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ABSTRACT 

 
Antti-Pekka Laine 
Genes outside the HLA region affecting susceptibility to type 1 diabetes – the role of 
IDDM2 and IDDM9 in the Finnish population 
Immunogenetics laboratory, University of Turku, Turku, Finland 
Annales Universitatis Turkuensis 
Turku, Finland 2007 
 

HLA region defines half of the genetic susceptibility to type 1 diabetes. Several 
susceptibility loci residing outside the HLA region have been reported and three loci 
have been confirmed to convey type 1 diabetes susceptibility.  

  In the present study twelve of these loci were tested for linkage in 107 Finnish type 
1 diabetes multiplex families. In the follow-up study, 121 Finnish type 1 diabetes 
multiplex families were analyzed for linkage across the IDDM9 region at 3q21, and 
384 Finnish type 1 diabetes simplex families were analyzed for association with two 
markers in the same region. Additionally, the IDDM2 region was analyzed for 
interaction with HLA haplotypes of varying disease risk in order to assess its potential 
regarding refinement of disease risk prediction. In an additional attempt to refine the 
IDDM2 region disease risk prediction, subtyping of the protective VNTR class III 
haplotypes and an association study was performed in the Finnish and Swedish 
populations. 

 No significant or suggestive linkage was found in the complete dataset outside the 
HLA region. The highest non-HLA LOD score was seen with the IDDM9 region 
marker D3S3576 (MLS=1.05). The follow-up study at the IDDM9 region revealed a 
stronger LOD score at the marker D3S1589 (MLS=3.4). Association with the disease 
was found close to D3S1589 with marker AFM203wd10 (TDT p=0.0002). Our 
linkage results did not confirm previous findings in other studies. The follow-up study 
revealed a LOD score close to genome-wide significance and a significant association 
at the 3q21 region which warrant a more comprehensive association study at this 
region. The predisposing MspI-2221 genotype CC was more common in diabetics 
with moderate or low HLA risk compared with the high risk group, and the genotype 
distribution between said groups also showed significant difference (p=0.05 and 
p=0.01 respectively). The VNTR analysis revealed a significantly stronger protective 
effect for the VNTR IIIA/IIIA genotype when compared to other class III genotypes. 
 These findings suggest that etiological heterogeneity between protective lineages of 
the IDDM2 region possibly exist and that the HLA region could modify the IDDM2 
risk and further that deconstructing the IDDM2 heterogeneity has potential in 
enhancing the sensitivity and specificity of type 1 diabetes risk estimation.     
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TIIVISTELMÄ 
 
Antti-Pekka Laine 
Tyypin 1 diabeteksen perinnöllinen alttius Suomessa - HLA-alueen ulkopuolisten 
alttiuslokusten IDDM2 ja IDDM9 rooli taudin periytymisessä  
Immunogenetiikan laboratorio, Turun Yliopisto, Turku, Suomi 
Annales Universitatis Turkuensis 
Turku, Suomi 2007 
 
HLA-alue, joka sijaitsee kromosomissa 6p21.3, vastaa noin puolesta perinnöllisestä 
alttiudesta sairastua tyypin 1 diabetekseen. Myös HLA-alueen ulkopuolisten lokusten 
on todettu liittyvän sairausalttiuteen. Näistä kolmen lokuksen on varmistettu olevan 
todellisia alttiuslokuksia ja lisäksi useiden muiden, vielä varmistamattomien lokusten, 
on todettu liittyvän sairausalttiuteen.  

 Tässä tutkimuksessa 12:n HLA-alueen ulkopuolisen alttiuslokuksen kytkentä tyypin 
1 diabetekseen tutkittiin käyttäen 107:aa suomalaista multiplex-perhettä. 
Jatkotutkimuksessa analysoitiin IDDM9-alueen kytkentä ja assosiaatio sairauteen 
laajennetuissa perhemateriaaleissa sekä IDDM2-alueen mahdollinen interaktio HLA-
alueen kanssa sairauden muodostumisessa. Lisäksi suoritettiin IDDM2-alueen 
suojaavien haplotyyppien alatyypitys tarkoituksena tutkia eri haplotyyppien 
käyttökelpoisuutta sairastumisriskin tarkempaa ennustamista varten.    

 Ensimmäisessä kytkentätutkimuksessa ei löytynyt koko genomin tasolla 
merkitsevää tai viitteellistä kytkentää tutkituista HLA-alueen ulkopuolisista 
lokuksista. Voimakkain havaittu nimellisen merkitsevyyden tavoittava kytkentä 
nähtiin IDDM9-alueen markkerilla D3S3576 (MLS=1.05). Tutkimuksessa ei kyetty 
varmistamaan tai sulkemaan pois aiempia kytkentähavaintoja tutkituilla lokuksilla, 
mutta IDDM9-alueen jatkotutkimuksessa havaittu voimakas kytkentä (MLS=3.4) ja 
merkitsevä assosiaatio (TDT p=0.0002) viittaa vahvasti siihen, että 3q21-alueella 
sijaitsee todellinen tyypin 1 diabeteksen alttiusgeeni, jolloin alueen kattava 
assosiaatiotutkimus olisi perusteltu jatkotoimenpide. Sairauteen altistava IDDM2-
alueen MspI-2221 genotyyppi CC oli nimellisesti yleisempi matalan tai kohtalaisen 
HLA-sairastumisriskin diabeetikoilla, verrattuna korkean HLA-riskin potilaisiin 
(p=0.05). Myös genotyyppijakauman vertailu osoitti merkitsevää eroa ryhmien välillä 
(p=0.01). VNTR-haplotyyppitutkimus osoitti, että IIIA/IIIA-homotsygootin 
sairaudelta suojaava vaikutus on merkitsevästi voimakkaampi kuin muiden luokka 
III:n genotyypeillä. Nämä tulokset viittaavat IDDM2-HLA -vuorovaikutukseen sekä 
siihen että IDDM2-alueen haplotyyppien välillä esiintyy etiologista heterogeniaa. 
Tämän johdosta IDDM2-alueen haplotyyppien tarkempi määrittäminen voisi tehostaa 
tyypin 1 diabeteksen riskiarviointia. 

 

Avainsanat: tyypin 1 diabetes, IDDM2, IDDM9, kytkentä, assosiaatio 
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INTRODUCTION 

INTRODUCTION 

 

Type 1 diabetes (T1D) is an autoimmune disorder with multifactorial 
inheritance where both genetic and environmental components contribute to 
the emergence of the disease. The genetic component explains approximately 
50% of the overall risk of developing T1D. The human leukocyte antigen 
(HLA) locus, which is located at 6p21.3, is the main genetic component and 
accounts for ~50% of the genetic risk for T1D. While the majority of genetic 
risk for T1D can be attributed to the HLA region, other regions of importance 
have also been identified. Although there are many genomic regions with 
reported evidence of linkage to or association with T1D outside the HLA 
region, only three loci have consistently shown association in independent data 
sets and are generally regarded as true susceptibility loci. The best known and 
most studied of these three loci is IDDM2 at the insulin gene region (11p15). 
The other two loci, CTLA4 at 2q33 and PTPN22 at 1p13, have been identified 
recently and have not yet been studied as widely as the IDDM2 region.  

 The method of discovery for the HLA region, IDDM2 and PTPN22 has been 
the candidate gene approach using association methods. CTLA4 region is an 
exception as it was primarily detected in linkage studies (albeit only with 
suggestive evidence) and later confirmed in association studies.  

 The linkage method is based on detection of the intra-familial linkage 
disequilibrium between the disease allele and the parent-specific marker allele, 
unlike association methods, which are based on detecting population-wide 
linkage disequilibrium between a specific marker allele and a disease allele. 
The linkage method has less statistical power to detect susceptibility loci than 
association methods if a short distance (<5kb) is assumed between the marker 
and disease locus, but the linkage method can detect susceptibility loci from a 
distance up to 1 Mb. Association methods are limited by the extent of linkage 
disequilibrium at the studied region in the population (usually <10 kb). Linkage 
and association methods are both commonly used in mapping studies of 
complex disease genes, linkage for initial detection of an interesting region and 
association for fine mapping and confirming the susceptibility region.      
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REVIEW OF THE LITERATURE 

1. REVIEW OF THE LITERATURE 

 

 

1.1 The pathogenesis and etiology of type 1 diabetes 

 

 

Progression to the clinical phase of T1D is preceded by an autoimmune process 
that typically takes years and leads to destruction of the insulin producing 
Langerhans islet cells (beta-cells) in the pancreas. The destruction is mainly 
due to cell-mediated immunity where T helper cells (CD4+) activate antigen-
specific cytotoxic T cells (CD8+) which act specifically against the beta-cells.  

 Histological evidence of the autoimmune destruction is visible during the 
onset of T1D. The size of the pancreatic islets is reduced considerably due to 
the fact that the largely destroyed beta-cells comprise ~70% of the number of 
cells present in the islets. Another histological feature found in the islets at the 
onset of T1D is the chronic inflammatory infiltrate known as insulitis that 
consists of CD8 and CD4 positive T cells, B lymphocytes, macrophages and 
natural killer cells. The expression of HLA class I and class II genes is also 
increased in the islet cells during insulitis (Bottazzo et al. 1985; Foulis et al. 
1987; Foulis et al. 1991; Hanninen et al. 1992). 

 The clinical symptoms of T1D (commonly caused by hyperglycemia and 
ketoacidosis) emerge abruptly and only when most of the beta-cells have been 
destroyed. Progression to the clinical phase of the disease is usually preceded 
by the production of several autoantibodies against beta-cells during the 
autoimmune process. Some of these autoantibodies are routinely detected and 
used as predictors for the onset of the clinical phase of T1D (Christie 1996) and 
also as a means for diagnosis and disease classification (Bottazzo et al. 1974). 
Autoantibodies against alpha, beta, delta and pancreatic polypeptide islet cells 
(ICA) were the first discovered in 1974 (Bottazzo et al. 1974), followed by the 
insulin autoantibodies (IAA) in 1983 (Palmer et al. 1983). Since then, several 
other autoantibodies have been described, including the enzymes glutamic acid 
decarboxylase (GAD) (Baekkeskov et al. 1990) and protein tyrosine 
phosphatase insulinoma associated antigen-2 (IA-2) which has some similarity 
with the protein tyrosine phosphatase but no demonstrated enzyme activity 
(Rabin et al. 1994; Lan et al. 1996). GAD and IA2A, in addition to IAA, are 
currently exhibiting the best combined sensitivity and specificity, i.e. 
probability of autoantibodies to predict morbidity in affected individuals when 
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present (sensitivity) and protection against disease in non-affected individuals 
when absent (specificity). Combined sensitivity and specificity for these 
autoantibodies (2≥ of the IAA, GADA or IA-2A present) at the onset of T1D 
are 92% and 98% respectively (Kukko et al. 2005). 

 The etiology of type 1 diabetes has a strong genetic background, but the role 
of environmental factors is of equal importance. Studies comparing T1D 
concordance rates between monozygotic and dizygotic twins have consistently 
shown significantly stronger disease concordance for monozygotic twins, 
which attests the existence of strong genetic factors in the etiology of T1D 
(Kaprio et al. 1992; Hyttinen et al. 2003). On the other hand, reports of 
significant discordance between monozygotic twins in the emergence of T1D 
demonstrate the significance of environmental factors (Redondo et al. 1999), 
although the randomly determined characters of the immune system, which are 
not caused by any singular constant environmental factor, also play an 
important part in the development of discordance between monozygotic twins. 
In addition, the monozygotic twins who have a high genetic risk of developing 
T1D are more concordant than those with a lower genetic risk, thus implying a 
smaller-than-assumed effect for environmental factors in the etiology of T1D.  

 Although the significance of environmental factors in the etiology of T1D is 
undeniable, no individual exogenous factor or factors that trigger beta-cell 
autoimmunity have been definitely identified. The most heavily studied 
candidates so far are virus infections and dietary factors. The emergence of 
autoimmunity towards beta-cells in very early life follows a seasonal pattern 
where most new cases appear during the cold months in the fall and winter. 
This, in addition to the observed annual variation in the emergence of T1D, 
points to enterovirus infections as a very plausible trigger for beta-cell 
autoimmunity (Knip et al. 2005). Enterovirus infections fit well with the 
observed pattern of T1D emergence since the number of enterovirus infections 
follows a temporally variable seasonal pattern with a peak at the start of the 
cold season.  

 In addition to viral triggers, considerable effort has been expended in 
assessing the role of very early exposure to cow’s milk in the emergence of 
T1D. It is hypothesized that in children who are exposed to cow’s milk and 
develop immunity towards bovine insulin, the cross-reactivity between bovine 
and human insulin, which differ only by three amino-acids, could allow 
autoimmunity to develop towards human insulin. There are data from 
population-based case-control studies that suggest a connection with higher 
cow’s milk intake and the emergence of T1D or appearance of autoantibodies 
(Verge et al. 1994; Virtanen et al. 1998; Virtanen et al. 2000), but conflicting 
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data have also been published (Dahlquist et al. 1990). It is still unclear whether 
or not an exposure to cow’s milk in early life is a diabetogenic risk factor or 
not (Knip et al. 2005). More comprehensive studies are required to assess this.  

 

 

1.2 Epidemiology of type 1 diabetes 

 

The incidence of T1D varies considerably across geographical regions (1988; 
1991). The differences are apparent both between and within populations 
across geographical distance, which could imply that regional clustering of 
genetic or environmental effects or their interaction is causing the observed 
difference. The highest incidence rates are found among white European 
populations, especially in Northern Europe. The lowest incidence rates are 
found in Asian and South-American populations. 

 The country with the highest prevalence of T1D in the world is Finland, 
where incidence for children under 15 years in 2005 was 62 per 100,000 per 
year (A. Reunanen, personal communication). Incidence is also among the 
highest in Sweden and Norway but not in Estonia, Latvia and Lithuania, and in 
fact, a marked north-south and west-east gradient of decreasing incidence in 
Europe is seen (Green et al. 1992). A notable exception is Sardinia where T1D 
incidence is the second highest in Europe after Finland. Other regions of Italy 
show 3.1-4.3-fold smaller incidence (Green et al. 2001) and similar regional 
variation of incidence has been shown in other populations, including Finland. 
Variation in Finland was not as pronounced as that in the studied regions of 
Italy, but 2-fold differences in incidence rates among different geographical 
regions have been described (Rytkonen et al. 2001). The regions that showed 
persistently high incidence of T1D throughout the two study periods (1987-
1991, 1992-1996) in Finland were rural heartland areas (Rytkonen et al. 2001; 
Rytkonen et al. 2003). The possibility that the urban environment protects one 
from T1D has been studied to some extent, but no consistent proof that 
confirms or denies the hypothesis has emerged (Rytkonen et al. 2003). The 
T1D incidence has been rapidly increasing, particularly in Western Europe. An 
annual increase of 3-4% in incidence rates has been observed in the 
EURODIAB study (2000). The phenomenon is age dependent, the increase in 
incidence rates is 2.6 times bigger in the age group of 0-4 years than in the age 
group of 10-14 years (Atkinson et al. 2001). In Finland, a 4.5-fold increase in 
T1D incidence has taken place during the last 50 years (Gale 2002). This 
observed increase of incidence rate, as well as the geographical variation of 
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incidence, is most logically explained by transient environmental causes. 
Genetic factors could participate in the regional variation, but not be the 
principal cause of either variation or the increasing incidence rate. 

 

 

1.3 Genetics of type 1 diabetes 

 

1.3.1 Genetic mapping of the complex trait susceptibility loci  

 

1.3.1.1 Linkage 

 

The proportion of expected recombinants between two unlinked loci is 50%. 
This proportion is called the recombination fraction (θ=theta), which reaches 
its maximum probability 0.5 only if the loci are in different chromosomes or so 
far apart in the same chromosome that crossing-over is certain to occur 
between them. If the distance between the two loci is small enough to reduce 
the probability of crossing-over to <1.0, the proportion of observed 
recombinants is less than 50% (θ < 0.5) and the loci are said to be genetically 
linked. Genetic linkage is used in the mapping of multifactorial diseases in two 
basic approaches. In the linkage analysis approach, families with parents and 
pairs of affected siblings (affected sibling pair=ASP) are collected and genetic 
markers are genotyped in candidate genes or across the whole genome. Since 
the trait is inheritable, the phenotype (=disease) is assumed to arise from a 
genetic locus/loci and therefore linkage between markers and underlying 
disease genes can be examined. In the association approach, polymorphisms 
are genotyped in candidate genes or in the whole genome using cohorts of 
affected cases and a control population. If a marker is linked to the disease 
gene, marker alleles are expected to co-segregate with the disease gene alleles 
(phenotype) and thus be more prevalent in the case cohort than in the control 
cohort.  
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1.3.1.2 Statistical linkage analysis 

 

Linked loci produce less than the expected 50% of recombinant offspring. In 
parametric linkage analysis, the amount of reduction in the number of 
recombinants is detected, and the statistical significance of the degree of 
deviation is tested using the LOD score (logarithm of odds) method. Parametric 
linkage analysis is poorly suited to calculating linkage in multifactorial 
diseases since it requires inheritance parameters such as penetrance, mode of 
inheritance and disease allele frequencies, which are not known. To overcome 
this problem, non-parametric methods can be used to analyze linkage. Instead 
of calculating the linkage by estimating the proportion of recombinants, non-
parametric methods compare how much of the parental genome affected 
individuals share at the region of interest. The most commonly used non-
parametric method for mapping multifactorial traits is the affected sibling pair 
(ASP) method, in which at least two affected children and both parents are 
analyzed. If the marker studied is linked to the disease gene in the parent, both 
affected children are likely to receive the same parental marker allele because it 
co-segregates with the disease causing allele. The ASP method calculates the 
number of marker alleles affected sibling pairs share identical by descent 
(IBD). Sibling pairs share an allele IBD when both siblings have inherited the 
same allele from the same parental chromosome. Since there are four parental 
chromosomes, siblings can share 0, 1 or 2 alleles IBD in their genotypes. In the 
case of no linkage, the expected sharing proportions for sibling pair genotypes 
in a collection of families are 25%, 50% and 25% respectively. In other words, 
50% of parental alleles in sibling pairs are shared IBD if the loci are not linked. 
Now, if a certain marker allele is linked to the disease gene allele, that marker 
allele is more likely to be transmitted to both affected siblings and 
consequently enlarge the proportion of sibling pairs that share one or two 
alleles IBD and reduce the proportion of siblings that share no alleles IBD. 
When a large number of unrelated ASP families is collected and analyzed, 
linkage can be detected by testing the significance of deviation between 
expected 50% IBD-sharing (no linkage) and observed IBD-sharing, using the 
chi-square test. 
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1.3.1.3 Linkage disequilibrium 

 

Two bi-allelic loci that are located in the same chromosome (such as SNP 
markers) can theoretically form four distinct haplotypes (or gametes) if the 
markers combine freely, i.e. a recombination event is certain to happen 
between the loci. In this case, the expected haplotype frequencies are simply a 
product of allele frequencies of the markers. Since the probability of a 
recombination event decreases as the physical distance between the loci 
decreases, closely-spaced bi-allelic loci do not combine freely and thus 
haplotype frequencies differ from the expected, or one or two haplotypes are 
missing entirely. If this is the case, the loci are said to be in linkage 
disequilibrium (LD), where a specific allele of one locus co-segregates more 
often than expected with a specific allele of another locus and thus predicts the 
genotype status of the other marker (if LD is complete).  

 The most common statistical measures of LD used in the context of gene 
mapping are D’ and r2. Both measures denote perfect LD with the value 1 and 
complete lack of LD with 0. If no recombination event has taken place between 
the loci during the history of the (studied) population, the D’ is 1, which means 
that one or two of the four possible haplotypes (gametes) is missing. The 
existence of three haplotypes between two SNPs can be explained by 
consecutive mutations when the two SNPs were formed, the occurrence of 
historical recombinations is not required. On the other hand, the existence of 
four haplotypes in the population between two SNPs can only be explained by 
historical recombination between the loci (D’<1) (Mueller 2004). The 
statistical properties of D’ are problematic when it is applied in association 
studies as the measure of LD. A small sample size and rare alleles can cause 
inflated estimates of D’ and it is not comparable between populations since it is 
a measure of historical recombination events in the population (sample set) 
studied. In addition, the relative properties of D’ are unclear when D’<1 
(Pritchard et al. 2001; Carlson et al. 2004; Mueller 2004; Wang et al. 2005). 
The human genome consists of blocks of limited genetic diversity where LD 
and consequently also haplotypes extend over several kilobases (usually 1-
10kb). These “haplotype blocks” of extended LD are interrupted by break-
points caused by recombination hotspots. Since D’ is a measure of historical 
recombination events between loci, it can be used as a tool for detecting 
recombination hotspots and accordingly also as a way of defining a particular 
haplotype block by showing the break points around it.  
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  Another commonly used measure of LD is r2, which is the correlation 
between the alleles of two loci. If two loci are not in perfect LD and the first 
locus is analyzed as a surrogate marker for the second locus, the factor for 
increasing the sample size to gain the same power as analyzing the second 
locus directly is calculated as 1/r2. For example, if r2 between the first and the 
second locus is 0.5, twice as many samples would be needed for the first locus 
to gain the same statistical power as analyzing the second locus directly 
(Pritchard et al. 2001). These properties of r2 enable its use as a measure of 
tagging efficiency in association mapping studies which increasingly rely on 
analyzing tagging SNPs instead of all available SNPs.  

 

 

1.3.2 Complex inheritance 

 

In contrast to monogenic traits, where a single gene accounts for the phenotype 
in a Mendelian manner, complex traits have several genes acting jointly in 
constituting a phenotype. Genetically complex traits, such as common diseases, 
are typically multifactorial; not only multiple genes but also multiple 
environmental factors play a vital part in their emergence.  

 Multifactorial diseases show gene-environment interactions and gene-gene 
interactions in addition to having typically low-penetrance susceptibility genes 
and locus and allele heterogeneity. Due to these aspects, multifactorial disease 
loci have low phenotype-genotype equivalency (heritability). The individual 
effect each multifactorial disease gene mutation conveys to the overall risk is 
small, which suggests that their effect on the function or structure of the protein 
the gene codes for is also small. They are more likely to cause minor variation 
in the regulation of the gene expression or splicing than completely block the 
function of the gene. The efficiency of linkage and association studies relies to 
a great degree on the assumption that a certain phenotype equals a certain 
genotype. Therefore, in the gene mapping studies of multifactorial diseases 
where equivalency of the two is low the statistical power to find an individual 
disease polymorphism is also low.  

 The amount of heritability of a trait such as a complex disease is measured in 
the amount of familial clustering the trait demonstrates. If the disease is 
heritable, the proband’s relatives have a higher risk for the disease than a 
person whose relatives are healthy because relatives share a larger amount of 
genome than non-relatives. In the context of gene mapping using a linkage 
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method, such as ASP, the measure which is commonly used for familial 
clustering is a sibling risk/population prevalence ratio, λs (lambda-s) (Risch 
1990). For example, since the risk for T1D in the general population is ~0.4% 
and the risk for a sibling of an affected individual is ~6%, the λs for T1D is 
~15. This number comprises the total familial clustering of all T1D 
susceptibility genes; the locus specific numbers are obviously much smaller 
(λs=~3 for the HLA region (Concannon et al. 2005) and λs≤1.4 for the rest of 
the loci (Cox et al. 2001)). Lambda-s operates as an indicator of and measure 
for a heritable trait, but it is also used as a factor in power calculations to 
predict probabilities of detecting susceptibility loci in linkage studies. 

 The power to detect linkage in traits with multiple loci does not rely only on 
the amount of heritability of a trait studied. There are several confounding 
factors involved with detecting a linkage to particular susceptibility locus. The 
model of inheritance has a strong effect on the expected power of the ASP 
method (Risch 1990). A particular susceptibility locus of a complex trait with 
multiple loci could have a dominant, recessive or additive model of inheritance 
or the loci (alleles) can act epistatically (multiplicative model). Other 
confounding factors include the degree of marker polymorphism (Risch 1990) 
and the recombination fraction θ (i.e. the genetic distance between the marker 
studied and the susceptibility polymorphism), although the effect of these 
factors can be notably alleviated by the use of multipoint linkage methods 
(Risch 1990).  

 In the case of association studies, similar functionality for power calculations 
and heritability quantification is gained using different methods. Association 
studies are commonly performed using cohorts of cases and controls (case-
control studies) or analyzing simplex families with TDT. The measure of 
heritability used in case-control studies is the odds ratio, which is the ratio of 
the odds of finding a certain genetic variant in cases versus finding the same 
variant in controls. If the odds ratio is larger than one, the genetic variant has a 
predisposing effect, and if the odds ratio is smaller than one, the genetic variant 
has a protective effect. The odds ratio can also be presented as corresponding 
lambda-s value by mathematical conversion. In the TDT studies, the proportion 
of transmitted or non-transmitted alleles differing from the expected 50% 
transmission gives a comparable and mathematically adaptable measure of 
heritability across different studies. 
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1.3.3 T1D susceptibility genes 

 

Type 1 diabetes is regarded as a complex disease with multiple genetic and 
multiple environmental factors contributing to the overall risk, although rare 
monogenic and oligogenic forms of T1D exist (Nagamine et al. 1997; Verge et 
al. 1998). A comparison of the concordance rates between pairs of 
monozygotic and dizygotic T1D twins provides an estimate of the contribution 
the genetic factors independently have to the overall disease susceptibility 
(Boomsma et al. 2002). Based on such twin studies, a contribution of 66-72% 
to the overall risk has been estimated for the genetic factors (Kaprio et al. 
1992; Kyvik et al. 1995; Hirschhorn 2003).  

 The etiology of T1D has an unambiguous genetic basis, but the disease does 
not follow any apparent mode of inheritance in families. Type 1 diabetes is 
most likely an outcome of several genetic factors interacting with each other 
and with environmental factors.  

 There are currently four separate loci that are regarded as confirmed T1D 
susceptibility loci (the HLA region, the insulin gene region, the CTLA4-region 
and PTPN22), but over twenty genomic regions have been implicated in 
linkage and association studies over the years (Table 1.). Plausible evidence for 
four additional loci (12q24, 12q13, 16p13 and 18p11) has been obtained 
recently in large association studies (Todd et al. 2007; (WTCCC) 2007), but 
further evidence is required before these loci can be considered confirmed T1D 
susceptibility loci.   
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Table 1.  The loci with reported linkage or association evidence for T1D  

 
Loci Location Reference 

IDDM1 6p21.3 (Singal et al. 1973) 
IDDM2 11p15.5 (Bennett et al. 1995) 
CTLA4-region 
(IDDM12) 

2q33 (Nistico et al. 1996) 

PTPN22 1p13 (Bottini et al. 2004) 
IDDM3 15q26 (Field et al. 1994) 
IDDM4 11q13 (Hashimoto et al. 1994) 
IDDM5 6q25 (Concannon et al. 1998) 
IDDM6 18q22 (Merriman et al. 1997) 
IDDM7 2q31 (Copeman et al. 1995) 
IDDM8 6q25-q27 (Luo et al. 1996) 
IDDM9 3q21 (Cordell et al. 1995) 
IDDM10 10p15.1 (Davies et al. 1994) 
IDDM11 14q24-q31 (Field et al. 1996) 
IDDM13 2q34 (Morahan et al. 1996) 
IDDM15 6q21 (Delepine et al. 1997) 
IDDM17 10q25 (Verge et al. 1998) 
IDDM18 5q33 (Morahan et al. 2001) 
IDDM19 2q24 (Smyth et al. 2006) 
GCK 7p15-p13 (Rowe et al. 1995) 
 1q42 (Ewens et al. 2002) 
 16q22-q24 (Mein et al. 1998) 
 Xp11 (Davies et al. 1994) 
IFNG 12q13 (Pociot et al. 1997) 
 12q24 ((WTCCC) 2007) 
 16p13 ((WTCCC) 2007) 
 18p11 ((WTCCC) 2007) 
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1.3.3.1 The HLA region (IDDM1) 

 

The HLA region at 6p21.3 was the first locus found to be associated with T1D 
(Singal et al. 1973; Nerup et al. 1974; Cudworth et al. 1975; Cudworth et al. 
1975) and was designated the first T1D susceptibility locus (IDDM1). The 
strong association with and linkage to IDDM1, which has been confirmed 
consistently in numerous studies over the years, has corroborated the status of 
HLA region as the primary T1D susceptibility locus. Based on linkage studies 
that have generally excluded the existence of T1D susceptibility loci with λs 
higher than 1.4 (Concannon et al. 2005), the individual contribution of IDDM1 
to overall genetic risk of T1D has been estimated to be around 50% with 
λs=2.5-3.6 (Risch 1987; Cox et al. 2001).  

 The HLA region is known to harbor more than one locus affecting T1D 
susceptibility. The strong LD throughout the HLA region has greatly 
diminished the resolution of causal variant mapping, making it an example of 
the difficulties involved in the positional cloning of complex trait genes. The 
associations were originally described to serologically defined molecules, 
HLA-DR3 and HLA-DR4 were associated with disease risk. Molecular biology 
based methods have allowed more exact mapping of disease genes and 
sequence based nomenclature is used for the alleles. The HLA class II locus 
DQB1 has shown the strongest association with T1D in both protective and 
predisposing haplotypes and was the first locus that was detected (Todd et al. 
1987). DQB1 encodes the etiologically relevant DQ heterodimer molecule in 
concert with the DQA1 and, therefore, polymorphisms in DQA1 also show 
major effects as expected. In addition, other class II loci also affect the disease 
risk (DR, DP). In fact, the haplotypes of DRB1-DQA1-DQB1 are currently the 
basis of the T1D risk assessment at the HLA region (Table 2) (Todd et al. 
1987; Noble et al. 1996; Undlien et al. 1997). Additionally, evidence for 
susceptibility loci apart from DRB1, DQA1 or DQB1 is steadily accumulating 
(Lie et al. 1999; Nejentsev et al. 2000; Zavattari et al. 2001; Johansson et al. 
2003; Gombos et al. 2006; Van Autreve et al. 2006). 
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Table 2. The major risk and protective haplotypes in the HLA region in the 
Finnish population (Hermann et al. 2003).  

 
Risk HLA haplotypes Odds ratio 

DRB1*0401-DQB1*0302 5.64 

DQA1*05-DQB1*02 3.40 

DRB1*0404-DQB1*0302 3.07 

  

Protective HLA haplotypes Odds ratio 

DQA1*0201-DQB1*0303 0.02 

DQB1*0503 0.04 

DRB1*0403-DQB1*0302 0.14 

DQB1*0602 0.07 

DQB1*0603 0.19 

DQA1*05-DQB1*0301 0.28 

DQB1*0501 0.53 

 

         

 

1.3.3.2 The Insulin gene region (IDDM2) 

 

IDDM2 has shown consistent association with T1D susceptibility in numerous 
studies performed in different populations. A variable number of tandem repeat 
(VNTR) polymorphism located 596 bp upstream of the first codon of the 
insulin-encoding INS gene is frequently proposed as the functional 
polymorphism of the IDDM2 locus, although two SNP markers (HphI-23, 
+1140A/C) cannot be ruled out as functional polymorphisms due to their 
complete LD with VNTR classes I and III (Barratt et al. 2004). The VNTR 
consists of repeats that are 14-15 bp long with a consensus motif 
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ACAGGGGTGTGGGG (Lucassen et al. 1993). The VNTR alleles are divided 
into three classes according to the number of repeats they entail. The shorter 
class I alleles contain 28-44 repeats (population frequency app. 70%) and 
longer class III alleles contain 138-159 repeats (population frequency app. 
30%). Class II alleles are very rare in white Europeans. Homozygosity for the 
class I allele is associated with the T1D risk while the class III alleles convey a 
dominantly protective effect, although haplotypes that disprove this theory are 
found in both classes (Stead et al. 2000; Vafiadis et al. 2001). 

 The VNTR classes are associated with insulin transcription levels in the 
pancreatic islets and in the thymus (Kennedy et al. 1995; Pugliese et al. 1997; 
Vafiadis et al. 2001). Insulin is transcribed at 1.15-1.25-fold higher levels in 
the pancreas when VNTR class I instead of class III alleles are present (Bennett 
et al. 1995; Bennett et al. 1996; Vafiadis et al. 1996). Conversely to the 
pancreatic expression of insulin, the VNTR class III alleles are associated with 
significantly (2.4-2.7-fold) higher insulin transcription levels in medullary 
thymic epithelial cells (mTEC) than are the shorter class I alleles. The crucial 
step of the induction of the central tolerance occurs in the mTEC through 
negative selection of potentially autoreactive thymocytes (Pugliese et al. 1997; 
Vafiadis et al. 1997; Chentoufi et al. 2002). This has raised the hypothesis that 
the induction of self-tolerance to insulin in the thymus is the biological basis 
for the IDDM2 locus (Vafiadis et al. 1997). Consequently, VNTR would be the 
functional polymorphism since it allegedly regulates insulin transcription levels 
in the mTEC. 

 The mechanism by which VNTR supposedly regulates the thymic expression 
of insulin is unknown, leaving the possibility that other cis-acting 
polymorphisms or even unknown trans-acting factors could have a functional 
effect on the IDDM2 locus. The existence of such factors is consolidated to 
some extent by the observed disparity in the levels of insulin transcription 
among certain VNTR class III alleles which actually silence the insulin 
transcription in the mTEC and thus have a predisposing effect on T1D risk 
(Vafiadis et al. 2001). The two silencing alleles (S1, S2) are middle-sized class 
III alleles (app. 150 repeats) and do not differ strikingly from other class III 
alleles or from each other. Whether this disparity is explained by structural 
differences between the silencing alleles and other class III alleles or by 
linkage disequilibrium to other cis acting polymorphisms with a silencing 
effect, is unknown.  
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1.3.3.3 The CTLA4 region (IDDM12) 

 

The cytotoxic T lymphocyte-associated antigen 4 (CTLA4) is expressed in the 
activated T cells in a similar manner to CD28. They both bind antigen-
presenting cell receptors CD80 and CD86 and are involved in co-stimulatory 
events in an inhibitory (CTLA4) and stimulatory (CD28) manner (Magistrelli 
et al. 1999).   

 The IDDM12 region is located at 2q33 and was first reported in a linkage 
study of 48 Italian T1D sibling pair families (Nistico et al. 1996). Linkage 
evidence was restricted to a ~1 cM region defined by microsatellite markers 
D2S72-CTLA4(AT)n-D2S116. Nistico et al. also observed nominal evidence 
for increased transmission of one of the CTLA4(AT)n alleles to affected 
offspring. Since the microsatellite in question was located at the 3’ end of a 
plausible candidate gene (CTLA4), they decided to perform an association 
study by carrying out a TDT for one non-synonymous coding SNP in five 
different populations. The cSNP, denoted as CTLA4 +49, is located in the first 
exon of the CTLA4 gene and it showed significant association with T1D in the 
combined dataset (p=0.002) (Nistico et al. 1996). Since that original report, 
linkage and association in the IDDM12 region has been replicated in several 
independent linkage and association studies in different populations (Marron et 
al. 1997; Van der Auwera et al. 1997; Lowe et al. 2000; Marron et al. 2000; 
Ueda et al. 2003) and the CTLA4 region has been established as a confirmed 
T1D susceptibility locus. The 2q33 region has also been implicated in other 
autoimmune diseases, such as systemic lupus erythematosus (SLE), 
autoimmune thyroid diseases (AITD), celiac disease (CD) and rheumatoid 
arthritis (RA) (Zhernakova et al. 2005) implying that the region harbors a 
general autoimmune locus.  

 The IDDM12 locus has been mapped to a 6.1 kb region at the 3’ end of the 
CTLA4 gene in a comprehensive fine-mapping study with 108 SNPs (Ueda et 
al. 2003). The most associated marker in that region, CT60 (renamed as 
A6230G), presented a fairly low odds ratio of 1.51. The weak contribution of 
IDDM12 to the overall risk of T1D combined with a very strong LD 
throughout the associated region has hampered attempts at disclosing the actual 
disease polymorphism, and it still remains unconfirmed; although A6230G is a 
likely candidate (Anjos et al. 2004; Anjos et al. 2006).  
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1.3.3.4 PTPN22 

 

PTPN22 is located at 1p13 and it encodes the lymphoid tyrosine phosphatase, 
LYP, which is an important inhibitor of the T cell activation (Cloutier et al. 
1999; Gjorloff-Wingren et al. 1999). Association of PTPN22 with T1D was 
first discovered by Bottini et al., who investigated PTPN22’s potential role as a 
susceptibility gene for autoimmune diseases. They described and analyzed a 
non-synonymous SNP at nucleotide 1858 of codon 620 which encodes arginine 
(1858 allele C) or tryptophan (1858 allele T). The 1858C-T SNP was tested for 
association in 294 North American T1D cases and 395 controls of the same 
origin, and it was found that the 1858T allele was significantly more common 
in the patients than in controls (odds ratio=1.83) (Bottini et al. 2004). This 
finding was replicated in a Sardinian dataset of 174 cases and 214 controls 
(odds ratio=2.31) (Bottini et al. 2004) and in 341 North American T1D 
multiplex families using TDT (Ladner et al. 2005). Since then, association of 
the 1858C-T polymorphism with T1D has been replicated in several studies 
(Smyth et al. 2004; Qu et al. 2005; Zheng et al. 2005; Hermann et al. 2006), 
and consequently, PTPN22 is considered to be the fourth confirmed T1D 
susceptibility locus to date.  

 The effect of PTPN22 is not T1D specific. It seems to affect autoimmunity 
on a more general level because, in addition to T1D, the 1858C-T 
polymorphism has shown association with many other autoimmune diseases, 
such as RA (Begovich et al. 2004; Gregersen et al. 2005), SLE (Kyogoku et al. 
2004; Reddy et al. 2005), Grave’s disease (Smyth et al. 2004; Velaga et al. 
2004) and generalized vitiligo(Canton et al. 2005).  

 The 1858C-T polymorphism is currently the best candidate for a causal 
variant in the PTPN22 region. The efforts to resequence the PTPN22 gene have 
not discovered polymorphisms that are more strongly associated with T1D or 
RA than 1858C-T (Begovich et al. 2004; Bottini et al. 2006), but there is 
evidence for association with a non-1858T haplotype in RA (Carlton et al. 
2005).  

 The disease-predisposing 1858T allele encodes Trp (W) at codon 620 
(LYP*W620 protein), and it is a gain-of-function variant. LYP*W620 
suppresses T cell receptor (TCR) signaling much more efficiently than 
LYP*R620 due to its significantly better functional capacity as a phosphatase 
(Vang et al. 2005). The more efficient suppression of TCR signaling that the 
W620 variant mediates has been hypothesized to result in increased positive 
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selection of T cells with moderate self-affinity towards MHC in the thymus and 
thus a higher disease risk (Bottini et al. 2006). 

 

 

1.3.3.5 IDDM9 

 

Linkage to the 3q21-q25 region was first detected in genome-wide linkage 
studies (Davies et al. 1994; Mein et al. 1998) and it was given the IDDM9 
designation. The strongest linkage evidence found in these studies, albeit only 
suggestive, was seen in sample sets stratified by HLA or sex. A LOD score of 
1.9 was seen in sibling pairs sharing two HLA alleles IBD (Davies et al. 1994) 
and a LOD score of 2.4 in 126 HLA-identical (DR3/DR4) UK sibling pairs 
(Mein et al. 1998). Furthermore, a LOD score of 2.0 was detected in the female 
sibling pairs of the aforementioned UK dataset (Paterson et al. 1999). The 
published genome-wide association scans for type 1 diabetes have not reported 
an association reaching moderate or genome-wide significance level at the 
3q21-q25 region (Hakonarson et al. 2007; (WTCCC) 2007).  

 In addition to T1D, linkage evidence to the IDDM9 region has been found in 
other autoimmune diseases. A linkage scan of 308 European Caucasian sibling 
pairs with rheumatoid arthritis (RA) found linkage in the 3q21 region with 
marker D3S3576 (p=0.0001) (Cornelis et al. 1998). Additionally, a scan of 229 
multiplex systemic lupus erythematosus (SLE) families stratified by different 
SLE autoantibodies found linkage to region 3q21 in families positive for anti-
La/SSB (p=1.9E-6) (Ramos et al. 2006). The 3q21 region has also been 
implicated in linkage scans of psoriasis (Enlund et al. 1999), asthma and atopic 
dermatitis (Lee et al. 2000; Kurz et al. 2005). While these are not autoimmune 
diseases as such, they are common disorders with complex inheritance and 
erratic function of the immune system and potentially could share susceptibility 
genes with autoimmune diseases. These findings suggest that the 3q21 region 
could harbor a gene or genes involved in the production of autoimmunity and 
modulation of the immune system but the proof of its involvement with T1D 
susceptibility is still only suggestive.  
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1.3.3.6 Other susceptibility loci 

 

In addition to the four confirmed T1D susceptibility loci, linkage evidence at or 
near the genome-wide significance level have been accumulated for at least 
three other loci (2q31-q33, 10p14-q11 and 16q22-q24) (Concannon et al. 
2005). The IDDM7-IDDM12 region at 2q31-q33 contains the confirmed locus 
IDDM12 with association to the CTLA4 gene, but this region is hypothesized 
to contain an additional susceptibility locus or loci. This assertion is based on 
the stronger familial clustering observed by regional linkage analysis (λs~1.19) 
than the CTLA4 gene association alone (λs~1.01, predicted from the odds 
ratios 1.1-1.2) (Concannon et al. 2005). 

 The IDDM10 region at 10p14-q11 has shown suggestive linkage in several 
studies, although some of the datasets used in these studies are partially 
overlapping (Davies et al. 1994; Reed et al. 1997; Mein et al. 1998) 
(Concannon et al. 1998; Cox et al. 2001). The same theory mostly applies also 
to the 16q22-q24 region, although significant proof has been reported for this 
region (Mein et al. 1998; Cox et al. 2001; Concannon et al. 2005). Few follow-
up studies have been performed at these regions even though consistent linkage 
evidence suggests that the IDDM10 and 16q22-q24 regions harbor a true T1D 
susceptibility gene.  

 The other previously reported non-HLA T1D susceptibility loci that are not 
mentioned above (Table 1) have not reportedly shown consistent evidence for 
linkage in follow-up studies (Concannon et al. 2005). This is probably due to 
initially false positive linkages or perhaps the alleged susceptibility loci at 
these regions have very small effect on the overall risk and have therefore 
remained undetected in the linkage scans.      
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2. AIMS OF THE STUDY 

 

 

To find genetic loci outside the HLA region that affect T1D susceptibility in 
the Finnish population. This will be achieved by analyzing selected, previously 
suggested, non-HLA susceptibility loci for linkage to T1D in the Finnish 
population. 

 

  

To further analyze the regions that in the first stage showed nominal or 
stronger linkage to T1D by narrowing the linked region sufficiently for 
association studies to be feasible.  

 

 

To examine alleged interaction between confirmed and suggested T1D 
susceptibility loci and utilize this to decrease genetic heterogeneity in the 
sample set in order to increase statistical power for linkage and association 
analysis. 
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3. SUBJECTS, MATERIALS AND METHODS 

 

3.1 Subjects 

 

The multiplex T1D families with multiple affected siblings and parents (when 
available), as well as the simplex families with one affected child and parents, 
were collected within the project called Genetics of Type 1 Diabetes in Finland 
and The Finnish Pediatric Diabetes Registry. 

 The index cases of these families as well as the sporadic T1D subjects used 
in publication III were diagnosed with the typical ketosis-prone T1D and 
collected from all university hospitals and several central and regional hospitals 
in Finland. Samples representing the background population were taken from 
consecutively born children participating in the Finnish Type 1 Diabetes 
Prediction and Prevention Study (DIPP) at Turku, Oulu and Tampere 
university hospitals. All subjects with T1D were diagnosed under the age of 15 
years, according to the WHO criteria. The studies were approved by the Ethics 
Committees of the participating hospitals and informed consent was obtained 
from the study subjects and/or their parents. 

 The 107 multiplex T1D families used in the study reported in the publication 
I were included in the 121 families used in the 3q21 region mapping 
(publication II). In addition, the 348 simplex families used in publication II 
were included in the 612 simplex families used in the publication IV. 

 

 

3.2 Materials 

 

Genomic DNA for family samples and for some of the case-control cohort 
samples were extracted from the whole blood using the salting-out method 
(Miller et al. 1988). A circle of dried blood spot on a filter paper was used 
directly in the PCR as a genomic DNA template for genotyping some of the 
insulin gene region case-control samples. The blood spot was first incubated 
with sodium hydroxide and then neutralized with a Tris-Cl buffer. 20 µl of 
extract containing genomic DNA was transferred into the amplification 
mixture. 
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3.3 Methods 

 

3.3.1 Microsatellite genotyping 

 

The primer sequences for the 23 microsatellite markers used in publication I 
and the 22 microsatellite markers used in the publication II were obtained from 
the original papers or electronic databases. Microsatellite markers were 
amplified using fluorescence-labelled PCR primers. Fluorescent labels FAM-6, 
HEX and TET representing the respective pseudo-colors blue, yellow and 
green were attached to the 5’ end of the forward primer. The PCR reactions 
were performed using Hybaid Touchdown and Bio-Rad Tetrad thermal cyclers 
in 96-well plates (Robbins CyclePlate) in a 10 µl volume containing 0.2 U of 
the Dynazyme II DNA polymerase (Finnzymes Oy). 

 Automated sequencers ABI 310 Genetic Analyzer (Applied Biosystems, 
Foster City, CA, USA) and MegaBace 1000 (Amersham Biosciences, 
Buckinghamshire, UK) were used for electrophoresis and the GENOTYPER 
(Reed et al. 1994) software for ABI and the GENETIC PROFILER software 
for MegaBace were used for scoring the genotypes.  

 

 

3.3.2 SNP genotyping 

 

Genotyping for the SNP markers MspI-2221, HphI-23 and CTLA4+49 was 
performed using various methods. Genotyping of MspI-2221 in publications I, 
III and IV and genotyping of CTLA4+49 in publication I were performed using 
Europium-labelled oligonucleotide probes specific for both alleles in each 
SNP. The allele-specific probes were hybridised with a PCR-amplified gene 
segment in separate wells of a microtitration plate and detected with time-
resolved fluorometry using a Victor 1420 fluorometer (PerkinElmer Wallac 
Oy, Turku, Finland) as described earlier (Sjöroos et al. 1995). 

 With the exception of the Swedish samples from Malmö in publication IV, 
which were analysed using the PCR-RFLP method, all HphI-23 genotyping 
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was performed using allele-specific Europium-labeled and Terbium-labeled 
oligonucleotide probes that were hybridised with a PCR-amplified gene 
segment in the same well of a microtitration plate. The detection of the alleles 
was performed in the same manner as in the MspI-2221 method. 

 

 

3.3.3 Statistical analysis and software 

 

Two-point and multipoint allele sharing and the corresponding maximum LOD 
scores given by the likelihood-ratio test in publications I and II were calculated 
using the MAPMAKER/SIBS program (Kruglyak et al. 1995). Dominance 
variance was allowed and the sharing probabilities were restricted to a possible 
triangle to increase the power of the likelihood-ratio test (Faraway 1993; 
Holmans 1993). λS-values for each marker were obtained by dividing the 
expected proportion of 0-sharing siblings in the case of no linkage (0.25) with 
the observed proportion (Risch 1987). 

 In publications I and II, a transmission/disequilibrium test (TDT) was used 
for detecting association in the multiplex and simplex families. In publication I, 
the ETDT software was used for calculating global corrected allele-wise p-
values for each marker (Sham et al. 1995). In publication II, the TDTPHASE 
program of the UNPHASED software package (Dudbridge 2003) was used. 
Only unambiguous transmissions of alleles were calculated, no EM estimation 
of uncertain allele transmissions was used.  
 Power calculations for ASP and TDT analysis used in publication II were 
based on articles by Risch (Risch 1990) (ASP) and Risch and Merikangas 
(Risch et al. 1996) (TDT). A spreadsheet by Dave Curtis (POWTEST, 
http://www.smd.qmul.ac.uk/statgen/dcurtis/software.html) using formulas 
presented in the aforementioned publications was used for obtaining the 
specific power to detect linkage or association in our data set. POWTEST 
requires the user to set only lambda-s and the number of samples in ASP, and 
the genotype relative risk (GRR), population frequency of the disease allele 
and sample size in TDT. For the ASP calculations, a fully informative marker 
and θ=0 was assumed. In the TDT calculations, the actual disease 
polymorphism or a marker with complete LD to the disease gene allele was 
assumed to be analyzed. 
 The Powermarker software (Liu et al. 2005) was used for assessing multi-
allelic D’ LD values (Zaykin et al. 1995) used in publication II.  
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 In order to create affected-family-based artificial controls (AFBAC) 
(Thomson 1995) for the Finnish dataset in publication IV, the 612 Finnish T1D 
simplex families were haplotyped using the GENEHUNTER 2.0 software 
(Kruglyak et al. 1996). AFBACs were created so that in each family, the 
parental haplotypes not transmitted to the affected child were considered to 
belong to the AFBAC group and the transmitted haplotypes were considered as 
cases. The families were tested for inconsistencies between the parents and 
offspring with the PEDCHECK (O'Connell et al. 1998) program. Families 
showing possible non-paternity were removed from the AFBAC analysis. 
 
 
 
3.3.4 Stratification 
 
 
Genetic variability of disease etiology in complex diseases (locus and allele 
heterogeneity) causes loss of power in linkage and association analyses. In an 
attempt to compensate for this problem, sample sets were stratified according 
to their risk or protective genotypes in two known T1D susceptibility loci: the 
HLA and IDDM2 regions. Different HLA or IDDM2 susceptibility alleles or 
haplotypes could be associated with different disease mechanisms behind T1D 
etiology and thus stratifying samples according to them could increase 
statistical power to detect linkage or association. 
   
Publication I: 
Sibling pair families were stratified according to the HLA-DQB1 risk alleles 
DQB1*02 and DQB1*0302. Due to the limited number of families available in 
the studies (107), conditioning was restricted to two strata, where a reasonable 
number of families were available (>30), affected siblings sharing genotypes 
DQB1*0302/x (x≠DQB1*02) and DQB1*02/DQB1*0302. Families were also 
stratified according to sharing of alleles at the HLA-DQB1 locus to reveal non-
allele-specific HLA-dependent linkages at other susceptibility loci. Families 
sharing two HLA-DQB1 alleles identical by state (IBS2, n=66) and families 
sharing one or zero HLA-DQB1 alleles IBS (IBS1,0, n=37) were analyzed 
separately.  
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Publication II: 

Both data sets (multiplex and simplex) were stratified into six groups according 
to the HLA-DQB1 and INS HphI -23 genotypes. Affected children were 
genotype-identical in each group within and between families.  

HLA groups: HLA-DQB1*02/HLA-DQB1*0302, HLA-DQB1*02/X 
(X≠DQB1*302), HLA-DQB1*0302/X (X≠DQB1*201) and sibling pairs with 
other genotypes (non-DQB1*02/non-DQB1*0302).  

INS groups: those carrying the risk genotype AA and those carrying the 
protective genotypes AT or TT. 

 

 

Publication III: 

HLA genotypes were divided into three groups according to the disease risk 
they convey:  

High risk genotypes (OR>5.0) included 

DQA1*05-DQB1*02/DRB1*0401/2/5-DQB1*0302 and  

DRB1*0401-DQB1*0302/x (x ≠ DQB1*02, *0301, *0602, *0603).  

Moderate risk (OR between 1.0 and 5.0) genotypes included  

DQA1*0201-DQB1*02/DRB1*0401/4-DQB1*0302,  

DQA1*05-DQB1*02/DRB1*0402/3/8-DQB1*0302,  

DQB1*0301/DRB1*0401/5-DQB1*0302,  

DRB1*0401-DQB1*0302/DRB1*0404-DQB1*0302,  

DRB1*0401-DQB1*0302/DRB1*0402-DQB1*0302,  

DRB1*0404-DQB1*0302/x (x ≠ DQB1*02, DQB1*0301,  

DQB1*0602, DQB1*0603),  

DRB1*0401/5-DQB1*0302/DQB1*0603,  

DQA1*05-DQB1*02/x (x ≠ DQA1*0201-DQB1*02, DQB1*0301, 
DQB1*0602, DQB1*0603).  

All other genotypes were associated with OR < 1.0 and considered to be low 
risk genotypes. 
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4. RESULTS AND DISCUSSION 

 

4.1 Several non-HLA loci show nominal evidence for linkage to type 1    
  diabetes in the Finnish sample set (Publication I). The 3q21 region   
  shows  evidence for linkage to and association with type 1 diabetes    
  (Publication  II). 
 

The Finnish multiplex dataset (107 T1D families) was analyzed using 24 
genetic markers in 12 previously reported susceptibility regions (Table 3.). 
With the exception of the HLA region, no significant or suggestive linkage 
evidence (LOD 3.6 and 2.2, respectively (Lander et al. 1995)) was seen in the 
non-HLA-stratified dataset. Marker D3S3576 in the IDDM9 region was the 
only non-HLA marker that reached the nominal interval-wide significance 
level of p≈0.01 (Lander et al. 1995) (MLS=1.05) in the non-stratified dataset. 

 The lack of significant or suggestive linkage findings was not unexpected 
since the T1D susceptibility loci outside the HLA region are likely to have 
recurrence risk ratios for siblings (λs) smaller than 1.4 (Cox et al. 2001) and the 
expected maximum LOD score for 100 families is 0.96 if λs=1.4 is assumed 
(Hauser et al. 1996). The statistical power in our 107 families should not differ 
significantly from that expectation. In fact, to gain even suggestive MLS values 
(2.2) with 100 families, a λs of ~2.0 or higher has to be assumed for the studied 
susceptibility locus (Hauser et al. 1996). Since the majority of T1D loci outside 
the HLA region most likely have λs smaller than 2.0, we should not expect to 
find suggestive evidence for linkage in our data set. Also the single-marker 
strategy in some of the studied loci makes the analysis more vulnerable to 
variation in marker informativity and subsequent loss of power. 

 One potential way to overcome the problem of limited statistical power 
caused by a small sample set is to decrease the genetic heterogeneity of the 
sample set by stratifying it according to known sources of genetic 
heterogeneity.  

 Using HLA-stratified datasets, MLS reaching nominal 1.1 over the 
unstratified LOD scores were seen in three loci. The multipoint maximum 
LOD score (MMLS) increased from 0.6 to 2.0 at CTLA4 (AT)n when siblings 
identical by state for two HLA-DQB1 alleles (IBS2) were analyzed. 
Additionally, MMLS increased from 0.7 to 1.1 at D18S64 and from 0.4 to 1.3 
at D12S313 in the DQB1*302/x dataset (Table 3). 
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 Four loci showed linkage in the presence of association (TDT performed in 
ASP families with all available siblings) in the unstratified data set and also 
when stratified by HLA (Table 4.). The highest increase in significance when 
stratified datasets were compared with the complete dataset was detected at 
IDDM12 in microsatellite CTLA4 (AT)n, where a global p-value (combined 
significance of all alleles) of 0.0006 was detected in the IBS2 stratified dataset. 
MspI –2221 at IDDM2 had a p=0.0094 in the 302/x stratified dataset, and 
p=0.01 in the 2/302 stratified dataset (p=0.03 in the complete dataset). Finally, 
the IDDM6 marker D18S64 gave a p-value of 0.0037 in the IBS1,0 dataset 
where siblings identical by state for one or zero HLA-DQB1 alleles were 
studied (p=0.46 in the complete dataset). 

 In addition to the already established linkage and association of type I 
diabetes with HLA and insulin gene regions in Finnish population, we found 
evidence for linkage in four additional suggested T1D susceptibility loci: the 
12q12-q15 region, IDDM6, IDDM12 and IDDM9. 

 The proof for the interferon gamma (IFNG) region at 12q12-q15 has been 
accumulated from candidate gene association studies (Pociot et al. 1997; 
Jahromi et al. 2000; Tegoshi et al. 2002). We cannot say if the nominal linkage 
we observed for marker D12S313 in the 302/x stratified group is a false 
positive or reflects an actual finding. Recent type 1 diabetes genome-wide 
association study ((WTCCC) 2007) has found an association reaching genome-
wide significance level at 12q13 in gene ERBB3. This finding could account 
for the linkage evidence found in our study. 

 IDDM6 has been mapped to 18q12-q21. The region around microsatellite 
marker D18S487 has shown varying levels of linkage and association to T1D 
in different populations (Merriman et al. 1997), including a sample of 104 
simplex families from Finland (Merriman et al. 1998). The marker studied 
here, D18S64, was chosen based on a whole genome scan of 96 UK families 
(Davies et al. 1994). As D18S64 is ~10cM away from the D18S487 region, it 
is not optimal for confirming the association in the IDDM6 region, but it shows 
nominal linkage (MLS=1.1) to the 18q12-q21 region in the 302/x data set. In a 
genome scan of 356 UK ASPs, a LOD score of 3.2 was obtained with the 
DR4/x stratified group, while an unstratified cohort gave a LOD score of 1.2, 
thus suggesting DR4-dependent HLA interaction at IDDM6 (Lander et al. 
1995). Our results are concordant with these findings since HLA-DQB1*0302 
is found only in the DR4 haplotype, and more than 90% of DR4 haplotypes 
found in diabetic children are HLA-DQB1*0302-positive (Reijonen et al. 
1990). A recent meta-analysis of several linkage studies in the UK, US and 
Scandinavian populations that combined data from 1435 T1D families 
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(Concannon et al. 2005) did not find significant or suggestive linkage proof for 
the IDDM6 region. They concluded that the reason for the lack of reproduction 
of previous findings was that they were false positives or that the alleged 
susceptibility locus that the IDDM6 region harbors has a very small effect on 
the overall risk and thus is undetectable due to etiologic heterogeneity in 
different populations.     

 IDDM12 is currently considered a confirmed T1D susceptibility locus which 
has been mapped to a 6.1 kb region at the 3’ end of the CTLA4 gene (Ueda et 
al. 2003). We found relatively strong linkage to and association with T1D with 
the CTLA4(AT)n marker in the IBS2 group. We added four microsatellites and 
one SNP to a 3.6 cM region around the CTLA4(AT)n but the CTLA4(AT)n 
remained the most strongly linked (Figure 1) and associated (Table 4) marker 
in the region, which is consistent with the fact that it is located close to the 
associated region at the 3’ end of the CTLA4 gene. Whether the linkage and 
association observed solely in the IBS2 group reflects possible interaction with 
the HLA locus is unclear. A chance event in unintentionally selecting the 
linked families to the IBS2 group could explain the results. 

 Since IDDM9 was the only region in addition to the HLA region that 
showed significant linkage in the unstratified dataset, three additional markers 
around D3S3576 were genotyped. The MMLS curve reveals a broad peak 
which tops between D3S3576 and the CD86 gene (Figure 2). CD86 is involved 
in T cell co-stimulation with CTLA4 and therefore is a good T1D candidate 
gene. An association study of two CD86 SNPs in the Finnish population 
showed no association with T1D (Turpeinen et al. 2002) implying that CD86 is 
not involved in T1D etiology. On the other hand these two markers cover only 
a fraction of genetic variation present at the CD86 gene.  

 The variation in MMLS at the admittedly short span around CD86 that these 
markers cover is very small and therefore a larger linkage study with 22 
microsatellite markers covering a 60 cM region around the reported IDDM9-
region was performed. The 121 Finnish T1D multiplex families used 
comprised the original 107 families. 
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Table 3.  Single and multipoint maximum LOD scores in total and stratified 
data sets (LOD scores ≥ 1.0 are bolded). Data for 2/302 and IBS1,0 are not 
shown due to the lack of significant results. A multipoint test was used to 
derive LOD scores from IDDM2, 9 and 12. 
 
 
 
 
 
 
 

Locus Location Marker  

 

 MLS  

HLA-
DQB1

 
302/x  

IBS 2 
 

HLA-share 

    
 

      

      %IBD PIC λs n=107 %IBD n=34 %IBD n=66 
IDDM1 6p21.3 DQB1 76.8 0.71 3.7 10.8     
    D6S273 77.2 0.74 3.14 8.8     
    TNFa 72.2 0.34 2.19 8.2     
    TNFb 68.1 0.78 1.92 3.3     
    TNFc 67.8 0.68 3.48 1.7     
IDDM2 11p15.5 TH 50 0.75  0     
    MspI –2221 52.3 0.14 1.1 0     
IDDM4 11q13 FGF3 50 0.73  0     
IDDM5 6q25 ESR 50 0.84  0     
IDDM6 18q21 D18S64 57.2 0.73 1.29 0.7 65.7 1.1   
IDDM9 3q21-q25 D3S1303 56.8 0.80 1.28 0.8     
    D3S3620 57.2 0.71 1.21 1.0     
    D3S3576 57.6 0.63 1.27 1.0     
    D3S1269 57.2 0.81 1.30 0.8     
IDDM10 10p11-q11 D10S193 57.2 0.77 1.41 0.7     
IDDM12 2q33 D2S2392 52.4 0.83 1.10 0.17     
    D2S116 53.5 0.76 1.16 0.15   58.7 1.0 
  CTLA4 +49 54.0 0.37 1.13 0.32   61.0 1.6 

    
CTLA4 
(AT)n 55.7 0.73 1.29 0.56   62.4 2.0 

    D2S2189 54.7 0.54 1.23 0.27   62.0 1.8 
    D2S1384 54.4 0.72 1.17 0.23   62.1 1.8 
IFNG 12q15 D12S313 54.3 0.81 1.09 0.4 64.5 1.3   
Chr 1 1q42 D1S1617 53.2 0.80 1.07 0.2     
Chr X Xp11.21 DXS991  0.78  0.6     
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Table 4. Global ETDT p-values using an allele-wise test in complete and stratified 
data sets. (p-values ≤ 0.05 are presented in bold) 
 
 

Locus Location Marker 

ETDT 
  

 

HLA-DQB1
 

302/x 

HLA-DQB1
 

2/302 

IBS 1,0 
 

HLA-share 

IBS 2 
 

HLA-share 

   p-value p-value p-value p-value p-value 

       n=107 n=34 n=39 n=37 n=66 

IDDM1 6p21.3 DQB1 <1.0E-7     

    D6S273 1.3E-4     

    TNFa 2.9E-4     

    TNFb 0.11     

    TNFc 0.15     

IDDM2 11p15.5 TH 0.35     

    MspI 0.03 0.0094 0.01   

IDDM4 11q13 FGF3 0.53     

IDDM5 6q25 ESR 0.03     

IDDM6 18q21 D18S64 0.46   0.0037  

IDDM8 6q27 D6S264 0.51     

IDDM9 3q21-q25 D3S1303 0.14     

    D3S3620 0.53     

    D3S3576 0.13     

    D3S1269 0.02  0.02   

IDDM10 
10p11-

q11 D10S193 0.43     

IDDM12 2q33 D2S2392 0.78     

    D2S116 0.21  0.05   

  CTLA4 +49 0.74     

    CTLA4(AT)n 0.03    0.0006 

    D2S2189 0.30     

    D2S1384 0.14    0.05 

IFNG 12q15 D12S313 0.21     

Chr 1 1q42 D1S1617 0.93     

Chr X Xp11.21 DXS991 0.07     
 
 

39 



RESULTS AND DISCUSSION 

cM

MMLS

D2S2392

D2S116

C
TLA-4

D2S2189

D2S1384

0.0

0.5

1.0

1.5

2.0

2.5

IBS 2

1.20.30.31.8

All families

 
 
Figure 1. Plot of multipoint maximum LOD scores at the CTLA-4 region. The 
distance between markers across the map on the y axis is shown in cM.  
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Figure 2. Plot of multipoint maximum LOD scores at the IDDM9 region. The distance 
between markers across the map on the y axis is shown in cM. Location of the CD86 
gene is indicated by a vertical dashed line. 
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Figure 3.  

Plot of multipoint (bolded line) and two point (dashed line) maximum LOD 
scores in the complete data set of 121 Finnish T1D multiplex families.  
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Table 5. Transmission of AFM203wd10 alleles in simplex families with 
affected and healthy children and after stratification for the insulin gene HphI -
23 AA and AT/TT genotypes. 

 

Affected sibs     

Allele Transmitted Not transmitted Transmission % chisq p-value 

R15 69 114 37.7 11.18 0.0008 

R16 116 66 63.7 13.91 0.0002 

R17 2 7 22.2 2.94 ns 

      

Healthy sibs     

Allele Transmitted Not transmitted Transmission % chisq p-value 

R15 62 67 48.1 0.19 ns 

R16 65 63 50.8 0.03 ns 

R17 4 1 80 1.93 ns 

      

HphI -23 
AA      

Allele Transmitted Not transmitted Transmission % chisq p-value 

R15 48 88 35.3 11.94 0.0005 

R16 91 46 66.4 15.06 0.0001 

R17 1 6 14.3 3.96 0.05 

      

HphI -23 
AT/TT      

Allele Transmitted Not transmitted Transmission % chisq p-value 

R15 19 23 45.2 0.38 ns 

R16 22 18 55 0.40 ns 

R17 1 1 50 0 ns 
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Two extensive and distinct regions of above nominal linkage (MMLS≥1.2) 
were found. The centromeric region was defined by markers D3S1302 and 
D3S1572 with the peak two-point LOD score at D3S1572 (MLS=1.4) and the 
peak multipoint LOD score between markers D3S1302 and D3S1572 
(MMLS=1.3). The distal region was defined by markers D3S1551 and 
D3S3606, with the highest two-point LOD scores at D3S1589 (MLS=3.3) and 
D3S3606 (MLS=2.5), and the highest multipoint LOD scores at D3S3606 
(MMLS=2.2) and D3S1589 (MMLS=1.8). None of the HLA or HphI-23 
stratified datasets revealed stronger linkage than the complete dataset.  

 The linkage findings reported here provide the strongest linkage evidence 
discovered thus far for T1D susceptibility at the 3q region. Suggestive LOD 
scores approaching genome-wide significance were observed with markers 
separated by 1.2 Mb (D3S1589, D3S3606). The drastic drop in LOD scores 
between D3S1589 and D3S3606 can be explained by the low heterogeneity of 
intervening markers AFM203wd10 and D3S3584, which have polymorphic 
information content (PIC) values of 0.37 and 0.57, respectively, compared to 
the PIC values of 0.68 and 0.83 for D3S1589 and D3S3606, respectively. 
These differences in marker informativity can cause 1.5-4.5-fold differences in 
the power to detect linkage (Risch 1990). In contrast to earlier studies, we 
could not find any clear evidence for HLA-dependent linkage in our data. Even 
though this does not rule out the possibility of interaction between the loci, it 
implies that HLA has no major modifying effect on the susceptibility conferred 
by the alleged 3q21 T1D locus. 

 Additional evidence for this interval was found in the TDT analysis using an 
independent sample set of 348 Finnish simplex T1D families. The 
microsatellite marker D3S3584 has only three alleles in the Finnish population 
and AFM203wd10 has effectively only two alleles which make them better 
suited for the TDT analysis than the more multiallelic microsatellites used in 
the linkage studies. These markers were specifically chosen for the TDT 
analysis because of their location within the strongest linkage peak.  

 D3S3584 did not show association with T1D, but significant association was 
found with AFM203wd10. Allele-wise significance for AFM203wd10 alleles 
R15 and R16 were p=0.0008 and p=0.0002 respectively using the TDTPHASE 
program (Table 5). Data sets stratified by the HLA genotypes did not show 
significantly increased or decreased transmission when compared to the 
complete data set or each other. The data set stratified by the HphI -23 T1D 
risk genotype AA showed a somewhat increased association when compared to 
the complete dataset (Table 5), but the difference was not significant. In 
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contrast, the combined dataset of the protective HphI -23 AT/TT genotypes did 
not show significant transmission disequilibrium (Table 5). 

 The associated marker AFM203wd10 is located 530kb distal to the most 
strongly linked marker D3S1589, and D3S3584 is located 700kb further 
downstream. D3S3584 did not show association, thus providing a suggestive 
distal limit for the associated region. Since D3S1589 is not well suited for 
association analysis due to its larger number of alleles, a set of SNPs around 
AFM203wd10 should be analyzed in an attempt to provide the centromeric 
limit for the associated region and to confirm the initial finding with 
AFM203wd10.  

 Association was not present in families stratified by the dominantly 
protective effect of the IDDM2-marker HphI -23 T allele positive haplotypes. 
In contrast, in the families homozygous for the predisposing A allele, an 
association of the same magnitude as in the complete data set was seen. This 
finding would suggest interaction between the 3q21 region and the insulin gene 
region in T1D etiology although the HphI -23 AT/TT stratified data set is fairly 
small and is therefore lacking the statistical power to make definite claims 
about possible interaction between these two loci.  

 Although our sibling pair dataset is underpowered to detect linkage in loci 
with weak or modest effect, the fact that we found an association in an 
independent simplex dataset with sufficient power to detect moderate to weak 
effects in TDT with observed significance argues against arbitrary causes 
explaining the linkage found at 3q21.  

 A spurious association could result from segregation distortion (Spielman et 
al. 1993) where the transmission ratio is distorted from the null hypothesis of 
50% at the whole-population level. However, we performed the TDT with 212 
healthy siblings of the affected children used in the TDT analysis, and no 
association was present, which excludes transmission ratio distortion as the 
source of association.  

 Before any definitive claims can be made about the role of the 3q21 locus in 
T1D etiology, more replication studies are needed. Due to the power 
limitations attached to the affected relative pair linkage methods, future efforts 
in confirming the finding and subsequently fine mapping the alleged locus 
should be directed primarily to the association methods using SNP markers. 
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4.2 Evidence for IDDM2 disease risk modulation by VNTR subclasses and 
  various HLA genotypes (Publications IV and III). 
 

The possible effect of the HLA class II genotypes upon the IDDM2 risk was 
analyzed by genotyping the VNTR class I and III associated MspI-2221 INS 
gene polymorphism in a Finnish case-control sample set of 1331 T1D children 
and 2222 controls and stratifying the cohorts according to the HLA risk they 
confer (Publication III).  

 As expected, there was a significant difference in the distribution of the 
MspI–2221 genotypes between patients and controls (Chi square 79.119, df=2, 
P<0.0001, OR=2.1 for the predisposing CC genotype) (Table 6). The VNTR 
class I homozygosity-associated CC genotype was slightly more common 
among diabetic children in the combined group of those with moderate or low 
HLA-associated risk than among diabetic children with high HLA-associated 
risk (Chi square 4.957, P=0.048) (Table 6). The distribution of the MspI-2221 
genotypes differed significantly between the affected children with high-risk 
HLA genotypes and the combined group of affected children carrying low or 
moderate-risk HLA genotypes (Chi square 8.257, p=0.0126) (Table 6). No 
significant differences in the MspI-2221 genotypes were seen when healthy 
children with various HLA genotypes were compared. 

 We also compared the frequency of the INS gene genotypes in children with 
specific HLA risk alleles. Although the CC genotype was slightly more 
common among diabetic children with (DR3)-DQA1*05-DQB1*02 as the only 
risk-conferring haplotype (107/122, 86.3%) than in children with DRB1*04-
DQB1*0302 as the only risk conferring haplotype (500/616, 81.2%), the 
difference remained non-significant.  

 Our data based on large numbers of children with T1D and healthy control 
children confirm the effect of an INS gene polymorphism on the risk for T1D 
but fail to suggest any specific interactions between the HLA risk alleles and 
the INS gene alleles. The effect of the MspI–2221 polymorphism was clear in 
all major HLA risk genotypes, although the effect was slightly stronger in 
children with low or moderate HLA-associated risk. According to the results 
presented here, the MspI–2221 INS polymorphism could be used as an 
additional risk predicting marker in subjects irrespective of their HLA 
genotypes. On the other hand since the MspI-2221 represents only poorly the 
multitude of haplotypes present at the IDDM2 region and its alleles are not in 
complete LD with VNTR classes I and III, possible interaction between the 
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HLA region and IDDM2 will have to be elucidated in a larger study, taking 
into account the diversity of the IDDM2 risk and protective haplotypes. 

 For this task, another insulin gene polymorphism strongly associated with 
T1D risk was analyzed. We developed a high-throughput test for the detection 
of the HphI-23 polymorphism and analyzed it together with MspI-2221 in the 
Finnish and Swedish datasets (Publication IV). The VNTR class I associated 
MspI-2221 C allele is also present in the protective class III haplotype, but 
HphI-23 alleles A and T are effectively in complete LD with VNTR classes I 
and III respectively. This allows more efficient use of HphI-23 as a VNTR 
surrogate marker. Analyzing HphI-23 instead of MspI-2221 could enhance the 
sensitivity and specificity of IDDM2 in the T1D risk estimation. In addition, 
since the VNTR class III subclasses IIIA and IIIB can be distinguished by 
respective MspI-2221 – HphI-23 haplotypes T-T and C-T, and if disparity in 
the levels of the protective effect from class III subclasses IIIA and IIIB exists, 
analyzing both markers would enable subclass separation and further enhance 
the accuracy of the T1D risk estimation.  

 As expected, MspI-2221 and HphI-23 were both associated with diabetes 
risk in Finland and Sweden (Table 7). The Finnish and Swedish populations 
did not show significant disparity in the odd ratios (OR) associated with the 
protective genotypes of the two SNPs. The VNTR class III homozygote (TT 
for both SNPs) showed a stronger protective effect than the heterozygote in 
both SNPs. This was true for both populations. The differences between the 
protective effects for the heterozygote and homozygote were significant in the 
combined data sets of the Finnish and Swedish samples (p=0.01, OR=2.53 for 
the MspI-2221, p=0.02, OR=1.87 for the HphI-23).  

 The risk genotypes of the two SNPs were significantly more common in 
Finland than in Sweden in both patients and controls, although the difference 
was slightly more pronounced among the controls (p=0.003 and 0.0003 for 
patients and controls respectively in MspI-2221, p=0.0003 and 0.0001 
respectively in HphI-23). The combined homozygous protective genotype was 
twice as common in Sweden. 

 The combined MspI-2221 – HphI-23 genotypes and derived VNTR 
genotypes for patients and controls are shown in Table 8. As expected, the only 
genotype showing increased risk for T1D was VNTR class I/I genotype CC-
AA. The VNTR subclass IIIA homozygote showed the strongest protection for 
T1D in both populations; the odds ratios were 0.21 and 0.18 respectively for 
Finland and Sweden. The IIIA/IIIA homozygote demonstrated a noticeably 
stronger protective effect than the I/IIIA heterozygote in both populations and a 
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significantly stronger effect when the combined dataset was analyzed (Table 
9). The IIIB/IIIB genotype was rare in both populations and therefore the 
difference between the effects of the subclass IIIB heterozygote and subclass 
IIIB homozygote could not be tested reliably, but the comparison in the 
combined datasets seems to suggest that subclass IIIB conveys a weaker 
protective effect than subclass IIIA (Table 8, Table 9). Further proof of a 
divergence between the protective effects of IIIA and IIIB is the contrast 
between the significant difference observed in the protective effects between 
I/IIIA and IIIA/IIIA and the non-significant and close to neutral difference 
observed between the protective effects of I/IIIA and IIIA/IIIB. Yet more 
evidence for this discrepancy is provided by the clear (although non-
significant) difference observed between the effects of IIIA/IIIB and IIIA/IIIA 
(OR=1.83) (Table 9.). 

 The common IDDM2 region lineages containing VNTR subclasses IIIA and 
IIIB are sometimes referred to as protective (PH) or very protective (VPH) 
haplotypes, respectively. Naturally, the haplotypes are named for the 
differences they have been observed to confer upon T1D protection (Bennett et 
al. 1995). Conversely to these previous findings, our data suggest a stronger 
protective effect for the more common subclass IIIA (PH) instead of the IIIB 
(VPH). The effect appears to be genotype-specific since the significance is due 
to the strong protective effect of the IIIA/IIIA genotype when it is compared to 
other genotypes containing the class III haplotypes. No significant or otherwise 
striking difference is found when the other class III genotypes are compared 
with each other. The significance of the differences seen in the protective 
effects here can still be considered nominal, especially if the p-values are 
corrected for multiple testing. A comprehensive study combining data from 
five populations did not find significant differences between the effects of PH 
and VPH, but it is not clear from the article if the IIIA/IIIA (PH/PH) 
homozygote was compared with the other genotype combinations (Barratt et al. 
2004). Regardless of this, the fact that the same magnitude and direction of 
protective effects was seen in two independent populations could indicate 
genuine effects and warrants further studies using bigger cohorts and better-
defined IDDM2 haplotypes. The observed variation in the protective effects of 
the different class III genotypes revealed by the subtyping of the class III 
lineages suggests that genotyping both -23HphI and -2221MspI could have 
potential for added specificity and sensitivity in T1D risk estimation in the 
insulin gene region.  

  The risk associated with the MspI-2221 and HphI-23 genotypes was very 
similar in Finland and Sweden even though frequencies of the risk and 
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protective genotypes and alleles differed significantly between the two 
populations. This difference in allele frequencies might contribute to the 
known difference in the incidence of T1D between the two populations (43.9 
for Finland, 25.7 for Sweden) (Green et al. 2001), although a better 
understanding of the magnitude of the effect the IDDM2 locus conveys upon 
T1D morbidity should be gained before definite claims can be made.  
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Table 6. Distribution of the MspI-2221 genotypes among diabetic children and 
healthy controls (consecutively born infants in three cities in Finland). 
(χ2=79.119, df=2, p<0.0001 for the difference in the distribution between 
diabetic children and control genotypes in the combined groups, p=0.0484 for 
the difference in the MspI-2221 CC genotype and p=0.0126 for the difference 
in the distribution of the MspI-2221 genotypes in diabetic children with various 
HLA-associated risk groups). 

 

 All diabetic children and controls 
 T1D Controls 

INS gene genotype N % N % 
CC 1108 83.2 1557 70.1 
CT 211 15.9 607 27.3 
TT 12 0.9 58 2.6 

 1331  2222  
 

 High-risk HLA genotypes (OR >5) 
 T1D Controls 

INS gene genotype N % N % 
CC 535 81.1 110 69.2 
CT 115 17.4 46 28.9 
TT 10 1.5 3 1.9 

 660  159  
 Moderate-risk HLA genotypes (5> OR >1) 
 T1D Controls 

INS gene genotype N % N % 
CC 375 85.4 274 72.7 
CT 64 14.6 94 24.9 
TT 0 0.0 9 2.4 

 439  377  
 Low-risk HLA genotypes (OR < 1) 
 T1D Controls 

INS gene genotype N % N % 
CC 198 85.3 1173 69.6 
CT 32 13.8 467 27.7 
TT 2 0.9 46 2.7 

 232  1686  
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Table 7. Genotype distributions of two single nucleotide polymorphisms in the 
insulin gene region among Finnish and Swedish children with type 1 diabetes 
(T1D) and controls (cont), and respective VNTR genotypes. P values are 
calculated for the difference in genotype distribution between cases and 
controls using the predisposing CC or AA genotypes as a reference (OR = 
Odds ratio. 95% CI = 95% confidence interval). 

 
Finland                

MspI-2221 
VNTR 

genotype T1D % cont % p-value OR 95% CI 
CC I/I or I/III 515 84.8 418 68.9   1.0   
CT I/III or III/III 88 14.5 174 28.7 <1.0E-6 0.41 0.30-0.55 
TT III/III 4 0.7 15 2.5 0.006 0.22 0.06-0.70 
sum  607   607         

           
HphI-23  T1D % cont % p-value OR 95% CI 

AA I/I 483 79.6 362 59.6   1.0   
AT I/III 115 18.9 218 35.9 <1.0E-6 0.40 0.30-0.52 
TT III/III 9 1.5 27 4.4 0.0003 0.25 0.11-0.56 
sum  607   607         

         
Sweden                

MspI-2221  T1D % cont % p-value OR 95% CI 
CC I/I or I/III 272 76.2 454 59.8   1.0   
CT I/III or III/III 80 22.4 261 34.4 7.8E-6 0.51 0.38-0.69 
TT III/III 5 1.4 44 5.8 0.0002 0.19 0.07-0.51 
sum  357   759         

           
HphI-23  T1D % cont % p-value OR 95% CI 

AA I/I 244 68.3 380 50.1   1.0   
AT I/III 101 28.3 310 40.8 1.3E-6 0.51 0.38-0.68 
TT III/III 12 3.4 69 9.1 3.2E-5 0.27 0.14-0.53 
sum  357   759         

          
Finland+Sweden                

MspI-2221  T1D % cont % p-value OR 95% CI 
CC I/I or I/III 787 81.7 872 63.8   1.0   
CT I/III or III/III 168 17.4 435 31.9 <1.0E-6 0.43 0.35-0.53 
TT III/III 9 0.9 59 4.3 <1.0E-6 0.17 0.08-0.36 
sum  964   1366         

           
HphI-23  T1D % cont % p-value OR 95% CI 

AA I/I 727 75.4 742 54.3   1.0   
AT I/III 216 22.4 528 38.7 <1.0E-6 0.42 0.34-0.51 
TT III/III 21 2.2 96 7.0 <1.0E-6 0.22 0.13-0.37 
sum  964   1366         
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Table 8. Combined genotypes for MspI-2221 and HphI-23 and their effect on 
diabetes risk in the Finnish, Swedish and combined populations. The VNTR 
genotypes are deduced from the MspI-2221 – HphI-23 haplotypes. P values are 
calculated for the difference in genotype distribution between the T1D patients 
and controls using the predisposing CC-AA genotype as a reference (OR = 
Odds ratio. 95% CI = 95% confidence interval. ns = non-significant). 

 
Finland                 

Genotype 
VNTR 
genot. T1D % Controls % p-value OR 95% CI 

CC-AA I/I 482 79.4 362 59.6  1.00  
CC-AT I/IIIB 32 5.3 54 8.9 0.0006 0.44 0.27-0.72 
CC-TT IIIB/IIIB 1 0.2 2 0.3       
CT-AA   1 0.2 0 0       
CT-AT I/IIIA 83 13.7 163 26.9 <1.0E-6 0.38 0.28-0.52 
CT-TT IIIA/IIIB 4 0.7 11 1.8 0.04 0.27 0.07-0.94 
TT-AA   0 0 0 0       
TT-AT   0 0 1 0.2       
TT-TT IIIA/IIIA 4 0.7 14 2.3 0.007 0.21 0.06-0.70 

sum   607   607         
                  

Sweden                 
CC-AA I/I 243 68.1 378 49.8  1.00  
CC-AT I/IIIB 27 7.6 70 9.2 0.04 0.60 0.36-0.99 
CC-TT IIIB/IIIB 2 0.6 6 0.8 ns 0.52   
CT-AA   1 0.3 2 0.3       
CT-AT I/IIIA 74 20.7 239 31.5 3.3E-6 0.48 0.35-0.66 
CT-TT IIIA/IIIB 5 1.4 20 2.6 ns 0.39 0.12-1.11 
TT-AA   0 0 0 0.0       
TT-AT   0 0 1 0.1       
TT-TT IIIA/IIIA 5 1.4 43 5.7 0.0001 0.18 0.06-0.49 

sum   357   759         
                  

Fin+Swe                 
CC-AA I/I 725 75.2 740 54.2  1.00  
CC-AT I/IIIB 59 6.1 124 9.1 1.5E-5 0.49 0.34-0.68 
CC-TT IIIB/IIIB 3 0.3 8 0.6 ns 0.38 0.08-1.59 
CT-AA   2 0.2 2 0.1       
CT-AT I/IIIA 157 16.3 402 29.4 <1.0E-6 0.40 0.32-0.49 
CT-TT IIIA/IIIB 9 0.9 31 2.3 0.001 0.30 0.13-0.65 
TT-AA   0 0.0 0 0.0       
TT-AT   0 0.0 2 0.1       
TT-TT IIIA/IIIA 9 0.9 57 4.2 <1.0E-6 0.16 0.07-0.34 

sum   964   1366         
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Table 9. Statistical significance of differences between the protective effects of 
the class III VNTR genotypes in the combined Finnish and Swedish dataset. P 
values are calculated using a 2x2 contingency table (OR = Odds ratio. 95% CI 
= 95% confidence interval). 

 

Fin+Swe    
VNTR genotype p-value OR 95% CI 

I/IIIA vs IIIA/IIIA 0.02 2.47 1.15-5.50 
I/IIIA vs IIIA/IIIB ns 1.35 0.60-3.12 
I/IIIB vs IIIB/IIIB ns 1.27   
I/IIIB vs IIIA/IIIA 0.006 3.01 1.33-7.02 

IIIA/IIIB vs 
IIIA/IIIA ns 1.83 0.59-5.73 
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SUMMARY 

 

The results presented in this thesis study demonstrate the difficulties involved 
with the identification of complex diseases genes and in resolving the 
heterogeneity of a known susceptibility locus. Gaining significant proof for 
identifying or dissecting a susceptibility region requires a large number of 
samples in many independent study sets from several populations. Fortunately, 
results from different studies in one region can generally be combined so that 
the effort can be distributed into manageable portions which could justify 
carrying out studies with limited statistical power. This study could not 
indisputably authenticate the previous findings it aimed to resolve but did 
provide enough indicative evidence to warrant further studies on two regions: 
 
 
1.  The combined and independent evidence of linkage and association in the 
3q21 region strongly suggests the existence of true T1D susceptibility 
locus/loci. However, previous evidence for this locus is weak and the results 
presented here could simply be a false positive caused by random sampling. 
Furthermore, even were this region to harbor true susceptibility locus/loci, their 
effect on the overall risk is likely to be weak which would require extensive 
sample sets using numerous SNP markers over a large region in the follow-up 
association studies. The cost of said study would be fairly high, but the 
evidence appears sufficiently strong to warrant it. 
 
2. The evidence for HLA interaction or risk modification in the IDDM2 region 
found in this study is only suggestive, but an investigation using more 
rigorously characterized risk and protective IDDM2 haplotypes could reduce 
the heterogeneity enough to reveal the alleged interaction between the two loci 
on a significant level. The genotype specific  variation found in the protective 
effects of the VNTR class III subtypes where the IIIA/IIIA homozygote 
confers significantly stronger protection than other class III genotypes in two 
independent populations certainly warrants follow-up studies in bigger cohorts 
and additional populations. The studies presented here demonstrate that 
dissecting IDDM2 region haplotypes is potentially beneficial for enhancing the 
type 1 diabetes risk prediction in the Finnish population.  
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