in depression. The activity has
been shown to decrease with age and therefore may be an important factor in the observations
made in this study. Lower activity is often linked to other behaviors such as alcoholism, ag-
gression and suicide, which could have effects early in life as indicated by other studies [324].
These behaviors may be more common among males than females and, perhaps other factors
are involved in male susceptibility to depression [349].

Even increasing the sample size did not help in identifying a role for MAO SNPs or hap-
lotypes in risk for depressive state (Paper VI). However, HTR2C SNPs and haplotypes did
show a trend towards significance in increasing the risk for depression in females. The HTR2A
promoter polymorphism -1438G>A, was previously found to significantly increase the risk in
males from the same sample used in this study. Perhaps genotyping the microsatellite may
strenghthen this finding of potential sexual dimorphism. The associated HTR2C SNPs and
haplotypes were shown to reduce luciferase expression in the obesity study (Paper I). On the
other hand reduced expression would be expected to mimic the effects of HTR2C antagonists
such as fluoxitine. However, increased editing of HTR2C mRNA at site E, which translates
to a receptor (5-HT2CV GV ) with an increased affinity for 5-HT, is reversed by fluoxitine, so
even if there is a reduction in the receptor density, downstream signaling may be increased
by the edited isoform. Therefore, these polymorphisms could be important in the response to
treatments for depression by influencing the negative feedback of the serotonergic system and
enhancing the effects of SSRIs as indicated by animal models [350].

IDE, KIF11, HHEX and Alzhiemers Disease: Paper III

In contrast to the MAO re-sequencing study (Paper II), a wealth of polymorphisms were found
in the IDE, KIF11 and HHEX haploblock (Paper III). Although in line with the hypothesis
driven/positional candidate gene approach, randomly selection of SNPs for association with
Alzheimers disease with a bias in the most biologically relevant gene may not have been the best
approach. It may have been better to examine LD between the SNPs following the sequencing
of the genes and then those that maximize the information across the region. This may indicate
a potential flaw in direct association studies and the use of evenly spaced markers for WGA.
As observed in Phase I of the HapMap, the selection of tagged SNPs was improved taking the
polymorphisms discovered in re-sequenced ENCODE regions into account. Prince et al. found
no differences in the genotype frequencies between the same Scottish case-control samples used
in Paper III. However, they did find a significant difference in the distribution of the high-risk
haplotype H2 with the MMSE test. Unfortunately, this was not assessed in the present study
and perhaps there was a missed opportunity to improve on the previous association. Most of
the findings involving IDE have been with late onset AD. Therefore, the fact that no association
was observed and the patients in this sample had early onset AD may indicate that other strong
influences are involved in the predisposition to AD. Nonetheless, the polymorphisms identified
in this re-sequencing effort may stand to help with the increasing number of associations with
polymorphisms in the 3’ end of IDE [351, 352, 353, 354].
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13.5 Conclusions and Future Perspectives
Based on the observations made in the papers presented in this thesis, the re-sequencing of
candidate genes has great potential for improving association study design and the power to
identify polymorphisms that contribute to complex diseases such as obesity, depression and
Alzheimers disease. Unraveling the patterns of nucleotide variation presents a greater under-
standing of the forces that shape the polymorphism patterns in the genomic region of interest.
Events such as recombination and gene conversion are readily identified and therefore a better
picture of the LD structure can be defined. As observed in much larger re-sequencing efforts,
this is a critical step in the selection of appropriate SNPs for association studies. Extensive
comparative sequencing will be necessary in loci that prove to be variation poor. This may be
assisted by the inclusion of affected individuals, which may lead to the identification of novel
polymorphisms that contribute to the phenotype. Therefore re-sequencing candidate genes can
be used as a tool for both the CD/CV and CD/RV models.

An association study is only as strong as its weakest link. Therefore capitalizing on the
advantages of re-sequencing requires that other factors such as the sample size and candidate
gene motivations are equally optimized. The power to identify all forms of variation is reduced
in small samples. Classification of phenotypes, biological markers and sample selection could
be important for diseases where CD/RV is a factor. A strong basis for studying a candidate
gene and functional validation of variation will make interpretation of the genetic contributions
to complex disease much more sound. However, the extrapolation from in vitro conditions to
an in vivo model requires caution.

Over the last 11 years, advances have been made to improve both statistical and techno-
logical approaches for locating disease genes under the premise that complex diseases have
a simple genetic architecture shared in different populations. High-throughput advancements
in genotyping technologies for whole genome studies sound promising but are limited to the
variation that has already been discovered. The completion of the HapMap (Phase II) will be
of great benefit for the tailoring of population specific association studies based on common
polymorphisms, but the potential to identify low frequency susceptibility alleles with this map
remains to be shown empirically. Furthermore, the quest for the 1000-dollar genome has now
begun with large grant proposals for the promotion of novel sequencing methods developments
or improvements on current technologies. The re-sequencing of genes will not be limited to a
selection of single candidates but will include the genes of entire pathways to explore for the
genetic components contributing to biological mechanisms and potential variability in disease
phenotypes.

Therefore, in the next decade comparative re-sequencing has the potential to replace geno-
typing as a standard technique. Researchers will be equipped not only for high throughput
polymorphism detection but de novo discovery. This will ultimately influence the ability to
clarify the role of candidate genes and genetic variation in complex disease.
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