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Insulin-dependent diabetes mellitus (IDDM) is an

autoimmune disease of the insulin-producing pancreatic (3

cells. Susceptibility to IDDM is influenced by a number

of genetic as well as environmental factors. Previous

studies have indicated that IDDM1 is located in the HLA

Class II region on chromosome 6p, and IDDM2 is in the

insulin gene (INS) region on llpl5. These two regions

together explain less than 50% of the total familial

clustering of IDDM, suggesting the existence of other

susceptibility factors.

In this study, the insulin gene region was further

investigated as a candidate susceptibility factor by

association and linkage studies. The susceptibility

interval on llpl5 was narrowed to within a 6.5 Kb region,
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which contains the INS gene and its associated VNTR.

Linkage between INS and IDDM was detected only in male

meioses using the affected sibpair method.

Transmission/disequilibrium test further confirmed the

gender-related bias with respect to linkage with INS.

Even though maternal imprinting was a very attractive

hypothesis to explain the observed bias, biallelic

expression of the INS gene in human fetal pancreatic

tissue suggested that the INS locus was not imprinted.

In order to search for additional susceptibility

genes, several chromosomal regions were screened with 50

highly polymorphic microsatellite markers in up to 25

affected sibpair families. Preliminary linkage evidence

was obtained for two chromosomal regions (4q and 6q) .

Analysis of 104 affected sibpairs confirmed our initial

observation. These two regions were then mapped with

additional microsatallite markers spaced at 1-5 cM.

Linkage evidence for the 4q region (p=0.028) was weak in

the total data set. In contrast, strong linkage evidence

(p=0.001) was obtained for the 6q region in the vicinity

of D6S264. Together with the UK 96 data set, linkage

with the 6q region was established and the disease locus

has now been designated as IDDM8.
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CHAPTER 1

INSULIN-DEPENDENT DIABETES MELLITUS (IDDM) IS AN
AUTOIMMUNE DISEASE OF INSULIN-PRODUCING PANCREATIC BETA

CELLS, AND IS INFLUENCED BY MULTIPLE GENETIC AS WELL AS
ENVIRONMENTAL FACTORS

Insulin Dependent Diabetes Mellitus

Insulin dependent diabetes mellitus (IDDM, or Type I

diabetes), is characterized by a prolonged, selective and

irreversible destruction of insulin-producing pancreatic

P cells; an absolute requirement for exogenous insulin;

and a young age of onset. IDDM is generally considered

to be a disorder of the developed world. Indeed, after

asthma, IDDM is the second most common chronic childhood

illness in industrialized countries.1 In the United

States, the prevalence of IDDM by the age of 20 years is

about 0.26 percent, the lifetime prevalence approaches

0.4 percent,2 and the average annual incidence of IDDM

between 1970 to 1988 under age 15 years was 13.8 per

100,000.3 Overall, it is estimated that with a

population of 250 million, one million Americans have

IDDM.4

Patients with IDDM depend on a lifelong supply of

insulin and medical attention. Although insulin

replacement increases life expectancy, the disease is

1
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associated with severe macrovascular and microvascular

complications that include blindness and kidney failure.

For these reasons, both the quality and quantity of life

can be dramatically reduced for IDDM patients. A huge

economic burden is placed on the patients, their families

and society.5

IDDM is also a serious medical problem in the

developing world. Although the incidence of the disease

is lower in third-world countries, life expectancy is

substantially less. One of the main reasons for the

reduced life expectancy may be the lack of an insulin

supply. Essentially, IDDM is a lethal disease in third-

world countries.6

Although IDDM is an ancient and worldwide disorder,

the etiology and pathogenic mechanisms of p cell

destruction are not yet completely understood.

Significant progress has been made in the past decade

that has advanced our knowledge of the etiopathogenesis

of IDDM.

Autoimmune Mechanisms

The guidelines7 generally accepted for establishing

the diagnosis of an autoimmune disease are the following:

(I) The disease state can be transferred by the patients'

antibodies or T-cells. (2) The disease course can be

slowed or prevented by immunosuppressive therapy. (3) The
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disease is associated with manifestations of humoral or

cell-mediated autoimmunity directed against the target

organ. (4) The disease can be experimentally induced by

sensitization to an autoantigen present in the target

organ, which presupposes knowledge of the target

autoantigen. According to these guidelines, there is

plentiful evidence8"10 demonstrating that the destruction

of P cells in humans is autoimmune in nature: (1) After

allogeneic bone marrow transplantation with a diabetic

donor, the recipient acquired diabetes.11 Similarly,

diabetes was observed after pancreas transplantation

between identical twins.12 (2) There are examples of

immunosuppressant-dependent survival of pancreatic grafts

in diabetic recipients12 and immunosuppressant

augmentation of the length of remission in new-onset

IDDM.13'14 (3) There is immune cells infiltration in the

pancreas (called insulitis).1S There are multiple

abnormalities of the immune system,16 such as changes in

the ratios of T-cell subsets,17 and the appearance of

autoantibodies to islet cell components.18 In spite of

the fact that the autoantigens of IDDM remain elusive,

because other evidence is overwhelming, it is generally

accepted that IDDM is a classic organ-specific autoimmune

disease. In this disorder, p cells are destroyed by T-

cell mediated mechanisms, and circulating autoantibodies

are markers of the ongoing disease process.19 There is

also evidence indicating that, well before the T-cell
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mediated amplification and perpetuation phase of p cell

destruction, a series of events takes place in a non¬

lymphocyte-dependent initial phase.20'21 It remains

possible that other pathogenic mechanisms, including

direct lysis of P cells by cytokines22 and macrophage-

mediated killing,23 may participate.

Environmental Factors

Although the environmental factors that may trigger

the development of p cell immunity are poorly defined,

the importance of the environment has been clearly

demonstrated by the following facts: (1) Genetically

identical twins are only 36% concordant.24 (2) There is

an increase in IDDM incidence in several countries where

there are important changes in the environmental

factors25'27 and among ethnic groups immigrated from lower

incidence countries.28 It remains unclear how

environmental factors contribute to IDDM susceptibility.

It is speculated that the environmental factors are

somehow required in the anti-p cell autoimmunity and

allow the expression of IDDM predisposing genes.27'29

Genetic Susceptibility

The basic concept of genetic susceptibility is that

our body's response to environmental factors triggering

the autoimmune process leading to diabetes is genetically
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controlled. IDDM has long been known to be a hereditary

disease because of its familial clustering: (1) Up to 15%

of IDDM patients have a first-degree relative with the

disease.30 (2) The disease concordance rate is 36% in

identical twins.24 (3) The risk for siblings (6%) is

much greater than the population prevalence (0.4%). The

familial clustering ratio, defined by Risch31 as Xg, has

been calculated to be 15 for IDDM (average lifetime

sibling risk of 6% divided by the population prevalence

of 0.4%).

The Role of the MHC

The human major histocompatibility complex (MHC) on

chromosome 6p encodes HLA class I molecules that are

present on the surface of all nucleated cells. The

function of class I molecules is to present antigenic

peptides to CD8 (cytotoxic or suppresser) T-cells. The

MHC also encodes three HLA class II molecules: HLA-DP,

DQ, and DR, that are expressed on the surface of antigen-

presenting cells. The function of class II molecules is

to present antigens to CD4 (helper) T-cells. Both CD4

and CD8 cells have unique T-cell receptors for antigens

on their surface, which are specific for particular

complexes of peptide antigens and HLA molecules. Given

the major role of MHC molecules in antigen presentation

to T cells, MHC genes are obvious candidate
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predisposition genes for autoimmune diseases such as

IDDM. In fact, genes in the HLA class II complex are by

far the most important factors in determining genetic

susceptibility or resistance to IDDM.32 The HLA class II

susceptibility was first found associated with DR3 and

DR4.33 Recent studies have demonstrated that IDDM

susceptibility is most strongly associated with DQB1*0201

and DQB1*0302, while protection from IDDM is strongly

associated with DQB1*0602,32'34,35 Although trans-racial

studies have shown that the susceptible molecules and the

strength of their susceptibility appear to be different

in various populations,37'38 DQA1*0301 is found to be

significantly associated with IDDM in all ethnic groups

and has been considered a candidate susceptibility

factor.36

Attention has been drawn to the nature of the

residue at position 57 of the HLA DQp-chain.32'39'40 The

Asp residue is rarely found in diabetic patients as

compared to the general population and almost never in

homozygous state (double copy). This observation is

particularly interesting with respect to MHC-peptide

interactions. It was hypothesized that the DQ molecules

associated with IDDM susceptibility may preferentially

bind and present p cell derived peptides to trigger

otherwise anergized T-cells,

destruction.32

causing P cell
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The DQa/p cis and/or trans heterodimeric

complementation hypothesis has been proposed to account

for the synergistic effects observed in DR3/4 and DR3/9

heterozygous genotypes.35'41'42 Individuals who are

homozygous for the DR3 or DR4 are at a much higher risk

than those who have only one copy of the susceptibility

alleles (eg. DR3/X and DR4/X heterozygotes). This

phenomenon suggests that the dose of susceptibility

antigens may influence the degree of disease

susceptibility.41 However the above DQ hypothesis is not

able to explain the complexity of HLA associations with

IDDM. Recently, Huang et al. suggested a unified

hypothesis for HLA associations and disease prevalence.43

This hypothesis was based upon the fact that HLA-encoded

susceptibility to IDDM is determined by the combined

effects of both DR and DQ molecules (i.e. by both

genotypic combinations and linkage disequilibria of DR

and DQ genes) . So far, this hypothesis can explain the

majority (if not all) of the observed associations

between HLA and IDDM, and is fully consistent with the

known IDDM incidence rates across ethnic populations.

While the HLA genes seem to be the most important

susceptibility factors (Xs » 3.1-4.5),44 they obviously

cannot account for the total genetic contribution to the

disease (A.s w 15) .31 This observation suggests that other

susceptibility factors must exist. In fact, previous
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studies have indicated that the INS gene region may be an

IDDM susceptibility factor.45"48-72"75

The Role of the Insulin Gene (INS) Region

The insulin gene (INS) region on chromosome llpl5

has received considerable attention as a candidate region

for IDDM. The contribution of INS region to IDDM

susceptibility was initially demonstrated as association

using a VNTR polymorphism at the 5' end of the INS

gene.45 Others have since confirmed this

association.46-48-72'73 However, the exact locus that may

be responsible for disease susceptibility remains

unknown. In addition, the linkage of INS to IDDM has

been a controversial issue.46"49 Julier et al.46 reported

that in a French population the polymorphisms in the INS

region were linked to IDDM only in HLA-DH-positive

individuals, especially in paternal meioses. However,

using the same analytical methods described by Julier,

different results were obtained in a British

population.48'75 Further studies are required to

investigate whether there is a gender-related bias of INS

in respect to linkage between the INS and IDDM.

The total number of loci contributing to IDDM

susceptibility is unknown. A theoretical calculation

indicates that HLA (Xs « 3.1-4.5)44 may account for less

than one-third of the familial clustering of IDDM (Xs »
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15) ;31 while INS (Xs w 1.3-1.5)50 and HLA together (\s "

4.4-6.0) can only explain less than 50% of the total

genetic influence. It appears that genetic factors

unlinked to the HLA and the INS are required to fully

account for the total familial clustering of the

disease.51 In fact, the P cell destruction in NOD mice

(a model of human IDDM) is controlled by at least ten

genes not linked to the MHC H-2 region.52'53 This

provides further support for the speculation of

additional susceptibility loci outside the HLA and INS

regions.

Significance of (Senetic Studies of TDDM

Identification of the IDDM susceptibility genes is

extremely important, because it might lead better

prediction, prevention and treatment. If doctors were

able to identify people at risk for IDDM according to

their genetic profiles, they could possibly modify the

patients' exposure to environmental factors to prevent or

delay the onset of the disease. They could closely

monitor the patients and treat them at the first sign of

disease to postpone the progression to full-blown

diabetes so that the quality and quantity of the

patients' life could be improved.
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Difficulties in Mapping IPPM Susceptibility Genes

A simple genetic disease is genetically controlled

by one gene, and is inherited according to Mendelian

Laws. In contrast, IDDM is clinically very heterogeneous

and is a complex and multifactorial disease which does

not follow Mendelian inheritance patterns. Factors that

contribute to the difficulties in mapping IDDM genes are:

(1) Substantial genetic heterogeneity (identical clinical

symptoms are caused by defects at two or more genetic

loci) . (2) Unknown mode of inheritance and incomplete

penetrance of the disease. (3) Lack of large pedigrees

with multiple affected members. Finally, mapping of the

remaining polygenic susceptibility factors is difficult

because each has a small effect and requires the

development of more effective mapping strategies.

Strategies for Gene Mapping Studies

One strategy is to first study an analogous form of

IDDM in an animal model. Comparative mapping has

demonstrated that there are some regions of synteny (two

or more homologous genes are located on the same

chromosome region in two different species) in mouse and

humans. However, because of large differences in the

biology of mouse and humans, the effectiveness of gene

mapping based on syntenic regions is limited. Recently,

Todd and colleagues54 demonstrated that the magnitude of



11

the gene effect in an experimental backcross of NOD is

likely to correlate only weakly, at best, with the

expected magnitude of effect in humans. The reason is

that in humans the gene effect will depend more heavily

on disease allele frequencies than on the observed

penetrance ratios, while such allele frequencies are

variable.54 Hence, the major benefit from animal studies

may be a better understanding of the disease process

itself, rather than identification of susceptibility

regions through comparative mapping.

The second is a candidate gene strategy, in which

one selects candidate genes to seek association and

linkage between their polymorphisms and the disease.

When a candidate gene is implicated in the disease, the

coding sequences can be characterized and functional

studies can be carried out to shed light on the

pathological mechanism. Virtually any gene that affects

p cell function or the operation of the immune system is

a potential candidate, such as the T-cell receptor, MHC

molecules, insulin, and cytokines. Other regions in the

human genome that may hold candidate genes are those

chromosomal segments homologous to IDDM regions of the

mouse genome.55 Historically, the candidate gene strategy

has been extremely successful in the study of the

genetics of diabetes. In fact, the involvement in IDDM

of both the HLA and INS genes were discovered using this

strategy. Another successful example was the discovery



12

of linkage of the glucokinase gene with early-onset non¬

insulin-dependent diabetes mellitus (MODY) in several

European pedigrees.56 >57 In at least one family, a

nonsense mutation in the glucokinase gene causes

disease.58

The third strategy is positional cloning. The

location of a disease gene is first identified by

association and linkage analyses using anonymous genetic

markers. Then, attempts to clone the gene can be

followed without any knowledge of the function of the

disease gene. Several disease genes, such as, the

Huntington's disease gene on chromosome 4,59 the cystic

fibrosis gene on chromosome 760 and the neurofibromatosis

1 gene on chromosome 1761 were successfully mapped using

positional cloning. These successes have a major impact

on risk prediction, counseling for prevention, and

ultimately gene therapy. Positional cloning thus has

great potential in identifying genes contributing to IDDM

susceptibility.

Mapping IDDM Susceptibility Genes by Association Studies

Association studies identify genetic markers close

to the disease genes. They are also important for

investigating the interactions between the disease genes

and for assessing the relative risks of various genotypic

combinations of disease genes in human populations.
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There are two kinds of generally-applied association

studies. One is case-control analysis, and the other is

family-based linkage disequilibrium analysis. The

principle of a case-control association study involves

the comparison of the frequency of a genetic marker in

patients (cases) with the frequency of that marker in

normal controls from the same ethnic population. If an

association between a marker and a disease exists, the

genotypic frequencies will differ between the two study

groups.62 However, the marker should not have a

selective effect on the individual, which is an spurious

association between the disease and the marker.63

Candidate genes (by their nature of having some

importance in the pathway of disease) may have selective

effect. In this case, it is important to differentiate a

true association from a spurious association.

The transmission/disequilibrium test (TDT) evaluates

the transmission of presumably disease-associated alleles

from heterozygous unaffected parents to affected

children. The statistical properties of the family-based
TDT have been investigated by Spielman et al.64 This

analysis has been used in several studies46'48 and has

proven to be more sensitive than the affected sibpair

method for detecting linkage.50 TDT has the advantage of

not requiring families with multiple affected members.

Thus, simplex families can be included in a study. Since

a case-control association study may give a false
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positive result due to population stratification, TDT is

often used as an alternative association analysis. This

analysis can narrow the genetic intervals that contain

the susceptibility genes identified by linkage studies.

Mapping IPPM Susceptibility Genes by Linkage Studies

A linkage study maps genes by analyzing the

cosegregation of a genetic marker with the disease. The

principle of the approach is simple: in an affected

family, if the disease locus and another polymorphic

locus (often called the marker locus) are closely located

on the same chromosome, they are preferentially passed on

together rather than independently assorted at meiosis.

However, the application of this principle is

complicated.

The statistical techniques used in current linkage

analysis are mostly based on maximum likelihood

estimation and likelihood ratio testing, which requires

extended affected families, known mode of inheritance,

known penetrance values and disease frequency.

Unfortunately, for IDDM most of these parameters are

unknown and only few large pedigrees are available. Due

to the obvious heterogeneity of IDDM, it would be

impossible to attempt a classic linkage study by adding

together numerous small families. Thus the affected

sibpair method becomes a practical alternative. This
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analysis only requires nuclear families of at least two

affected children and unaffected parents. It reflects

the idea that if two affected siblings share a given

allele more often than expected by chance, it supports

the hypothesis that the disease is linked to that

particular locus. This method has been widely used in

family-based epidemiological studies for detecting

linkage in non-Mendelian disorders.65 In fact, it was

successful in detecting linkage of the HLA region to

IDDM.66

The affected sibpair analysis can identify linkage

between a marker and a disease (or a disease trait) even

if the recombination distance is as large as 10-15 cM.

It thus allows us to localize genomic intervals that

contain susceptibility genes. Association studies can

then further narrow the susceptibility intervals. Once

one or more markers are found at a distance of less than

1 cM of the disease gene, they can be used as starting

points for positional cloning of the gene, or for

identification of candidate genes found in that interval.

Microsatellite Genetic Markers

An essential requirement for mapping IDDM

susceptibility genes is the availability of highly

polymorphic genetic markers. In general, the most useful

markers should be maximally informative and easiest to
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genotype. Before 1988, DNA polymorphisms were limited to

restriction-fragment-length polymorphism (RFLPs) which

are based on nucleotide substitution. RFLPs are not very

informative, because they usually have a small number of

alleles67 and their polymorphism information content

(PIC) value is low. In addition, RFLPs are routinely

genotyped using restriction enzyme digestion, blotting,

and hybridization. This process is tedious, expensive,

labor intensive, uses a lot of DNA, and is time

consuming. The introduction of the polymerase chain

reaction (PCR) using thermostable DNA polymerase,

provided entirely new means of analyzing polymorphisms

and made practical the analysis of highly polymorphic

length variations in simple-sequence tandemly repeated

DNA. Because simple sequence repeats (SSRs) occur

frequently and randomly throughout the human genome and

are polymorphic, these elements have shown great utility

as genomic markers for genetic mapping. SSRs include

minisatellites/variable number tandem repeats (VNTRs) and

microsatellites. Microsatellites are oligonucleotide

tandem repeats, such as CA repeats and CT repeats. The

repeated unit of VNTRs is relatively longer than in

microsatellites. The informativeness of microsatellites

and VNTRs are very similar. The average PIC value for a

CA marker is 0.61, which is about twice the average PIC

for RFLPs.69'70 Microsatellites, however, have more

important advantages than VNTRs: (1) They are abundant
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and uniformly distributed throughout the human genome.69

For example, there are an estimated to be 50,000 copies

of (TG)n repeat (n=10-60) sequences interspersed through

the human genome.69 Because of the advances in the Human

Genome Project, an international effort to first map and

eventually sequence the entire human genomes,

microsatellites of very high heterozygosity (70-90%) are

easily accessible. (2) They are usually less than 100 bp

in length and, therefore are easy to clone, sequence and

develop into a PCR assay. In genotyping these by PCR,

typically the forward primer is labeled using kinase; the

PCR products are detected on a polyacrylamide gel after

electrophoresis and radiographed. The potential of

automating the entire microsatellite typing process,

including data analysis, has made it feasible to analyze

the human genome to map IDDM susceptibility genes. (3)

microsatellite PCR primers are commercially available.

For example, Research Genetics currently offers over

4,000 markers and new markers are constantly being added.

These primers are ready to use, come with recommendations

for reaction conditions, and are reasonably priced. For

the above reasons, PCR-based highly polymorphic

microsatellites are obviously the markers of choice for

gene mapping.
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Specific Aims of This Research

The aim of this research is to map non-HLA genomic

intervals containing IDDM susceptibility genes by

association and linkage studies. Previous studies have

demonstrated that genes in the human major

histocompatibity complex appear to have the greatest

effect on diabetogenesis. The literature suggests that

other promising loci are present on chromosome lip in the

vicinity of the insulin gene. My study was designed to

achieve the following aims:

1. To identify the susceptibility locus on

chromosome llpl5 using case-control association analysis.

2. To investigate whether there is a gender-related

difference with respect to the linkage between the INS

region and IDDM, and if so, what is the molecular basis.

3. To perform a limited genome-wide search for IDDM

genes with highly polymorphic microsatellite markers

using affected sibpair analysis.

4. To confirm and replicate potential linkages with

a large number of affected sibpair families as well as

additional microsatellite markers.



CHAPTER 2

ANALYSIS OF THE INSULIN GENE (INS) REGION

Introduction

The INS region on chromosome llpl5 is a 19 kb

interval spanning the tyrosine hydroxylase gene (TH), the

insulin gene (INS) and the insulin-like growth factor II

gene (IGF-2). Association between the INS region and

IDDM was first demonstrated using a VNTR polymorphism at

the 5' of the INS gene.45 The association was then

confirmed in many populations using additional

polymorphisms in the INS region.46'48'72'73 However, the

exact locus responsible for IDDM susceptibility remains

unknown.

Linkage of INS to IDDM has been demonstrated using

the affected sibpair analysis and the TDT test.46'48'74

Julier et al.46 studied a French population and first

reported that the polymorphisms in the INS region were

linked to IDDM only in HLA-DR-positive individuals,

suggesting an interaction between HLA and INS. This

effect was strongest in paternal meioses, suggesting a

possible role for maternal imprinting. However, using

the same analytical methods described by Julier,

transmission distortion (linkage) was observed in both

19
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maternal and paternal meioses in a British

population.48'75

Therefore, in order to assess the strength of

association and potential interactions between the INS

and the HLA-DQB1 loci, I studied five polymorphisms in

the INS gene and surrounding loci in a Caucasian diabetic

population ascertained from the South-Eastern United

States. My results indicate that the risks conferred by

INS are not significantly different according to HLA

genotypes, suggesting that there is no interaction

between the two genetic systems in my study group.

Furthermore, my analyses of the polymorphisms around the

INS gene region suggest that a 6.5 Kb interval on lip,

which contains the INS gene and its associated VNTR, is

responsible for IDDM susceptibility.

In order to investigate the controversy of the

gender-specific effect, I analyzed the INS Pst I +1127

polymorphism46 in 123 multiplex families. Linkage was

only detected in male meioses using either the affected

sibpair analysis or the TDT test. In order to test the

maternal imprinting hypothesis, RT-PCR analysis was used

to reveal the expression of the INS gene in human fetal

pancreatic tissues. The biallelic expression, found by

this study, indicated that INS is not imprinted in the

human pancreas, suggesting that the observed gender-

related effect cannot be accounted for by maternal

imprinting.
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Materials and Methods

Patients and Controls for Association Study

All patients and controls used in the association

study were unrelated US Caucasians of Northern European

descent. The patients had IDDM clinically confirmed

using the criteria of the National Diabetes Data Group.76

They were phenotyped for autoimmune endocrine diseases

and the associated relevant autoantibodies. The healthy

control subjects were negative for islet cell

autoantibodies (ICA) and had no immediate family history

of diabetes.

Samples for Linkage Study.

A total of 123 Caucasian families with two or more

affected sibs were used for haplotype sharing analysis.

In this data set, 53 families were from the Human

Biological Data Interchange (HBDI), 8 were from Dr.

Spielman at the University of Pennsylvania and 62 were

from the South-Eastern USA (mostly Florida). These

multiplex families and 15 additional simplex families

from North-Central Florida were used for the

transmission/disequilibrium test.
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DMA ..Preparation

Lymphocytes were purified from 10-20 ml of whole

blood using Ficoll-Hypaque. DNA was purified using

proteinase K digestion, phenol/chloroform extraction, and

isopropanol precipitation.

PCR Amplification

All PCR amplifications were performed with a

template of 50-100ng of genomic DNA in a 25-50 /¿I

reaction volume containing 50 mM KC1, 10 mM Tris-Cl pH

8.3, 1.5 mM MgCl2 and 6 0 pM of all four dNTPs, 0.2 ng of

each primers and 0.5 u of Tag polymorase (Boeheringer) .

Samples were subjected to 35 cycles of 30 seconds at 94 °

C for denaturing, 30 seconds at optimum temperatures for

annealing and 30 seconds at 72 °C for extension, using an

automated thermal cycler (9600 Perkin-Elmer-Cetus,

California). An additional 2 minutes were added to the

denaturing step of the first cycle as well as the

extension step of the last cycle.

Genotypina of Polymorphisms in the INS Region

The five primers used to analyze polymorphisms in

the INS region are listed in Table 2-1. These
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Table 2-1. List of PCR primers used in association
study.

Polymorphisms Detection Method Primers 3
oO

-4217 (T,C) Pst I TH5/TH6 66

+1127 (C,T) Pst I INS3/INS2 64

+1428 Fok I INS3/INS2 64

+2336 (5bp del) 6% acrylamide INS55/INS41 66

+3580 Msp I IGF2-1/IGF2-2 64

Primer

TH5 :

sequences
GTG ACG

(5'-3' ) :

CCA AGG ACA AGC TCA

TH6 : ACC CAG CAG CCC CAG TCC T

INS3 : GGA ACC TGC TCT GCG CGG c

INS2 : AGC CCA GCC TCC TCC CTC CA

INS55: ACC TTT CCT GAG AGC TCC AC

INS44: GGT GAG CTC CTG GCC TCG A

IGF2-1: CCC CAT GTG AGC CAG GCC CA

IGF2-2: GGG AGA CTT GGG GAG CAG CT
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polymorphisms were detected using restriction digestion

with appropriate enzymes, followed by agarose gel

electrophoresis and staining with ethidium bromide.

RNA Extraction and RT-PCR analysis

RNA was extracted from pancreatic tissue of 4

aborted human fetuses between the ages of 55 and 113 days

using a protocol modified from Chomczynski and Sacchi.67

The tissues were briefly homogenized in solution D (4M

guanidinium isothiocyanate, 0.75M Na citrate pH 7, 0.5%

sarcosyl). RNA was then purified with phenol/chloroform

extraction and precipitated with isopropanol. Total RNA

(2 ng) was used for cDNA synthesis using reverse

transcriptase and oligo-dT priming. An aliquot of cDNA

(2 fil, 1/20 volume) was then used as template for PCR

amplification of the insulin cDNA. The forward primer

(INS7: 5'- CTACACACCCAAGACCCGC-3') is located at the 3'

end of exon 1 and the reverse primer (INS8: 5'-

TGCAGGAGGCGGCGGGTGT-3 ’ ) is located in the 31 untranslated

region. PCR was done using conditions described above.

The optimum annealing temperature was 60 °C. These two

primers amplify a fragment of 22 7 bp from cDNA and a

fragment of 1003 bp from genomic DNA (including 786 bp of

intron 1 sequences). Thus, the 227 bp product amplified

from cDNA should not contain any contamination from

amplified genomic DNA, if any was present in the RNA
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preparations. Since the amplified fragment contains the

Pst I +1127 polymorphic site, digestion of RT-PCR

products allowed me to distinguish the two INS alleles.

Association Analysis

2
X tests were used to reveal the statistical

significance of the observed genotypic frequency

differences between patient and control groups. A p

value of less than or equal to 0.05, indicates

significant association between the marker and the

disease of interest. Relative risks (RR) were calculated

by the method of Woolf.71

Affected Sibnair Analysis

The inheritance of different alleles at a given

locus by affected children from their heterozygous

parents was analyzed using identity by descent (IBD).

One ibd was scored when the same alleles were shared by

the affected sibs. Zero ibd was counted when different

alleles were inherited by the affected siblings. Under

the hypothesis of no linkage, the random expectation
2

should be 50% for 1 ibd and 0 ibd respectively. A x

test was performed by comparing the observed sharing of

the INS alleles in affected sibs with random expectation.

When deviation from random expectation is statistically
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significant, linkage of the INS polymorphism and the

disease is indicated.

Transmission/disequilibrium Test (TDT)

TDT evaluates the transmission of the presumably

disease-associated INS allele from heterozygous parents

to their affected offspring. If there is linkage of INS

with IDDM, statistically more disease-associated INS

alleles should be transmitted.

Results

There Is Association Between INS and IDDM

A total of 343 IDDM patients (220 sporadic cases and

123 probands in multiplex families) and 272 normal

controls were genotyped for the Pst I +1127 polymorphism

3' of the INS gene. The frequencies of the INS +/+

homozygous genotype were found to be significantly

increased in both sporadic patients and probands of

multiplex families above controls (Table 2-2). These

results confirmed association between INS and IDDM. The

disease-associated allele is the INS + allele.

The relative risk (RR) conferred by the INS gene was

2.1, suggesting that individuals with the INS +/+ are

twice as likely to develop the disease as those with the

INS +/- or -/- genotypes.
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Table 2-2. Genotypic frequencies of the Pst I +1127
polymorphism and relatives risks conferred by the INS +/+
genotype in sporadic patients and probands.

+

INS <

/+

genotypes RR x2 P

Controls 167 (61.4% ) 105 (38.6%)

Sporadics 167 (75.9% ) 53 (24.1%) 2.0 11.7 0.0006

Probands 98 (79.7% ) 25 (20.3%) 2.5 12.8 0.0004

Combined 265 (77.3% ) 78 (22.7%) 2.1 18.3 0.00002
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a Í&2 Genomic Interval on Up Confers iddm
Susceptibility

Five distinct genomic polymorphisms within the INS

gene and the surrounding region were analyzed (Table 2-3)

to define the susceptibility interval on chromosome

llpl5. 159 normal controls and 197 unrelated diabetic

patients were genotyped using the polymerase chain

reaction and restriction enzyme digestion. Two

polymorphisms within INS (+1127 Pst I and +1428 Fok I)

were in complete linkage disequilibrium and demonstrated

significant associations with IDDM (RR = 2.0, P < 0.005).

However, the -4217 Pst I polymorphism in the TH gene (51

of the INS VNTR) was not significantly associated with

IDDM, defining the 5' boundary of the susceptibility

interval on chromosome lip. Similarly, the +2336 5 bp

deletion and + 3580 Msp I polymorphisms were also not

significantly associated with IDDM, thus defining the 3'

boundary of the susceptibility interval. The -4217 Pst I

site and the +2336 5 bp deletion site encompass a genomic

region of 6.5 Kb including the INS gene and its

associated VNTR (Figure 2-1), but excluding the TH and

the IGF2.

There Is No Interaction Between HLA and INS

To investigate the possible interactions between the

INS and HLA genes, the relative risks conferred by INS

were calculated according to their DQB1 genotypes.



Table2-3.FinemappingoftheIDDMsusceptibilityintervalonlip. Polymorphisms
++

Controls
+

++

Diabetics
+~

RR

95%Cl

P

-4217

Pst

I

43

(23%)

145

(77%)

32

(20%)

126

(77%)

0.9

ns

+1127

Pst

I

97

(61%)

62

(39%)

148

(75%)

49

(25%)

2.0

1.2-3.0
0.005

+1428

Fok

I

54

(60%)

36

(40%)

68

(76%)

22

(24%)

2.1

1.1-3.8
0.05

+2336

5bp

del

56

(62%)

34

(38%)

58

(62%)

36

(38%)

1.0

ns

+3580

Msp

I

67

(44%)

85

(56%)

66

(39%)
105

(61%)

0.8

ns

ÍO VO



Figure2-1.DiagrammaticpresentationofthefivepolymorphismsattheTH-INS-IGF2 regiononllpl5whichdefinethe6.5kbintervalofIDDM2susceptibility.Theopen, closedandhatchedboxesrepresentintrons,exonsanduntranslatedregions, respectively.
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When 197 diabetic patients were subdivided into four DQpl

genotype categories (*0201/0302, *0302/0302 or *0302/X,

*0201/0201 or *020l/X, and X/X), the relative risks of

the INS +/+ homozygotes ranged from 1.6 to 2.4 (Table 2-

4) . These results are very similar for the entire

patient population (RR = 2.1). Since IDDM susceptibility

is most strongly associated with *0201 and *0302 (the

relative risks conferred by *0201/0302 and *0303/0302 are

20.9 and 12.9, respectively),73 these results suggest

that there is no interaction between the HLA and the INS

loci.

Affected Slbpalr Analysis Reveals Weak Linkage Between
INS and IDDM in Male Meioses

The Pst I + 1127 polymorphism was analyzed in 123

families containing at least two affected siblings

(ASPs). There were 42 informative parents (22 fathers

and 20 mothers) who were heterozygous for INS and whose

transmission of INS alleles to their affected children

can be unambiguously determined. In this data set, 27

affected sibpairs inherited identical INS alleles (scored

as 1 ibd) and 19 inherited different alleles. Under the

hypothesis of no linkage, 1 ibd and 0 ibd should be equal

(i.e. 23). In fact, there was no significant difference
2

in observed and expected ibd values in total meioses % =

(27-19)2/(27+19)=1.4. However, there were significantly
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Table 2-4. Relative risks in diabetic patients conferred
by INS according to their HLA-DQB1 status.

INS Status RR* p

HLA-DQB1 Status + / + +/-,-/-

0201/0302 49 20 1.6 ns

0302/0302 or 0302/X 41 13 2.0 0.05

0201/0201 or 0201/X 41 11 2.4 0.05

X/X 17 5 2.2 ns

All 148 49 2.0 0.005

* The relative risks were computed using 97 (61%)
controls with the INS +/+ and 62 (39%) controls with
the INS +/- or -/-.
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more (p=0.01) affected sibpairs that inherited identical

alleles than different alleles from their heterozygous

fathers (19 one ibd versus 6 zero ibd) (Table 2-5) .

Thus, a weak linkage in male meioses was confirmed using

conventional haplotype sharing analysis among affected

sibpairs.

TDT Reveals Sex Difference of INS Transmission

All 123 multiplex and 15 simplex families were

combined for TDT. There were 56 informative heterozygous

parents for INS (31 fathers and 25 mothers). These

parents transmitted 103 alleles (69 allele + and 34

allele -) to their diabetic offspring (Table 2-6). Under

the hypothesis of no linkage, the expected number of +

2
and - alleles transmitted is equal (i.e. 51.5). The x

2
was calculated using the formula (x-y) /(x+y), where x is

the number of the + alleles and y is the number of -

alleles that are transmitted. The difference observed
2 2

was significant, x =(69-34) / (69+34)=11.9, p=0.0006

supporting linkage. In the case of INS, this study again

demonstrated that TDT is more sensitive than affected

sibpair analysis in detecting linkage.

To test whether there is sex difference in INS

transmission, paternal and maternal transmissions were

counted separately. Among 31 fathers heterozygous
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Table 2-5. Affected sibpairs analysis .at the INS locus.

Fathers Mothers Combined

IBD (1 : 0) IBD (1 : 0) IBD (1 : 0)

Observed 19 : 6 8 : 13 27 : 19

Expected 12.5 : 12.5 10.5 : 10.5 23 : 23

x2 6.7 1.2 1.4

P 0.01 ns ns
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Table 2-6. Transmission-disequilibrium test of INS + and
- alleles transmitted from heterozygous (+/-) fathers or
mothers to affected children.

Fathers
+

Mothers

+

Combined
+

Observed 44 12 25 22 69 34

Expected 28 28 23.5 23.5 51.5 51.5

i2 18.3 0.2 11.9

p 0.00002 ns 0.0006
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for INS, 37 + alleles and 12 - alleles were transmitted

to their diabetic children. This is significantly
2

different from random expectation: % = (44-
2

12) / (44+12)=18.3, p <0.00002. Among 25 mothers

heterozygous for INS, 25 + alleles and 22 - alleles were

transmitted. This difference is not significant from

random expectation. These results suggest that there is

a transmission distortion of INS from fathers to diabetic

children.

There Is No Segregation Distortion of INS Transmitted to

Unaffected Children

The difference found with the TDT could be due to an

"artifact" of meiotic segregation distortion. If it was

an artifact, one would expect to see such distortion in

both affected and unaffected offspring. The INS

transmissions from heterozygous parents to unaffected

sibs within diabetic families, as well as to normal

children in non-diabetic families were analyzed. As

shown in Table 2-7, among the 29 informative individuals

who inherited INS alleles from heterozygous fathers, 13

were unaffected children in diabetic families (6 +

alleles and 7 - alleles) and 16 were children in normal

families (11 + alleles and 5 - alleles) . Among the 32

informative individuals who inherited INS alleles from

heterozygous mothers, 11 were unaffected children in

diabetic families (3 + alleles and 8 - alleles) and 21
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Table 2-

alleles

(+/-) to

7. Observed and
transmitted from

normal children.

expected number of
heterozygous fathers

INS

or

+ and -

mothers

Fathers Mothers Combined

Alleles + + + -

Observed 17 12 14 18 31 30

Expected 14.5 14.5 16 16 30. 5 30.5

p ns ns ns
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were children in normal families (11 + alleles and 10 -

alleles). The observed numbers of INS alleles

transmitted to non-diabetic children were not

significantly different from random expectation in male

or female meioses. These results do not support the

speculation of segregation distortion.

INS Is Biallelically Expressed in Human Pancreatic Tissue

Pancreatic tissue was obtained from four aborted

human fetuses. Their genomic DNAs were used as templates

to amplify the INS Pst I +1127 polymorphism site. Pst I

digestion of these PCR products revealed that two samples

(p8 and p9) were heterozygous for the INS + allele, while

the other two samples (p5 and p7) were homozygous for -

or + alleles respectively. RT-PCR analysis from p8 and

p9 mRNA revealed that both INS alleles were expressed, at

apparently equal level. This biallelic expression of INS

(Fig. 2-2) suggests that INS is not imprinted in human

pancreatic tissues.

Discussion

Both association and linkage studies have shown that

the genomic region on chromosome lip spanning the insulin

gene contains a susceptibility locus for

IDDM.45'46'48'72■75'77>78 There have been attempts to



Figure 2-2. Genomic polymorphism and expression of INS
in human pancreas. Genomic PCR: A fragment of 338 bp
which contains the Pst I +1127 polymorphism was amplified
from genomic DNA using primers INS3 and INS6. The
products were digested with Pst I restriction enzyme and
then eletrophoresed in a 3% agarose gel. The + alleles
only contain a monomorphic Pst I site and were digested
into two fragments (163 bp and 75 bp). The alleles which
contain a monomorphic site and the polymorphic Pst I +
1127 site were digested into three fragments (112, 51 and
75 bp). The samples P8 and P9 were heterozygous for INS,
as shown in the left panel. RT-PCR: A fragment of 227 bp
which contains the Pst I +1127 polymorphic site was
amplified from cDNA (derived from total RNA of human
pancreas) using the primers INS7 and INS8. RT-PCR
products were digested with Pst I. Digested products of
the - alleles produced two fragments (197 bp and 30 bp
respectively). Products of + alleles were not digested
(227 bp) . The samples P8 and P9 were biallelically
expressed as shown in the right panel.
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the IDDM susceptibility factor on lip. In this study,

significant associations with IDDM were found for two

polymorphisms within the INS gene, while no significant

associations were found for the polymorphisms flanking

INS. A 6.5 Kb genomic region was defined by the Pst I -

4217 polymorphism in the TH gene and the +2336 deletion

polymorphism in the IGF2 gene. Similar observations were

obtained by Lucassen et al.7B After analyzing ten

polymorphisms in a 4.1 kb region extending from the INS

5' VNTR and across the insulin gene, they found

significant associations with IDDM. However, it is not

possible to specifically identify the IDDM susceptibility

site(s) since all of these polymorphisms are in strong

linkage disequilibrium. In addition, they were not able

to detect associations with IDDM at the INS flanking

regions, as in this study.

Both Lucassen's and my studies indicate that the

susceptibility interval on lip contains the INS gene and

its associated VNTR. However, the mechanism by which the

INS gene and/or its associated VNTR contribute to IDDM

susceptibility is unknown.

The possible interaction between HLA and INS has

been a controversial issue. Analyses of the French

population by Julier and Lucassen have suggested that the

association of INS with IDDM may be stronger in HLA*DR4

positive individuals, indicating interactive effects

between the INS and the HLA susceptibility loci.
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However, my analyses showed that the risk conferred by

INS was similar in all HLA genotypes. Similar results

have also been reported in three other studies.48-72'75

These observations suggest that there are no interactions

between HLA and INS.

Risk assessment is an important aspect of genetic

studies of IDDM. At the INS locus, the absolute risk for

general population is 0.0084, which is calculated by the

relative risk (2.1) multiplied by the disease prevence

(0.004) . It seems that the INS gene has very minor

effect in IDDM susceptibility. In addition, the

predictibility of such assessment is limited in IDDM,

because the concordance of the disease in identical twin

pairs is as low as 36%.24 Therefore, it may be more

feasible to exclude the people who are not at risk rather

than to identify the people at risk to IDDM.

Two of the most important issues with respect to

linkage of INS and IDDM are: (1) is there a gender-

related bias, (2) if there is, what is the molecular

mechanism responsible for the sex difference. It appears

that a sex difference exists in most ethnically

heterogeneous populations, such as the French population

and the US populations. However, it does not exist in

ethnically more homogeneous populations, such as the

British population.48 There are several possible

explanations for the sex difference in transmission.

Random transmission of INS in non-diabetic families is
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not consistent with the hypothesis of segregation

distortion and thus provides further evidence for

linkage. Since the maternal gene did not seem to be

important in IDDM susceptibility, the maternal gene may

not be expressed, in another word, may be imprinted.

Maternal imprinting could account for the observation,

and was an very attractive hypothesis because of

previously documented maternally imprinted genes in this

region.68'79'83 The IGF2 gene located 3' of INS is known

to be imprinted in the mouse68 and human.81'83 INS is

also known to be imprinted in the mouse yolk sac although

not in the pancreas.84 However, our RT-PCR analysis

revealed biallelic expression of INS in the pancreas of

human fetus. Similar results were also obtained from

adult pancreas.85 These results indicate that INS is not

imprinted in the pancreatic islets. Therefore, other

potential mechanisms must be responsible for the observed

sex difference.

It remains possible that the INS gene may be

maternally imprinted in human yolk sac. Another possible

mechanism could be mother-fetal interactions. This

hypothesis implies that maternal insulin would have an

impact on IDDM susceptibility, probably through its

effects on p cell mass of the fetus during the early

developmental stage. The third possibility is that the

neighboring locus IGF2 could be a candidate gene for

IDDM. Supporting evidence for this hypothesis is that
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IGF2 is maternally imprinted.82'83 In addition, IGF2

encodes insulin-like growth factor 2 which is important

in embryogenesis and in P cell development.83 However,

two polymorphisms in the IGF2 gene (+23 3 6 5 bp del and

+3580 Msp I) were not associated with IDDM in our

population and in a French population.46 These results

did not support the IGF2 hypothesis. Nevertheless, there

may exist other polymorphisms in the IGF2 gene that are

in linkage disequilibrium with the disease-associated INS

polymorphisms. Alternatively, the polymorphisms in INS

may affect the expression of the IGF2 gene, since these

two regions are only separated by a few kilo-base pairs.

Thus, further studies are required to understand which

gene in the INS-IGF2 region on lip is involved in IDDM

susceptibility, and by what mechanism this gene acts.



Chapter 3
MAPPING OF TWO NOVEL IDDM SUSCEPTIBILITY INTERVALS (4q

AND 6q) BY AFFECTED SIBPAIR ANALYSIS

Introduction

As mentioned above, the HLA class II genes and INS

gene together can only explain a portion of the total

genetic influence, suggesting that other IDDM

susceptibility factors exist. Indeed, linkage studies

have suggested that at least 10 genes are involved in the

expression of insulitis and/or diabetes in the nonobese

diabetic (NOD) mouse.52'86 Given the ethnic and genetic

heterogeneities of IDDM in humans, the number of

susceptibility genes is probably even higher. The

candidate gene approach has been successful in limited

cases such as INS. In the case of the majority of the

susceptibility genes, which are likely scattered

throughout the genome, linkage studies seem to be more

feasible. In fact, several groups have recently reported

localization of at least four other non-HLA IDDM

susceptibility regions44'87 using genome-wide linkage

mapping. In my mapping studies, a two-stage approach has

been applied. The first stage involved an initial

genome-wide screen using a subset of 25 Florida affected

sibpair families and 50 microsatellite markers located

46
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throughout several chromosomal regions to obtain

preliminary linkage evidence. The second stage was to

replicate the linkages with 104 affected sibpair families

and additional microsatellite markers in those regions.

My study demonstrated that there is some evidence for

linkage in a novel region on chromosome 4q in the

vicinity of marker D4S1566 (p=0.028). Most importantly,

strong linkage evidence for the 6q25-q27 region was

obtained. Together with results from a UK data set,44

linkage to this second region was confirmed. This

disease locus has now been designated as IDDM8.

Materials and Methods

Affected Sibpair Families

Genomic DNA from a total of 104 American Caucasian

families was obtained. Each family had two affected

siblings and normal parents. In this set, forty-seven of

the samples were collected and ascertained in our hands

from the South-Eastern United States, mostly from North-

Central Florida (Florida data set). Forty-nine other

families were obtained from the Human Biological Data

Interchange (HBDI data set) . Eight more were provided

generously by Dr. Richard Spielman at the University of

Pennsylvania.
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Microsatellite Markers

Microsatellite markers were purchased from Research

Genetics. Distances between markers are measured in

centimorgans (cM) . For markers that did not meet our

technical specifications, new markers were redesigned and

synthesized based on published sequence.

Genotypino

Highly polymorphic microsatellite markers were

genotyped using radioactive labeling of PCR primers and

denaturing polyacrylamide gel electrophoresis (Figure 3-

1) . One of the PCR primers was end-labeled using y32P-ATP
and T4 polynucleotide kinase. PCR amplifications were

performed on 40 ng of genomic DNA (prealiquoted into a

96-well microtitre plate) in a 12 pi reaction volume

containing 50 mM KCL, 10 mM Tris-CL pH 8.3, 1.5 mM MgCl2,

and 60 |iM of all four dNTPs, 0.2 ng of each primers and

0.5 u of Tag polymorase (Boehringer). Samples were

subjected to 27-30 cycles of 30 seconds at 94°C for

denaturing, 30 seconds at the optimum annealing

temperature, and 30 seconds at 72°C for extension using a

Perkin-Elmer-Cetus 9600 thermal cycler. After PCR

amplification, two volumes of sequencing loading solution

(0.3% xylene cyanol, 0.3% bromophenol blue, 10 mM EDTA pH

8.0 and 90% volume of formamide) were added. The samples



Figure 3-1. An example of genotyping D4S243 using
radioactive labeling of PCR primers and denaturing
polyacrylamide gel electrophoresis. Eleven affected
sibpair families were analyzed. F: Father. M: Mother.
SI, S2: Affected siblings.
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were then heated at 95°C for 10 min to denature the DNA,

and 2-4 (j.1 were immediately loaded onto a 6.5 %

polyacrylamide DNA sequencing gel. PCR products from 3-4

different markers with non-overlapping allele sizes

(amplified in separate reactions) were combined together

before loading to genotype multiple markers

simultaneously. Alternatively, in some cases products of

the same marker (but different samples) were loaded four

times (each separated by 30-60 min) . Multiplexing of

different markers or multiple loading of products from

the same marker greatly increased the efficiency of

genotyping.

Data Analysis

A x2 test was used to determine the statistical

significance of the excess of gene sharing by affected

sibpairs. The %2 was calculated using (1 ibd-0 ibd)2/(l
ibd + 0 ibd), with one degree of freedom. A p value less

than or equal to 0.05 suggests linkage. In order to

detect potential linkages, correction for multiple

comparisons was not performed.

The maximum lod score (MLS) statistic T was

calculated according to Risch88 using the following

equation: T= (Nx) [log10 (Nj./0.5N)] + (N0) [log10 (N„/0.5N) ] .

Where N is the total number of informative meioses

(Ní+Nq) , Nj. and N0 are the observed number of affected
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sibpairs sharing 1 or 0 alleles respectively. The random

expectation for 1 ibd and 0 ibd is 50% respectively. A

MLS value of 1.0 indicates linkage.

To increase the informativeness of these families,

informative flanking markers were used to deduce the

transmission of alleles from homozygous parents (referred

to as haplotyping). Haplotyping analyses were performed

using markers spaced at less than 5 cM to minimize the

possibility of double recombinations. Percent of gene

sharing (PGS) was calculated by the formula 1 ibd/(l ibd

+ 0 ibd) .

Results

Screen for Linkage on Several Chromosomal Regions

Initially, up to twenty-five of the Florida families

were analyzed for 50 microsatellite markers randomly

chosen throughout several chromosomal regions. Among

these regions, some were syntenic to IDDM genes in NOD

mouse, some encampass candidate disease genes in humans.

As expected, the ibd values drawn from the 25 sibpairs

were not sufficient to claim linkage. For example, IL2RB

on 22q had a p value of 0.01 in the first 25 affected

sibpairs, but linkage disappeared when all 104 affected

sibpairs were analyzed. However some positive

preliminary data were obtained on two markers, D4S1566 on
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4q and D6S264 on 6q. In addition to the linkage

evidence, these markers are in candidate gene regions.

The 4q region is syntenic to a mouse chromosome 3 region

which contains a IDDM gene (Iddm3) in the NOD mouse. The

6q region is in the neighborhood of the SOD2 and IGF2R

genes in human. It was obvious that these two regions

were worthy of further investigation.

The rest of 104 affected sibpairs were then

genotyped at D4S1566. Weak evidence of linkage was

obtained in the Florida data set (p=0.026) and the total

data set (p=0.028) (Table 3-1). The affected sibpairs in

the HBDI families had increased gene sharing compared to

random expectation but the excess of gene sharing was not

statistically significant. For D6S264, linkage evidence

was obtained in the Florida data set (p=0.03) and HBDI

families (p=0.0073). The combined data set gave a p

value of 0.0013 (Table 3-1). At this point, I proceeded

to more closely map the 4q and 6q regions to localize the

potential IDDM susceptibility genes.

Fine Mapping of Chromosome 4q Region

Seven additional microsatellite markers were

analyzed. They are D4S393, D4S1603, D4S349, D4S1596,

D4S243, D4S1545 and D4S622 (Table 3-2). Linkage evidence

was strongest at D4S1566 (p=0.028). Since this region
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Table 3-1. Linkage Evidence from Genome-wide Screen.

Markers Data sets IBD (1:0) PGS P MLS

D4S1566 FL 47 46 : 27 63.0% 0.026 1.1

HBDI 49 48 : 40 54.5% ns

UF 104 102 : 73 58.3% 0.028 1.1

D6S264 FL 47 35 : 19 64.8% 0.030 1.1

HBDI 49 52 : 2 8 65.0% 0.0073 1.6

UF 104 89 : 51 63.6% 0.0013 2.3
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has not been previously reported and is in the vicinity

of a candidate region, further studies in other

independent data sets will be necessary to confirm this

linkage.

Fine Mapping of IDDM8 on Chromosome 6a

As shown in Figure 3-2, twenty-one markers were

analyzed to localize the susceptibility gene on 6q. to be

within 1-2 cM of the given locus are flagged with

The first six markers are in the interval of IDDM5 a

These markers encompass a region of 43 cM with an average

distance of 3-5 cM. The markers that are estimated round

ESR, which was first identified by Davies and

colleagues.44 In my study, the linkage at ESR was

surprisingly weak (MLS=0.9, which was only slightly

higher than its flanking markers). The strongest linkage

evidence was detected at D6S446, which gave a MLS value

of 2.8 (1 ibd = 116 and 0 ibd = 68). Since this marker

was more than 30 cM telemetric to ESR, it was speculated

that there may exist another IDDM predisposition gene in

the 6q region.

In order to verify this speculation, combining the

result from the 96 UK data set44 with ours, the total

MLS values were recalculated (Table 3-3). For ESR, the

combined results were (95 1 ibd, 59 0 ibd and MLS=1.8),
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Table 3-2. Fine mapping of the region around D4S1566.

Marker D (CM) 1 ibd 0 ibd r P

D4S393 0 34 38 ns

D4S1603 1 79 59 2.9 0.09

D4S349 2 93 66 4.6 0.03

D4S1566 5 102 73 4.8 0.028

D4S1596 6 83 70 1.1 ns

D4S243 7 101 84 1.6 ns

D4S1545 12 74 71 ns

D4S622 13 63 48 ns



Figure 3-2. Schematic presentation of the locations of

IDDM5 and IDDM8. The plot was based on the data in Table

3-4 .
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Table 3-3. Fine mapping of IDDM8 on chromosome 6q.

Markers D (CM) 1 ibd 0 ibd MLS

D6S311 0 88 85 0.0

D6S476 2 101 88 o to

ESR 4 110 82 0.9

D6S440 6 109 90 0.4

D6S290 7 108 90 0.4

D6S442 10 110 89 0.5

D6S415 13 107 89 0.4

D6S437 15 107 82 0.7

D6S253 22 112 81 1.1

IGF2R a 22 111 78 1.3

D6S220 » 23 111 76 1.4

D6S1008 « 25 108 81 0.8

D6S980 » 27 109 81 0.9

D6S396 * 29 109 83 0.8

D6S392 * 30 112 85 COo

D6S264 32 117 75 2.0

D6S297 35 113 76 1.6

D6S503 * 37 112 76 1.5

D6S446 41 116 68 2.8

D6S281 42 107 63 2.5

MLS (+UK)

2.5

1.8

2.0
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the total MLS was 2.5. For D6S264, a MLS value of 3.4

was achieved. In addition, for this marker, a p value of

0.001 was initially demonstrated in our data set.

Together with additional linkage evidence (p=0.01)

obtained in the independent OK 96 data set, it was very

clear that 6q encompassed another IDDM susceptibility

locus besides IDDM5. This second disease locus, near

D6S264, has been officially designated as IDDM8.

Genetic Heterogeneity According to HLA-DR/DO Status of
the Affected sifepaira

To test HLA-associated heterogeneity, the identity

by decent (ibd) data of affected families were subdivided

according to HLA-DR/DQ haplotypes: sibpairs who shared 2

identical HLA haplotypes (HLA 2) and sibpairs who shared

1 or 0 HLA haplotype (HLA 1, 0) . There were variations

in the proportions of genes shared by affected sibpairs

between the HLA 2 and HLA 1,0 categories for most marker

loci in this study. There were also variations of ibd

values in data subsets with different HLA-DK. However,

none of the comparisons reached statistical significance.

Therefore, the differences in ibd values between

different HLA categories in most cases is likely due to

random chance, or HLA's effect is too weak to be

detected.
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Discussion

Mapping genes predisposing to complex disorders such

as IDDM is a difficult task. Suarez and colleagues89

have shown by computer simulation that if a number of

loci (each with a moderately small effect on disease) are

implicated, then linkage will be difficult to detect and

to replicate. The difficulty is due to heterogeneity

expected between data sets, or even within studies. In

monogenic diseases, the generally accepted norm for

linkage is a LOD score of 3 (pcO.OOl). Previous

studies44'87'90 have shown that this norm can not be

effectively achieved in studies of diseases with

substantial genetic heterogeneity. The reason is that

weak linkages could easily be missed even with 100 or

more affected sibpairs. Lander and Schork have suggested

that a p value of 3xl0’5 (or MLS=3.6) is required to claim

a true linkage (confident at the 5% level) when the human

genome is examined.91 Such criteria may be difficult to

apply to complex diseases such as IDDM, because pooling

of different data sets in light of substantial genetic

heterogeneity may create serious problems.

Alternatively, Davies and colleagues have suggested

guidelines for statistic significance: 1) to obtain a p

value of 0.001 in the initial data set. 2) to replicate

this linkage in another independent data set with a p

value of 0.05.44 However, the false positive rate such
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criteria is not yet known. In general, it is accepted

that less stringent criteria should be applied for the

initial establishment of linkage for complex diseases and

more stringent criteria should then be applied to confirm

the susceptibility genes. Therefore, I have reported any

linkage evidence when p is less or equal to 0.05. Even

though such evidence is not strong considering the number

of markers tested, any marker that indicates linkage in

one data set should be further investigated.

The linkage evidence for D431566 was novel and

warrants further studies in other independent families.

Linkage evidence for IDDM8 in my data set (MLS=2.8 for

D6S446 and MLS=2.0, p=0.001 for D6S264) and the weak

evidence in the DK data set (MLS=1.4, p=0.01 for D6S264)

together establish the presence of a disease locus in the

6q region using the criteria of Davies et al. When the

UK data set and my data set were combined, linkage

evidence for D6S264 (MLS=3.4) almost reached the

stringent criteria (MLS=3.6) suggested by Lander and

Schork. Since D6S264 is 2 8 CM more telomeric than ESR

(IDDM5) , this study suggests that there are probably two

distinct IDDM genes on 6q (IDDM5 near ESR and IDDM8 near

D6S264-D6S446) . This conclusion is also supported by the

UK data set. Since a 95% confidence interval is defined

as the region that contains all markers having a MLS

value greater than or equal to MLSmax - 1.4,92 all markers

that have a MLS of 1.4 (i.e. 2.8-1.4=1.4) are in the 95%
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confidence interval of IDDM8. Thus, IDDM8 is probably

located in the interval telomeric to D6S220.

There are two observations worthy of notice. First,

there was a fluctuation of MLS values along the 6q

region. This observation is consistent with the allele¬

sharing of a complex genetic trait.92 In the situation

of a complex trait, the MLS follows a random walk in the

neighborhood of its peak, with steps occurring at

transitions between sharing and nonsharing. Second, the

percentage of genes shared by affected sibpairs was 62.5%

in the OK data set. which is very similar to that

observed in my USA families (62.2%). If these

observations can be confirmed in other independent

families, IDDM8 may be one of the most important

susceptibility genes for IDDM in addition to the HLA

class II genes. The contribution of a single disease

locus to the total can be estimated from the ratio of

the expected proportion of affected sibpairs sharing no
50

alleles (0 ibd=0.25) and the observed proportion. In

fact, the Xa conferred by IDDM8 was estimated to be 1.8,

which was higher than other non-HLA susceptibility genes

(Xs = 1.5, 1.4, 1.6, 1.2 and 1.3 for IDDM2, IDDM3, IDDM4,
96

IDDM5, and IDDM7) . IDDM8 is thus the most important

IDDM susceptibility factor other than HLA.

In order to investigate the characteristics of the

potential IDDM8, the evidence of linkage for IDDM8 was

analyzed according to parent-of-origin status. As shown
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in Table 3-4 and Figure 3-3, it appeared that linkage for

IDDM8 was only detected in maternal meioses but not in

paternal meioses. Since the paternal gene did not seem

to be important in IDDM susceptibility, the paternal gene

may not be expressed, suggesting a possible role for

paternal imprinting.



65

Table 3-4. Evidence of paternal imprinting at IDDM8.

Markers D (cM) Paternal Meioses Maternal Meioses
1 ibd 0 ibd MLS 1 ibd 0 ibd MLS

ESR 4 54 42 0.3 56 40 0.6

D6S437 15 55 40 0.5 52 42 0.2

D6S253 22 53 44 0.2 59 37 1.1

IGF2R 22 53 45 0.1 58 33 1.5

D6S220 23 53 44 0.2 58 32 1.7

D6S1008 25 52 46 0.1 56 35 1.1

D6S980 27 53 46 0.1 56 35 1.1

D6S396 29 52 46 0.1 57 37 0.9

D6S392 30 51 50 0.0 61 35 1.6

D6S264 32 53 43 0.2 64 32 2.4

D6S297 35 53 43 0.2 60 33 1.7

D6S503 37 53 42 0.3 59 34 1.5

D6S446 41 58 36 1.1 58 32 1.7

D6S281 42 54 31 1.4 53 32 1.1

TBP 43 38 24 0.7 41 24 1.0



Figure 3-3. Schematic presentation of evidence for
paternal imprinting at IDDM8. The plot was based on the
data in Table 3-4.
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CHAPTER 4

DISCUSSION

Three years ago, I set out to answer three

questions: (1) How many genes may contribute to IDDM

susceptibility? (2) Where are they located? (3) How can

they be identified? To date, most of these questions

have been at least preliminary answered.

Genetic susceptibility to IDDM is complex, with HLA

class II genes on chromosome 6p21 (IDDM1) as the major

locus, with the insulin (INS) gene on chromosome llpl5

(IDDM2) as a minor locus, and with at least five

additional minor loci on chromosomes 15q (IDDM3),90 llq

(IDDM4) , 87 6q (IDDM5) , 44 2q (IDDM7) 50'93 and 6q (IDDM8) . 96
For IDDM1, the genetic determinants are the

polymorphisms within the peptide-binding sites of the

HLA-DQ and -DR molecules, but the identity of other

disease-predisposing mutations remain to be identified.

For IDDM2, the locus was mapped by this and

Lucassen's78 study to the INS gene and its associated

VNTR. However, the exact identity of IDDM2 remained

unknown until recently. Bennett et al.8S revealed that

IDDM2 is determined by the VNTR at the 5' of the INS gene

using a cross-match haplotype analysis. This notion is

now generally accepted. Since this polymorphism does not

68
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encode any known gene products so that it must exert its

effect on IDDM susceptibility by regulating the

expression of other genes. I hypothesize that the VNTR

may regulate the transcription of its downstream genes,

such as INS and IGF2.

The ZNS-associated VNTR is a 14 bp repeat sequence

located in the promoter of the INS gene and is 365 bp

from the INS's transcription initiation site. This

interesting location suggests that VNTR might be

essential in regulating the INS gene expression. Since

the INS gene encodes insulin (which may be an autoantigen

in the process of disease development), the effect of the

INS gene may be derived from increased insulin secretion

and thereby lead to an augmentation of the targeted

autoantigens expressed on pancreatic beta cells. There

is evidence to support this hypothesis. Recently,

Kennedy et al.94 demonstrated that the XNS-associated

VNTR could be bound and activated by a transcription

factor Pur-1 in vitro. The same study was also able to

present preliminary evidence that the transcriptional

levels of reporter genes are correlated with allelic

variation within the VNTR. However, the VNTR-INS

hypothesis cannot explain the observed gender-related

transmission bias of IDDM2.

The next downstream gene to the INS is the IGF2 gene

which encodes a protein (insulin-like growth factor) that

is important in (3 cell development.83 In addition, this



70

gene is known to be maternally imprinted.82'83 This

evidence suggests the potential role for the IGF2 gene in

IDDM pathogenesis. Nevertheless, it remains possible

that both the INS and IGF2 genes are involved in the

VNTR's effects in IDDM.

The identity of IDDM8 is still unknown. In this

study, the paternal imprinting characteristic of IDDM8

was first identified. Recently, evidence suggests that

an imprinted gene on chromosome 6 may be involved in

transient neonatal diabetes mellitus (TNDM).95 This gene

appears to be important for pancreatic P cell

development. It remains to be seen whether the TNDM gene

is identical or related to IDDM8 on 6q. Another

candidate gene for IDDM8 is IGF2R. Since IGF2R exhibits

paternal imprinting in mice and in humans, it may be the

paternally imprinted factor on 6q. Intriguingly, IGF2, a

candidate gene for IDDM2 on llql5, is maternally

imprinted. The above information together suggests that

the IGF2-IGF2R hypothesis is a very attractive mechanism

for IDDM susceptibility and deserves further

investigation. In our lab, a microsatellite marker

located in the 3'-untranslated region of IGF2R was

examined by other colleagues using linkage disequilibrium

analysis. Although linkage disequilibrium was not

demonstrated, this does not exclude IGF2R as a candidate

for IDDM8. Further mutation analysis, especially in the

regulatory region, is of great importance.
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Thus far seven susceptibility loci (IDDM1, IDDM2,

IDDM3, IDDM4, IDDM5, IDDM7 and IDDM8) have been

identified. What is their combined effect on the total

familial clustering of IDDM (X.s=15)? IDDM1 is the major

locus for IDDM susceptibility, with a Xs of 3.1-4.5.44

The Xa for IDDM2 and IDDM7 are both 1.3.50 IDDM4 and

IDDM5 both have Xg=l. 1.44 -87 For IDDM3, the Xs is 1.4.96

Finally, the X3 for IDDM8 is 1.8. Therefore, the total Xs

is 11.1-12.5, which is about 80% of the total familial

clustering of IDDM. Three conclusions can be drawn from

this calculation. First, IDDM is definitely

polygenically controlled. Second, it seems that most of

the IDDM susceptibility genes, if not all, have been

localized. The next logical step will be to reveal the

identities of these genes and to investigate how they

interact with one another and the environment to cause

disease. Third, since Xa for IDDM8 is 1.8, which

accounts for a higher proportion of the familial

clustering of IDDM (i.e. higher value) than other non-

HLA susceptibility genes, IDDM8 may be the most important

non-HLA susceptibility factor.

The success in the localization of polygenic factors

of IDDM is a big leap for mankind in the journey of

conquering this ancient and worldwide disease. The

genetic studies of IDDM will ultimately have a great

impact on the prediction, prevention and treatment of the

disease.
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