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BD
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M
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NOD
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autoimmune thyroid disease
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centimorgan

cytotoxic T-lymphocyte antigen 4
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Graves’ disease

genome-wide scan

human leukocyte antigen

hereditary sensory and autonomic neuropathy
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linkage disequilibrium

logarithm of odds, lodscore

megabase (one million bases)

major histocompatibility complex (called HLA in humans)
maturity-onset diabetes of the young
nerve-growth factor beta
non-insulin-dependent diabetes mellitus (=T2DM)
non-obese diabetic (mice)

single-nucleotide polymorphism
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ABSTRACT

The population of northern Sweden has previously been shown to be well suited for the
mapping of monogenic diseases. In this thesis we have tested the hypothesis that this
population could also be used for efficient identification of risk genes for common
diseases. In Paper I we have hypothesised that despite the admixture of Swedish, Finnish
and Sami, the northern Swedish population consists of sub-populations geographically
restricted by the main river valleys running through the region. This geographic isolation,
in combination with founder effects and genetic drift, could represent a unique resource
for genetic studies. On the other hand, it also underlines the importance of accounting
for this e.g. in genetic association studies. To test this hypothesis, we studied the patterns
of marriage within and between river valley regions and compared allelic frequencies of
genetic markers between these regions. The tendency to find a spouse and live in the river
valley where one was born is strong, and allelic frequencies of genetic markers vary
significantly between adjacent regions. These data support our hypothesis that the river
valleys are home to distinct sub-populations and that this is likely to affect mapping of
genetic diseases in these populations. In Paper II, we tested the applicability of the
population in mapping HSAN V, a monogenic disease. This disease was identified in
only three consanguineous individuals suffering from a severe loss of deep pain
perception and an impaired perception of heat. A genome-wide scan combined with
sequencing of candidate genes resulted in the identification of a causative point mutation
in the nerve growth factor beta (NGFB) gene. In Paper III, a large family with multiple
members affected by familial forms of type 1 diabetes mellitus (T1DM) and autoimmune
thyroiditis (AITD) was studied. This syndrome was mapped to the IDDM12 region on
2q33, giving positive lodscores when conditioning on HLA haplotype. The linkage to
HLA and to the IDDM12 region thus confirmed previous reports of linkage and/or
association of TIDM and AITD to these loci and provided evidence that the same
genetic factors may be mediating these diseases. This also supported the feasibility of
mapping complex diseases in northern Sweden by the use of familial forms of these
diseases. In Paper IV, we applied the same approach to study type 2 diabetes mellitus
(T2DM). A non-parametric genome-wide scan was carried out on a family material from
northern Sweden, and linkage was found to the calpain-10 locus, a previously described
T2DM-suspectibility gene on 2q37. Together, these findings demonstrate that selecting
for familial forms of even complex diseases, and choosing families from the same
geographical region can efliciently reduce the genetic heterogeneity of the disease and

facilitate the identification of risk genes for the disease.
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INTRODUCTION

A better understanding of the genetic factors underlying a disease may help to identify
individuals at risk for this disease even before they fall ill, and a more detailed
understanding of the mechanisms contributing to the disease may also lead to more

effective and efficient treatment of the disease.

Finding the genetic factors contributing to a disease involves comparing patients to their
healthy relatives or to control individuals, and identifying genetic factors common among
patients but uncommon among healthy people. The difference between the two groups is
the genetic component of the disease. This “maps the disease” to a certain part of the

genome and allows for further study of the genetic factors involved.

Understanding the genetic basis of a disease is often difficult, especially if the disease is
caused by a complex interaction of genetics and environment. Several strategies have been
employed to simplify this task. One example is the sub-phenotype approach, where the
analysis of only one of the symptoms or phenotypes of a disease is performed at a time.
Working with animal models of a disease may also be a way to isolate the genetic factors
underlying a disease. Using inbred mouse-strains is a particularly popular way to study
human genetic diseases. Another common approach is to analyse as many patients as
possible, and hope that the sheer number of samples will allow for the identification of

the relevant genetic factors.

An approach that has become more and more emphasised is to strive to simplify the
genetic background under investigation. The hope is that this will enable a better focus
on the relevant genetic factors and a reduction in background noise. A common way to
achieve this is to focus on populations that have a reduction in genetic diversity, and have
been geographically or culturally isolated. The whole population is thus based on the
descendants of a small number of individuals, with most of the genetic variation in the
population being the variation originally present in these few individuals. Examples of
these kinds of populations include the Finns, the Icelandic population, and the

Sardinians.

The population of northern Sweden has a history involving a mixing of three ethnic
groups followed by a dramatic expansion over the last two centuries from a founder
population (Andersson-Palm 2000, Bylund 1994, Bylund 1960). While the total
population is quite heterogeneous, it has been hypothesised that certain parts of the
region are home to small, isolated population-groups. This thesis describes our work of
characterising the sub-structures of this population and gives examples of how this may

affect the mapping of genetic diseases.



BACKGROUND

GENETIC DISEASES

A disease is a visible trait or phenotype that is detrimental to the individual and is usually
described by a set of diagnostic criteria defined by a consortium of specialists in the field.
How common the disease is can be measured by the incidence of the disease (e.g. how
many people fall ill per year) or by its prevalence (what proportion of the population has
the disease at a particular time point). A disease can be largely infectious in origin (e.g.
measles) or largely governed by genetic factors (e.g. albinism), but most diseases are a
combination of both, and how a person responds to an infectious disease is also very
often influenced by genetic factors. The term genetic disease in this thesis is used for
diseases that are mainly governed by genetic factors or diseases that have a strong genetic

component.

Mendelian diseases

Mendelian or monogenic diseases are genetic diseases for which the correlation between
the disease and a particular mutation or mutations in one gene is very strong. These
diseases are called Mendelian since they conform to the Mendelian laws of inheritance. A
Mendelian or monogenic disease is usually due to one drastic mutation, causing a critical
protein to be lost or the function of a protein to be severely impaired. A person carrying
this mutation is likely to get the disease (the disease has a high penetrance), similarly very
few individuals lacking mutations in this particular gene will succumb to the disease (the

likelihood of phenocopies is low).

When looking at a family tree (or pedigree), Mendelian diseases most often show a clear
dominant or recessive inheritance, one copy [dominant] or two copies [recessive] of the
mutation are required for a person to be affected, and the disease can be traced through

several generations. Figure 1 illustrates the inheritance of a dominant Mendelian disease
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within a family.
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A simple pedigree. Squares= men, circles= women. Filled symbols= Affected individuals, open symbols=

Figure 1

unaffected individuals.



The Mendelian diseases have traditionally been the best studied in the field of medical
genetics. Finding the mutation responsible for the disease and identifying the protein that
is lost or defective may be relatively easy, especially if large families with many affected
individuals can be identified.

Complex diseases

Complex genetic diseases are, as the name implies, more complex than Mendelian
diseases. These arise as a result of a complex interaction between genetic factors,
environmental factors and lifestyle choices (smoking, age, infections, physical inactivity,
etc.). The genetic factors involved in susceptibility to complex diseases are often
numerous, most of them only contributing slightly to the risk of disease, and these factors
may differ considerably between individuals (Figure 2). Many models have been
proposed to explain the contribution of different genes to complex diseases, but the

genetic factors underlying most complex diseases are still largely unknown.

Genetic Genetic Genetic

factor 1 factor 2 factor 3
Environmental \ \L / Environmental
factor 1 —_— - factor 2

Interaction
Complex
disease
Figure 2

Combinations of genetic and environmental factors interact to influence the susceptibility to complex
diseases.

Familial forms of complex diseases

A complex genetic disease is, as mentioned above, caused by an interaction of a number
of genetic factors, each one in most cases contributing relatively little to a disease.
Monogenic forms of these diseases can sometimes be found, these rare diseases may look
very similar to the more complex forms of the disease, but are caused by only one or a
few mutations, e.g. the MODY genes in type 2 diabetes mellitus (Froguel et al. 1992,



Horikawa et al. 1997, Kristinsson et al. 2001, Stoffers et al. 1997, Yamagata et al. 1996a,
Yamagata et al. 1996b). These mo nogenic forms of complex diseases usually follow a
Mendelian inheritance within a pedigree, and are inherited in a dominant or recessive

manner.

Familial forms of complex diseases are usually more complex than monogenic forms of
the diseases, but may still be seen as simplified versions of the more common and
complicated forms of the disease as well as enriching for strong genetic effects. A familial
form of a complex disease may arise when a genetic factor with a particularly strong
influence on the disease arises within a family and contributes so much to disease

susceptibility that other genetic factors become less important.

Theoretically, an apparent Mendelian inheritance pattern could also arise if the genetic
diversity in a population is significantly decreased, so that by chance, a number of the
more powerful susceptibility factors contributing to the disease have become fixed, and
are shared by most of the members of a pedigree. If one more genetic risk factor is added
in certain individuals, this may “tip the scales” and result in an apparent Mendelian
inheritance of the disease (Varilo and Peltonen 2004). Identifying and dissecting the
genetic factors involved in these familial diseases may thus be an effective strategy to

begin the work of understanding the more classical complex forms.



GENETIC METHODS

Genetic markers

Mapping a genetic disease involves linking a disease to a genetic region in the genome or
to a genotype or genetic trait and polymorphic genetic markers are used for this means. A
polymorphic genetic marker is any genetic trait that differs between individuals. Such

markers are located at fixed points in the genome, and can be visualised clearly.

The different alleles or variants of a marker allow for distinguishing between individuals.
We have two copies of our chromosomes (except for X and Y), and therefore two alleles
for each marker, one residing on each chromosome. Homozygosity implies the presence
of two copies of the same allele, heterozygosity being when one has two different alleles

for a given marker.

In the simplest form of genetic mapping, a genetic marker is analysed in a family, and
alleles that are shared by the people with a disease are identified. It is likely that the
mutation causing the disease is located close to this marker, and the marker is said to be
linked to the disease. The position of the marker in the genome is known, so linkage to
the marker tells you what part of the genome to focus on to find the gene or genetic
factor involved in the disease. Genetic markers are usually not part of genes, and not the
cause of a disease per se, but in this way they can give an indication as to the general

region to study.

Microsatellite markers

Microsatellite markers are short repeats of DNA sequences, each repeat usually being 2-4
bases in length. These markers have about 5 to 15 alleles and each allele represents a
particular number of times that the 2-4 base DNA sequence is repeated. Microsatellites
are very common in the human genome, relatively stable over time and generations, they
can be quite polymorphic and are relatively easy to analyse; all this has made them the

most commonly used genetic markers when mapping genetic disease.

A drawback of using microsatellites when mapping disease is that although they are fairly
well spread throughout the genome, there are regions in the genome with fewer
microsatellites. The average spacing between microsatellites is also often large, making the
resolution for mapping too low. The large number of possible alleles also makes

automated analysis of microsatellites difficult.

Single-nucleotide polymorphisms (SNPs)

Single-nucleotide polymorphisms or SNPs are another class of genetic markers. They
consist of a single DNA base that varies between individuals, and each SNP has two
alleles. An SNP is formed when a mutation arises (a single base is mutated) somewhere in
evolution, and two alleles now co-exist in the population. SNPs are not as informative as
microsatellites since they only have two alleles, but they are found throughout the

genome in greater quantities than microsatellites. This makes them an ideal tool for



investigating regions of interest in more detail, where a high resolution of markers is
needed. SNPs have also become popular for large-scale automated analysis of markers, as
the analysis of their two alleles is easier to automate than the more numerous alleles of a
microsatellite. The majority of SNPs are, like the microsatellites, not directly involved in
susceptibility to a disease per se. However, some SNPs have been shown to have
quantitative effects on genes important in diseases, thus influencing the risk of such
diseases (Gibson et al. 2001, Krempler et al. 2002, Ueda et al. 2003).

Genomic distances

The distance between two points in the genome can be defined in two distinct ways,
using either the genetic or physical distance. Genetic distance (the main unit is
centimorgan [cM]) relates to the likelihood of recombinations between two points (1cM
equals a 1% likelihood of recombinations). Since recombinations are more likely to
happen between two points the farther they are away from each other, a relative distance
between the two can be obtained. Genetic distances are often used when looking at
linkage between markers and diseases and the size of a region linked to a disease is often

reported in cM.

Physical maps (the main unit is megabase [Mb], equalling one million bases) tell you the
distance in basepairs between two points. The physical maps with the highest resolution
give the exact sequence of DNA. These maps are especially useful when a particular
region within the genome has been identified, e.g. to find genes or polymorphisms that
could be causing the disease. The actual physical length of a cM varies between different
regions of the genome and between men and women, but o7 average, one cM is

approximately equal to one Mb (Lander et al. 2001).

Linkage and lodscores

Linkage is seen between a genetic marker and a disease when the alleles of a certain
marker tend to be inherited differently in people with the disease when compared to their
healthy relatives. This can be studied visually if the number of markers and individuals
being studied is low enough, but methods to describe the statistical likelihood of linkage
between a marker and a disease have also been developed. One of these, the lodscore
(Morton 1955), is based on deviation from the expected recombination fraction of 0.5
under the null hypothesis of no linkage, i.e. the comparison of the likelihood of your data
assuming linkage (theta < 0.5) and the likelihood of your data assuming no linkage (theta
= 0.5). A lodscore over 3 to 3.6 can be seen as an indication of significant linkage
between a marker and a disease or trait (Lander and Kruglyak 1995).

Parametric or model-based linkage analysis involves building a model of how a disease is
inherited. This involves estimating the disease frequency in the population, the frequency
of the disease-causing mutation in the population, what fraction of people have the
disease for other reasons, etc., parameters that are often unknown (Morton 1955). This

method can be very powerful if the model is estimated accurately, and may be feasible for
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many of the Mendelian diseases. It is, however, most often quite impossible to estimate a
realistic model of a complex disease governed by a number of genetic factors, incomplete
penetrance and lifestyle factors. This is where non-parametric or model-free linkage
methods are applied (Kruglyak et al. 1996). These methods are based on the assumption
that a non-affected individual may still have the disease-causing mutations and they may
fall ill at a future point. The only certainty is that the people that have the disease do
indeed have the disease, so allele-sharing methods are used to see what parts of the
genome the patients have in common. Taking into account how the patients are related,
one can then determine if they share more genetic information than they should by
chance. The lodscore obtained in non-parametric linkage is based on deviation from the
expected distribution of shared genetic regions among the affected individuals under the

null hypothesis of no linkage.

Association and LD

A marker and a disease are said to be associated when there is an over-representation of a
certain allele of a specific marker in cases (a group of patients) when compared to a group
of matched controls (individuals that are as similar to the patients as possible but do not
have the disease). This could be an indication that this polymorphism or allele is the true
factor causing the disease, or it could be due to linkage disequilibrium (LD). LD occurs
when, many generations ago, a mutation occurred close to a marker in an individual with
a particular allele. The two are so close to each other that they have a strong tendency to
be inherited together, and the descendants of this individual have inherited his/her
chromosome with both the allele and the mutation. The people with the disease today
will have the disease due to the original mutation, and will also have a tendency to have
the same allele in the marker that lies close to the mutation (Figure 3). This association

will in most cases break down over time until linkage equilibrium is attained.

C AL X D

recombinations

( JNEES )

|

time and recombinations

Descendant 1 ( Al X )
2 A2
3 A3 I
4 A4X]
5( ) A3
6 A2
7 ( Al X )
8 (CAT X )
Figure 3

Linkage disequilibrium between a mutation (indicated by a star) and a genetic marker. Al indicates allele 1,
the allele in LD with the mutation. White bars represent the ancestral chromosome, grey bars any other
chromosomes. Only descendant nr. 4 has the mutation but not Al.
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Regions of linkage disequilibrium can be quite useful when mapping a disease and the
assumption that these regions may be larger in isolated populations has been one of the
stronger arguments for working with such populations (Kruglyak 1999, Laan and Paabo
1997, Peltonen 2000, Shifman and Darvasi 2001, Varilo et al. 2003, Varilo and Peltonen
2004). Identifying a genomic region that the patients share due to LD may aid in the
definition of the smallest common region shared by the patients and, thus, in identifying

the region contributing to the disease.

If a mutation is closely linked to a certain allele on a chromosome that has expanded its
frequency in a population, this may result in an increase in the LD of the population for
that particular locus. The Sami population has been closely examined as a population
with a history of genetic drift, and this population has been shown to have larger areas of
LD than the populations to which it has been compared, in at least some genetic regions
(Johansson et al. 2005). On the basis of this, it has been suggested that initial mapping of
a complex disease should preferably be performed in such a population, using another
population with shorter regions of LD to further fine-map the genetic factors underlying
the disease (Varilo and Peltonen 2004).

A common approach to get the most out of the strengths of linkage and association, and
to minimise the weaknesses, has been to combine the two methods when mapping a
disease. A group of families is first used to look for linkage to a disease. When a genomic
region has been identified and fine-mapped as much as possible, an association study is
performed on particularly interesting factors found in this genomic region. This may
allow for a higher resolution than using only linkage, as well as giving more population-

based information than if only families were studied.

Homozygosity mapping

When a disease is very rare, and the population being studied can be assumed to be
relatively homogenous, it can be assumed that the same mutation is causing a disease in
most of the affected individuals in the population. This is a result of a mutation arising in
one individual and showing a geographical clustering in a particular region as the result

of the descendants of this individual tending to live close to their parents.

An extension of this effect is when a rare recessive disease that affects multiple individuals
in a family is being studied. The two copies of a mutation that each individual carries can
be assumed to come from the same source or founder, especially if the parents of the
patients are related to each other and/or there has been a significant amount of
inbreeding in earlier generations. Identifying this mutation thus involves looking for
regions in the genome where the patients are homozygous and have two copies of the
same ancestral genetic region with the associated mutation (Lander and Botstein 1987).
Healthy parents should each carry one copy of this region and healthy siblings one or

none.
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Interaction of loci

In some genetic diseases, two or more genetic loci interact to contribute to susceptibility
or protection from the disease. An example of this is when locus B only increases the risk
of getting a disease if a certain allele or variant of locus A is present. Conditioning, or
stratifying the genetic data with respect to locus A will thus allow for better studies on the
effects of locus B. The human HLA region (called MHC in other species) has been
shown to play a large role in susceptibility to many autoimmune diseases (Bilbao et al.
2003, Czaja et al. 2002, Grams et al. 2002, Koo et al. 2003, Patil et al. 2001), and
stratifying on the basis of HLA haplotype is commonly performed when mapping these
diseases (King et al. 2000).

Genome-wide scans and candidate-gene approaches
There are two main approaches to mapping a disease, the genome-wide scan (GWS) and
the candidate-gene investigation. The approach chosen will depend on the amount of

prior knowledge accumulated regarding the genetics of the disease in question.

When little is known about the aetiology of the disease, or when the disease is very
complex, a genome-wide scan may be required. This involves analysing markers (usually
polymorphic microsatellite markers) that are evenly spaced throughout the whole
genome, and looking for linkage to the disease. If linkage is found to a certain marker,

more markers are added in that particular region to increase the resolution of the scan.

This method has the advantage that little prior information is needed about the genetic
factors contributing to the disease and important genetic factors are less likely to be
missed due to erroneous assumptions about which genes or genomic regions are involved
in the disease. A drawback to using genome-wide scans is that the marker resolution is
lower than if the focus is on one or a few candidate-regions and an important region may
be overlooked due to this.

Genome-wide scans are very popular due to the availability of ready-made panels or
groups of markers that have been optimised to work well together. This allows for
analysis on a high-throughput scale, increasing the feasibility of genome-wide scans with
hundreds of microsatellite markers on hundreds of individuals. This approach is now the

standard when studying most complex genetic diseases.

The candidate-gene approach can be very powerful if prior knowledge exists about what
genes may be involved in the disease or if a certain region of the genome has previously
been implicated in the disease. A candidate region or region of interest is the region
believed to contain the mutation causing a disease, and this is tested by analysing a set of
polymorphic genetic markers in this region to see if linkage can be found to a particular

marker.
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Finemapping

When a genetic region involved in susceptibility to a disease has been identified, this
region is studied closer. This finemapping usually involves adding a number of genetic
markers (e.g. microsatellites or SNPs) to increase the resolution of the linkage analysis.
This should result in taller, narrower linkage peaks, helping to reduce the regions of
interest. Finemapping may also allow for the study of haplotypes within families that
show linkage to the region. A haplotype is a set of loci or markers, located close to each
other on the same chromosome. Since the markers are so close to each other, the
likelihood of recombinations (exchange of genetic material between a pair of
chromosomes) between them is low, and the combination of alleles found in a parent is

likely to be passed on unchanged to an offspring.

Finemapping and haplotype analysis of a disease can be a very powerful tool to narrow
down the region of interest further. If affected individuals that only have a part of the
haplotype linked to the disease (due to recombinations) can be found, this part of the
haplotype may perhaps be excluded (it is not required for the disease). Similarly, when
working with a Mendelian disease, a certain region may be more interesting if an
individual in the pedigree does not have this part of the haplotype and is healthy
(indicating that this part of the haplotype is required for the disease). A downside of
working with individuals that are too closely related is that they will share a relatively
large genomic region or haplotype. This can make it hard to narrow down the region
further and decide which genetic factors within the haplotype are the ones actually

involved in the disease.
Having identified the smallest common genetic region shared by the patients, the next

step is usually to study the genetic factors in this region and identify potential candidate
genes (genes that could possibly be involved in the disease).
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POPULATION GENETICS

We humans are genetically very similar (most estimates of the similarity of our genomes
range from 99,5 to 99,8% (Kidd et al. 2004)). Despite this, different populations can be
shown to differ genetically from each other. This has little to do with the concept of
races, but rather with the history of each population. Geographically close populations
tend to also be genetically similar, but factors such as the age of the population, its size,
the amount of immigration, expansion, and the level of geographical and social isolation

are crucial to forming the gene pool we see today.

Genetic drift and isolated populations

It has been shown that monogenic diseases can have strikingly different frequencies in
certain population groups when compared to others (Pastinen et al. 2001, Peltonen et al.
1999). Examples of this can be found in many populations, and examples from northern
Sweden include acute intermittent porphyria in Arjeplog (Lundin et al. 1997) and
infantile genetic agranulocytosis in Overkalix (Carlsson and Fasth 2001). These diseases

are almost exclusively found near these locations.

A similar pattern of deviation from countrywide prevalence as the one seen for
monogenic diseases may also be seen for more complex genetic disease (Peltonen 1996).
This clustering may occur in parts of the country that are sparsely populated, indicating
an enrichment of individuals with a particular disease in a particular region. Different
diseases can therefore cluster in different geographical regions. In some cases, the

prevalence of a disease can vary considerably between two nearby countries.

These geographic differences in the prevalence of genetic diseases are likely to be the
result of genetic drift, random changes in the frequencies of genetic variants or alleles in a
population, occurring by chance rather than due to selection. Genetic drift has the
potential to dramatically alter the frequencies of genetic variants in a population,

especially if the population is small.

A founder effect is an extreme form of genetic drift, and occurs when a small number of
individuals from a larger population forms the basis of a new population by moving off
to found another population. Similarly, population bottlenecks may have drastic effects
on the genetic composition of a population. This form of genetic drift occurs when a
large part of a population is lost, e.g. due to famine or disease, resulting in survival of
only a subset of the population. The survivors are subsequently the basis of a new

population that then expands to form a larger population.
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In both founder effects and population bottlenecks, the frequencies of genetic variants
represented in these people are not likely to be completely representative of the parent
population. The genetic composition of this new and expanding population may thus be
drastically different from the original (Figure 4). Genetic variants may become less
common or be lost, or may randomly expand their frequencies when compared to other

variants.

Parent population Daughter population

Figure 4

An example of a founder effect, resulting in a reduction in diversity and random changes in the frequencies
of genetic variants due to non-random sampling from the parent population. Small circles represent three
different genetic variants found in the parent population. The genetic variant represented by black dots is
completely lost in the daughter population and the frequency of the genetic variant represented by grey
dots is severely decreased as a result of the sampling from the parent population.

The new po pulation, whether it is composed of survivors of a plague or famine, or
settlers moving into a previously uninhabited region of land, will have a drastically
decreased genetic variation when compared to the larger population from which it
originated (Shifman and Darvasi 2001) since numerous genetic variants present in the
parent population will not have been represented in the small number of settlers or
founders. Adding to this effect, extensive inbreeding is likely to occur within the
individuals in this new population, potentially fixing a number of genetic variants. The
inbreeding is likely to be reduced as the population expands, but the frequencies of
genetic variants in the population may remain significantly different from the original
population. This effect is likely to be strongly enhanced if a population lives in relative
geographic or social isolation, maintaining the genetic differences between the two

populations.
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Genetic drift may thus be the reason for the different prevalence of Mendelian and
complex genetic disorders when comparing population-groups. It may also explain
“negative founder effects”, where certain disease-alleles are almost absent or completely
absent in the population. Examples of this include certain common alleles causing Cystic
fibrosis in Caucasians that are almost completely absent in the Finnish population
(Pastinen et al. 2001).

These random events in the history of a population make isolated populations attractive
for the mapping of genetic diseases. Studying populations with a high prevalence of a
disease, or a disease that shows a strong geographic clustering is likely to aid in studying
that disease. An unusually high prevalence of a disease can be an indication that the
genetic risk factors for the disease have become enriched in this population due to
founder effects, hopefully aiding in their identification. Another quality of this kind of
population that potentially aids in mapping genetic diseases, particularly complex
diseases, is the reduction in total genetic diversity. If a disease may be caused by
numerous genetic factors in the general population but most of them were lost during a
population bottleneck, the remaining genetic factors may be easier to elucidate. Also,
studying LD in these populations and identifying shared ancestral haplotypes is likely to

be especially useful for the mapping of complex diseases.

The population of northern Sweden

Northern Sweden is an example of a population that has been extensively investigated for
the purpose of genetic research. Northern Sweden can be defined in many ways, but the
focus of our work involves Norrbotten and Visterbotten, the two northernmost counties

in Sweden (Figure 5).

Russia

Figure 5

A map of Scandinavia with the two northernmost counties of Sweden shaded grey.
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The population of northern Sweden mainly comprises people of Sami, Finnish and
Swedish origins. The Sami lived in the inland areas of Sweden, especially in the
northernmost regions. An early Finnish population has been suggested to have migrated
and settled down along the northern part of the Gulf of Bothnia, followed by a successive
Swedish colonisation in the coastal areas that was strengthened by encouragements from
the Swedish State in the early 14™ century.

Colonisation took place much later in both the forested areas near the coast and the
inland areas, during the 19" century in particular. In the inland areas, the process was
characterised by an initial colonisation by a relatively small number of pioneers from the
coastal parts within the regions and from Finland, whereas the subsequent settlements
were performed mainly by their descendants. Hence, the immigration was small and this

clonal colonisation resulted in clusters of settlements representing several generations

(Bylund 1994, Bylund 1960).

The population of northern Sweden has been shown to be well suited for the mapping of
monogenic and complex diseases. This is in contrast with the known admixture of Sami,
Finns and Swedes, the three large population-groups comprising the population, and
despite most parts of northern Sweden not having been isolated to the same extent as
other populations used for genetic research (e.g. Sardinians). A number of recessive
Mendelian diseases can be found in this population, and there are indications that some
complex diseases show a geographical clustering in this population. All this suggests
hidden sub-structures in the population and suggests that closer study of the genetic
composition of the population residing in northern Sweden might be an effective
approach to further understand the factors contributing to genetic diseases in this

population.

River valley genetic isolates:

The general demographic pattern in northern Sweden consists of population aggregates
mainly along the coast and rivers, and scattered populations between the river valleys.
Initially, the main reasons for this were access to arable land and pastures and
communications by water. The major roads were likewise built along the rivers. Cross-
region communication possibilities increased in the 20th century, not least via railways
built through the area. Some notable exceptions to this pattern of population

concentrations were due to inland industries, mining in particular.

A plausible hypothesis would be that distinct genetic sub-populations might have formed
in the large river valleys that run from the mountains in the west to the coast in the east
and which are largely isolated from each other by vast forests. These sub-populations are
hypothesised to have arisen through founder effects during the settling of each region.
Large variations in the small founder populations, due to genetic drift, followed by
generations of geographical isolation, maintained the genetic differences of each river

valley.
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AIMS OF THE STUDIES

The aim of the work described in this thesis was to test the hypothesis that the
population of northern Sweden consists of genetically distinct sub-populations, and to

study how this would affect the mapping of monogenic and complex genetic diseases.

Paper 1 THE SUB-ISOLATES OF NORTHERN SWEDEN:
e To study the genetic structure of the population of northern Sweden by testing

our hypothesis that distinct sub-isolates exist within each river valley region.

Paper 11 HSAN V AND NGFB:

e To study the applicability of the population of northern Sweden for the mapping
of the monogenic disease HSAN V, shared by only a small number of
individuals. Also, to identify the genetic region or mutation responsible for the
disease.

Paper I11 Ti1DM AND AITD:
e To test the feasibility of mapping familial forms of TIDM and AITD in a family

from northern Sweden. Also, if possible, to identify the genetic regions or factors

responsible for TIDM and AITD in this family.

Paper IV T2DM:
o Inlight of the success in mapping other genetic traits, to study if this could be
applied to familial forms of a classical complex genetic disease. In the process, to
learn more about the genetic risk factors for T2DM in northern Sweden.
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RESULTS AND DISCUSSION
PAPER I: THE SUB-ISOLATES OF NORTHERN SWEDEN

Historical data shows that people in northern Sweden did not move very far to meet a
spouse and they tended to reside in their region of origin throughout their lifetime
(Andersson 1897). This is likely to have maintained any existing genetic differences
between the local populations, and inbreeding and genetic drift can be assumed to have
added to this effect. The creation (due to founder effects) and persistence (due to
geographic isolation) of distinct genetic sub-populations within the populations of the

larger river valleys in northern Sweden might thus be plausible.

We tested this hypothesis by dividing Norrbotten and Visterbotten counties into regions
focusing on major rivers from the mountains in the west to the eastern coast (Figure 1,

Paper 1), and studying differences between those regions.

We studied marriage patterns in the descendants of a couple that married around 1650
and lived in Lycksele in river valley region B (Figure 1 in Paper I), and saw a strong
tendency of spouses to originate from the same river valley region (Figure 2 in Paper I).
This was supported by data on marriage patterns in 1870 and 1900 in six parishes, each
representing a river valley region (Figure 3 in Paper I). We thus concluded that this
restricted spouse selection, with a preference towards a spouse originating from the same
river valley region, appeared to be a general phenomenon in the region and that until the
beginning of the 20" century relatively little interaction took place between individuals

from different regions.

We next tested if significant differences could be found in the genetic composition of the
populations inhabiting the river valley regions. We did this by studying protein and
blood group markers previously used to study Finnish and Sami admixture in northern
Sweden (Nylander and Beckman 1991). In addition to confirming reports of gradients in
the allelic frequencies of these markers, an additional trend was found, suggesting that
these allelic frequencies are restricted by the river valley regions (Figure 4 and Table 2 in
Paper I). 'This was further supported by our analysis of the mutation causing Bothnia
dystrophy (Burstedt et al. 1999), shown in Figure 5 of Paper I, and these data thus
support the hypothesis that the geographic regions defined in Paper I are home to
genetically distinct sub-populations.

Our hypothesis was that the population of each of the larger river valleys consisted of
distinct genetic sub-isolates, arisen due to a small number of founders and random events
during the colonisation process, and maintained by preferential contact between

individuals within the same river valley.
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We have shown that genetic differentiation exists between the populations and that any
genetic differentiation arising between the populations of the river valleys is likely to have
been maintained due to geographical isolation. These data support our hypothesis of sub-

isolates arising and being maintained within the river valleys of northern Sweden.

The existence of sub-isolates within the larger population is likely to have implications on
linkage to genetic diseases. Genetic drift such as founder effects or population bottlenecks
might explain the high incidence of monogenic diseases and occurrence of families with a
clustering of complex diseases, and explain the geographical clustering of complex
diseases seen in certain parts of the region. The genetic admixture of the total population
may thus be countered by a local increase in genetic homogeneity. This has the potential
of making the mapping of genetic diseases of individuals within the same genetic sub-
population a powerful tool to reduce the heterogeneity of complex genetic disorders and

select for common founder mutations.

On the other hand, the existence of genetic sub-populations should be taken into
consideration in studies of association to genetic diseases. As these studies are dependent
on careful matching of cases and controls, and are sensitive to hidden confounding
factors, sub-populations with distinct differences in allele frequencies are likely to make
these studies more complex. Controlling for genetic sub-isolates or matching cases to

controls from the same sub-population may thus be recommended.

PAPER II: HSAN V AND NGFB

In Paper II, we studied a family from northern Sweden with three individuals suffering
from a severe loss of deep pain perception preventing them from feeling pain from bone
fractures and joints, and with an impaired perception of heat (Minde et al. 2004). The
disorder is rare, with only around 20 known cases, and this family is the only family in

Sweden known to suffer from this disease (Jan Minde, personal communication,).

Mapping a genetic disease, albeit one with an apparently classical Mendelian inheritance,
using only three patients, is quite a challenge. Our hypothesis was that although
achieving this would be difficult or impossible in a more genetically heterogeneous
population, we might be able to achieve this due to the genetic makeup of the individuals

involved.

Genealogical analysis of the family involved showed that the origin of the disease can be
traced back to a couple moving up along the Torne river from Overtornei north to
Vittangi in river valley region F (see Figure 1 in Paper I) in 1674 (Figure 6) and
historical records support sensory defects having affected the family for generations (Jan
Minde, personal communication). The tendency of the couple’s descendants to remain in

or around Vittangi and select a spouse from the same region has resulted in extensive
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inbreeding throughout several generations. This may be the reason that this recessive

disease has surfaced within this family.

17th century

16th century

ONgrtorned

Western coast

of Finland O

Figure 6
The presumed migration of the mutation causing HSAN V up along the Torne river in geographic region

F (defined in Figure 1 of Paper I).

We performed a 10cM genome-wide scan to identify the genetic region or regions
involved in the disease and identified a haplotype on 1p11-13 for which all three affected
individuals were homozygous. Subsequent sequencing analysis of the best candidate gene
in this region, nerve growth factor beta (NGFB), revealed a point mutation in exon 3 of
the gene (Figure 2, Paper II), replacing a basic arginine amino acid (CGG) with a non-
polar tryptophan (TGG). This particular amino acid is located in a region of the protein
that is highly conserved between different neurotrophins (a group of nerve growth factors
of which NGFB is a member) as well as NGFs of different species. This thus supports the
idea that this mutation is the cause of the disease in this family.

A number of individuals in the family were observed to have milder neurological
symptoms (e.g. Charcot joints); these were found to either be heterozygous for the
mutation in NGFB or lacked the mutation. A phenotype-genotype correlation study is
currently underway to look at the neurological symptoms of a number of family
members, even those previously reported as healthy. An overrepresentation of mild
neurological symptoms in heterozygous individuals would argue for a dose-effect of the

mutation and the disease being semi-penetrant even in those individuals.
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The functional effects of the mutation in NGFB are now being studied further. The
mutation is found in a region of the protein important for its binding to and/or
activation of one of its receptors, suggesting that the mutation in NGFB is interfering
with this function. Alternatively, the binding of the mutated NGFB to its other receptor
might be affected, or even the stability of the NGFB mRNA or protein itself disrupted in

some way.

In conclusion, we have identified a disease-causing mutation in a genetic sub-population
significantly affected by founder effects, inbreeding and genetic drift. It would thus seem
that, despite the known admixture of Swedish, Finnish and Sami genetic material in the

region, this region of Sweden is well suited for mapping monogenic diseases.

PAPER III: TIDM AND AITD

Having seen that the population of northern Sweden can be utilised to successfully map a
Mendelian disease using only three patients, we moved on to explore if this could also be
applied to more complex diseases (Paper III).

A large 5-generation family (Figure 1 in Paper III), from the region around Overkalix in
river valley region F (defined in Figure 1 in Paper I') was studied. This family has multiple
members affected by type 1 diabetes mellitus (T1DM), Graves’ disease (GD) or
Hashimoto’s thyroiditis (HT), the latter two collectively known as autoimmune
thyroiditis (AITD). This allowed us to study the genetic factors responsible for the

susceptibility to these diseases in the population of northern Sweden.

The diseases in this family appeared to follow a Mendelian inheritance and constituted
familial forms of these otherwise very complex genetic diseases. The members of this
family have, except for the last two generations, almost exclusively resided in a small
geographical region with a small number of inhabitants. A small number of founders in
the region and genetic drift may have reduced the genetic diversity of the population and
fixed a number of genetic factors contributing to the diseases. This might thus have
resulted in a simplified inheritance pattern of these otherwise complex genetic diseases,

potentially simplifying the study of the genetic factors contributing to these diseases.

It has been shown that AITD and T1DM have a tendency to occur together, indicating
that the diseases may share a common underlying cause (Payami et al. 1989). In addition
to a strong contribution to disease susceptibility by the human leukocyte antigen (HLA)
locus (Barlow et al. 1996, Cudworth and Woodrow 1975, Yanagawa et al. 1993), each of
these diseases has been reported to be associated and/or linked to the IDDM12 T1DM
susceptibility region on chromosome 2q33 (Donner et al. 1997a, Donner et al. 1997b,

Nistico et al. 1996). Since all three diseases are found within the same family, and have
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been shown to be linked to common genetic factors, we hypothesised that they might

share common genetic causes in this family.

A candidate gene approach was used to study regions previously implicated in
susceptibility to the three diseases. Loci in the HLA region on chromosome 6p21 and in
the IDDM12 region on chromosome 2q33 were deemed to be especially interesting,
since all three diseases have been mapped to those regions and since the orthologous
regions have been shown to confer susceptibility to diabetes in non-obese diabetic
(NOD) mice, an animal model for diabetes (Aitman and Todd 1995). Treating all three
diseases (T1DM, HT and GD) as one disease, we performed a two-point parametric

linkage analysis using a model of dominant inheritance with 90% penetrance.

Positive lodscores were obtained in a region on 2q33 (IDDM12) indicative of the
presence of a susceptibility locus in this region. All of the affected members of the family
were found to carry at least one copy of the HLA haplotype DR4-DQA1*0301-
DQB1*0302 previously shown to confer susceptibility to TIDM (Kockum et al. 1993).
Conditioning on HLA haplotype provided a two-point lodscore of 4.20 at 0 = 0.0. The
corresponding maximum lodscore obtained without conditioning for HLA was 1.45 at
0 = 0.23 (Figure 2C in Paper III). This analysis thus indicates linkage of the HLA and
IDDM12 regions to TIDM and AITD and indicates that the genetic factors in the
IDDM12 region are dependent on genetic factors within the HLA region.

Sequence analysis of CTLA4, a candidate gene in the region, revealed a combination of
three previously identified disease-associated alleles (the G allele of the A/G SNP at
position 49 in exon 1, the T allele of the C/T SNP in position 1822 in the intron
between exon 1 and 2, and the 106bp allele of the CTLA4 (AT)n microsatellite in the 3”
untranslated region) (Figure 2A in Paper III) .

The observed linkage of susceptibility factors for TIDM/AITD to HLA and to the
IDDM12 region confirms previous reports of linkage and association of TIDM, GD and
HT to these loci. It also provides evidence that the same genetic factors may be mediating
each of the three diseases. Two of the polymorphisms found in the CTLA4 gene, the
49A/G SNP in exon 1 and the AT microsatellite located in the 3" untranslated region of
CTLAA4, have been suggested to contribute functionally to these diseases (Kouki et al.
2000, Takara et al. 2003, Wang et al. 2002). Despite this, it seems unlikely that these
polymorphisms alone can explain the dominant inheritance pattern and high penetrance
seen in this family. A more likely scenario involves an accumulation of risk factors each
contributing only a limited increase in risk, and a number of additional polymorphisms
could be present in strong linkage disequilibrium in the same genomic region but in
several different genes. Susceptibility factors in familial forms of complex genetic diseases
may thus be constituted by the combined effect of minor risk factors accumulating in a
risk haplotype such as the one seen in this family and a relative paucity of genetic

variation in other genomic regions.
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Additional genetic factors located in the disease critical region cannot be excluded and an
interesting facet that has surfaced in this aspect is the identification of CT60, a SNP
located 6,1 kilobases downstream of the CTLA4 gene, and shown to influence the risk of
T1DM and Graves’ disease in a British population (Ueda et al. 2003). The mechanism
for this is believed to be the effect the SNP has on the ratio of the two alternative forms
of CTLA4, one membrane-bound and the other soluble.

A large genome-wide scan project has now been initiated in our research group to try to
gain more information on the genetic risk factors for TIDM and AITD in the general
population of northern Sweden. Also, to see if the genetic linkage we identified in

“family 4” can be replicated and studied in other families.

It is interesting to note that the occurrence of inbreeding in previous generations appears
to be lower in this family than in the one suffering from HSAN V, despite a high level of
endogamy in both cases. The different rates of inbreeding may possibly be explained by
the size of the populations in which the individuals lived. The couple that presumably
introduced the NGFB mutation to the region were the founders or co-founders of
Vittangi, and Vittangi is even today only home to about 2000 individuals. This can be
compared to the region of Overkalix, which has twice as many inhabitants today and is
closer to the coast and to the towns bordering on Finland. This may have increased the
effective population size available to the members of the Overkalix family and thus not

encouraged inbreeding to the same extent as in the family from Vittangi.

We conclude that families like the one studied here constitute a very useful tool when
mapping genetic diseases, and in particular complex genetic diseases. When they arise,
they may show a sufficient reduction in genetic heterogeneity and enrichment for strong
genetic risk factors to allow studies aimed at mapping complex genetic diseases based on

only one or a few families to be feasible.

PAPER IV: T2DM AND CALPAIN-10

We have shown that mapping a complex genetic disease (the autoimmune syndrome
described in Paper III) is feasible by the use of only one family, drawing on the strengths
of the population we have at our hands and studying familial forms of complex diseases.
Continuing this work, we proceeded to study type 2 diabetes mellitus (T2DM), another
genetic disease that affects an increasingly large proportion of the world’s population
(Zimmet et al. 2001) and is known for its genetic complexity.
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Extensive linkage and association studies have been undertaken to identify the genetic
factors contributing to T2DM (see (Parikh and Groop 2004) for a recent review) but
despite this, much remains unknown about the disease. Figure 7 shows some of the genes

and genetic regions implicated in susceptibility to T2DM.
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Some of the genetic regions linked to or associated with type 2 diabetes mellitus (T2DM) in humans.
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Figure 7

In light of the known complexity of T2DM, the fact that an increasing number of
individuals in the northern Swedish population suffer from T2DM (Eliasson et al. 2003),
and the notion that this population is well suited to mapping complex diseases, we
decided it would be interesting to study the genetic factors contributing to T2DM in this
population. Due to the complexity of the disease, and the assumption that it is caused by
a number of genetic factors even in the relatively homogeneous sub-populations of
northern Sweden, we performed a non-parametric genome-wide scan to identify these
genetic factors. By selecting for familial forms of the disease, and choosing families from
only the northernmost part of Sweden (mostly river valley region F), we hoped to enrich

for stronger, and more homogeneous genetic risk factors for the disease.

A 10cM genome-wide scan (see Figure 2 in Paper IV) revealed linkage to NIDDM1, a
region on 2q36.1-qter previously implicated in susceptibility to T2DM (Hanis et al.
1996), and containing calpain-10, one of only a few genes so far convincingly identified
as being involved in susceptibility to T2DM (Horikawa et al. 2000). Finemapping of this
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locus yielded a maximum multipoint allele-sharing lodscore of 3.20 (Figure 3 and Table
2 in Paper IV).

Linkage was found to four polymorphisms in calpain-10, UCSNP-44, -43, -19 and —63
(see Figure 1 in Paper IV), previously reported to be associated with T2DM (Horikawa
et al. 2000). These polymorphisms are unlikely, however, to be directly involved in
susceptibility to T2DM in our family material since the calpain-10 haplotypes in the
families showing linkage to 2q37 do not seem to differ from the haplotypes in the
families that do not show linkage. In addition, calpain-10 haplotypes previously shown to
confer susceptibility to T2DM in certain combinations (Horikawa et al. 2000) do not
appear to be over-represented in the families showing linkage to 2q37. Looking at what
fraction of the families actually contribute to the linkage peak on chromosome 2q37, we
see that more than half show positive linkage to the region. This suggests that this region
of the genome harbours genetic factors important for the susceptibility to T2DM in the
general population of (at least) river valley region F.

Calpain-10 is a known T2DM-susceptibility gene in this region, and polymorphisms in
this gene show evidence of linkage to T2DM. Calpain-10 was originally identified as a
T2DM risk gene by a linkage approach. This gene and its function were unknown at the
time of the original analysis, and might have been overlooked if the linkage to the region
containing it had not been so convincing, and if the original investigators had had any
obvious candidate genes to work with (Horikawa et al. 2000) .

The relative lack of other genomic regions involved in linkage to T2DM in this material,
in addition to the strength of the peak on 2q37, supports our hypothesis that the sub-
populations within the region may exhibit distinct genetic characteristics and that the
population within each region may be more genetically homogeneous than the

population as a whole.

We are currently in the process of analysing and collecting further samples from families
with T2DM. The results attained from these additional samples will hopefully allow for a
further refinement of the linkage to 2q37 and the exclusion of a number of potential
candidate genes. This should allow us to better determine if calpain-10 harbours the

genetic variants contributing to T2DM, or if another gene close to calpain-10, does.

To complement these results, we are collecting and analysing a set of samples from cases
with T2DM and matched controls to look at association of T2DM to the four previously
studied polymorphisms in calpain-10. This analysis should help us to determine if these
polymorphisms are likely to be true genetic risk factors for T2DM in northern Sweden,
or if other polymorphisms in the region in and around calpain-10 need to be studied
further.
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CONCLUDING REMARKS

The aging of the general population and the increasing prevalence of diseases such as
heart attacks, stroke, type 2 diabetes mellitus, and hypertension (to a large extent
explainable by our increasingly sedimentary lifestyle and unhealthy eating habits, in
combination with the increasing age of the population), are all factors that bring
enormous costs to the health-care systems of the world. This drives us to study factors
mediating risk of developing such diseases. Vaccination to protect from infection or
autoimmunity, lifestyle changes such as losing weight and quitting a smoking habit are all
likely to be effective ways of combating these diseases. Despite this, the genetic
components of the diseases remain important risk factors and may be the most difficult

factors to elucidate.

The results of the work discussed in this thesis clearly illustrate how identifying the
genetic factors underlying a genetic disease becomes more and more difficult as the
disease complexity increases. When studying Mendelian diseases, one may be able to
identify a haplotype or mutation involved in the disease, but in complex diseases it is
usually not that simple. There, we have to work with groups of apparently harmless
polymorphisms that together have a noticeable effect, significant heterogeneity even
between individuals in the same population, very common susceptibility alleles with
slight but important effects on the disease prevalence, as well as figuring out how the
environment or lifestyle of the patient is involved. It is for this reason that ways to limit
the genetic heterogeneity in studies of complex genetic diseases have been met with

enthusiasm.

The utilisation of isolated populations or populations that have undergone population
bottlenecks is widely considered an effective strategy to elucidate the genetic factors
contributing to complex genetic diseases. This may, however, only be valid if solid
knowledge exists about the structure of the population, its history and characteristics.
Any population that has been strongly influenced by genetic drift, especially if this is
enhanced by geographical or social isolation, will inevitably develop its own
characteristics due to random events in its population history. This makes each
population unique and may make each population uniquely suitable for mapping certain
genetic diseases or traits, and less adequate for mapping others (Wright et al. 1999). A
good understanding of the characteristics of the particular population at hand is thus
needed and will aid in determining the strengths of each population. We believe we have
demonstrated that the population of northern Sweden is well suited for mapping both

monogenic diseases and familial forms of several complex diseases.

Disease-mapping efforts in northern Sweden have been aided by several factors other
than the genetic composition of the population itself. These include a high-quality
healthcare system, contributing to a low frequency of undiagnosed cases and a positive

attitude towards genetic research. Access to large biobanks and disease registers further
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aid the studies of diseases in this population. Finally, a tradition of genealogical interest
and the existence of comprehensive church-registers have aided the tracing of families to
common founders, thus aiding in the identification of common founder mutations or
haplotypes. All this, in addition to the genetic material itself, makes a strong argument
for mapping of genetic diseases in northern Sweden and is likely to contribute

significantly to the success of projects of this kind.

The future of mapping genetic diseases in northern Sweden seems bright. We have seen
that the tendency to live within the region where one is born still prevails to a large
extent, hopefully maintaining the sub-population structure that is likely to be
contributing to the usefulness of the population for genetic studies. A number of
monogenic and complex diseases found in northern Sweden remain to be studied, and it

seems likely that numerous new mapping projects will be established in the near future.

New developments emerging to complement classical mapping of genetic diseases include
studies on the extent of LD in different populations and the HapMap project. These
efforts are likely to add to our current knowledge of genetic diseases, and may be
especially useful for mapping complex diseases. It seems likely that we will, in the near
future, use our knowledge of the sub-populations in northern Sweden to build our own
river valley specific LD maps, panels of haplotype-tagging SNPs and haplotype maps for
each genetic sub-population. With this as a starting point, the population of northern
Sweden is likely to continue to be an excellent tool for studying genetic diseases and

making complex genetic diseases somewhat less complex.
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