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Abstract

Family and twin studies have shown clearly that
Type I (insulin-dependent) diabetes mellitus has a ge-
netic basis. However, only within the past decade has
it been possible to systematically attempt to identify
the genes that increase susceptibility to this disorder
using linkage and association analysis of genetic
markers distributed across the genome. More than
20 putative diabetes-predisposing genes have been
localised in addition to HLA region susceptibility
genes detected more than 25 years ago. Unfortunate-
ly, the effects of most diabetes-predisposing genes are
weak, with the exception of HLA region susceptibili-
ty genes (which contribute about half of the genetic
risk). The overall effects of diabetes-predisposing
genes could be weak because the susceptibility gene
occurs in only a small proportion of diabetic patients
or the susceptibility gene (although it might be com-

mon) produces only a modest increase in risk, proba-
bly by acting in concert with other such genes to
cause disease. The weak effects of these genes have
made them difficult to locate, difficult to confirm in
independent studies and difficult to isolate by genetic
procedures. This paper summarizes the major chal-
lenges that have faced geneticists in mapping Type I
diabetes genes, and reviews the progress achieved to
date. The rewards of the genetic studies will be two-
fold: increased understanding of the causes of Type I
diabetes, facilitating creation of preventative thera-
pies, and enabling clinicians in the future to use ge-
netic information to predict which children are pre-
disposed to diabetes in order to target them for pre-
ventative therapies. [Diabetologia (2002) 45: 21-35]
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Type 1 diabetes (formerly called insulin-dependent
diabetes mellitus) results from the autoimmune de-
struction of the insulin-producing beta cells of the
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pancreas. It is now known that Type I diabetes is a
genetically complex disease, i.e. a disease caused by
multiple genes interacting with non-genetic (envi-
ronmental and stochastic) factors. Family studies
have clearly shown a genetic basis but inheritance
of the disease does not follow a simple mendelian
single-locus pattern. Population and family studies
also suggest that most (perhaps all) affected individ-
uals are genetically predisposed to Type I diabetes,
particularly through HLA region genes. However,
non-genetic factors appear to be required to precipi-
tate the disease in these genetically susceptible per-
sons because in monozygote (MZ) twin pairs in
which one twin has Type I diabetes the MZ twin
concordance rate is less than 100%. It is not clear
whether there are any purely genetic cases of Type |
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diabetes, in which non-genetic factors are unneces-
sary.

This review will focus on the more than 20 putative
diabetes-predisposing genes identified by linkage and
association (linkage disequilibrium) studies. Particu-
lar emphasis will be given to the challenges encoun-
tered in locating and confirming these genes. Howev-
er, first we will review the general evidence that Type
I diabetes has a genetic basis and summarise the two
primary methods for finding genes predisposing to
genetically complex disorders.

Evidence for a genetic basis: family and twin studies of
Type | diabetes

What is the evidence that Type I diabetes has a genet-
ic basis? The simplest evidence comes from the fact
that the frequency of the disorder is higher in close
relatives of diabetic patients than in the general pop-
ulation (note: the reference population in the discus-
sion which follows are people of European ancestry,
who have the highest prevalence of Type I diabetes).
For example, the frequency of Type I diabetes in sib-
lings of diabetics is about 6% by age 30 [1], while
the frequency in the general population is about
0.4% by age 30 [2]. Thus, Type I diabetes is about
6/0.4,1.e. 15 times more common in siblings of diabet-
ic patients than in the general population. This ratio
between frequency in siblings compared with the
general population is referred to as Ay, [3].

Children of Type I diabetic patients also have a
higher frequency of diabetes, about 3-6 %. Interest-
ingly, several studies have shown that the risk of dia-
betes in children is lower if the diabetic parent is the
mother than if the diabetic parent is the father, eg.
by 20 years of age, 1% compared with 6% [4], 3%
compared with 9% [5], 4% compared with 8% [6].
Risk of diabetes-related autoantibodies without overt
diabetes (see below) has also shown a parental-sex ef-
fect: children of diabetic mothers were positive for
autoantibodies less often than those of diabetic fa-
thers [7, 8]. The reason for the sex-of-parent effect is
not known, but could be due to genetic or non-genet-
ic factors or both. Possibilities include, firstly, diabe-
tes-prone fetuses of diabetic mothers could be mis-
carried more often than non-diabetes-prone fetuses;
secondly, diabetes-prone fetuses of diabetic mothers
could be protected against development of pancreatic
autoimmunity and diabetes; and thirdly, diabetes-
predisposing genes could be less diabetogenic when
inherited from mothers than when inherited from fa-
thers (imprinting). One study has shown no relation
between pre/perinatal death rates and frequency of
diabetes in children of diabetic mothers, arguing
against the selective loss mechanism [9]. Additional
investigations are needed into this intriguing natural
difference in diabetes risk for children of diabetic
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mothers compared with fathers, as it could suggest
ways to artificially reduce the risk through medical
intervention.

Because close relatives of diabetic patients share
common environmental factors, it could be argued
that shared environment alone accounts for the in-
creased risk of Type I diabetes among relatives of dia-
betic patients. More definitive evidence for a genetic
basis is obtained by comparing the diabetes concor-
dance rates in monozygotic (MZ, 100% shared
genes) and dizygotic twins (DZ, average 50 % shared
genes), because twins experience similar environ-
ments both before and after birth. These studies
have consistently shown a higher Type I diabetes con-
cordance rate in MZ twins than DZ twins [10-13],
demonstrating a clear genetic basis for this disorder.
The MZ twin concordance rate also provides a rough
idea of the degree of genetic compared with non-ge-
netic determination in specific environments. This
concordance rate has been variously estimated as
34 % by age 30 [11], 43 % within 12 years of diagnosis
of the index case [14], and 50 % within 40 years of in-
dex diagnosis [15], implying strong non-genetic fac-
tors (reflected as discordance) in the aetiology of
Type I diabetes.

Age at onset of clinical disease could define sub-
types of Type I diabetes influenced by different pre-
disposing genes. Recently reported correlations for
age at onset in diabetic MZ twins (r = 0.94) and dia-
betic non-twin siblings (7 = 0.53) suggest that most of
the variability in onset age is genetically determined
[16]. However, another recent study found a lower
MZ concordance rate when the index was diagnosed
at 25 years of age or older, suggesting a role for age-
related non-genetic factors [15]. Adults who present
after 30 years of age with apparent non-insulin de-
pendent diabetes, which later converts to insulin-de-
pendency, could have latent autoimmune diabetes in
adults (LADA) [17, 18]. This slow-onset form of insu-
lin-dependent diabetes is characterised by the pres-
ence of diabetes-related autoantibodies such as anti-
GAD (see below). However, the levels of such auto-
antibodies have been found to be lower than in pati-
ents with typical Type I diabetes, possibly reflecting
a less aggressive autoimmunity [19]. Similarly, the
frequency of high-risk HLA genotypes in LADA pa-
tients was lower than in Type I diabetics, but higher
than in Type II diabetics who were negative for
GAD autoantibodies [20]. Thus, LADA patients
could have fewer or less potent Type I diabetes sus-
ceptibility genes, or they may have protective genes
that retard progression of disease or both.

Because concordance rates in MZ twins are not
100 %, it is clear that non-genetic factors must also
contribute to Type I diabetes. Non-genetic factors
could include environmental agents, such as viruses
[21] or cow’s milk proteins [22], and also purely sto-
chastic processes, operating (for example) during vi-
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rus innoculation and replication, during the develop-
ment of the immune system (T-cell receptor and im-
munoglobulin rearrangement), or during growth of
the pancreatic beta-cell mass. Evidence for viral in-
volvement is particularly strong. For example, con-
genital rubella infection is associated with a dramati-
cally increased risk of autoimmune diabetes [23].
Similarly, recent studies have shown higher frequen-
cies of antibodies towards Coxsackie B enteroviruses
in prediabetic children [24] and in mothers of such
children at time of delivery [25], as well as temporal
association between appearance of antiviral antibod-
ies and diabetes-associated autoantibodies [26].

Evidence for a genetic basis: studies of diabetes-
associated autoantibodies

Type I diabetes has a long preclinical phase during
which T cells infiltrate the islets of the pancreas, and
autoantibodies to a variety of islet cell components
are formed. This preclinical phase progresses to clini-
cally overt disease when the majority of beta cells
have been destroyed. Autoantibodies towards cyto-
plasmic islet cell antigens (ICA), insulin (IAA),
glutamic acid decarboxylase (GAD), and protein ty-
rosine phosphatase-2 (IA-2) are common in patients
at the time of diagnosis and in close relatives who
subsequently become diabetic [7, 14]. It is not cur-
rently known whether these autoantibodies directly
participate in beta-cell destruction by binding with
beta-cell antigens, or whether they arise as a conse-
quence of beta-cell destruction following release of
self-antigens from destroyed beta cells [27]. Either
way, the presence of antibodies to islet cell compo-
nents (especially multiple autoantibodies at high ti-
tres) is strongly associated with risk of progressing to
clinical diabetes, both in relatives of Type I diabetic
patients [7] and in the general population [28]. Re-
cent studies have shown that autoantibodies occur
even in infants and young children who later develop
diabetes, suggesting that the autoimmune process
could begin very early in life, perhaps prenatally [8,
29, 30]. Because autoantibodies are biological mark-
ers for preclinical diabetes, it is important to know
whether these autoantibodies show evidence for ge-
netic determination, or whether they merely reflect
the presence of non-genetic diabetes-predisposing
factors (such as viruses that damage beta cells). In
the general population, the frequencies of ICA,
IAA, and anti-GAD are low — for example, 3-4 % in
a study of Swedish children [31] and 2% in a study
of British children [28]. The frequencies among sib-
lings of Type I diabetics are somewhat higher — for ex-
ample, 6 % of siblings were ICA + in one large study
[32]. Again, because familial aggregation of autoanti-
bodies could be due to shared environment, twin
studies are required to establish a genetic contribu-
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tion. One research group found that among non-dia-
betic co-twins of Type I diabetic patients, the fre-
quencies of ICA, IAA and anti-GAD were not high-
er in MZ co-twins (20 %, 50 %, 40 % for the three an-
tibody types) than in DZ co-twins (26 %, 49 %, 40 %),
suggesting that islet cell autoimmunity is environ-
mentally determined [33]. In contrast, another group
found that ICA, TA-2, and anti-GAD were more fre-
quent in non-diabetic MZ co-twins (28%, 28 %,
22% for the three antibody types) than in non-dia-
betic DZ co-twins (22 %, 11 %, 11 %) [14]. Similarly,
a third group detected higher frequencies of anti-islet
antibodies among non-diabetic MZ co-twins (42 %)
than among non-diabetic DZ co-twins (20 %), non-
diabetic non-twin siblings (11 %), or unrelated con-
trol subjects (6 % ) [34]. These results support both a
genetic contribution (difference in autoantibody fre-
quencies between MZ and DZ co-twins) and a non-
genetic contribution (difference between DZ and
non-twin siblings). Other investigations of non-dia-
betic MZ co-twins of diabetic twins have shown even
higher frequencies of autoantibodies. For example,
of 11 non-diabetic MZ co-twins of diabetic twins,
100% (11/11) had TAA in at least one of two blood
samples taken at different times [35]. Similarly, an-
other study found that of 12 MZ co-twins of diabetic
twins who had remained non-diabetic for 8-39 years,
66% (8/12) nevertheless had persistent autoanti-
bodies or evidence of beta-cell damage or both [36].
The above data indicate that among relatives of
Type I diabetic patients, subclinical signs of pancreat-
ic autoimmunity could be more common than overt
diabetes. It is reasonable to suppose that a subset of
the genes which predispose to Type I diabetes in fact
predispose specifically to this early islet cell autoim-
munity. Identification of these genes could assist in
designing therapies that intervene at the earliest stag-
es of disease pathogenesis and prevent progression to
clinical diabetes.

If the pathogenesis of diabetes begins in very early
life (perhaps even prenatally), then the immune status
of the mother during pregnancy could be as relevant as
the immune status of her diabetes-at-risk offspring. If
so, then elucidating the genetic basis of Type I diabetes
will also require analysis of maternal genotype and
maternal-fetal genotype interactions. Very few studies
of this nature have been conducted. Furthermore, if
viral infection is involved in the initiation of the au-
toimmune process, then genetic differences between
individuals in immune response towards viruses could
alter their predisposition to Type I diabetes.

Methods for detecting susceptibility genes
Family and twin studies, such as those described

above, have concluded that Type I diabetes has a ge-
netic basis. How, then, are the locations of the rele-
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Table 1. Comparison of linkage and association analysis for mapping genetically complex disorders

Linkage analysis

Association analysis

Tests for co-segregation of marker and disease locus alleles in
families.

Significant result indicates physical linkage between marker and
disease loci.

Requires family data with at least two affected children (with or
without parents).

Can detect disease locus even if it is not close to marker.

Fewer markers needed for genome scan.

Less powerful for detecting common disease susceptibility alleles
of modest effect.

Tests for association between marker and disease locus alleles in
population.

Significant result could indicate physical linkage with linkage dis-
equilibrium between marker and disease loci (must exclude other
causes of association, e.g. population stratification).

Can use population (case-control) or family data. Family data ex-
cludes stratification effects and needs only one affected child.

Can detect disease locus only if it is close to marker and if linkage
disequilibrium exists.

Many more markers needed for genome scan.

More powerful for detecting common disease susceptibility alleles
of modest effect.

vant genes identified? The two primary methods are
linkage analysis and association (linkage disequilibri-
um) analysis. These are distinct but complementary
methods (see Table 1).

Linkage analysis. Linkage analysis is a method to de-
termine whether there is evidence for co-segregation
(due to physical linkage on a chromosome) of alleles
at a hypothetical disease-susceptibility locus and al-
leles at a marker locus in families with multiple af-
fected members. A marker locus is a DNA segment
with sequence variation between individuals, which
can be thought of as “marking” a chromosomal loca-
tion. In classical parametric lod score linkage analy-
sis, the probability of linkage between disease and
marker loci is compared to the probability of no link-
age, and the log of this odds ratio is taken to derive
the lod (log of odds) score. It is conventional to re-
quire a maximum lod score of 3.0 or greater to claim
that evidence for linkage is significant. However, be-
cause linkage studies of genetically-complex diseases
such as Type I diabetes frequently involve genome
scans, it has been recommended that a higher lod
score of 3.3 be required (to compensate for the large
number of markers tested, which increases the proba-
bility of false positive results) [37]. As we will see be-
low this criterion has often been difficult to achieve
in actual studies. To do parametric linkage analysis,
the researcher must specify an inheritance model for
the hypothetical disease locus, including parameters
such as penetrances for each genotype and the dis-
ease allele frequency. When these parameters can be
accurately estimated (eg. for a single-locus mendelian
disorder), lod score analysis is the most powerful
method for disease gene localisation. However, these
parameters are unknown for one susceptibility locus
in a multigene disease, therefore so-called model-in-
dependent methods have been advocated for linkage
analysis of these disorders. The most common mod-
el-independent method is affected sibpair linkage
analysis, in which pairs of siblings who are both af-
fected with the disorder are genotyped to determine

their average proportion of alleles shared at each
marker locus. If the marker allele sharing is signifi-
cantly greater than the 50% sharing expected by
chance in siblings, this indicates that the region con-
taining the marker locus also contains a disease sus-
ceptibility locus. A maximum lod score equivalent
(called an MLS) can be constructed from the ob-
served sharing data [38].

Association analysis. Association analysis is a method
to determine whether particular marker alleles are
more frequent in people with disease than in control
subjects. If an association is found between the dis-
ease and particular marker alleles, this is considered
to be due to linkage with linkage disequilibrium be-
tween the disease and marker loci. Linkage disequi-
librium exists when allele combinations at the linked
disease and marker loci are found in non-random
proportions in the population (i.e. the disease allele
is found more or less often than expected with partic-
ular marker alleles). It results from very close linkage
(<1 cM) and insufficient evolutionary time since
new alleles arose for randomisation of combinations
to have been reached by chromosomal crossing over.
Association means that particular marker alleles
tend to occur with disease across the entire popula-
tion (different families have the same marker alleles
co-occurring with disease), while linkage means only
that particular marker alleles occur (co-segregate)
with disease within each family (different families
can have different marker alleles segregating with
disease). Because linkage disequilibrium exists only
over small chromosomal distances, a marker very
close to the disease locus has to be tested to detect as-
sociation. Conversely, finding significant association
implies not only that the marker is linked to the dis-
ease locus, but also that the marker is very closely
linked to the disease locus. In traditional case-control
(population-based) tests of association, marker allele
or genotype frequencies in unrelated patients and un-
related control subjects are compared. However, if
control subjects are not ethnically matched to cases,
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spurious (false positive) association can result. While
this is not a problem in studies of relatively homoge-
neous populations, it can be a serious problem when
studying the heterogeneous populations of North
America. To circumvent this problem, family-based
association analysis methods have been developed.
One such method, called AFBAC (for Affected-
Family-BAsed Controls [39]) involves comparing
the frequency distributions of marker alleles trans-
mitted with those not transmitted from parents to an
affected child [40-42]. The non-transmitted control
alleles come from the same parents as the transmitted
disease alleles and are thus ethnically-matched. The
TDT (Transmission Disequilibrium Test) is another
family-based association test, in which the observed
frequency of transmission of a particular allele from
heterozygous parents to an affected child is com-
pared with the 50 % expected by chance [43]. TDT is
sometimes referred to as a linkage test, but it should
be noted that the TDT does not detect linkage be-
tween a disease and a marker locus unless linkage dis-
equilibrium also exits, even when families with multi-
ple affected children are included [44, 45]. One disad-
vantage of family-based methods is that they are not
designed to test for genotype associations. Therefore,
case-control association analysis is preferable to fam-
ily-based analysis if the study population is ethnically
homogeneous, and any disease association initially
detected with family-based methods should be fol-
lowed up with case-control genotype studies in homo-
geneous populations.

Currently, there are two general approaches to lo-
cating susceptibility genes using linkage and associa-
tion analysis. The first approach is to employ numer-
ous uniformly-spaced, mapped marker loci to test
for linkage across the entire genome (linkage genome
screen). When significant linkage is found, the linked
region is intensively searched for linkage disequilibri-
um in order to zoom in to a smaller region containing
genes that can be tested for specific disease-associat-
ed variants. These genes are referred to as positional
candidate genes, because they are initially located by
chromosomal position and then assessed as candi-
dates for disease susceptibility. The second approach
is to go directly to analysing markers near or within
known genes thought to be reasonable functional
candidates for disease susceptibility, and to test these
for both linkage and association (candidate gene
studies). A third approach, which could be used in
the not-too-distant future, will involve testing for as-
sociation across the genome using very dense maps
of markers (linkage disequilibrium genome screen).
However, it is not clear how successful disequilibrium
scans will be, particularly because the thousands of
markers tested will yield many false positive signals
which could be difficult to distinguish from true sig-
nals. As noted above, linkage and association are
complementary methods for gene detection. Associa-
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tion can be used to confirm a positive linkage result
but only if the marker is close enough to the disease
locus for disequilibrium to occur (and even if the
marker is very close, there is no guarantee that dise-
quilibrium will exist). Linkage can also be used to
confirm a positive association result, but as we will
see below, strong association can occur in the absence
of significant linkage.

The challenges of searching for Type | diabetes genes

There are now more than 20 putative Type I diabetes
genes, most reported since late 1994. These discover-
ies were fuelled by the availability of large numbers
of PCR-based microsatellite markers, and of DNA
from numerous families with multiple diabetic sib-
lings suitable for linkage genome screens from repos-
itories such as the British Diabetic Association [46]
and the Human Biological Data Interchange [47].
Current diabetes susceptibility loci are listed in Ta-
ble 2, together with their provisional /IDDM gene
symbols (assigned by the Human Gene Mapping No-
menclature Committee), their cytogenetic chromo-
somal region, the genetic marker that produced the
strongest evidence for linkage or association with dia-
betes, and the key studies leading to their discovery.
Rather than reviewing this list, we will focus on seven
challenges or insights that emerge from our continu-
ing efforts to understand the genetics of Type I diabe-
tes, and will use individual susceptibility loci as exam-
ples of the discovery process.

1. Finding the region does not readily give you the
gene or mechanism. More than 25 years ago, it was
discovered that alleles at the human leukocyte anti-
gen (HLA) class I HLA-B locus were associated
with Type I diabetes, using case-control association
studies [48-50]. HLA loci were candidates for predis-
position to autoimmunity because HLA molecules
have a critical role in the regulation of the immune
response by binding and presenting foreign or self-
antigens to T lymphocytes. Later studies showed
that HLA class II loci, including HLA-DRBI,
DQBI and DQAI, were even more strongly associat-
ed with diabetes. As a result of several genome-wide
linkage screens [61, 62, 73, 83], it is now clear that
the most potent diabetes-predisposing genes in the
entire genome are located in the HLA region on
chromosome 6p21.3 (these HLA region susceptibility
genes are now collectively referred to as IDDM]I).
However, because of the extensive degree of linkage
disequilibrium among the various HLA loci, it has
been difficult to determine which precise locus pro-
duces diabetes susceptibility (for review, see [92]).
Many studies have shown that diabetics of European
ancestry have higher frequencies of HLA-DR3 and
DR4 (variants at DRBI). For example, 96 % of Cana-
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Table 2. Putative susceptibility loci for Type I diabetes
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Locus Localisation Markers Key references
IDDM1 6p21.3 HLA-DRBI, DOBI, DQAI [48-55]
IDDM?2 11p15 INS VNTR [56, 57]
IDDM3 15926 D15S107 [58-60]
IDDM4 11q13 FGF3,D1181337 [58, 61-65]
IDDMS5 6925 ESR [61, 63, 66]
IDDM6 18921 JK, D185487 [61, 67-69]
IDDM7 2q31 HOXDS, D2S152 [70,71]
IDDMS8 6q27 D6S264, D6S446 [59, 66, 72]
IDDM9 3q21-q25 D3S1576 [73]
IDDM10 10p11-q11 D10S193 [73,74]
IDDM11 14q24.3-q31 D14S67 [75]
IDDM]12 2q33 CTLA4 [76-80]
IDDM13 2935 D2S164 (81]
IDDM14 - - (unpublished)
IDDM15 6q21 D6S283 [82,83]
IDDM16 14¢32.3 D14S542, IGH [83-85]
IDDM17 10925 D10S554 [83, 86]
IDDM18 5q33-q34 ILI2B [87]
Unnamed 1q42 D1S1617 [83]
Unnamed 16q22-q24 D16S3098 [73]
Unnamed 19p13 D19S247 [73]
Unnamed 19q13 D19S225 [73]
Unnamed Xp13-pll DXS1068 [61, 88]
Unnamed 7p13 GCK [89]
Unnamed 12q14-q15 IFNG [90, 91]

dian Type I diabetic children had at least one of these
alleles, compared with 46 % of the general population
[93]. However, DR4 haplotypes in diabetics were
found to have a higher frequency of DQBI*0302 at
the nearby HLA-DQBI locus than DR4 haplotypes
in control subjects [51], which suggested that DQBI
rather than DRBI might be the primary diabetes sus-
ceptibility locus. Similarly, several HLA haplotypes
positively associated with Type I diabetes (including
DR4-DQBI1%*0302) were found to encode an amino
acid other than aspartate at position 57 of the DQBI
chain, again implying that DQBI was the primary sus-
ceptibility locus [52]. However, an elegant study
showed that DR4 haplotypes encoding both
DRB*0401 (a subtype of DR4) and DQB*0302 were
more diabetogenic than DR4 haplotypes encoding
only one of these [53] —thus, DRBI and DQBI togeth-
er could confer susceptibility. The HLA-DQAI locus
also appears to be involved in susceptibility [54, 55].
In addition to susceptibility alleles, there are also pro-
tective alleles. For example, DR2 haplotypes carrying
DRBI1*1501 and DQBI*0602 confer strong (appar-
ently dominant) protection against diabetes. Because
it is not yet known which antigens (presented with
HLA to the immune system) are critical to initiating
autoimmune diabetes, the mechanism by which HLA
genes produce susceptibility to (or protection from)
diabetes has not yet been established. One recent
modelis that susceptible HLA-DR and DQ molecules
bind diabetogenic antigens with low affinity and allow
escape from the thymus into the periphery of self-re-
active T cells, while protective HLA molecules bind

with high affinity, resulting in thymic negative selec-
tion of autoreactive T cells [94]. This model could ex-
plain the dominant effect of protective alleles. It has
also been suggested that, in addition to HLA, other
genes within the HLA region are associated with
Type I diabetes [95-97], but these associations could
be secondary to linkage disequilibrium with HLA
[98-101]. Numerous linkage studies have also shown
the existence of susceptibility genes in the HLA re-
gion. In 538 diabetic sibpairs, 54 % shared two HLA
haplotypes and only 7.3% shared zero haplotypes,
both frequencies significantly different from the 25 %
expected [102]. From these data, one can estimate the
increased risk to siblings of diabetics attributable to
HLA region genes to be about 3.4 (HLA A, = ratio
of expected to observed sharing of zero haplotypes in
siblings = 0.25/0.073 = 3.4) [3]. Because the total in-
crease in risk to siblings is about 15 (see above), the
HLA contribution to total familial clustering of diabe-
tes is about 44 % (assuming that A, values are multi-
plicative, 15/3.4 = 4.4, and 3.4/[3.4 + 4.4] =44 %). In
summary, it appears that the largest genetic contribu-
tion to Type I diabetes is through HLA-DRB, DOB
and DQA alleles, which confer varying degrees of sus-
ceptibility or resistance. However, after more than
25 years of study, it is still not clear how and in which
combinations the HLA genes produce their predis-
posing or protective effects.

Over 15 years ago, significant association was de-
tected between Type I diabetes and short alleles at a
variable number tandem repeat (VNTR) marker in
the 5 flanking region of the insulin gene (/NS) on
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chromosome 11p15 [56]. Susceptibility conferred by
this region is now known as IDDM?2. Despite inten-
sive effort, the cause of the association with the insu-
lin gene region is still not known. It is possible that
the VNTR itself directly influences insulin gene ex-
pression [103, 104]. However, some studies showed
high-risk, short alleles to be associated with increased
insulin gene transcription in the pancreas [105, 106],
while another study showed protective long alleles
to be associated with increased transcription [107].
Subsequently, two studies showed long alleles to be
associated with increased insulin expression in the
thymus [108, 109]. This led to the hypothesis that
higher concentrations of insulin in the developing
thymus could promote the induction of immune tol-
erance towards insulin and thereby reduce the predis-
position to diabetic autoimmunity. In summary, it ap-
pears that the 5" INS VNTR could be associated with
insulin transcription, but how this might modify sus-
ceptibility to Type I diabetes is still not clear. It is
also possible that a polymorphism in linkage disequi-
librium with the VNTR could be the functional vari-
ant conferring diabetes susceptibility.

2. Association analysis is more powerful than linkage
analysis. The ID DM?2 locus was first detected by find-
ing association with the insulin region VN'TR in unre-
lated patients and control subjects. Researchers,
aware of the propensity of case-controls studies for
creating spurious associations, sought to confirm the
association by detecting evidence for linkage. How-
ever, no clear evidence could be found for increased
sharing of INS region markers in diabetic sibpairs
(e.g. [41,110]). Even the largest Type I diabetes link-
age study to date (616 families [83]) could not detect
strong evidence for linkage to this region (maximum
lod score 0.6). However, application of family-based
association analysis using AFBAC [57, 111] indicated
that the population-based association was not spuri-
ous. The INS region studies clearly showed that sig-
nificant association (linkage disequilibrium) could
be detected in the absence of evidence for linkage
[111]. This could seem paradoxical; however, it has
been shown by simulation studies that a susceptibility
gene which has a modest effect on disease risk and is
common in the general population (many persons
are homozygous) could be detectable by association
but not by linkage analysis [110]. When linkage anal-
ysis was restricted to families in which at least one
parent of the affected sibpair was heterozygous for
the diabetes-associated allele, increased gene sharing
in affected children could be detected [110, 112]. In
summary, it is not likely that /IDDM?2 would have
been detected in a random linkage genome screen.
Rather, it was detected by testing for association
with a marker immediately adjacent to a candidate
gene, insulin. It follows that important susceptibility
genes have not been uncovered by current linkage
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screens but remain to be discovered by candidate
gene studies (or possibly by very dense association
genome screens).

Stated differently, association analysis is more
powerful than linkage analysis for detecting common
susceptibility genes of modest effect, provided that
the marker is at or very near the susceptibility locus.
Theoretical studies have reached the same conclusion
[113]. In fact, it has been convincingly argued that the
majority of susceptibility genes for genetically-com-
plex diseases (such as Type I diabetes) will be located
using the more powerful disequilibrium mapping ap-
proach [113]. Recently, we have been assessing genes
involved in antiviral immune defence pathways as
functional candidate genes for Type I diabetes sus-
ceptibility. To date, we have found no linkage but
strong evidence for association (using family-based
methods) of markers within two antiviral genes, 2'5’-
oligoadenylate synthetase (OAS, p =0.0019 [114])
and interferon regulatory factor 2 (IRF2, p = 0.0082
[115]). These findings suggest that common genetic
variation at loci determining host response to viruses
could contribute to diabetes predisposition (and indi-
rectly support the hypothesis that viruses are in-
volved in causing this disease). The results also show
the increased power of association compared with
linkage analysis when testing specific candidate
genes.

3. The linkage heterogeneity problem. IDDM3 can be
used to introduce what is now a familiar problem en-
countered in analysis of Type I diabetes and, indeed,
in most multigene disorders — the problem of failure
to replicate in some or all subsequent studies.
IDDM3 was localised to chromosome 15q26 by high-
ly suggestive evidence for linkage (lod score 2.5, af-
fected sibpair p value = 0.001) using 250 multiplex
families [58]. It was confirmed in two smaller inde-
pendent samples of American and Danish families
(affected sibpair p =0.020 and 0.010) [59,60], but
could not be detected in a sample of Italian families
[63]. To date, the two largest genome-wide linkage
screens for Type I diabetes genes (published back-
to-back in 1998) are Concannon et al. [83], who anal-
ysed 616 American and British families in two mixed
sets (Set 1: 188 families, Set 2: 428 families), and
Mein et al. [73] who analysed 356 British families
(250 of which were apparently also included in Con-
cannon et al.). Evidence for linkage to IDDM3 was
seen in family set 1 of Concannon et al. (which over-
lapped with families analysed for initial detection of
IDDM3 [58]), but no evidence for linkage was found
in their family set 2, nor in the families of Mein et al.
What does it mean when large datasets fail to repli-
cate linkage found in one or more smaller datasets?
In fact, even the results of the two large genome
screens [73, 83] were highly inconsistent. In terms of
regions with MLS > 1.5, the only overlap between
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those studies was the HLA region (IDDM1, detected
in virtually every linkage study done) and the chro-
mosome 6q25-q27 region (IDDM5 and IDDMS).
Furthermore, in those screens, large lod scores were
obtained in regions that had not been detected in pre-
vious studies : MLS 3.3 at 1g42 [83] and MLS 3.4 at
16q22-q24 [73]. But ironically, neither linkage was
found in both studies. This suggests that additional re-
gions showing linkage remain to be discovered in fu-
ture genome scans, but again they will be difficult to
verify. Another dramatic illustration of linkage heter-
ogeneity was provided by IDDM10. This locus was
initially mapped to the centromeric region of chro-
mosome 10 in 236 British families with MLS 2.96
[74]. Increasing the sample size to 356 families
strengthened the results, to MLS 4.7 [73]. In fact,
this was the strongest non-HLA linkage observed in
the latter study. Conversely, using many of the same
British families as Mein et al. [73] as well as numer-
ous American families, Concannon et al. [83] found
little evidence for linkage to IDDM10 (MLS 0.4).
Now the question becomes what does it mean when
one large dataset fails to replicate linkage found in
another large dataset?

Linkage heterogeneity between datasets could be
due to, firstly, sampling variation (by chance, differ-
ent samples of families from the same population
contain differing frequencies of various susceptibility
genes; as a result, linkages to susceptibility genes
with low frequency or weak effects are difficult to
replicate); secondly, population genetic variation
(differing frequencies of susceptibility alleles in dif-
ferent ethnic groups, or in unrecognised subpopula-
tions of the study population); thirdly, population en-
vironmental variation (differing frequencies of rele-
vant environmental factors leading to different pene-
trances of interacting susceptibility genotypes);
fourthly, combinations of all of the above; or finally,
no true linkage (false positive results in the initial re-
port, no susceptibility gene in the region).

Non-HLLA diabetes-predisposing genes tend to
have weak effects on susceptibility (eg. average gene
sharing in affected sibpairs is less than 60 %, com-
pared with about 70% for HLA region markers),
leading researchers to hold understandable concerns
about the lack of power in small sample sizes. If het-
erogeneity were primarily due to sampling variation,
then pooling families to create larger sample sizes
should facilitate the detection of linkage. Conversely,
if heterogeneity were primarily due to population ge-
netic and gene-environment variation, then pooling
families from a variety of ethnic backgrounds and
geographic locations would enable the detection
only of susceptibility genes that have the strongest ef-
fects and are found in most populations. Concannon
et al. [83] studied 616 British and American families,
a larger but probably more ethnically and geographi-
cally heterogeneous sample than the 356 British fam-
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ilies studied by Mein et al. [73]. It is of interest, there-
fore, that fewer large linkage signals (MLS > 1.5 in
total dataset) were detected by Concannon et al.
than by Mein et al., suggesting that ethnic variation
or gene-environment variation or both can negatively
influence ability to detect linkage.

Finally, it should be emphasized that reported
linkages need to be considered tentative until con-
firmed in independent studies. In other words, heter-
ogeneity of linkage results between different datasets
could be due to a false positive signal in the initial re-
port (point No. 5 above: no susceptibility gene exists
in the region). The pertinent questions here are,
what constitutes statistically significant linkage in
the first place, and what constitutes confirmation?
There is ongoing debate about what significance level
(p value) should be considered acceptable for map-
ping genes underlying complex traits such as Type I
diabetes. As noted above, some authorities have rec-
ommended that a lod score of 3.3 (equivalent to p val-
ue of about 0.00005) be required to claim significant
linkage (to compensate for the many markers that
were, or could be, examined in a whole genome
screen) [37]. However, others have argued that one
should not attempt to adjust p values for genome-
wide significance, especially when genome scans
have not actually been done [e.g. 116, 117]. In reality,
most lod scores associated with susceptibility genes
for diabetes (and many other complex diseases)
have not reached 3. Indeed, if those genes confer
small effects, achieving lod scores of that magnitude
could be very difficult. With respect to confirmation
of reported linkages, it is recognized that due to sta-
tistical fluctuations (point No. 1 above: sampling vari-
ation), replication of a true linkage could require
more work than initial detection of the linkage [37].
If only a specific region is being assessed, it has been
suggested that a p value of 0.01 is acceptable to con-
firm a significant linkage [37]. Geneticists are in
need of better methods (other than testing indepen-
dent samples) to confirm the existence of weakly pre-
disposing genes. We propose that one such method
could be to verify putative linkages by analysis of
linkage disequilibrium in isolated populations de-
rived from a small number of founders, where dis-
equilibrium between disease and marker loci might
be stronger (we are currently investigating one such
population, French Canadians, for linkage disequilib-
rium with putative and candidate diabetes genes). Ul-
timately, a region showing true linkage should yield a
genetic locus having one or more variants associated
with diabetes, of which at least one is a functional
change that can be shown to have relevance to dis-
ease aetiology.

4. Is positional candidate mapping feasible? Once
linkage to a region has been established, the next
steps are to saturate the region with markers to find
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evidence of association with diabetes or to identify
candidate genes in the region (“positional candi-
dates”) in order to test them for strong association
with diabetes. However, this process is fraught with
difficulties. For example, IDDM4 was mapped to
FGF3 on chromosome 11q13 by three groups [58, 61,
62] and subsequent studies showed maximal linkage
at D11S1337 just proximal to FGF3, with MLS 3.9
[59, 63] and MLS 2.7 [64]. Thus, it is likely that this
represents a true linkage. However, MLS values of
at least 1.7 extended over a wide 15 cM region [64].
It is characteristic of linkages for genes predisposing
to complex disorders that true linkage peaks tend to
be broader than false peaks [118], but this also makes
it difficult to define a reasonable interval for inten-
sive disequilibrium mapping. Nevertheless, signifi-
cant association has been found with markers near
D11S1337 and positional candidates for IDDM4
have been proposed [64, 65, 119].

Attempts to isolate IDDMS5 illustrate another dif-
ficulty with the process of disequilibrium mapping.
This susceptibility gene was localised near the oestro-
gen receptor (ESR) locus on chromosome 625 [61],
with an MLS of 4.5 [63]. However, no candidate for
IDDMS5 has yet arisen. Some evidence for association
was reported for one of 15 markers tested near ESR
[66], but these results might not be significant after
correcting p values to account for the effect of multi-
ple tests. If many markers are analysed for associa-
tion (to increase the chances that one may fall very
close to the actual susceptibility gene), then theoreti-
cally some correction should be made to p values.
However, if the true linkage disequilibrium near the
disease gene is not strong, correction for multiple
testing could render that disequilibrium difficult to
detect.

Another problem is that evidence for association
could prove as heterogeneous as evidence for link-
age, for the same reasons. For example, IDDM6 has
been mapped to chromosome 1821, showing both
evidence for linkage (MLS 1.6) and association
(p = 0.003) for markers near D18S487 [68]. However,
the evidence for association was highly heteroge-
neous, since among 1457 families with diverse ethno-
geographic origins, some groups showed no associa-
tion and others strong association. Furthermore, a re-
cent study of 627 independent families showed evi-
dence for linkage (MLS 1.2) but no evidence for asso-
ciation with the D18S487 region [69].

It could be more powerful to search for association
using only the subset of families whose affected sib-
pairs show increased gene sharing (linkage) in the re-
gion of interest. For example, IDDM]11 was localised
to chromosome 14q24.3-q31 by linkage to D14S67
(lod score 4.0), but no association was found with
this marker [75]. However, when association analyses
were restricted to families showing linkage to the
IDDMI1 region (to enrich for families in which
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IDDM]11 was more likely to be involved), association
with D14S67 was still absent but significant associa-
tion was detected with D14S256, located less than 1
cM distal to D14S67 (p =0.0190) [85]. In order to
avoid confounding evidence for linkage and associa-
tion (linkage disequilibrium), association analyses
were conducted using only one diabetic child from
each family [85]. Interestingly, this strategy of search-
ing for association in linked families was recently
used to identify the newest diabetes gene, IDDM]1S,
located at a functional (not positional) candidate
gene, the interleukin 12B (/L12B) locus on chromo-
some 5q33-q34 [87]. Highly significant association
was found between diabetes and variants in intron 4
and the 3’ untranslated region of /L12B in the subset
of affected sibpairs with increased /L12B gene shar-
ing but not in the subset without increased /LI12B
gene sharing.

Positional candidate mapping of diabetes genes
should not be construed as impossible, however. It is
likely, though not proven, that /[DDMI12 on chromo-
some 2q33 is the CTLA4 (cytotoxic T lymphocyte as-
sociated-4) locus. If so, ID DM12 will be the first gene
for Type I diabetes identified by positional candidate
mapping, i.e. detection of linkage followed by search
for maximal association with a candidate gene in the
linked region. IDDMI2 was mapped by linkage
(MLS 3.2), and by association with CTLA4 in Italian
and Spanish datasets (combined p value 0.0001) but
not in American, British or Sardinian datasets [76]. It
was confirmed by demonstration of highly significant
association with an A/G (Thr/Ala) polymorphism in
exon 1 of CTLA4 in 669 multiplex and 357 simplex
families (p = 0.00005) [77]. Again, there was marked
population heterogeneity for this association: Italian,
Spanish, French, Mexican, and Korean samples
showed significantly increased transmission of the G
allele to diabetics, while British, Sardinian, Chinese,
and European-Americans showed little or no in-
creased transmission of this allele. Significant increas-
es of the G allele in diabetics have also been observed
in case-control studies of Germans (p = 0.0001) [78]
and Poles (p = 0.002) [79]. There is also evidence that
diabetes predisposition is associated with homozygos-
ity for long alleles at a CA-repeat microsatellite in the
3’ untranslated region of CTLA4[120]. A recent anal-
ysis of 10 markers in and around the CTLA4 locus
found significant association only with markers in a
100 kb interval containing this locus [80]. CTLA4 is a
strong candidate gene for Type I diabetes, because it
is critical in down regulation of T-cell activation [121].
In summary, the accumulated evidence strongly sup-
ports the hypothesis that CTLA4 itself is IDDM12,
but the precise predisposing variant and its mecha-
nism of action is still not clear.

While the CTL A4 story shows the feasibility of the
positional-candidate approach for identifying diabe-
tes susceptibility genes, that story has not yet ended:
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as with the insulin VNTR, there is still no direct evi-
dence that CTLA4 influences predisposition to Type
I diabetes. Given that the complete DNA sequence
for any genomic region will soon be available, it will
be possible to test all genes in a linked region for evi-
dence of association. Presumably, the gene showing
the strongest linkage disequilibrium will most likely
be the true susceptibility locus, especially if there is
no other good candidate in the region. However, ac-
tually proving that it is the true susceptibility locus
will be much more challenging. A multigene disorder
by definition requires combinations of genes to mani-
fest as disease, raising the question of how one can
isolate and analyse the possible biological effects of
one putative susceptibility gene separately from the
others. How can the actual predisposing variant at
the putative locus be identified? Again, presumably
that variant will be increased in diabetics, but how
do we establish causality, as opposed to secondary as-
sociation due to linkage disequilibrium with the true
predisposing variant. The molecular biology of genet-
ically-complex diseases promises to be orders of mag-
nitude more difficult to unravel than that of single-lo-
cus genetic disorders.

5. Uncommon kindreds could be relevant to common
disorders. A strategy which has shown unexpected
power in the search for Type I diabetes genes is link-
age analysis of large extended families with numer-
ous affected members. Such kindreds are very un-
common and could lead to concerns that they are seg-
regating rare mendelian forms of diabetes rather than
classical Type I diabetes. However, IDDM17 was lo-
calised to chromosome 10g25 by strong linkage to
D10S554 (p =0.00004) in a large inbred Bedouin
Arab extended family with 19 members having insu-
lin-dependent autoimmune diabetes [86]. This same
region of chromosome 10q has also shown some evi-
dence for linkage (MLS 1.1) in 616 families with typi-
cal Type I diabetes [83]. Bedouin Arabs have a rela-
tively low overall frequency of Type I diabetes, but
tribes with multiple affected persons are not uncom-
mon [86]. This is consistent with their high degree of
inbreeding within, but not across, tribes, and suggests
that IDDM17 predisposition could be due to a reces-
sive or dose-dependent gene. Large inbred families
could serendipitously illuminate the major effect of a
susceptibility gene, which in a heterogeneous sample
of small families displays only a minor overall effect.
The success of this study should encourage research-
ers to attempt to locate and investigate other large
multiple-affected Kindreds.

6. The next generation is gene interaction. IDDM]I1
was localised to chromosome 14q24.3-q31 by unusu-
ally strong evidence for linkage (lod score 4.0, affect-
ed sibpair p =0.00001) [75]. Even more unusual,
though, was the finding that linkage was strongest
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(lod score 4.6) in the 99 families whose affected sib-
pairs did not have increased sharing of HLA genes
(HLA sharing > 50 % ). Conversely, evidence for link-
age to the region was weak (lod score 0.4) in the 147
families whose affected sibpairs did have increased
HLA sharing (HLA sharing > 50 %). This heteroge-
neity of IDDM11 linkage between families with and
without increased HLA sharing was statistically sig-
nificant (p = 0.009). These results suggested that
IDDM]11 predisposition operates through pathways
which are biologically independent of HLLA. In other
words, families with strong HLA region predisposi-
tion are less likely to also carry IDDM]11 predisposi-
tion (although they might), while families without
strong HLA predisposition could require additional
contributions from other susceptibility genes such as
IDDM]I1I. Families with less HLA sharing have also
been reported to show stronger evidence of linkage
to other putative diabetes genes, for example
IDDM3 (58], IDDM4 [73, 122] and IDDM13 [81,
123]. Susceptibility loci demonstrating such HLA in-
dependence could interact epistatically with each
other [124]. While some susceptibility loci could act
biologically independent of HL A, others have been
reported to show epistatic interaction with HLA, e g.
IDDM?2 [122]. Again, susceptibility loci displaying in-
teraction with HLA could themselves form epistatic
networks.

Testing for linkage in subsets of data (e g. stratified
by HLA sharing or HLA genotype) could increase
the frequency of false positive results and therefore
p values could require correction for multiple testing.
Ironically, analysing subsets of data could also reduce
the power to detect linkage, since sample size is de-
creased in each subset. It would therefore be prefera-
ble to use a global method that tests for linkage to
one region conditional on already detected linkage
in one or more other regions (such as HLA), or that
simultaneously tests linkage at multiple regions. Ide-
ally, multilocus analysis would not only increase pow-
er to detect linkage, but would also assist in determin-
ing the nature of the relation between disease loci
(i.e. genetic heterogeneity versus epistasis). Such a
multilocus linkage method has been recently present-
ed and applied to data on Type 1 diabetes [125]. Re-
sults of two-locus analysis (conditioned on HLA)
showed increased power to detect IDDM2 and
IDD M4 (as previously reported [122]) and also pro-
duced substantial increases in MLS values at several
other regions of the genome. Particularly interesting
were the results of three-locus analyses (conditioned
on HLA and /DDM10) showing increased MLS val-
ues on chromosomes 3, 8, 15, and 21 compared with
either single-locus or two-locus results [125].

The future will see intensified research and im-
provement in such methodologies to identify and
characterise the multiple genes underlying complex
diseases. One of the most important goals of genetic
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studies of diabetes is to determine which multilocus
genotypes (across all susceptibility loci) create the
highest risk for development of diabetes. Individuals
with those genotypes would be targeted for treatment
to prevent diabetes when safe and effective prophy-
lactic therapies become available. It is possible that
several prophylactic options could be available, with
effectiveness depending on the exact set of predispos-
ing genes carried by the at-risk person. Thus, the next
generation of genetic studies of Type I diabetes (and
other complex disorders) will involve dissection of
gene-gene interactions in order to clarify which per-
sons, by virtue of their multilocus genotype, are most
susceptible to diabetes. This research will be accom-
panied by studies of gene-environment interaction,
when the relevant non-genetic factors are more clear-
ly understood (eg. do differences in diabetes suscepti-
bility via antiviral defence genes relate primarily to
certain types of virus?).

7. Do these genes predispose to Type I diabetes or au-
toimmunity? It is well known that HLA region genes
are associated with many other autoimmune or im-
mune-related disorders in addition to Type I diabetes
[126]. Recent research indicates that several of the
non-HLA regions linked to Type I diabetes also
show linkage to other autoimmune diseases, suggest-
ing common pathogenic pathways shared by Type I
diabetes and these other disorders [127, 128]. For ex-
ample, the IDDM3 region on chromosome
15926 has been reported to be linked to coeliac dis-
ease [129, 130], the IDDM6 region on chromosome
18921 has been reported to be linked to Graves dis-
ease [131] as well as multiple sclerosis and rheuma-
toid arthritis [69], the ID D M8 region on chromosome
6927 has been reported to be linked to rheumatoid
arthritis [132], the IDDMI12 (CTLA4) region on
chromosome 2q33 has been reported to be linked to
coeliac disease [133, 134], Graves disease [78, 135],
multiple sclerosis [136] and rheumatoid arthritis
[137, 138], the IDDM]I16 region on chromosome
14932 has been reported to be linked to multiple scle-
rosis [139], and the chromosome 1q42 region contain-
ing an unnamed diabetes locus has been reported to
be linked to systemic lupus erythematosus [140, 141]
(for additional examples, see [128]). Although some
of these co-localizations could be coincidental, the
possibility remains that at least a few IDDM loci
would be more accurately called autoimmunity sus-
ceptibility loci. The intriguing question then arises:
what determines the organ/tissue specificity of the
autoimmune target, and are there genes controlling
this specificity (eg. genes specific to pancreatic beta-
cell autoimmunity)? Dissecting the genetics of au-
toimmunity will be a difficult but fascinating endeav-
our.
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Concluding remarks

Genes predisposing to Type I diabetes have now been
provisionally assigned to more than 20 regions of the
genome through linkage and association studies (Ta-
ble 2). It is clear that HLA region genes collectively
contribute the major susceptibility (almost half of
the total increase in risk for siblings of diabetics).
The remaining susceptibility genes have much lower
overall contributions to diabetes risk. However, in in-
dividual persons, particular combinations of these
minor genes could have strong effects on susceptibili-
ty. Clinicians would like to be able to use information
from susceptibility loci to assess an individual’s risk of
developing diabetes, both individuals in families of
Type I diabetics and in the general population. Nev-
ertheless, much more needs to be learned in order to
use the new genetic data predicatively. We must de-
termine which of the provisional localisations are
real, a difficult task due to the extensive linkage and
association heterogeneity between samples studied.
We must locate all of the diabetes susceptibility loci.
Experience to date suggests that additional loci re-
main to be discovered, some by linkage analysis but
most by the more powerful association (disequilibri-
um) methods. We must isolate the locus in each
linked region that is responsible for modifying sus-
ceptibility, determine which variants increase risk
(and in which ethnic groups), and elucidate the inter-
acting gene networks that produce the strongest ef-
fects on susceptibility. At this point, we can begin to
utilise the genetic information for predictive purpos-
es. However, the ultimate goal of prediction is pre-
vention. Designing methods for prevention will re-
quire that we also understand the mechanisms
through which genetic susceptibility occurs, and how
these interact with non-genetic factors (which could
also be amenable to prophylactic intervention).
When we can both predict who is at highest risk for
Type I diabetes and prevent them from developing
this devastating disease, then the challenges now
faced by geneticists will be fully rewarded.

Sources. The review is based on the relevant litera-
ture published in the English language during the pe-
riod 1990-2001, as well as seminal contributions prior
to 1990. Most sources can be identified through Pub-
Med searches for “genetics and Type I diabetes” or
“genetics and insulin-dependent diabetes”.
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