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ABSTRACT 
Diabetes mellitus represents a group of metabolic disorders caused by both 
environmental and genetic factors. The two most common forms of diabetes are type 
2 diabetes (T2D) and type 1 diabetes (T1D). T2D is associated with obesity and the 
disease is caused by insulin resistance and pancreatic β-cell dysfunction. T1D is an 
autoimmune disease in which the insulin- producing β-cells in the pancreas are 
destroyed by infiltration of lymphocytes. 
The aim of this thesis was to identify genes conferring susceptibility to diabetes. This 
was approached using genetic methods, both linkage and association studies, within 
the population of northern Sweden. 
The northern Swedish population is well suited for genetic studies of familial forms of 
disease, since an internal expansion of the northern Swedish population, coupled with 
a low frequency of immigration and a high frequency of consanguineous marriages, 
has resulted in a relatively homogeneous gene pool. This simplified genetic 
background increases the probability of identifying genes contributing to disease.  
The family-based material used for the type 2 diabetes studies (papers I and II) 
consisted of 231 individuals from 59 families originating in northern Sweden. The 
type 2 diabetes case-control material (papers I and II) consisted of 872 cases and 857 
matched controls, all from northern Sweden. In paper I we performed a genome-wide 
linkage scan, seeking T2D susceptibility loci. Linkage to the previously identified 
Calpain-10 region was found, however, association studies in the case-control 
material revealed no association to the CAPN10 gene. Using both the family-based 
and the case-control material, we were able to confirm the association of 
polymorphisms in the TCF7L2 gene to T2D in the population of northern Sweden 
(paper II).  

CTLA-4 is a negative regulator of T cell activity, belonging to the CD28 co-
stimulatory receptor family. Numerous reports, including our own, have associated 
CTLA-4 variants with T1D as well as other autoimmune diseases, such as 
autoimmune thyroid disease (AITD). Allelic variation in the 3ÚTR of the CTLA-4 
gene was associated to human T1D and this variant has also been suggested to affect 
the level of mRNA encoding the soluble form of the molecule (sCTLA-4). We 
confirmed the association of allelic variation in the 3ÚTR of the CTLA-4 gene in a 
T1D/AITD case-control material from northern Sweden, consisting of 104 individuals 
with ATID, 149 individuals with T1D and 865 matched controls. However, we were 
unable to identify any correlation between allelic variants in the 3ÚTR of the CTLA-4 
gene and expression of sCTLA-4 (paper III).  

Based on recently published genome-wide association (GWA) scans, 33 single-
nucleotide polymorphisms (SNPs) located within 16 genes were selected for an 
association analysis in T1D/AITD families from northern Sweden. The T1D/AITD 
family-based material consisted of 253 cases and 206 healthy individuals from 97 
northern Swedish families. Analysis revealed association to T1D for SNPs in 
PTPN22, COL1A2, IL-2Rα and INS. In addition, SNPs in CTLA-4, IL-2 and C12orf30 
were shown to be associated to AITD (paper IV).  
Together, these results underpin the notion that the population of northern Sweden is 
well suited for the detection of genes involved in complex diseases.  The use of our 
more restricted patient material, compared to materials used in published GWA scans, 
enables the discovery of disease associated genes in a more cost effective manner and 
show that our population is capable of detecting general susceptibility genes. 



 

CONTENTS 
 
LIST OF PAPERS       6 
 
ABBREVIATIONS      7 
 
INTRODUCTION       10   
 

1. Genetics in general      10 
 
2. The immune system      11   

 
2.1  Innate and adaptive immunity    11 
2.2  B and T lymphocytes     12 
2.3  Tolerance      14 

 
3. Genetic disease      16 
 

3.1  Monogenic  versus complex disease    16 
3.2  Autoimmune disease     17 

 
4. Mapping of genes involved in complex disease  18 
 

4.1  Genetic markers     18  
4.2  Linkage       20 
4.3  Linkage analysis     20 
4.4  Genome-wide linkage analysis   22 
4.5  Association analysis     22 
4.6  Genome-wide association analysis   24 

 
5. Diabetes Mellitus      26 
 

5.1  Type 2 diabetes mellitus    26 
5.2  Type 1 diabetes mellitus    27 
5.3  Animal models for diabetes mellitus   29 
 

6. Genetics of Diabetes Mellitus    31 
 

6.1  Genetics of type 2 diabetes    31 
6.2  Genetics of type 1 diabetes    34 
6.3  Genetics of diabetes in animal models  35 
  

 
 



 

 
 
AIMS OF THIS THESIS      38 
 
RESULTS        39  
 

7. Genetic studies of type 2 diabetes    40 
  
8. Genetic studies of type 1 diabetes     41 
 

DISCUSSION       43 
 

9. Genetic studies of type 2 diabetes    43 
 
10.  Genetic studies of type 1 diabetes    52 

 
CONCLUDING REMARKS     61 
 
POPULÄRVETENSKAPLIG SAMMANFATTNING 63 
 
ACKNOWLEDGEMENTS     66 
 
REFERENCES       70 
 
ARTICLES AND MANUSCRIPTS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 - 6 - 

LIST OF PAPERS 
 
 

This thesis is based on the following papers, which will be referred to in the 

text by their roman numbers: 

 

 

I Einarsdottir E*, Mayans S*, Ruikka K, Escher SA, Lindgren P, Ågren 

Å, Eliasson M, Holmberg D: Linkage but Not Association of Calpain-10 

to Type 2 Diabetes Replicated in Northern Sweden. Diabetes 55, 

2006** 

 

II Mayans S, Lackovic K, Lindgren P, Ruikka K, Agren A, Eliasson H, 

Holmberg D: TCF7L2 polymorphisms are associated with type 2 

diabetes in northern Sweden. Eur J Hum Genet, 2007*** 

 

III Mayans S*, Lackovic K*, Nyholm C, Lindgren P, Ruikka K, Eliasson 

M, Cilio CM, Holmberg D: CT60 genotype does not affect CTLA-4 

isoform expression despite association to T1D and AITD in northern 

Sweden. BMC Med Genet 8:3, 2007 

 

IV Mayans S, Ruikka K, Dahlquist G, Eliasson M, Holmberg D: 

Association of type 1 diabetes and autoimmune thyroid disease to 

previously identified risk genes: a replication study in northern Sweden. 

Submitted 

 
 
 

* These authors contributed equally to this work. 
 
** Reprinted with permission from The American Diabetes Association 
 
*** Reprinted with permission from Nature Publishing Group 

 

 



 - 7 - 
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Why study diabetes mellitus? 
Diabetes mellitus is a common disease, affecting about 300.000 individuals in 

Sweden, of which ∼10% suffer from type 1 diabetes. Sweden has the third 

highest incidence of type 1 diabetes in the world1,2 and the incidence is 

increasing as in most countries, particularly in children aged between 0-14 

years3. Approximately 250.000 individuals in Sweden and 180 million 

individuals worldwide are affected by type 2 diabetes and these figures are 

expected to increase dramatically in the future. In Sweden, the direct and 

indirect costs of treating diabetes mellitus is estimated to be 8-10 billion 

Swedish Kronor each year4. 

 

Why study diabetes mellitus in northern Sweden? 
Genetically isolated populations, such as northern Sweden, are important in the 

search for disease susceptibility genes, since the possibility of finding founder 

effects contributing to disease susceptibility increases in isolated populations. 

An internal expansion of the northern Swedish population, together with a low 

frequency of immigration and a high frequency of consanguineous marriages 

has resulted in a relatively genetically homogeneous population5. The genetic 

composition of the population coupled with other factors, such as the Swedish 

healthcare system and detailed church records, have enabled the successful use 

of this population in genetic studies of monogenic and complex diseases such 

as stroke6, type 1 diabetes7,8, type 2 diabetes9,10 and loss of deep pain 

perception11. 

 

The high-quality healthcare system of northern Sweden contributes to accurate 

disease diagnosis and to a positive attitude towards genetic research. The 

tradition of genealogical interest in the region enables tracing of families to 

common founders. All of these factors make the population of northern Sweden 

well suited to genetic studies of both complex and monogenic diseases. 
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INTRODUCTION 
 

1. Genetics in general 

All living organisms are comprised of cells containing chromosomes. Most 

human cells are diploid; they contain two copies of the human genome. Both 

males and females have 22 pairs of autosomes. Males have two sex 

chromosomes, X and Y, while females have a pair of X chromosomes. Sperm 

and egg cells are haploid; they contain only one copy of the human genome. In 

egg cells the sex chromosome is always an X chromosome, while in sperm 

cells the sex chromosome can be either an X or a Y chromosome. When sperm 

fertilizes an egg, a zygote is formed. The zygote contains 46 chromosomes, 23 

from the mother and 23 from the father.  

 

Chromosomes contain deoxyribonucleic acid (DNA), which stores genetic 

information. DNA is made of four types of bases: adenine (A), cytosine (C), 

guanine (G) and thymine (T). The DNA sequence transmits the hereditary 

information from parent to offspring and codes for genes. The genes are 

divided into coding (exon) and non-coding (intron) sequences. Two processes 

termed transcription and translation use the coding parts of the genes to make 

proteins. 

 

Two processes of cell division, mitosis and meiosis, occur in the body. The 

normal process of cell division is called mitosis and the product is two diploid 

daughter cells containing exactly the same DNA sequences as the mother cell.  

 

Meiosis is the other form of cell division, giving rise to haploid germ cells. 

During meiosis the maternal and paternal homologues of each chromosome 

form pairs, allowing recombination to occur. Recombination is the process of 

exchanging portions of maternal and paternal DNA (Figure 1). This process 

ensures that genetically different haploid germ cells will be formed from a 

diploid mother cell.  
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Figure 1. Recombination occurs between maternal and paternal chromosomes during meiosis. 
White – paternal chromosome, yellow- maternal chromosome. Adapted from 
www.evolutionpages.com. 
 
 

2. The immune system 

Our immune system ensures that although we spend our lives surrounded by 

potentially pathogenic microorganisms, we rarely become ill. Many pathogenic 

microorganisms are removed by the innate immune system and cause no 

disease. Other infections cannot be cleared by innate immunity, leading to 

activation of the adaptive immune system and subsequent generation of 

immunological memory against the particular infectious agent. 

 

2.1.  Innate and adaptive immunity 

The epithelial surfaces of our body act as a physical barrier between the 

internal milieu and the pathogen containing external environment. When a 

microorganism, bearing receptors common to many pathogens, crosses the 

epithelial barrier it is immediately recognized by cells of the innate immune 

system. Innate immunity is the first line of defense and its protection is 
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mediated by phagocytic cells, with no reliance on the expansion of antigen-

specific lymphocytes. If the innate immune system fails to clear the pathogen, 

the adaptive immune system is activated. It takes 4-7 days for the adaptive 

immune response to develop and during this time the innate immune system 

controls the infection.  

 

The adaptive immune system is mainly constituted by lymphocytes, which 

recognize an enormous variety of antigens from bacteria, viruses and other 

disease-causing microorganisms. There are two major types of lymphocytes, B 

and T lymphocytes, which both carry antigen specific receptors on their cell 

surfaces. The B cell receptor (BCR) is located on B lymphocytes and the T cell 

receptor (TCR) is situated on T lymphocytes. Every lymphocyte in the adaptive 

immune system carries antigen receptors of only one specificity, and the 

receptor specificity of each lymphocyte is unique. The ability to recognize all 

pathogens specifically and to generate immunological memory are features of 

the adaptive immune system. 

 

2.2.  B and T lymphocytes 

Lymphocytes are generated in the central lymphoid organs, the bone marrow 

and the thymus. B lymphocytes mature in the bone marrow and when they 

become activated they differentiate into plasma cells that secrete antibodies. T 

lymphocytes mature in the thymus. There are two main classes of T 

lymphocytes, one class express the co-receptor CD8 and the other class express 

the co-receptor CD4.  

 

The activation of lymphocytes occurs in the peripheral lymphoid organs; the 

lymph nodes and spleen. Lymphocytes re-circulate through the peripheral 

lymphoid tissues, which are specialized for trapping antigen and allow 

initiation of the immune response. Antigen peptides are only recognized by T 

cells when bound to a major histocompatibility complex (MHC) molecule12. 

The MHC molecule is a glycoprotein on the surface of antigen presenting cells 
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(APCs) and it presents fragments of antigen to T lymphocytes. The complex is 

called Human Leukocyte Antigen (HLA) in humans. The MHC complex is 

polygenic, there are several different MHC class I and class II genes ensuring 

that an individual will have a set of MHC molecules with different specificities. 

MHC class I molecules present peptides from cytosolic antigens to CD8+ T 

cells, leading to destruction of the presenting cell. MHC class II molecules 

present antigen from intracellular vesicles to CD4+ T cells, leading to activation 

of B lymphocytes, dendritic cells and macrophages. The MHC genes are also 

highly polymorphic, leading to several variants of each gene within the 

population.  

 

Complete activation of T cells to proliferate and differentiate into effector cells 

requires binding of the TCR/CD3 complex to an MHC:peptide complex 

presented by an APC, binding of co-receptor (CD4 or CD8) to the MHC 

molecule on the APC and binding of the co-stimulatory molecule, CD28, to its 

ligands, B7.1 or B7.2, on the APC (Figure 2).  

 

 
 

Figure 2. Complete activation of T cells requires binding of the TCR/CD3 complex to 
MHC:peptide, binding of co-receptor to APC and binding CD28 to B7.1 or B7.2. Adapted 
from Janeway et al.13. 
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Activated T cells express cytotoxic T lymphocyte antigen 4 (CTLA-4) on their 

surface, which shares the B7 ligands with the co-stimulatory molecule, CD28. 

CTLA-4 delivers an inhibitory signal to the activated T cell, eventually leading 

to apoptosis of the T cell. Once the antigen is removed, most of the antigen 

specific lymphocytes undergo apoptosis. Some of the activated lymphocytes 

persist after the antigen is removed, and these are known as memory cells. 

These cells form the basis of immunological memory.  

 

2.3.  Tolerance 

Tolerance mechanisms that maintain tolerance to self and prevent 

autoimmunity can be divided into two main categories, central tolerance and 

peripheral tolerance. 

 

Central tolerance mechanisms occur in the thymus through positive and 

negative selection of developing T lymphocytes. Developing T lymphocytes 

having low to moderate affinity/avidity interaction between the TCR and a 

selfpeptide:MHC molecule complex are positively selected to mature14,15.  If 

the selfpeptide:MHC molecule complex is recognized by the TCR with high 

affinity/avidity, the T lymphocyte is self-reactive and becomes negatively 

selected. Negatively selected T lymphocytes are eliminated via apoptosis15. 

 

Autoreactive T cells are present in normal healthy subjects, suggesting that 

thymic deletion does not completely prevent the escape of such populations, 

and thus other mechanisms must be controlling these cells16,17. The small 

fraction of self-reactive T cells that escape negative selection is controlled in 

the periphery by peripheral tolerance mechanisms such as ignorance, anergy, 

apoptosis and regulatory T cells. The self-reactive T cells become ignorant of 

self-antigen if the amount of self-antigen is too low to reach the threshold 

required to trigger a T cell response. T cells become anergic, which is a state of 

unresponsiveness to antigen, as a result of TCR ligation in the absence of co-
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stimulation or by signalling through alternative receptors such as CTLA-4 or 

PD-118. The importance of CTLA-4 as a negative regulator of T cell 

activation19-21 has been shown in CTLA-4 deficient mice, which die from 

multiorgan lymphocyte infiltration and tissue destruction at 3-4 weeks of 

age22,23.  

 

A subgroup of CD4+ T cells, CD4+CD25+ T cells are referred to as regulatory T 

cells (Tregs) and these cells play a key role in the control of various immune 

responses. Tregs are dependent of the transcription factor Foxp3 for their 

development and function24,25. How Tregs exert their regulatory function is not 

completely understood, but mechanisms such as cell-to-cell contact, secretion 

of TGF-β and expression of CTLA-4 have been proposed18,25,26. 
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3. Genetic disease 

The genotype of an individual is the constitution of their genes. Each genotype 

for a chromosomal region (locus) is made up of two alleles, one inherited from 

the mother and one from the father. A phenotype is what is observed physically 

or clinically. The phenotype is a result of interactions between genotype and 

the environment. Inherited differences in DNA sequence contribute to 

phenotypic variation, risk of disease and response to the environment. A central 

goal of genetic medicine is to gain insight into the genes and pathways 

influencing disease development.  

 

3.1.  Monogenic versus complex disease  

Mendelian or monogenic diseases are genetic diseases caused by mutation/s in 

a single gene. The inheritance pattern highlights the way a gene is transmitted 

to subsequent generations. It is often possible to follow monogenic diseases in 

a pedigree, since they regularly show a clear dominant or recessive inheritance 

pattern. A dominant allele confers a trait even when it is only present as a 

single copy in the genome. A recessive allele only confers a trait when it is 

present as two copies in the genome, one inherited from each parent. One 

example of a monogenic disease is cystic fibrosis, which is caused by 

mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) 

gene27. 

  

The inheritance of a trait is said to be complex or multifactorial if two or more 

genes, in combination with the environment, are necessary for the trait to occur. 

There is no recognizable pattern of inheritance for complex diseases, since the 

genetic factors involved in disease susceptibility are often numerous and most 

of them only contribute slightly to the risk of disease. An example of a complex 

disease is diabetes. When a sufficient number of genetic factors conferring risk 

are inherited, the individual will become susceptible to disease. This hypothesis 

is known as the gene threshold liability hypothesis28. Besides numerous genetic 
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factors, environmental factors and lifestyle choices contribute to disease 

susceptibility.  

 

Families with multiple affected family members represent a simplified version 

of more complicated forms of complex disease. In these families, one or a few 

ancestral mutations are predisposing to the disease. This simplified genetic 

background increases the probability of finding the disease causing gene/s in 

such families, in comparison to the general population29. Although complex 

diseases are caused by numerous genes in combination with environmental 

factors, monogenic forms of these diseases can sometimes be found. Such 

monogenic forms resemble the complex forms of the disease, but they are 

caused by one or a few mutations, e.g. MODY genes compared with type 2 

diabetes30-36.  

 

3.2.  Autoimmune disease 

The main function of the immune system is to protect us from disease by 

mediating an immune response. Autoimmune disease occurs when the immune 

system fails to recognize self-peptides as self, leading to an immune response 

against the body’s own cells and tissues. These diseases are complex, caused 

by a combination of genetic predisposition, environmental factors and defects 

in immune regulation (Figure 3)37.  

 
 

Figure 3. Autoimmune disease is caused by a combination of genetic predisposition, 
environmental factors and defects in immune regulation. Adapted from Ermann et al 37.  
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4. Mapping of genes involved in complex disease  

The size of the human genome is approximately 3x109 basepairs and it contains 

20.000-25.000 protein coding genes38, producing an even larger number of 

proteins. 99.5-99.8% of the human DNA sequence is identical between 

individuals39, and the small percentage that differs makes each individual 

unique. 

 

Genetic studies of complex diseases are important to gain insight into disease 

pathogenesis and to find novel therapeutic targets. Knowledge of the genetic 

factors contributing to disease development could facilitate preventative 

interventions. There are two main strategies for genetic mapping of a disease, 

the candidate gene approach and the positional cloning (genome-wide scan) 

approach. The appropriate method to use is dependent on the amount of 

information available regarding the genetics of the disease of interest. The 

genome-wide scan approach can be used without prior knowledge of the 

genetic factors contributing to disease. In this approach, genetic markers spread 

throughout the genome are analyzed in families to find regions that are 

inherited, or linked, with disease. If prior knowledge exists about which genes 

might contribute to disease, the candidate gene approach can be applied. In this 

method the candidate genes are tested for association to disease. Both 

approaches rely on genetic markers in order to identify genetic differences 

between individuals. 

 

4.1.  Genetic markers  

Genetic markers are variable DNA sequences with a known location in the 

genome. The two most common types of markers used in the field of genetic 

mapping are microsatellite markers and single-nucleotide polymorphisms 

(SNPs).  
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Microsatellite markers are short (usually 2-4 base pairs) nucleotide repeats of 

variable length, distributed throughout the human genome. These markers are 

very polymorphic (each marker displays several alleles) and can easily be 

amplified by PCR.  

 

The most common form of genetic variation in the genome is a change in one 

basepair, a SNP40. When the frequency of the least common allele is > 1% in 

the human population, the SNP is defined as a common SNP41. The number of 

identified SNPs exceeded 10 million in July 200542. SNPs are easily genotyped 

using PCR based approaches (Figure 4) and this, in combination with their 

large number, has made them widely used in genetic studies, even though each 

individual SNP carries only limited information.  

 

 

 
 

Figure 4. Analysis of SNP CT60. Blue dots represent homozygous carriers for the T allele, 
red dots represent homozygous carriers for the C allele and green dots represent carriers of 
both alleles, heterozygous carriers. 
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4.2.  Linkage 

The proportion of meioses resulting in recombination between two loci is 

denoted the recombination fraction (θ) and this is an indication of how far apart 

two loci are. Loci lying close together on a chromosome are transmitted 

together from parent to offspring more often than loci spaced far apart on the 

chromosome, due to recombination.  If two loci are transmitted together from 

parent to offspring more frequently than expected by chance, the loci are said 

to be linked. A combination of alleles at a linked locus is referred to as a 

haplotype.    

 

Genetic distance is measured in centiMorgans (cM) and the value relates to the 

likelihood of recombination between two points on a chromosome. If 

recombination between two points in the genome occurs once in every five 

generations, the genetic distance between the two points is 20cM. Loci � 50cM 

apart are considered unlinked since their recombination frequency is 50%, 

which is the same as for completely independent transmission.  

 

4.3.  Linkage analysis 

Linkage analysis is a statistical method used to analyse the cosegregation of 

genetic markers and a disease trait (locus) in related individuals. This is often 

the first step in the search for disease causing genes, since the method requires 

no biologically driven hypothesis43. If a certain allele increases the risk of 

disease in a family, the affected individuals in the family will have an increased 

likelihood of carrying that allele and the allele is said to be linked to the 

disease.  

 

One method used to describe the statistical likelihood of linkage between a 

marker and a disease is the logarithm of the odds (LOD) score proposed by 

Morton in 195544. The statistical model used for analysis of LOD score is 

dependent on the inheritance pattern shown by the disease of interest. The 
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parametric (model based) method for LOD score calculation is chosen when a 

trait is monogenic and shows a clear mode of inheritance. 

  

For complex diseases, in which several genes in combination with 

environmental factors contribute to disease, a non-parametric (model-free) 

method for LOD score calculation is preferred45. Non-parametric linkage 

studies can be performed in families containing multiple affected family 

members (Figure 5) or in sibling pairs where both siblings are affected. The 

non-parametric method of LOD score calculations makes no assumption 

regarding the disease inheritance model. This type of linkage analysis relies on 

tests based on identical by descent (IBD) sharing of alleles, where two alleles 

are IBD if they are inherited from the same ancestor. Siblings share 0, 1 or 2 

alleles IBD with probabilities of 25%, 50% and 25%, respectively. Linkage is 

obtained if the affected sib pairs share significantly more alleles IBD than 

expected by chance. The expectation of IBD sharing decreases as individuals 

become more distantly related. Linkage analysis in families with multiple 

affected family members is more powerful than linkage analysis of affected 

sib-pairs, since siblings have a higher expectation of IBD sharing compared to 

more distantly related individuals46. 

 

 
Figure 5. Pedigree of a three generation family with multiple affected individuals. AITD = 
autoimmune thyroid disease, T1D = type 1 diabetes. 
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4.4.  Genome-wide linkage analysis 

Genome-wide linkage scans (GWS) are traditionally used to uncover regions in 

the genome containing a gene contributing to disease. A genomic region 

harbouring a disease locus will be shared between affected individuals. All 

individuals included in the GWS are analysed using a set of several hundred 

genetic markers, usually microsatellites, spanning the entire genome with an 

average spacing of 10cM. For complex diseases, non-parametric LOD score 

analysis is used to elucidate which markers are linked to the disease of interest.  

 

In 1995, Lander and Kruglyak47 proposed the genome-wide significant level for 

non-parametric LOD score analysis to be 3.3, which corresponds to a 5% risk 

of obtaining a false positive result somewhere in an entire GWS. Genome-wide 

linkage studies are limited by the recombination rate, and the chromosomal 

region linked to disease might contain several hundred genes. Finemapping of 

the region of interest, using more closely spaced markers, is often required in 

order to narrow down the region of interest and increase the probability of 

finding the disease causing variation. 

 

4.5.  Association analysis 

The aim of association studies is to detect association between one or more 

genetic markers and a trait of interest. The markers most commonly used for 

association studies are SNPs. Association between a marker variant, A, and a 

trait, T, can be found due to direct association; A is the actual functional 

variant, indirect association; A is in linkage disequilibrium with a nearby casual 

variant, or confounded association; association is due to underlying 

stratification of the population48. Stratification occurs when cases and controls 

are chosen from genetically distinct subsets in the population.  

 

Alleles in linked, neighbouring loci, are said to be in linkage disequilibrium 

(LD) if they are non-randomly transmitted from parent to offspring at the 

population level. Two measures of LD between a pair of loci/markers are D 
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prime (D´) and the correlation coefficient (r2). D´ ranges between 0 and 1 and 

the value of D´ is not dependent on allele frequencies. A D´ value of 1 indicates 

that all copies of the minor allele in one marker within a population always 

occur with one of the two possible alleles at the other marker, but never with 

both alleles. A low D´ value indicates that the two loci are inherited 

randomly49. r2 is the square of the correlation coefficient between two loci and 

the scale of r2 ranges between 0 and 1. The value of r2 is inversely proportional 

to the sample size required to detect statistically significant LD50,51. An r2 value 

of 1 only occurs when the two markers studied have identical allele frequencies 

and the occurrence of an allele at one marker perfectly predicts the allele of the 

other marker51. LD measures using r2 values are less affected by sample size 

compared to D´, making r2 a useful tool for theoretical modelling of LD and 

selection of tag SNPs49,50. 

 

Two commonly used designs for association studies are population-based 

design (case-control) and family-based design.  The family-based design is 

robust against population stratification, but the collection of a family-based 

material is often more expensive and time consuming compared with collection 

of a case-control material. In case-control studies, cases and unrelated controls 

are collected and analyzed and this design is sensitive for population 

stratification. To avoid the problem of population stratification, cases and 

controls have to be properly matched52. Family-based association studies are 

built on the evaluation of co-transmission of an allele and a trait from parents to 

offspring. The Transmission-disequilibrium test (TDT) is a statistical method 

for determining if there is association between an allele and a trait in a family53. 

Co-transmission of an allele and a trait to offspring more often than expected 

by chance indicates that the allele is associated with the trait. The case-control 

design is population-based and it is used to test if a particular allele is more 

common among cases than controls. Logistic regression can be used to 

statistically determine if there is an association between an allele and a disease. 

If the odds ratio (OR), obtained from the logistic regression analysis, is greater 
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than one and the lower bound of the confidence interval (CI) does not go below 

one, then the genetic variant is associated with disease. 

 

In populations expanded via random mating, the genotype frequencies of the 

offspring are determined by the gene frequencies of the parents and this is 

known as Hardy-Weinberg equilibrium (HWE). Deviation from HWE could 

indicate either a stratified population consisting of subpopulations or 

genotyping errors. 

 

4.6.  Genome-wide association analysis 

In 1996 Risch and Merikangas54 proposed that genome-wide scans performed 

in unrelated cases and controls, rather than families, would be more direct and 

powerful for the detection of genetic variants contributing to disease. Genome-

wide association (GWA) studies are designed to investigate if there is an 

association between disease and a dense set of SNPs covering the entire 

genome. 

 

The discovery of LD blocks, regions of the genome in tight correlation with 

one another even in distantly related randomly selected individuals, has an 

important practical value for GWA studies55,56. Genotyping only a few, 

carefully chosen SNPs in a region will provide enough information to predict 

the genotype of the remainder of the common SNPs in that region. The SNPs 

chosen are denoted tag SNPs and only a few of these tag SNPs are required to 

acquire information about the haplotypes in a region57,58. Tag SNPs will be 

inefficient in detecting rare susceptibility variants but effective in detecting 

common susceptibility variants in a region of LD59.  

 

GWA studies are based on three hypotheses; firstly, that genetic contribution to 

a complex trait consists of a limited number of common alleles (common 

disease/common variants hypothesis), each contributing a small increase in risk 

to the individual60. Secondly, recombination has occurred between common 
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ancient variants that are located close to one another and thirdly, the majority 

of the human genome consists of regions that exhibit reduced recombination 

and thus high LD40,61,62.  
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5. Diabetes mellitus 

Diabetes mellitus represents a heterogeneous group of metabolic disorders 

including type 2 diabetes (T2D), latent autoimmune diabetes in adults (LADA), 

maturity onset diabetes of the young (MODY), maternally inherited diabetes 

and deafness (MIDD) and type 1 diabetes (T1D). The two most common forms 

of diabetes are T1D (10-15% of all cases) and T2D (85-90% of all cases). An 

individual is diagnosed as having diabetes if the fasting plasma glucose 

concentration is >7.0 mmol/L and the concentration of plasma glucose is >11.0 

mmol/L two hours after an oral glucose tolerance test63.  

 

5.1.  Type 2 diabetes mellitus 

T2D is a multifactorial disorder caused by interactions between genetic and 

environmental factors. The disease often manifests itself after 40 years of age 

and is more common among obese individuals. Genetic predisposition 

increases susceptibility to this disease, highlighted by a higher concordance rate 

in monozygotic (MZ) twins compared to dizygotic (DZ) twins. However, 

environmental factors, such as diet and exercise, also contribute to disease 

susceptibility64. Siblings of an individual with T2D have about 3 times the risk 

of developing the disease compared to the general population65,66. 

 

T2D is caused by a combination of insulin resistance and insufficient 

compensatory production of insulin by the pancreatic β- cells. Insulin 

resistance is caused by a combination of decreased ability of insulin to promote 

uptake of glucose in peripheral tissues, such as fat and muscle, and to inhibit 

hepatic output of glucose67 (Figure 6). T2D can be treated with increased 

physical activity, dietary modifications and/or oral drugs, but in some cases 

exogenous insulin is required.  
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Figure 6. Effects of insulin on adipose tissue, liver and muscle. Adapted from Stumvoll et 
al68.  
 

5-10% of all T2D cases are due to mutations in a single gene. Maturity onset 

diabetes of the young (MODY) occurs early in life and this disease shows a 

dominant mode of inheritance. This form of diabetes is not associated with 

obesity and most cases of MODY are caused by mutations in any of the six 

specific MODY genes; HNF4A 35, GCK 30,34, TCF1 36,IPF-1 33, TCF2 31 and 

NEUROD132. 

 

5.2.  Type 1 diabetes mellitus 

Type 1 diabetes can  be divided into two subtypes: autoimmune type 1 diabetes 

(type 1A) and idiopathic diabetes (type 1B)63,69. The term T1D will represent 

type 1A diabetes throughout this thesis. T1D is a chronic autoimmune disease 

caused by a combination of genetic and environmental factors. Familial 

clustering of this disease occurs, highlighted by an approximate 6% risk of T1D 

in first degree relatives of patients with T1D, which is 15 times higher than the 

prevalence in the general population (0.4%)70. The age of onset is generally 
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earlier than what is typically seen for type 2 diabetes and the patients require 

exogenous insulin for the rest of their lives. The concordance rate of 30-50% in 

MZ twins71 indicates that both genetic and environmental factors, such as 

intrauterine environment, diet and infectious exposure72-74, contribute to disease 

susceptibility75.  

 

T1D is characterized by T cell mediated infiltration of the pancreatic islets and 

the presence of auto-antibodies directed toward islet auto-antigens such as 

insulin, glutamic acid decarboxylase-65 (GAD-65) and insulinoma-associated 

antigen-2 (IA-2). The auto-antibodies can be detected years before clinical 

diagnosis of disease76. The invading T cells selectively destroy the insulin 

producing β-cells leading to complete β-cell destruction and overt diabetes.   

 

The cause and development of T1D can be divided into a series of progressive 

stages (Figure 7)76: stage 1, genetic predisposition; stage 2, environmental 

triggering of autoimmunity; stage 3, appearance of auto-antibodies; stage 4, 

progressive loss of insulin secretion; stage 5, overt diabetes and stage 6, insulin 

dependence with loss of almost all islet β−cells.  

 

 
 

Figure 7. Stages in the development of type 1 diabetes. Adapted from Gianani et al.76 
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Fulminant type 1 diabetes, a form of type 1B diabetes, was originally described 

in Japanese patients77. This subtype of T1D is characterized by rapid 

destruction of β-cells and patients have virtually no detectable islet-related 

auto-antibodies. Fulminant type 1 diabetes is a major diabetes subtype (∼ 20% 

of all type 1 diabetes cases) in Japan78, while only a few cases have been 

reported in Caucasians79. Insulitis is rare in pancreatic biopsies from patients 

with fulminant type 1 diabetes77 and both α−cells and β-cells are destroyed80. 

Flu-like symptoms, especially fever, are common at disease onset78 and 

whether the cause of disease is a viral infection or autoimmunity is unclear. 

One theory is that both a viral infection and the subsequent immune reaction 

lead to destruction of α-cells and β-cells, resulting in fulminant type 1 

diabetes81. 

 

5.3.  Animal models of diabetes mellitus 

Animal models of human disease are important for both genetic and functional 

studies. The genomes of inbred animals are well characterized and it is possible 

to control environmental factors affecting the animals. 

 

Several rodent models for T2D exist82 and they are either non-obese, such as 

the Goto Kakizaki (GK) rat, or obese, such as the Otsuka Long-Evans 

Tokushima Fatty (OLETF) rat. Both the GK rat and the OLETF rat 

spontaneously develop a form of T2D resembling human T2D83,84.  

 

The two most commonly used animal models for human T1D are the non-

obese diabetic (NOD) mouse and the BioBreeding diabetes-prone (BBDP) rat. 

In the late 70s Makino and colleagues85 described the NOD mouse strain as a 

model of autoimmune diabetes. This mouse strain spontaneously develops T1D 

and is therefore a useful and important model for studying this disease. Several 

of the genes and pathways contributing to T1D pathogenesis are shared by 

humans and the NOD mouse86. As in human T1D, T lymphocytes are the main 

effector cells. By 3 to 4 weeks of age, accumulation of lymphocytes (insulitis) 
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can be noted in the pancreatic islets of Langerhans, and by 3 months of age 

almost all NOD mice have developed insulitis (Figure 8). In high-incidence 

NOD colonies 80-90% of the females and 40-50% of the males develop 

diabetes between 3 and  7 months of age87.  

 

                a)                                           b) 

                                     
 

Figure 8. Pancreatic islets from NOD mice. a) islet before infiltration of lymphocytes, b) 
infiltration of lymphocytes leads to destruction of insulin producing β-cells and eventually 
type 1 diabetes. Red = insulin, green = infiltrating T cells. 
 
 
In 1974, the BBDP rat was discovered as a model of human T1D88. These rats 

develop spontaneous pancreatic insulitis at 6-8 weeks of age and the insulitis 

has a morphology similar to that observed in human T1D89. The BBDP rat is 

lymphopenic90 with an almost complete absence of CD8+ T cells91. There is no 

difference in diabetes incidence between the sexes and 80-100% of the animals 

develop diabetes between 12 and 14 weeks of age92.  
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6. Genetics of diabetes mellitus 

Genetic factors are known to confer susceptibility to common diseases, but 

identifying the relevant genes has proved difficult. Traditional genetic tools, 

such as linkage and candidate gene studies, have been applied to identify 

chromosomal regions containing genetic variants influencing development of 

complex diseases. Regions of interest revealed by linkage studies typically 

contain 100 genes or more, and once a region of interest is identified, the 

disease-related gene or genes have to be found. Despite huge efforts, only a 

few, susceptibility genes have been revealed by linkage and association studies.  

The development of GWA studies has significantly increased the number of 

identified susceptibility variants for complex diseases and the next task is to 

replicate these findings in other populations. 

  

6.1.  Genetics of type 2 diabetes 

Numerous genome-wide linkage scans have been performed in the search for 

T2D susceptibility loci. Regions showing significant linkage to T2D are 

denoted as NIDDM regions. Several NIDDM regions have repeatedly provided 

an indication of linkage, while not reaching significant levels, raising the 

possibility that they harbour disease alleles with modest effects. More than 30 

chromosomal regions, containing one or more susceptibility genes, have been 

identified, however, different populations have shown linkage to different 

genetic regions. The regions of most interest are those showing positive linkage 

in more than one population. Such regions are 1q21-q24.293-96, 2q37.3 

(NIDDM1)94,97,98, 3p97,99-101, 3q102,95,103, 10q94,95,100, 12q (NIDDM2)104-106, 

18p1194,106 and 20q (NIDDM3)105,107,108.  

 

The only disease-related gene found through finemapping of a susceptibility 

region is CAPN10 located in NIDDM1109,97. Variants in the CAPN10 gene have 

been associated to type 2 diabetes susceptibility in different populations with a 

varying degree of contribution to disease109-112. 
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Association studies have been used as a complement to linkage analysis, to find 

disease susceptible gene variants. Several putative susceptibility variants have 

been found through association studies, but only variants in three genes; PPARγ 

(peroxisome proliferator-activated receptor-γ) on chromosome 3p113 , KCNJ11 

(potassium inwardly rectifying channel, subfamily J, member 11) on 

chromosome 11p114 and TCF7L2 (Transcription factor 7-like 2) on 

chromosome 10q115 had clearly been replicated at the end of 2006. 

 

Several GWA scans have been performed on T2D materials and they have 

significantly increased the number of reported T2D susceptibility genes and 

regions. In 2007, Sladek et al.116 reported the first GWA study performed on a 

type 2 diabetes material. They confirmed the known association to TCF7L2 and 

in addition to this they found four novel T2D loci. The first locus is located on 

chromosome 8 and harbours the SLC30A8 (zinc transporter) gene. The second 

locus, located on chromosome 10, contains two genes IDE (insulin-degrading 

enzyme) and HHEX (a homeodomain protein). Two genes EXT2 (exostosin 2) 

and ALX4 (a homodomain protein), can be found in the third locus, while the 

fourth locus contains LOC387761, which is a hypothetical gene. Both the third 

and the fourth loci are located on chromosome 11.   

 

A GWA study performed by The Welcome Trust Case Control Consortium 

(WTCCC)117 confirmed the known association to TCF7L2, KCNJ11 and 

PPARγ. In addition to this, association was found to the FTO gene on 

chromosome 16q and CDKAL1 (CDK5 regulatory subunit associated protein-1 

like 1) on 6p22. This study was also able to replicate association to the region 

on chromosome 10 containing the HHEX and IDE genes. Frayling et al.118 

replicated the association to the FTO gene and found that it is entirely mediated 

by the effect on adiposity.  

 

Diabetes Genetics Initiative (DGI) performed a GWA scan119 in which they 

replicated association to the HHEX/IDE  and the SLC30A8 loci. They also 
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found association to three novel regions; a region on chromosome 9p 

containing the CDKN2A (cyclin-dependent kinase inhibitor 2A) and CDKN2B 

(cyclin-dependent kinase inhibitor 2B) genes, a region on chromosome 6p 

harbouring the CDKAL1 gene and a region on chromosome 3q that contains the 

IGF2BP2 (insulin-like growth factor 2 mRNA binding protein 2) gene. 

 

Several groups have replicated association found between T2D and several of 

the regions previously reported120-125. Steinthorsdottir et al.126 reported 

replication of association to the TCF7L2, HHEX, SLC30A8 and the CDKAL1 

genes. Zeggini et al.127 performed a meta-analysis of genome-wide association 

data from their own and three other genome-wide association scans. In addition 

to the previously found genes, they report association to five additional 

susceptibility loci for type 2 diabetes; 2p21, 3p14, 7p15, 10p13 and 12q21. 

Horikawa et al.128 and Omori et al.129 reported replication of association to 

SLC30A8, HHEX, CDKN2B, IGF2BP2 and CDKAL1 in a Japanese T2D 

material. 

 

Two recent GWA studies130,131, conducted in eastern Asian populations, found 

association to the KCNQ1 (potassium voltage-gated channel protein) gene on 

chromosome 11p. The association of this gene to T2D was confirmed in  

Singaporean and  Danish materials130, as well as in Japanese, Chinese, Korean 

and Swedish materials131. 

 

To date, GWA studies have confirmed association between variants in, or close 

to, PPARγ, KCNJ11, TCF7L2, HHEX/IDE, SLC30A8, FTO, CDKAL1, 

CDKN2A, CDKN2B, IGF2BP2, KCNQ1 and T2D. Variants in these genes 

show varying degrees of association to T2D in different populations, most 

probably due to differences in allele frequencies. 
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6.2.  Genetics of type 1 diabetes 

In the early 1970s, investigators discovered an association between certain HLA 

alleles and T1D132-134. The HLA haplotypes DR4-DQ8 (DRB1*04-

DQA1*0301-DQB1*0302) and DR3-DQ2 (DRB1*03-DQA1*0501-

DQB1*0201) showed the strongest association to T1D135,136. The importance of 

HLA in the development of T1D has also been confirmed in several genome-

wide scans137-140. Due to the complex nature of autoimmune diseases, there 

have been difficulties in identifying loci, other than HLA, that contribute to 

autoimmune disease in humans. 

 

In 1984, Bell et al.141 reported an association between the shortest form of the 

insulin variable number of tandem repeat (INS VNTR) and T1D. This finding 

was later confirmed by Cox et al.138. Since the beginning of the genome-wide 

linkage scan era, numerous genome-wide linkage scans have been performed in 

the search for T1D susceptibility regions. The putative susceptibility loci found 

have been denoted IDDM1-IDDM18142.  

 

Genome-wide linkage analysis and candidate gene association studies have 

provided evidence for association of six loci with T1D. The HLA class II locus 

on chromosome 6p21 has the largest effect on T1D susceptibility. The other 

five loci are the gene encoding insulin (INS) on 11p15, CTLA-4143 on 2q33, 

PTPN22144,145 on 1p13, IL2RA (CD25)146,147 on 10p15 and IFIH1148,149 on 2q24. 

CTLA-4 plays an important role in the down regulation of T cell activation and 

polymorphisms in the CTLA-4 gene have been associated to several 

autoimmune diseases150-152. The PTPN22 gene codes for lymphoid tyrosine 

phosphatase (LYP), which functions as a negative regulator of TCR 

signaling153. IL2RA is the receptor for interleukin-2 (IL-2) and signaling 

through the IL-2 receptor is critical for the function of regulatory T cells154,155. 

The product from the IFIH1 gene is a putative RNA helicase, upregulated by 

interferons, which suggests that it plays an important role in the innate antiviral 

response156. 
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Over recent years, GWA scans performed on T1D materials have greatly 

increased the number of reported susceptibility genes and regions. The 

WTCCC performed a GWA scan in the British population117 and besides the 

previously confirmed T1D loci, they found association to 12q13, 12q24, 16p13, 

4q27, 12p13 and 18p11. The association to 12q13 has been confirmed by two 

independent reports157,158 and the region contains several T1D candidate genes, 

such as ERBB3. The association to 16p13 has also been confirmed by two 

independent reports157,159 and this region contains the KIAA0350 gene. Todd et 

al.157 confirmed association to 4q27, 12q24 and 18p11 and reported a novel 

locus at 18q22. Zhernakova et al.160 reported association to 4q27, including the 

KIAA1109/Tenr/IL2/IL21 gene region, for both a T1D material and a 

rheumatoid arthritis material. 

 

Until recently, there was robust evidence for association of only six loci to 

T1D; HLA, INS, CTLA4, PTPN22, IL2RA and IFIH1. GWA scans have 

revealed evidence for association of five new loci to T1D; 4q27, 12q13, 16p13, 

12q24 and 18p11, but these additional regions require further investigation to 

determine plausible candidate genes.  

 

6.3.  Genetics of diabetes in animal models 

The GK rat and the OLETF rat are animal models for T2D. Genetic studies of 

the GK rat has revealed several quantitative trait loci (QTLs), denoted Niddm1i,  

responsible for control of glucose homeostasis and insulin secretion in the 

rat161,162. Fine mapping of the Niddm1i1 locus on rat chromosome 1, subdivided 

the locus into Niddm1i1-i4. The Tcf7l2 gene, which is the strongest candidate 

gene for human T2D, maps to rat chromosome 1, 11.4 Mb distally of 

Niddm1i4163. Genetic studies of the OLETF rat, revealed 14 quantitative trait 

loci (QTLs), denoted Nidd1-14/of, responsible for susceptibility to T2D in the 

rat model164,165. The Nidd8/of region on rat chromosome 9 shares genetic 
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homology with the human 2q37 region166 and expression studies showed a 

reduced expression of Calpain-10 in OLETF rats compared to control rats167,168. 

 

The NOD mouse and the BBDP rat have served as important animal models of 

T1D for more than 20 years. Genetic studies of the NOD mouse have revealed 

over 20 T1D susceptibility loci, Idd, and further investigation of these loci has 

led to sub-division of several of them. The first Idd to be described was Idd1 on 

chromosome 17169. This region harbours the MHC genes and NOD mice were 

shown to be homozygous for the H-2g7 haplotype, which codes for the MHC 

class II molecule I-Ag7. The MHC molecule I-Ag7 is essential, but not sufficient 

for development of T1D in the NOD mouse170,171. 

 

Several other insulin-dependent diabetes loci have been described and among 

these are the Idd3 locus172,173 on chromosome 3 and the Idd5 locus174,175 on 

chromosome 1. The main candidate gene for the Idd3 locus is Il-2154,176,177, 

which is an important cytokine involved in lymphocyte proliferation, 

differentiation and maintenance of tolerance. IL-2 production in response to 

antigenic stimulation promotes the activation and function of regulatory T 

cells178,179. Yamanouchi et al.154 reported that mice carrying the NOD allele of 

Il-2 showed reduced levels of IL-2 production from antigen-specific T cells 

compared to mice carrying non-NOD Il-2 alleles. 

 

The Idd5 region has been extensively studied and sub-divided into four loci, 

Idd5.1, Idd5.2, Idd5.3 and Idd5.4180-182. The Idd5.1 region contains four genes 

including Ctla-4 and Icos (inducible co-stimulator)181. ICOS is a co-stimulatory 

molecule belonging to the same molecular family as both CD28 and CTLA-4. 

Co-stimulation by ICOS does not up-regulate the production of IL-2, but 

induces the synthesis of IL-10, which is a B cell differentiation factor183.  

 

The Ctla-4 gene has been implicated in susceptibility to T1D in both humans 

and the NOD mouse20,152,175,181. The NOD allele of Ctla-4 mediates lower 
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expression of the ligand-independent form of CTLA-4 (liCTLA-4) compared to 

the Ctla-4 allele from diabetes-resistant mouse strains152,181. liCTLA-4 

mediates negative signaling in T cells, by dephosphorylation of the CD3ζ chain 

in the TCR/CD3 complex184. The importance of CTLA-4 as a negative 

regulator of T cell activation was demonstrated by the finding that Ctla-4-/- 

mice die from a lymphoproliferative disorder at 3-4 weeks of age22,23. The 

Idd5.2 region contains at least 45 genes181 including Nramp1(natural 

resistance-associated macrophage protein 1), which codes for a divalent cation 

transporter in phagosomes175.  

 

Numerous T1D susceptibility loci have been described in the NOD mouse, but 

so far the genes for MHC class II, CTLA-4 and IL-2 have been most 

intensively studied. 

 

Several diabetes susceptibility loci, denoted Iddm, have been found as a result 

of genetic studies in the BBDP rat. The rat MHC region, located on 

chromosome 20, is denoted Iddm1 and the presence of the MHC class II RT1 

B/Du haplotype is essential for development of diabetes185. Both the 

Iddm4186,187 and the Iddm2188,189 regions are situated on rat chromosome 4. The 

Iddm2 region harbors the Ian5 gene and the BBDP rat carries an allele that 

encodes a truncated form of the Ian5 protein188,189. This truncated form 

mediates lymphophenia90, a virtually complete absence of CD8+ T cells91 and 

decreased survival and function of Tregs
190

 in the BBDP rat.  Several other 

diabetes susceptibility loci have been described and among these are Iddm3 on 

chromosome 2191, Iddm8 on chromosome 6192 and Iddm24 on chromosome 

8193. 
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AIMS OF THIS THESIS 
 
 
 
The general aim of this thesis was to identify loci and genes contributing to 

diabetes susceptibility. Our strategy was to perform linkage and association 

studies in the relatively genetically homogenous population of northern 

Sweden. 

 
 
Paper I  

Aim: to detect T2D susceptibility loci in the northern Swedish population, 

using a genome-wide linkage scan approach. 

 

 

Paper II 

Aim: to test for evidence of replication of association between variants in 

TCF7L2 and T2D, originally found in the Icelandic population.  

 

 

Paper III 

Aim: to test for evidence of replication of the association between variants in 

CTLA-4 and T1D and to determine if these variants affect the expression level 

ratio of sCTLA-4/flCTLA-4 in the northern Swedish population. 

 

 

Paper IV 

Aim: To elucidate if general T1D susceptibility genes, reported in recent 

genome-wide association scans, are associated to T1D in a family material 

from northern Sweden. 
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RESULTS 
 
The family material used for the T2D studies (papers I and II) consisted of 

231 samples (129 individuals with T2D, 19 individuals with impaired glucose 

tolerance and 83 unaffected individuals) from 59 families originating in 

northern Sweden. For the T2D association studies of polymorphisms in 

CAPN10 (paper I) and TCF7L2 (Paper II) a case-control material including 

872 cases and 857 controls was used. The cases and controls were obtained 

from the Medical Biobank at Umeå University and they were matched with 

respect to age, sex and geographical origin.  

 

The T1D case-control material used for the association study in paper III was 

collected in northern Sweden and consisted of 253 cases (104 individuals with 

autoimmune thyroid disease (AITD) and 149 individuals with T1D) and 865 

ethnically matched controls. Blood from 23 healthy individuals (relatives to 

cases in the Sunderby autoimmune disease register) was used for mRNA 

expression studies in paper III. The T1D family material used for the 

association study (paper IV) was collected in northern Sweden and consisted 

of 459 individuals (110 with AITD, 123 with T1D, 20 with both diseases and 

206 healthy individuals) from 97 families.  
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7. Genetic studies of type 2 diabetes 

In papers I and II we used the unique population of northern Sweden to search 

for genes and variants conferring susceptibility to T2D. To do this, we 

performed both genome-wide linkage scan and association analysis.  

 

Paper I 

For the statistical analysis of the genome-wide linkage scan, two different 

disease models were used. In disease model 1, individuals with impaired 

glucose tolerance as well as individuals diagnosed with T2D were defined as 

affected. In disease model 2, only individuals diagnosed with T2D were 

defined as affected. 

 

The initial genome-wide linkage scan revealed eight regions with an allele-

sharing LOD score >1.0 on chromosomal regions 2p, 2q, 3p, 7p, 11p, 12q and 

14q (Figure 1, paper I). The region at 2q37 yielded the highest LOD score (2.6 

with model 1 and 1.87 with model 2) and this region contains the gene for 

calpain-10. One polymorphism, UCSNP-19, in the CAPN10 gene was then 

genotyped and added to the analysis, leading to an increase in the maximum 

allele-sharing LOD score to 3.19 with model 1 and to 1.97 with model 2 

(Figure 2, paper I).  

 

Four polymorphisms in the CAPN10 gene were analyzed in both the family 

material and a case-control material from northern Sweden. Horikawa et al.109 

found that the greatest risk of T2D in their material was associated with the 1-

1-2/1-2-1 haplotype combination of UCSNP-43, -19 and -63. Analysis of the 

polymorphisms and the UCSNP-43, -19, -63 haplotypes in our family and case-

control materials revealed no association to T2D (Table 2, paper I).  

 

Paper II 

Four previously associated polymorphisms in the TCF7L2 gene were analyzed 

in both a T2D case-control and a family-based material from northern Sweden. 
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Three of the four SNPs were significantly associated to T2D in the case-control 

material (Table 2, paper II). Rs7901695, rs7903146 and rs12255372 conferred 

odds ratios (ORs) of 1.28, 1.42 and 1.47 respectively. Association to T2D in 

the family material was seen for two of those three SNPs, rs7901695 (p=0.005) 

and rs7903146 (p=0.01) (Table 3, paper II). A tendency towards higher blood 

glucose levels was observed in healthy individuals from the family material 

homozygous for the susceptible allele in both rs7901695 and rs7903146 (Table 

4, paper II). 

 

8. Genetic studies of type 1 diabetes 

In papers III and IV the population of northern Sweden has been explored in 

the search for genes and genetic variants predisposing to T1D.  

 

Paper III 

Three previously identified polymorphisms (MH30, CT60, JO31) in the CTLA-

4 gene were genotyped in a T1D/AITD case-control material from northern 

Sweden. All three polymorphisms were associated to disease (Table 1, paper 

III). MH30, CT60 and JO31 conferred ORs of 1.40, 1.50 and 1.44 respectively.  

Analysis of flCTLA-4, sCTLA-4 and ICOS mRNA expression in purified 

CD4+ T cells from 23 healthy individuals revealed no difference in mRNA 

expression of the genes when stratified using the CT60 genotype of the 

individuals (Figure 2, paper III). In addition, we found that the sCTLA-

4/flCTLA-4 mRNA ratio did not correlate with CT60 genotype either (Figure 

1, paper III). 

 

Analysis of serum sCTLA-4 protein expression in healthy individuals, 

individuals with AITD, individuals with T1D and individuals with both 

diseases revealed no significant difference between groups stratified on disease 

status (Figure 3A, paper III) or CT60 genotype (Figure 3B, paper III). 
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Paper IV:  

Association analysis in our T1D/AITD family material revealed association to 

12 of the 33 SNPs analysed (Table 1, paper IV). Association to T1D was 

found for SNPs in PTPN22 (p=1.3x10-4), COL1A2 (p=0.044), IL-2Rα 

(p=0.002) and INS (p=0.008). SNPs in CTLA-4 (p = 0.013), IL-2 (p = 0.021) 

and C12orf30 (p =0.011) were associated to AITD. The p-values reported are 

not corrected for multiple testing. 
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DISCUSSION 

9. Genetic studies of type 2 diabetes  

In papers I and II the population of northern Sweden was used to search for 

genes and variants conferring susceptibility to T2D. T2D is caused by a 

combination of insulin resistance and the inability of β-cells to produce enough 

insulin to overcome such resistance. Genes involved in development of T2D 

are expected to affect either insulin resistance in peripheral tissues, secretion of 

insulin from the β-cells or both. Several genes have been implicated in the 

development of T2D and the challenge is now to determine their role in insulin 

sensitivity and/or secretion.  

 

Glucose transported into the β-cell by glucose-transporter 2 (GLUT-2) is 

phosphorylated by glucokinase (GCK) and degraded to produce pyruvate. The 

mitochondria uses pyruvate to produce ATP and the increase in ATP:ADP ratio 

leads to activation of the SUR1 protein which mediates closure of the KIR6.2 

potassium channel. Closure of the potassium channel alters the membrane 

potential, leading to opening of calcium channels and release of insulin-

containing granules68 (Figure 9). The insulin released stimulates glucose uptake 

in the liver, adipose tissue and skeletal muscle. 

 
 
Figure 9. Schematic view of glucose stimulated insulin secretion in β-cells. Adapted from 
Lowell et al.194. �
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Insulin resistance is caused by a combination of unsatisfactory glucose disposal 

in fat and skeletal muscle together with an insufficient suppression of glucose 

production by the liver195. Insulin resistance is associated with obesity due to an 

increase in circulating free fatty acids (FFAs) and a decrease in adiponectin. 

Reduced levels of adiponection lead to reduced insulin sensitizing effects in 

both the liver and muscles196,197. FFAs inhibit insulin stimulated metabolism in 

skeletal muscle and stimulate gluconeogenesis in the liver198,199.  

 

Several genes have been implicated in the pathogenesis of T2D and in paper I 

we reported linkage to the 2q37 region containing the CAPN10 gene, which 

codes for Calpain-10. Calpain-10 has been identified in a previous linkage 

study as conferring susceptibility to T2D in the Mexican American 

population97. The four polymorphisms previously shown to be associated to 

T2D109 (UCSNP-44, -43, -19 and -63) were found to be in strong LD with each 

other. For this reason, only UCSNP-19 was included in our linkage analysis. 

Addition of UCSNP-19 to our linkage analysis increased the LOD score from 

2.6 to 3.19 and this result replicates the linkage found by Hanis et al.97. Our 

results provide support for the 2q37 chromosomal region as a T2D 

susceptibility locus.  

 

We could not find any association between T2D and the previously reported 1-

1-2/1-2-1 haplotype combination of UCSNP-43, -19 and -63109. A study based 

on Danish and Swedish samples, performed by Rasmussen et al.200, was also 

unable to replicate this association, supporting our finding that this haplotype is 

not associated to T2D in northern Sweden. This lack of association to the 

CAPN10 haplotype might be due to the low frequency of the 1-1-2 haplotype in 

both our population (0.09) and the Danish population (0.07) compared to the 

frequency in the Mexican American (0.23) population109.  
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The fact that there is no association to UCSNP-44, -43, -19 and -63 in our 

large, robust case-control material suggests that these polymorphisms are 

probably not contributing to the development of T2D in northern Sweden. It is 

highly likely that the identified linkage on 2q37 will be explained by other 

polymorphisms in or around the CAPN10 gene or by genetic variations in 

another gene within that region. G-protein receptors 35 (GPR35) is located 3´to 

the CAPN10 gene109, however, association analysis of 3 SNPs in this gene 

using our T2D material, did not reveal any association to T2D.  

 

Calpain-10 is a calcium activated cytoplasmic cysteine protease. The exact 

effect of variants in the CAPN10 gene on the development of T2D is not 

known, but variants in the CAPN10 gene have been associated with insulin 

resistance201 and the GG genotype of SNP-43 has been associated with reduced 

Calpain-10 mRNA expression in both skeletal muscle and adipose tissue202,203. 

Brown et al.204 reported that suppression of CAPN10 gene expression in 

skeletal muscle is associated with a significant decrease in insulin-stimulated 

glucose uptake. Exactly how decreased levels of Calpain-10 lead to this 

reduction in insulin-stimulated glucose uptake remain to be defined. One 

suggestion is that Calpain-10 is involved in the translocation of GLUT-4 to the 

membrane in response to insulin205.  

 

The effect of Calpain-10 on insulin secretion has been shown using calpain 

inhibitors. Short term incubation (4h) with calpain inhibitors increased insulin 

secretion by accelerated exocytosis of insulin granules206, while long term 

(48h) incubation with calpain inhibitors inhibited insulin secretion by reduction 

of mitochondrial glucose metabolism207. Since Calpain-10 is a calcium 

activated cysteine protease, changes in calcium concentrations could mediate 

the effect of the gene on insulin secretion. Opening of calcium channels in the 

β-cell could activate Calpain-10 to break SNAP-25 and other substrates, 

leading to fusion of insulin granules with the β-cell membrane208. 
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The LOD scores, obtained in paper I, for 2p16, 2q37, 3p23, 7p21,11p15, 

11p12, 12q24 and 14q22 did not reach significant levels, but the observed 

linkage could lend support to previous reports of linkage to chromosomes 

3101,209, 7102,210 and 14211,212. The linkage peak on chromosome 11p15 contains 

the insulin gene and linkage to the regions on 11p12-p11102,213 and 

12q24101,104,211 have previously been reported. 

 

Calpain-10 is the only candidate gene for T2D found through linkage analysis 

and subsequent finemapping of the susceptibility region. Candidate gene 

association analysis has revealed association of three genes; PPARγ, KCNJ11 

and TCF7L2 to T2D.  

 

Association between polymorphisms in TCF7L2 and T2D was originally 

revealed by Grant et al.115 in Icelandic, Danish and American materials. This 

association has subsequently been replicated in several studies using other 

populations214-226, and it is the best replicated and strongest genetic risk factor 

identified for T2D to date. The nature and number of genetic variants that truly 

cause the association of TCF7L2 with T2D is unclear, but rs7903146 in intron 

3 shows the most consistent and strongest association to T2D115,219,222.  The 

identified risk variants are all located in the introns of the TCF7L2 gene and 

they might affect protein stability and/or expression of alternatively spliced 

variants of the gene.  

 

In paper II we replicated the association between variants in TCF7L2 and T2D 

in both a case-control and a family-based material from northern Sweden. We 

found significant association to T2D for three SNPs (rs7901695, rs7903146, 

rs12255372) in the case-control material and two SNPs (rs7901695, 

rs7903146) in the family-based material. One possible reason why we found 

association to three SNPs in the case-control material and only two in the 

family-based material is that the family-based material has a lower power for 

detecting association compared with the case-control material. Another 
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possibility is that the families under investigation have a reduced genetic 

diversity compared to the case-control material, even though both materials 

originate from northern Sweden.  

 

In contrast to Grant et al.115, we could not find association to T2D for SNP 

rs11196205 in our materials. This is possibly due to either the lower power 

associated with our material, since we have a smaller sample size, or founder 

effects resulting in reduced genetic diversity in the population of northern 

Sweden compared to Iceland, Denmark and America. Founder effects would 

suggest that rs11196205 arose after the disease causing mutation. 

 

The recessive mode of inheritance for the associated polymorphisms in the 

case-control material could be rejected, since heterozygous individuals had a 

greater risk of developing disease than non-carriers. Individuals homozygous 

for the disease associated allele did not show significantly increased risk 

compared to heterozygous individuals allowing for either dominant or 

multiplicative modes of inheritance. 

 

Measurement of blood glucose, both fasting and 120 minutes after glucose 

challenge, was performed in all healthy individuals. The healthy individuals 

from the families were analysed based on their rs7903146 and rs7901695 

genotypes. The analysis revealed a tendency towards higher blood glucose in 

individuals homozygous for the susceptible allele compared to individuals 

homozygous for the protective allele. Only three healthy individuals were 

homozygous for the disease associated allele, making it impossible to obtain 

statistical significance between the genotype groups. Blood glucose levels in 

healthy individuals from the case-control study were analysed based on their 

rs7903146, rs7901695 and rs12255372 genotypes and no difference in blood 

glucose could be found for any of the genotype groups. In addition, analysis of 

body mass index, blood pressure, triglycerides and cholesterol did not show 

any differences between the groups.  
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Further studies are required in order to identify additional healthy individuals 

carrying the disease associated genotypes. Other parameters, such as insulin 

secretion, have to be measured in order to elucidate the effect of variations in 

TCF7L2 on the pathogenesis of T2D in northern Sweden. 

 

TCF7L2 is expressed in several tissues including mature pancreatic β-cells and 

adipocytes214. The molecular mechanisms behind the effect of variants in the 

TCF7L2 gene on T2D development are still unclear, however, several studies 

have associated risk variants of the TCF7L2 gene with impaired insulin 

secretion217,222,227-229.  

 

TCF4, encoded by TCF7L2, plays a key role in the Wnt signaling pathway. 

TCF4 forms a complex with β-catenin and the TCF4/β-catenin transcriptional 

complex activates transcription of several genes, including those implicated in 

cell proliferation, adipogenesis and normal pancreatic development230,231.  

One target of the TCF4/β-catenin transcriptional complex is the proglucagon 

gene. Tissue specific cleavage of the proglucagon gene generates glucagon in 

pancreatic α cells and glucagon-like peptide (GLP) in intestinal endocrine L 

cells and neural cells in the brain232. Glucagon is a counter regulatory hormone 

of insulin, and GLP-1 lowers blood sugar levels through stimulation of insulin 

secretion, inhibition of glucagon release and induction of satiety232,233. The 

TCF4/β-catenin transcriptional complex regulates transcription of GLP-1, 

creating the possibility that variants in the TCF7L2 gene could influence the 

susceptibility to T2D by altering levels of GLP-1.  

 

Functional studies of the effect of variants in TCF7L2 on glucose homeostasis 

have been performed by several groups214,216,217,222,227,228,234,235. Decreased 

expression of TCF7L2 mRNA was found in adipose tissue of both subjects 

with the risk allele of rs7903146236 as well as in obese T2D patients214. The risk 

allele of rs7903146 has been associated with increased TCF7L2 expression in 

pancreatic islets from both healthy and diabetic individuals235. This difference 
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in expression between adipose tissue and pancreatic islets suggests tissue-

specific differences in the expression of TCF7L2. Lyssenko et al.235 reported 

that the increased TCF7L2 expression in pancreatic islets correlated positively 

with increased insulin gene expression, but negatively with glucose-stimulated 

insulin secretion. The increased insulin gene expression might be compensating 

for a posttranscriptional defect in insulin secretion235. Contrary to the results of 

Lyssenko et al.235, Loder et al.234 reported that silencing of TCF7L2 resulted in 

impaired insulin secretion and reduced levels of insulin mRNA. These findings 

clearly demonstrate that further functional studies are required in order to 

elucidate the biological effects of variants in TCF7L2 on glucose homeostasis. 

 

A normal incretin effect is observed when the insulin response to orally 

administered glucose is higher than the response to glucose administered 

intravenously. Oral administration of glucose generates an additional 

stimulation of insulin secretion via intestinal hormones, such as GLP-1237. 

Carriers of the rs7903146 risk allele showed a lower insulin response when 

challenged with orally administered glucose compared to intravenously 

administered glucose, suggesting an impaired incretin effect235,238. Such 

impairment of the incretin effect does not seem to be due to defects in glucose-

stimulated GLP-1 secretion. The defect is more likely to be in the transcription 

of genes involved in the incretin signaling chain, leading to resistance of the 

pancreatic β-cells to GLP-1238.  

 

The function of variants in PPARγ and KCNJ11, the two genes, besides 

TCF7L2, found by candidate gene association analysis, is not completely clear. 

Some evidence points to involvement of PPARγ  in insulin resistance and 

KCNJ11 in impaired insulin secretion. PPARγ is a transcription factor involved 

in adipogenesis and regulation of adipocyte gene expression. This gene is 

expressed predominantly in adipocytes and the receptor becomes activated by 

FFAs, prostanoids and thiazolidinediones239. The Pro12Ala variant of PPARγ 

has been shown to be associated to T2D113 and the alanine allele is protective, 
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resulting in greater insulin sensitivity240. Thiazolidinediones (TZDs) have 

become one of the most commonly used classes of medications for treatment of 

T2D241. TZDs activate PPARγ receptors in adipocytes, leading to adipocyte 

differentiation and redistribution of fat from the liver and muscles into 

adipocytes242. This decrease in FFAs in the liver and muscles and increase in 

adiponectin243 increases the insulin sensitivity and improves glucose tolerance 

in T2D patients.   

 

The ATP sensitive K+ channel of the β-cell is composed of SUR1 and Kir6.2. 

Kir6.2 is coded by KCNJ11 and the E23K variant of KCNJ11 has been 

associated to T2D114,117,244-246. The K allele of E23K is the disease associated 

allele, mediating reduced glucose-induced insulin release from the β-cell. The 

defect in insulin secretion is due to over-activity of the β-cell, thus increasing 

the threshold concentration of ATP required for insulin release246.  

 

The recent burst of GWA studies has heavily increased the number of T2D 

susceptibility genes. GWA studies have confirmed association between variants 

in or close to PPARγ, KCNJ11, TCF7L2, HHEX/IDE, SLC30A8, FTO, 

CDKAL1, CDKN2A/B, IGF2BP2, KCNQ1 and T2D. 

 

The function of variants in the CDKAL1 and HHEX/IDE genes is unknown, but 

the disease associated variants within these genes correlate with decreased 

pancreatic β-cell function125,126,247,248. The HHEX gene encodes a transcription 

factor involved in Wnt signalling and this transcription factor is essential for 

embryonic formation of the ventral pancreas249,250.  

 

The CDKN2A/B genes are expressed in human skeletal muscle and pancreatic 

islets123 and variation within these genes has been associated with defects in 

glucose-induced insulin release247. IGF2BP2 encodes the insulin-like growth 

factor 2 mRNA binding protein 2 and the T2D associated risk allele confers 

impaired β-cell function247,251. 
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The product from the SLC30A8 gene is a zinc transporter that provides zinc for 

insulin maturation and/or storage in β-cells252,253. Genetic variants in SLC30A8 

have been associated with altered glucose-stimulated insulin secretion251,254. 

The KCNQ1 gene encodes the pore-forming subunit of a voltage-gated 

potassium channel, KvLQT1, which is important for cardiac muscle 

function255. This gene is expressed in several tissues including the pancreas, 

brain and adipose tissue256 and mutations in KCNQ1 have been reported to 

cause long QT syndrome through loss of function of the potassium channel in 

the heart257. Functional studies are required in order to elucidate the role of 

KCNQ1 variants in the development of T2D. One possibility is that such 

variants have an effect on insulin secretion. Studies of the FTO gene have 

shown that the FTO susceptibility allele is associated with increases in both 

adiposity and body mass index118,125.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 - 52 - 

10.  Genetic studies of type 1 diabetes 

In papers III and IV the population of northern Sweden was used to search for 

genes and variants conferring susceptibility to T1D and AITD. T1D and AITD 

are organ specific autoimmune disorders frequently occurring in the same 

families and even in the same individual258, indicating common genetic 

causes70,259. Both diseases are characterized by lymphocyte infiltration and 

production of auto-antibodies directed towards the target organs. In T1D 

lymphocytes, mainly of the T lineage, infiltrate the insulin producing β-cells in 

the islets of Langerhans. The infiltrating lymphocytes destroy the β-cells, 

forcing individuals affected by T1D to administer exogenous insulin for the rest 

of theirs lives. Since T cells are the main effector cells in T1D it is likely that 

T1D susceptibility genes are involved in various immune related processes, 

such as, peptide presentation to T cells, regulation of self-reactive T cells as 

well as regulation of the immune response.  

 

The HLA class II genes are the genes contributing most strongly to risk of 

autoimmune diseases, such as T1D and AITD, however, several studies report 

a smaller effect of the HLA genes on susceptibility to AITD compared to 

T1D260-263. The function of the HLA class II molecule is to trap and present 

antigen to CD4+ T cells. A change in amino acid 57 of the DQβ chain and 

amino acid 52 of the DQα chain has been associated with increased risk of 

T1D70,264,265. Such changes in amino acids might predispose to T1D by 

permitting an auto antigen to fit into the antigen-binding groove inside the 

HLA molecule allowing for recognition by T cells. The two HLA haplotypes 

most strongly associated with T1D are DR3-DQ2 (DRB1*03-DQA1*05-

DQB1*02) and DR4-DQ8 (DRB1*04-DQA1*03-DQB1*0302), with the 

highest risk for DR3/DR4 carriers135,136,266. 

 

The IDDM12 locus on chromosome 2q33 contains several candidate genes for 

T1D and AITD including CTLA-4, CD28 and ICOS143. Finemapping of the 

2q33 region rendered the CTLA-4 gene as the most plausible T1D/AITD 
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susceptibility gene in the region152,267. Polymorphism in and around the CTLA-

4 gene have been associated to T1D/AITD in several studies7,143,152,267-271. The 

G allele of the +49A/G polymorphism has been associated with decreased 

function and reduced surface expression of CTLA-4267,272. The -318C/T 

polymorphism has been shown to affect the expression of CTLA-4 with the T 

allele resulting in higher promoter activity and higher levels of CTLA-4 

compared to the C allele269,273. The AT repeat 3´of the CTLA-4 gene has been 

suggested to interfere with CTLA-4 mRNA stability,  since studies have shown 

that the shorter alleles increase steady-state CTLA-4 mRNA levels compared to 

the longer alleles274,275. Further studies of the three aforementioned variations 

have to be performed to conclusively elucidate their effects on the expression 

and function of CTLA-4.  

 

CTLA-4 is a lymphocyte cell surface receptor detected on activated CD4+ T 

cells, CD8+ T cells and B cells276,277. The CTLA-4 molecule belongs to the 

immunoglobulin superfamily and shares the ligands, B7.1 and B7.2, with the 

co-stimulatory molecule CD28278. The consequences of B7 molecule binding 

of the membrane forms of CD28 and CTLA-4 are opposing279. The B7:CD28 

interaction provides a major co-stimulatory signal important for T cell 

activation280, while B7:CTLA-4 interaction provides a negative signal to the T 

cells281, leading to down-regulation of the ongoing immune response21. The 

importance of CTLA-4 as a negative regulator of T cell activation has been 

shown in Ctla4-/- mice, which die from lymphoproliferative disorder at 3-4 

weeks of age22,23. Lymphocytes from NOD mice are resistant to a number of 

apoptosis inducing drugs282,283. Colucci et al.20 mapped this apoptosis 

resistance to the Idd5 region on mouse chromosome 1. The Idd5 region 

contains, among other genes, the Ctla-4 gene and a defect in activation induced 

up-regulation of CTLA-4 was found in lymphocytes from NOD mice compared 

to B6 mice20.  
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In 2003 Ueda et al.152 mapped susceptibility of T1D and AITD to the 3´non-

coding region of CTLA-4, with the CT60 polymorphism showing the strongest 

association to autoimmune disease. We have replicated the association reported 

by Ueda et al.152 in a T1D/AITD case-control material originating from 

northern Sweden (paper III). The frequency of disease associated alleles in the 

three polymorphisms investigated (MH30*G, CT60*G and JO31*G) was 

significantly higher in cases than controls, consistent with studies performed in 

other populations including the Italian284, Dutch285 and British152,286. The 

frequency of the CT60 disease susceptible G allele was higher in our control 

material (61.3%) compared to the Italian (48%), Dutch (53.3%) and British 

(53.2%) control materials152,284,285, and this might contribute to the high 

incidence of T1D in Sweden1,2. Actually, the frequency of the CT60*G allele 

was higher in our control material compared to the frequency of the allele in 

Italian Graves´disease cases (56%) and Dutch T1D cases (60%) and similar to 

British Graves´disease cases (63.4%).  

 

In humans, there are two known isoforms of CTLA-4; full length (flCTLA-4) 

and soluble (sCTLA-4). flCTLA4 is expressed on the surface of activated 

lymphocytes and sCTLA-4 is expressed in resting T cells and the expression of 

sCTLA-4 becomes down-regulated in response to activation of T cells287,288. 

The sCTLA-4 isoform could play an important role in immune regulation by 

binding to the B7 molecules and, thus, interfere with binding of CD28 and/or 

CTLA-4. Oaks et al.288 demonstrated that high concentrations of recombinant 

sCTLA-4 in vitro could inhibit proliferation in mixed lymphocyte reactions, 

probably by interfering with the CD28 signaling pathway. These results are 

supported by Saverino et al.289 and they suggest that sCTLA-4 produced by 

resting T cells may have an important role in the regulation of immune 

homeostasis, but further studies have to be conducted to elucidate the role of 

sCTLA-4 in immune regulation.  
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Ueda et al.152 reported higher levels of sCTLA-4 mRNA in resting CD4+ T 

cells from individuals homozygous for the protective CT60 A/A genotype 

compared to individuals homozygous for the susceptible CT60 G/G genotype. 

The authors postulate that the reduced level of sCTLA-4 mRNA produced in 

the CT60 disease susceptible genotype could lead to reduced blockage of the 

B7 ligands and thus, increased activation by CD28. In line with the finding by 

Ueda et al.152, Atabani et al.290 found a lower sCTLA-4/flCTLA-4 mRNA ratio 

in individuals with the susceptible CT60 G/G genotype compared to the 

protective CT60 A/A genotype when analyzing the CD4+CD25+ T cell subset. 

They also reported an association between the protective CT60 A/A genotype 

and a 30-40% increase in Treg frequency in healthy individuals. In contrast to 

the finding by Ueda et al.152 no difference in sCTLA-4/flCTLA-4 expression 

ratio in purified resting CD4+ T cells stratified on CT60 genotype was found in 

our material (paper III). Our data is supported by data presented by Anjos et 

al.291 , who found no effect of the CT60 polymorphism on the expression of 

sCTLA-4 or flCTLA-4 when examining RNA extracted from peripheral blood 

mononuclear cells.  

 

Kaartinen et al.292 found a decreased expression of sCTLA-4 in resting T cells 

from CT60 GG homozygotes compared to the other CT60 genotypes, but in 

contrast to previous findings287,288, they found that the expression of sCTLA-4 

is up-regulated in activated T cells. Maier et al.293 reported that healthy 

individuals with the susceptible CT60 G allele showed increased 

phosphorylation after TCR signaling. They speculated that the CT60 

susceptible allele lowers the threshold of activation of naïve T cells, allowing 

self-reactive T cells to enter into an active state leading to autoimmune disease. 

  

None of the studies mentioned above are conclusive, since each study is built 

on few individuals and the CTLA-4 expression is measured in different cell 

subsets. To be able to determine if the CT60 genotype has an effect on the 

expression of sCTLA-4 and/or the development of autoimmune disease, more 
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individuals need be collected for each genotype group and all cell subsets 

expressing CTLA-4 should be examined.    

 

We performed an analysis of sCTLA-4 protein levels in serum stratified on 

either disease status or CT60 genotype. No difference in sCTLA-4 protein 

levels could be found in healthy individuals stratified on CT60 genotype. We 

could not detect any difference in sCTLA-4 protein levels between patients 

with T1D, AITD or healthy individuals (paper III). Moreover, in our material, 

levels of serum sCTLA-4 protein did not correlate with CT60 genotype or 

disease status. Increased levels of sCTLA-4 protein in serum have been 

reported in patients with autoimmune disorders, such as AITD289,294 and 

systemic lupus erythematosus295. Whether this elevated level of sCTLA-4 in 

patients is actually part of the disease pathogenesis or just a secondary effect of 

the disease is not clear. Purohit et al.296 found slightly elevated levels of 

sCTLA-4 protein in serum from T1D patients compared to controls. When 

grouping the individuals based on their CT60 genotype no difference in serum 

sCTLA-4 protein levels was found, which is in line with our findings. 

 

The Ctla-4 gene is a candidate gene for T1D in the NOD mouse and there are 

three splice forms of Ctla-4 in the mouse; full length (flCTLA-4), soluble 

(sCTLA-4) and ligand independent CTLA-4 (liCTLA-4). The NOD allele of 

Ctla-4 mediates lower expression of liCTLA-4 compared to the Ctla-4 allele 

from diabetes-resistant mouse strains152,181. The differential expression of 

liCTLA-4 is due to a variation intrinsic to the NOD allele, since NOD mice 

congenic for the B10 Idd5.1 allele express higher levels of liCTLA-4 mRNA 

compared to classical NOD mice181. liCTLA-4 mediates negative signaling in T 

cells, by dephosphorylation of the CD3ζ chain in the TCR/CD3 complex184.  

 

Recent GWA studies117,157-159,297 have increased the number of possible 

T1D/AITD susceptibility genes and there is robust evidence for association of 

HLA, INS, CTLA-4, PTPN22, IL2RA and IFIH1 to T1D. Based on published 



 - 57 - 

GWA scans, 33 non-HLA SNPs located within 16 genes were selected for an 

association analysis in a T1D/AITD family material from northern Sweden. We 

found association to T1D for SNPs in INS, PTPN22, IL-2Rα and COL1A2. In 

addition, SNPs in CTLA-4, IL-2 and C12orf30 were shown to be associated to 

AITD (paper IV).  

 

Our finding that variation in the insulin gene (INS) is associated with T1D is 

supported by results from previous GWA studies157,159. The variable number of 

tandem repeats (VNTRs) in the promoter region of the INS gene is grouped into 

three classes, class I-III, depending on the length of the repeats298,299. The 

susceptibility class I alleles are associated with lower expression of insulin 

mRNA in the thymus compared to the longer class III alleles300,301. A plausible 

model is that the INS VNTR class I alleles mediates a lower expression of 

insulin in the thymic medullary epithelial cells leading to reduced tolerance to 

insulin and its precursors in the periphery 302,303. Insulin is a major target for 

autoreactive T cells in both humans and NOD mice304 and positivity for insulin 

antibodies has high predictive value for T1D305. The INS VNTR repeat is in LD 

with two other polymorphisms306,307, -23HphI and +1140A/C, and further 

studies have to be performed to find the true disease causing variant. 

  

The association to T1D for SNPs in the PTPN22 gene found in our family 

material (paper IV) is consistent with results from published GWA 

studies117,157,159. The PTPN22 gene codes for lymphoid protein tyrosine 

phosphatase (Lyp), which is a strong repressor of TCR signalling308. Variations 

in the PTPN22 gene have been associated with a variety of autoimmune 

diseases144,145,309,310, suggesting that PTPN22 plays a role in the joint 

susceptibility to autoimmunity. The disease associated C1858T polymorphism 

results in an amino acid substitution from arginine (R) to tryptophan (W) at 

position 620 of the Lyp protein and the Lyp620W variant has an increased 

inhibitory effect on TCR signalling311. Exactly how the Lyp620W variant 

affects development of autoimmunity is not clear, but one hypothesis is that 
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increased inhibitory activity of TCR signaling would increase the threshold for 

negative selection of T cells in the thymus, resulting in increased numbers of 

autoreactive T cells in the periphery. This increased inhibitory activity of TCR 

signaling could also lead to decreased action of Tregs in the periphery, due to a 

higher threshold for activation312.  

 

Variants in the IL-2Rα gene have been associated to autoimmune diseases, 

such as T1D117,146,147,313and AITD314, suggesting a general role for this region in 

autoimmunity. In paper IV, we presented association of the IL-2Rα gene to 

TID in our family material. IL-2Rα is expressed on activated and regulatory T 

cells315 and functions as a high affinity receptor for interleukin 2 (IL-2). 

Signaling through the IL-2 receptor complex is required for regulation of cell 

growth and metabolism316. Soluble IL-2Rα (sIL-2Rα) in serum is a marker for 

T cell proliferation317 and individuals with T1D susceptible IL-2Ra alleles have 

lower concentrations of sIL2Rα, indicating lower immune responsiveness147. 

 

The IL-2Rα region on 10p15 has a clear biological connection with the locus 

on chromosome 4q27. The 4q27 chromosomal region contains the IL-2 gene 

and association to this region has been found for rheumatoid arthritis160, 

T1D117,157,160, celiac disease318 and AITD157. In paper IV we reported 

association to AITD for variants in the 4q27 region in our family material. A 

major function of IL-2 is to promote proliferation and expansion of T cells as 

well as induce production of cytokines. In the CD4+ T cell subset, IL-2 is 

important for the function of CD4+CD25+ regulatory T cells155. The Idd3 region 

on mouse chromosome 3 contains the Il-2 gene177 and mice with non-NOD 

alleles in Idd3 show increased production of IL-2, amplified Treg capacity and 

decreased islet-specific effector T cell proliferation compared to mice with 

NOD alleles in Idd3154. The proposed role of IL2 and IL2Rα in the 

development and homeostasis of Tregs makes the genes interesting candidates 

for autoimmune disease.  
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Besides IL-2, the 4q27 chromosomal region contains another gene, IL-21, 

involved in the maintenance of T cell homoestasis319. Variants in the IL-21 

gene have been associated to systemic lupus erythematosus320, but inconsistent 

results have been reported from studies of association between IL-21 and 

T1D321,322.  

 

In contrast to the results from GWA scan performed by WTCCC117, we found 

that the CTLA-4 polymorphism, CT60, was associated to AITD but not to T1D 

in our family material (paper IV). Analysis of the CTLA-4 gene in T1D has 

generated inconsistent results, with some studies showing association 
152,268,270,323, while others showing lack of association324,325. Ikegami et al.326 

reported association between variants in the CTLA-4 gene and both AITD and 

T1D, but association to T1D was only found in a subset of T1D patients 

complicated with AITD. This study implies that variations in CTLA-4 

contribute to the pathogenesis of AITD, but what impact this gene has on the 

development of T1D is still unclear. In paper III we reported association of the 

CT60 SNP in our T1D/AITD case-control material. The association was found 

when T1D and AITD were treated as one disease, as well as when we 

subdivided the material into T1D cases and AITD cases (data not shown). The 

differences in association of the CTLA-4 gene in the family-based material and 

the case-control material might be because the CTLA-4 gene does not 

contribute to T1D in the families, but variations in the gene have an influence 

on T1D in the general population.  

 

Association to T1D for the C12orf30 gene region on chromosome 12q24 was 

found in the GWA study performed by WTCCC117 and later replicated by Todd 

et al.157. We found association of the C12orf30 region to AITD, but not to T1D 

in our family material. Association to the 12q24 region has been reported for 

other T cell mediated diseases, such as celiac disease327. Hakonarson et al.159 

reported association to T1D for variants in the COL1A2 gene in their first stage 

analysis, but they failed to replicate the findings in follow-up studies. We have 
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found association between T1D the COL1A2 gene in our family material, 

although the p-value is barely significant (p=0.044). 

 

We were unable to show association to the IFIH1 gene, which is a confirmed 

T1D susceptibility gene148,157. IFIH1 is an early type 1 interferon β-responsive 

gene, which may contribute to apoptosis of virus infected cells, thus acting like 

a sensor for viral infections328. The lack of association to T1D in our family 

based material implies that variants in the IFIH1 gene are not important for the 

development of T1D in our family-based material or that the effect of the 

IFIH1 gene is so small that a larger sample size is required to reveal the 

association. 
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CONCLUDING REMARKS 
The incidence of diabetes is increasing in most countries of the world, making 

efforts of finding genes and environmental factors contributing to this disease 

particularly important. Both T1D and T2D are multifactorial disorders caused 

by a combination of genetic and environmental factors. The progress of 

uncovering genes contributing to disease susceptibility has been slow, but 

recent GWA studies have increased the speed of discovery and revealed several 

susceptibility genes for diabetes. The next challenge is to replicate these 

findings in other populations and to find the true disease causing genes or 

variants. Once the disease causing variant is found, the biological pathway 

affected by the variant can be uncovered, creating new possibilities for 

prevention and treatment. 

 

Replication of association studies in different populations is very important to 

avoid false positive results, and inconsistencies in replication are a common 

problem in genetic studies. One example of this problem is association of the 

CAPN10 gene to T2D. Variants in the CAPN10 gene have been associated to 

T2D in some studies, but others report no association.  

 

In complex diseases, most of the genetic variants contributing to disease are 

common susceptibility alleles contributing only small, but important, effects on 

disease. These small genetic effects, in combination with environmental 

factors, make it hard to locate true susceptibility genes for complex diseases. 

Due to the multifactorial nature of complex diseases, efforts to limit the genetic 

heterogeneity in studies of such diseases are undertaken, in the hope of 

increasing the probability of finding true disease susceptibility genes.  

 

Genetically isolated populations, such as the northern Swedish population, are 

important in the search for genes predisposing to disease. The possibility of 

finding founder effects contributing to disease susceptibility increases in 

isolated populations. The genetic composition of the northern Swedish 
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population coupled with other factors, such as a high-quality healthcare system 

and a tradition of genealogical interest in the region, have enabled the 

successful use of this population in genetic studies of both monogenic and 

complex diseases6-11. 

 

The work presented in this thesis is based on genetic studies of the northern 

Swedish population. We have replicated association to several risk loci for 

diabetes, identified in recent GWA studies, in our family materials of only 

modest size. This provides evidence that these loci also confer disease 

susceptibility in this population and emphasizes that small to intermediate sized 

family studies in this population can be used in the search for genes involved in 

complex diseases in a cost-effective manner. This collection of families, with 

multiple affected family members, also provides us with the opportunity to 

contact the genotyped individuals again, once a genetic variant of interest is 

found, in order to collect more material for functional studies. 

 

Genetic studies ultimately aim to locate the functional effect that genetic 

variants exert on a protein and/or biological pathway involved in disease 

development. Once the function of the protein and/or the biological pathway is 

found, this can help in the design of drugs and aid in the treatment of disease. 
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
 

Diabetes mellitus är ett samlingsnamn för flera olika typer av diabetes varav de 

två vanligaste formerna är typ 1 diabetes (10-15%) och typ 2 diabetes (85-

90%). Typ 1 diabetes är en autoimmun process där immunförsvarets celler 

(främst T lymfocyter) förstör de insulinproducerande β-cellerna i 

bukspottkörteln, vilket leder till att personer med typ 1 diabetes måste ta 

tillskott av insulin resten av livet för att överleva. Typ 2 diabetes orsakas av en 

kombination av insulinokänslighet, eller insulinresistens,  och oförmåga av β-

cellerna att öka produktionen av insulin för att överkomma 

insulinokänsligheten. Insulinokänslighet gör att de vävnader som vanligtvis tar 

upp glukos inte reagerar lika bra på insulinet samt att insulinet inte kan stoppa 

utsöndringen av glukos från levern. Utvecklingen av typ 2 diabetes är kopplad 

till övervikt och fetma, i kombination med fysisk inaktivitet och rökning, och 

många individer med typ 2 diabetes kan klara av sjukdomen genom att ändra 

matvanor, viss viktnedgång samt ökad fysisk aktivitet.  

 

Komplexa sjukdomar, såsom diabetes, har ett starkt genetiskt inslag, men det är 

inte bara de genetiska faktorerna som orsakar sjukdomen. Sjukdomen utvecklas 

genom en kombination av arv och miljö. Uppsättningen av gener är lika i alla 

individer, men det som gör var och en unik är små variationer i många enskilda 

gener, polymorfier. Att finna de genetiska faktorerna som bidrar till 

sjukdomsutvecklingen är svårt, eftersom varje genetisk faktor bidrar med en 

liten del. Ett led i att förenkla sökandet efter polymorfier som bidrar till 

sjukdom är att studera familjära former av sjukdomar, dvs familjer med 

anmärkningsvärd anhopning av sjukdomen i fråga. De polymorfier som bidrar 

till en komplex sjukdom inom en familj är färre än i den generella populationen 

och kan därför lättare upptäckas. 

 

Genetiskt homogena befolkningsgrupper (eller populationer), d.v.s. som i stor 

utsträckning delar anfäder långt tillbaka i tiden, är viktiga verktyg vid sökandet 
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efter genetiska orsaker till komplexa sjukdomar. Den genetiska bakgrunden hos 

individerna i dessa populationer är sinsemellan mer lika än vad den är i mer 

heterogena populationer som har flera anfäder.  Det gör att den skillnad man i 

genetiska analyser ser mellan sjuka och friska individer på ett kraftfullare sätt 

speglar den bakomliggande genetiska orsaken till sjukdomen. Populationen i 

norra Sverige, Norrbotten och Västerbotten, är en genetiskt homogen 

population som expanderat kraftigt sedan 1700-talet. Den kraftiga 

populationsexpansionen från ett fåtal grundare har medfört en ansamling av 

folksjukdomar i regionen, vilka till stor del har ärvts från gemensamma 

förfäder.    

 

Vi har studerat genetiska faktorer som bidrar till familjära former av typ 1 och 

typ 2 diabetes i norra Sverige. Genom att studera genetiska markörer spridda 

över hela genomet har vi hittat koppling mellan en gen, CAPN10, och typ 2 

diabetes. CAPN10 genen kodar för Calpain-10 som är ett s.k. cytoplasmiskt 

cysteinproteas. Exakt hur variationer i genen kan påverka funktionen av 

Calpain-10 vet man inte, men Calpain-10 är viktig för omsättningen av socker 

och energi, glukosmetabolismen, effekten av insulin samt funktionen av β-

celler. 

 

Island har en genetiskt homogen population och där har man funnit ett 

samband, en association, mellan polymorfier i TCF7L2 genen och typ 2 

diabetes. Genom studier av hur genen påverkar nivåer och funktioner av olika 

proteiner i kroppen, s.k. funktionella studier,  har det rapporterats att 

polymorfier i TCF7L2 genen påverkar insulinproduktionen, men fortsatta 

studier är av största vikt för att säkert veta vilken effekt polymorfierna har och 

hur det kan förklara en ökad risk för typ 2 diabetes. 

 

Vi har upprepat associationen mellan polymorfier i TCF7L2 genen och typ 2 

diabetes i vår population. Sådana s.k. replikationsstudier där man verifierar 

tidigare forskningsresultat minskar risken för att de tidigare fynden uppstått på 
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grund av slumpen, statistiska fel eller bara gäller för enstaka speciella 

befolkningsgrupper. Vid genetiska studier tillmäts därför replikation stor 

vetenskaplig vikt. 

 

I familjer med ansamling av typ 1 diabetes har vi funnit en koppling mellan 

polymorfier i CTLA-4 genen och typ 1 diabetes. CTLA-4 reglerar aktiviteten 

hos T-celler och spelar en viktig roll för korrekt reglering av immunförsvaret. I 

möss där ctla-4 genen är utslagen regleras inte lymfocyterna lika bra, vilket 

leder till att de förstör vävnaden i flera organ t.ex. bukspottkörteln med dess 

insulinproducerande celler. Exakt hur polymorfierna påverkar funktionen av 

CTLA-4 vet man inte ännu, men vissa studier pekar på att mängden av lösligt 

CTLA-4 i cellerna påverkas. 

      

De flesta folksjukdomar beror på en kombination av arv och miljö och kunskap 

om vilka genetiska faktorer som ökar risken för en sjukdom kan hjälpa till att 

förebygga den. Om en individ är bärare av många genetiska riskfaktorer för 

t.ex. typ 2 diabetes kan man erbjuda särskilda förebyggande åtgärder, som 

kostråd och träningsprogram. Insikt om vilka biologiska processer som ligger 

bakom sjukdomsutvecklingen kan hjälpa till vid utvecklandet av förebyggande 

läkemedel eller läkemedel som kan stanna upp sjukdomsprocesser innan 

oåterkallelig skada är skedd i organen. 
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