
Diabetologia (1994) 37:959-968 Diabetologia 
�9 Springer-Verlag 1994 

Review 

The genetics of non-insulin-dependent diabetes me!litus: 
tools and aims 
M.I. McCarthy 1, P. Froguel 2, G.A. Hitman 1 

1 Medical Unit, London Hospital Medical College, London, UK 
2 Centre d'Etude du Polymorphisme Humain, Paris, France 

Non-insulin-dependent diabetes mellitus (NIDDM) 
represents a major health problem in both devel- 
oped and underdeveloped countries and efforts to 
understand the pathogenesis of glucose intolerance 
provide a significant scientific challenge for the com- 
ing decade. Few facts concerning the development of 
NIDDM are beyond dispute or controversy: in parti- 
cular, the relative importance of genetic and environ- 
mental contributions to the pathogenesis of NIDDM 
has engendered fevered debate between advocates 
of nature and of nurture. It is not within the scope of 
this review to rehearse these arguments but it seems 
overwhelmingly likely that, in the majority of popula- 
tions, both genetic and environmental influences in- 
teract to determine individual risk of NIDDM [1]. 

The focus of most recent genetic research in 
NIDDM has been the identification of specific genet- 
ic determinants which influence individual predispo- 
sition to glucose intolerance: the resulting progress 
has been sluggish [1]. The hope is that, ultimately, 
such knowledge wiU clarify the sequence of patho- 
physiological events which produces glucose intoler- 
ance and lead to more rational treatments and pre- 
ventive approaches. It might be feasible, if the num- 
ber of genes involved is limited, to use genetic mar- 
kers to predict individual risk of future diabetes, per- 
mitting specific targeting of such measures. 
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What are the problems in the genetic study of NIDDM? 

Genetic heterogeneity 

Studies into the genetics of NIDDM are hindered by 
a number of obstacles (Table 1): the greatest of these 
is that NIDDM is, without doubt, not a single homo- 
geneous disease. On the contrary, heterogeneity is 
evident in virtually all aspects of NIDDM (Table 2) 
and is likely to be the result of both genetic heteroge- 
neity and environmental diversity. Genetic heteroge- 
neity may be allelic (phenotypic diversity is ex- 
plained by different alleles at the same locus as in 
Duchenne/Becker muscular dystrophy) and/or non- 
allelic (explained by the action of a number of differ- 
ent loci). In the latter case, a number of genes (poly- 
genes) might interact to determine individual glu- 
cose tolerance status: different genes (or combina- 
tions of genes) might be important in different dia- 
betic individuals and the situation might be further 
complicated by ethnic differences in the most signifi- 
cant diabetogenes. 

Confused pathophysiology and diagnosis 

A second difficulty lies in ignorance regarding the 
'primary' defect in NIDDM. Although this may sim- 
ply reflect the fact that there are diverse pathophysio- 
logical routes to glucose intolerance, dispute contin- 
ues between those who hold that the beta cell is the 
site of the fundamental defect and those who feel 
that it is insulin action which is defective [2]. Certain- 
ly once hyperglycaemia is present, defects of both in- 
sulin action and secretion are evident: effort has 
therefore been directed towards the study of indivi- 
duals who, though normoglycaemic, are at an in- 
creased risk of future diabetes (e.g. offspring of dia- 
betic parents) in the hope that the earliest (poten- 
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Table 1. Principal problems with genetic studies in NIDDM 

Problem 
Heterogeneity 

Complex 
pathophysiology 

Family collection 

Diagnostic 
difficulties 

Features 
Genetic heterogeneity - allelic 

- non allelic 
Environmental diversity 
Gene-environment interactions 
Complex network of intermediate traits 
Feedback effects of disease on traits and 
gene expression 
Critical pathophysiological events not 
known 
Late onset of disease 
Premature mortality 
Tests of and criteria for glucose tolerance 
Subtypes of diabetes 

tially primary) defect will be identified. However, the 
concept of a primary defect may itself be misleading 
[2]. Consider the hypothesis that N I D D M  is due to a 
defect of betacell number, perhaps as a result of mu- 
tations in a gene determining the regenerative capaci- 
ty of the beta cell following insult. Owing to a redun- 
dancy in beta-cell provision, individuals inheriting 
such a diabetogene might maintain normoglycaemia 
whilst they remain insulin-sensitive: however, devel- 
opment  of insulin resistance (e.g. due to obesity) in 
later life would expose the beta-cell insufficiency 
with consequent hyperglycaemia. To the geneticist, 
the beta-cell defect is 'primary'. To the physiologist 
using standard techniques (e.g. clamps) to study the 
patient longitudinally, the earliest defect detected 
may be insulin resistance, since methodologies to de- 
tect subtle beta-cell dysfunction are less well-devel- 
oped or have limited applicability in large studies 
(e.g. measures of insulin pulsatility). 

Absence of a clear pathophysiological f ramework 
for N I D D M  means that the easy route (i.e. from de- 
fective protein to defective gene, as followed, for ex- 
ample, in thalassaemia) to the identification of diabe- 
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togenes has not been available; instead, the search 
has been conducted at the genetic level, seeking mu- 
tations which associate with or are linked to dia- 
betes. Identification of the gene(s) harbouring dis- 
ease-predisposing mutations should ultimately per- 
mit reconstruction of the pathophysiological se- 
quence of events. 

Further  confusion surrounds the diagnosis of dia- 
betes in general and of N I D D M  in particular. Glu- 
cose levels are continuous within populations and 
current diagnostic criteria are based on future risk of 
specific diabetic complications [3]. It is not inevita- 
ble that such diagnostic thresholds have any particu- 
lar significance from the point of view of genetic or 
environmental parameters determining the develop- 
ment  of hyperglycaemia: these are likely to influence 
glucose levels throughout the range of glucose toler- 
ance. Any  attempt to dichotomise glucose tolerance 
into 'diabetic' and 'normal '  is arbitrary and squan- 
ders information. Besides, many of the diagnostic 
tools are poorly reproducible and inaccurate [4]. 

If NIDDM represents a heterogeneous group of 
conditions it would be desirable to dissect out dis- 
tinct disease-entities: careful characterisation might 
reduce heterogeneity and allow closer correlation of 
genotype and phenotype. This has proved a useful 
strategy in the case of maturity-onset diabetes of the 
young (MODY) [5,6] and maternally-inherited dia- 
betes and deafness (MIDD) [7] which represent rela- 
tively discrete subtypes of NIDDM, but further ex- 
tension of this approach within typical N I D D M  pre- 
sents difficulties. Even the 'classic' division between 
the two major forms of diabetes ( IDDM and 
NIDDM) is increasingly suspect [8, 9]: a significant 
proportion of subjects with clinically-diagnosed 
N I D D M  seem to have a form of slowly-evolving 
I D D M  [10]. Although identification of such an 'au- 
toimmune'  subgroup might permit clarification of 
the N I D D M  phenotype, the boundaries are indis- 
tinct and many individuals will resist categorisation. 

Table 2. Evidence for heterogeneity within NIDDM 

Aspect of study Findings Examples 

Phenotypic 

Physiological 

Ethnic 

Inherited diseases 

Genes in MODY 

Genes in NIDDM 

NIDDM patients, though obese as a group, show 
wide anthropometric variability 
Studies of intermediary metabolism reveal no 
single biochemical marker of pre-diabetes or 
diabetes 
NIDDM is present in high prevalence in a wide 
range of unrelated ethnic groups? Convergent 
evolution 
NIDDM features in a number of inherited diseases 
of widely varied pathogenesis 
At least three genes contribute to the genetic basis 
of MODY 
Although a number of minor genes have been 
identified, no major gene has been uncovered 

Obese v s  thin, early onset v s  late onset 

Predominant insulin resistance v s  insulin 
secretory failure 

Pimas, South Indians, Nauruans, Australian 
Aboriginals 

Prader Willi, mitochondrial myopathies, insulin 
resistance syndromes 
Glucokinase, ADA-linked, unlinked to either 

Insulin, insulin receptor, glucokinase, mito- 
chondrial, HLA 
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The association between NIDDM and obesity 
adds further complexity since obesity is itself a multi- 
factorial disease with a strong genetic component 
[11]: the search for diabetogenes (at least in obese 
NIDDM subjects) is therefore complicated by the 
contribution of obesity-related genes. The hypo- 
thesis that, in some ethnic groups at least, NIDDM is 
but one component of a larger syndrome (syndrome 
X) [12] suggests that hyperinsulinaemia rather than 
hyperglycaemia might be the appropriate phenotype 
to study. 

One solution to these diagnostic difficulties (which 
share the effect of weakening correspondence be- 
tween genotype and phenotype) would be to follow 
the course charted by researchers seeking genetic de- 
terminants of vascular disease [13]. Recognising that 
atheroma is a complex process resulting from the in- 
teraction of multiple genetic and environmental vari- 
ables, research has focused on intermediate traits 
which lie between the genetic and the disease level 
e.g. cholesterol, fibrinogen levels. Correspondence 
between genotype and traits will inevitably be closer 
than between genotype and clinical disease. Equiva- 
lent intermediate traits in NIDDM might be insulin 
secretory capacity, beta-cell mass, insulin sensitivity, 
etc.; these have the disadvantage of being less easy 
to measure with accuracy and reproducibility. A fur- 
ther drawback is that in diabetes the hierarchy of 
genes - traits - disease is complicated by feedback ef- 
fects whereby hyperglycaemia modifies the inter- 
mediate traits through physiological mechanisms 
(glucotoxicity) or through medical intervention (e.g. 
insulin, weight loss). Consequently intermediate 
traits measured in glucose-intolerant subjects reflect 
both 'bottom-up' and 'top-down' influences and are 
difficult to interpret: if intermediate traits relevant 
to NIDDM are to be studied, paradoxically it is indi- 
viduals with normal glucose tolerance who need to 
be characterised. 

Difficulties accumulating family resources for study 

Linkage analysis, the standard methodology used in 
the detection of disease susceptibility genes general- 
ly relies on the collection of families segregating for 
disease. NIDDM is a disease of late onset associated 
with premature mortality: both these factors militate 
against the collection of multigenerational families 
optimal for linkage analysis. 

Genetic models in NIDDM and the limitations of linkage 
analysis 

The loci responsible for a variety of single-gene disor- 
ders e.g. cystic fibrosis, familial polyposis coli have 
been identified in recent years by linkage techni- 
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ques. Linkage analysis seeks to provide evidence for 
the cosegregation within families of a pair of loci (in 
this context, one is a postulated disease-predisposing 
locus, the other a marker locus at known genomic lo- 
cation): cosegregation implies that the two loci are 
only rarely separated by meiotic recombination and 
that they lie close together in the genome. Diseases 
successfully mapped in this way have features which 
make them well suited to linkage analysis: early dis- 
ease-onset, high penetrance, clear definition, homo- 
geneity and classic Mendelian inheritance (i.e. they 
have 'simple' genetic models). For these same rea- 
sons, linkage analysis has been the method of choice 
for the identification of diabetes susceptibility genes 
in MODY [5, 6, 14] which has (by definition) early 
onset and autosomal dominant inheritance. 

Simple genetic models may also adequately de- 
scribe the segregation of NIDDM in populations at 
extreme risk of NIDDM (e.g. Pima Indians and Nau- 
ruan islanders): in both of these populations, segrega- 
tion analysis has been supportive of a major gene de- 
termining diabetes susceptibility [15, 16]. The bimod- 
ality of glucose tolerance observed in several high- 
risk populations has also been regarded as confirm- 
ing the segregation of a single gene [1]: however, an 
alternative explanation is that intermediate levels of 
glucose tolerance are ~nstable' and that bimodality 
is an artefact of rapid transition from normal to ab- 
normal glucose tolerance. 

By extension from the success of linkage analysis 
in single gene disorders, analogous 'simple' genetic 
models have regularly been employed in linkage 
analyses involving typical NIDDM, despite evidence 
that in most populations at less extreme risk of 
NIDDM, inheritance is inconsistent with segregation 
at a single locus [17,18]. NIDDM in these popula- 
tions displays complex inheritance patterns: it does 
not clearly segregate within families like the simple 
'Mendelian' diseases, rather it aggregates. Indivi- 
duals who carry a particular diabetogene may not ex- 
press disease (due to incomplete penetrance) and af- 
fected individuals will not always possess the diabeto- 
gene under study (due to phenocopies and genetic 
heterogeneity). Additionally, observations support- 
ing excess maternal transmission of NIDDM [19, 20] 
suggest further mechanisms (such as imprinting and 
mitochondrial mutations) which may need to be in- 
corporated in any realistic genetic model of NIDDM. 

Such effects as those described can generally be 
accommodated within linkage analyses but the price 
to be paid is usually a substantial reduction in power: 
the number of pedigrees (or affected relative pairs 
(ARPs)) required to detect or exclude linkage esca- 
lates rapidly as the proportion of the disease due to 
the locus under study declines [21, 22]. For example, 
assuming a locus linked to disease in 50 % of pedi- 
grees with NIDDM (which many would regard as op- 
timistic) well over 100 nuclear families (comprising 
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Fig.la-e. Representation of possible genetic models for 
NIDDM. In each of the three models shown, the dotted line 
encloses an area denoting environmental influences predispos- 
ing to NIDDM. Each small square represents a single theoreti- 
cal diabetogene, which may be expressed as diabetes (black 
areas, generally but not exclusively in the presence of permis- 
sive environment) or as normal glucose tolerance (grey 
areas). Model (a) represents the situation in MODY and possi- 
bly in populations at extreme risk of NIDDM. The other mod- 
els represent alternative models for typical NIDDM with (b), 
and without (c) a major gene locus for NIDDM 

both parents and four offspring, two affected and two 
unaffected) are required to detect  l inkage to that  lo- 
cus under  reasonable assumptions of marker  infor- 
mat ion content  and gene penet rance  [22]. Such num- 
bers may not  appear  excessive but  the late onset and 
early mortali ty of N I D D M  make  the collection of 
even modes t  numbers  of pedigrees suitable for link- 
age analysis surprisingly t roublesome [23]. 

Parametr ic  (or classic) linkage analyses require 
that  disease-locus parameters  such as the penetrance 
function and gene frequency are specified before 
analysis is performed.  Unfortunately,  these values 
are unlikely to be known with any certainty in com- 
plex diseases such as NIDDM: the researcher may 
be obliged to make  an educated guess or to test multi- 
ple disease-locus models  (differing perhaps in m o d e  
of inheritance, number  of phenocopies,  levels of pe- 
netrance,  diagnostic categories) for linkage to the 
candidate gene or marker  locus of interest. Two- 
point  linkage analysis (that is, tests of linkage be- 
tween a disease locus and a single marker  locus) is re- 
latively robust to misspecification of the genetic mod- 
el, so this is a reasonable approach provided modifi- 
cations are made  to avoid increasing the type i error 
rate [241. This is not equally true of mult ipoint  map- 
ping (where an a t tempt  is made  to place a disease lo- 
cus in relation to a number  of l inked marker  loci): 
failure to allow adequately for incomplete  pene- 
trance at a disease locus may force the analysis to de- 
duce that  localisation of the disease-locus between a 
pair .of flanking markers  would only be possible in 
the unlikely event  of double recombination:  linkage 
may in consequence be falsely rejected [24]. 

Less widely appreciated are limitations in inter- 
preting analyses which claim to exclude linkage or of 
results in the intermediate  range which nei ther  defi- 
nitively support  nor  exclude linkage. A locus which 
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contributes to disease in only a minori ty of families 
or one which merely increases the risk of disease 
(without being either necessary or sufficient for dis- 
ease expression) [25] may be difficult or impossible 
to detect  by linkage methods  when the majority of 
evidence points away f rom close linkage. As an ex- 
t reme illustration, if inappropriate (high penetrance,  
low phenocopy)  genetic models  were used for link- 
age analysis of a complex, heterogeneous  (but entire- 
ly genetically determined)  disease, it is conceivable 
that  disease loci could, paradoxically, be excluded 
f rom the entire genome [26]. Exclusion mapping as 
employed in simple Mendel ian diseases is not possi- 
ble in complex diseases since exclusion of a candi- 
date locus under  a single-locus model  for NIDDM,  
can never  exclude a minor  genetic role for that  locus. 

It remains unclear at this stage which of these two 
statements concerning N I D D M  is nearer  the true 
state of affairs (Fig. 1.): a) the genetic predisposition 
to typical N I D D M  is de te rmined  by a large number  
of different loci (a combinat ion of polygenicity with- 
in the individual, and of multigenicity and ethnic het- 
erogeneity within the populat ion)  each individually 
responsible for a minor  port ion of the predisposi- 
tion: if so, then standard linkage techniques will be 
of limited value unless the complexity and heteroge- 
neity within N I D D M  can be in some way simplified 
(as in the case with MODY and MIDD),  b) there 
are a l imited number  of major genes (perhaps acting 
on a polygenic background) individually accounting 
for a sizeable fraction of the genetic contribution. If 
so, linkage analysis techniques should permit  their 
identification, provided sufficient families (or ARPs)  
are gathered and typed for sufficient polymorphic  
markers. This optimistic view opines that the situa- 
t ion is less complex at the genomic level than it ap- 
pears phenotypically, citing the examples of cystic fi- 
brosis where allelic variation at a single locus ex- 
plains observed phenotypic  diversity and of Hirsch- 
sprung's disease, previously thought  to be a poly- 
genic disease, which has been mapped  to a single lo- 
cus. 

In the meant ime,  the challenge is to improve the 
linkage methodology to deal more  effectively with 
the problems posed by complex diseases. One ap- 
proach is to use segregation analysis techniques to de- 
termine relevant parameters  of the disease-locus as a 
preliminary to linkage analysis. Using the computer  
program COMDS in South Indian pedigrees segre- 
gating for NIDDM,  support  was obtained for a ma- 
jor genetic locus accounting for around 40 % of the 
variance in the liability to affection and acting on a 
background of polygenes, shared family environ- 
men t  and random environmental  influences [27]. 
Such a disease locus may be satisfactorily represent-  
ed within linkage analyses by ascribing reduced pene- 
trance and high phenocopy rates to the disease locus 
(albeit with a t tendant  loss of power). Alternatively, 
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it may be possible to combine segregation and link- 
age analysis in a single procedure, an approach 
which maximises the information extracted from seg- 
regating pedigrees [28]. 

Secondly, linkage analysis techniques better suited 
to the study of complex disease are becoming avail- 
able [29, 30]; these provide a significant boost in the 
power to detect multiple loci contributing to disease. 

Non-parametric methods of linkage analysis (af- 
fected sibling-pair, affected relative pair (ARP) 
methods) [31] offer a realistic alternative to classic 
methods given concerns about inadequate specifica- 
tion of the genetic model and have proved successful 
in complex diseases such as hypertension [32] and in- 
sulin-dependent diabetes [33]. These techniques rely 
on the detection of regions of increased identity-by- 
descent in ARPs, and require no a priori assump- 
tions regarding dominance, allele frequencies or pe- 
netrance functions (hence, the term 'non paramet- 
ric'). ARPs are easier to collect than entire pedigrees 
and, since affected individuals are more informative 
for linkage than their unaffected relatives (who may 
yet develop disease) such an approach is more eco- 
nomical of laboratory effort. Methodological uncer- 
tainties remain concerning the appropriate correc- 
tions to be made when identity-by-state (as opposed 
to identity-by-descent) relationships are employed 
and in the statistical treatment of multiple sibships. 
The total number of ARPs required for such an anal- 
ysis in a multifactorial disease depends on the genetic 
architecture of the disease and on the density and in- 
formation content of the marker map available, but 
200-300 ARPs should suffice to detect a locus which 
doubles the risk of disease [21, 34]. 

Total genome search vs candidate gene approach 
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that identification of the chromosomal region linked 
to disease is only a first step: homing in on the spe- 
cific defective gene within such a region (which may 
be several megabases long) remains a formidable 
task. 

A complementary approach is to apply methods of 
total genomic searching to animal models of 
NIDDM; human chromosomal regions syntenic 
(homologous) with regions implicated in the causa- 
tion of diabetes in rodent models of NIDDM would 
then be candidates for study. This approach has 
proved successful in hypertension, a major gene for 
which maps to chromosome 10 in the stroke-prone 
spontaneously hypertensive rat [36]. The homolo- 
gous human region lies on chromosome 17 q and in- 
cludes the angiotensin converting enzyme gene. 

Positive findings will provide invaluable insights 
into pathophysiological routes capable of leading to 
diabetes but there is no assurance that genes implicat, 
ed in these 'model' disorders will also be major play- 
ers in typical NIDDM. The loci so far implicated in 
around 50 % of families with MODY (glucokinase 
and ADA-linked) are responsible, at most, for 5 % 
of the genetic contribution to NIDDM [37]. New ap- 
proaches to total genomic searching have been advo- 
cated but remain unproven: these include genomic 
mismatch scanning [38] and linkage disequilibrium 
mapping [39] (see below). 

Most studies of NIDDM in populations not at ex- 
treme risk of the disease have followed a candidate 
gene approach. Candidates have generally been pro- 
moted because of their known (or presumed) bio- 
chemical function (e.g. insulin, insulin receptor, glu- 
cose transporters): however, the choice of potential 
candidates for a role in the development of NIDDM 
is a wide one (Table 3). 

Overall strategies for the identification of NIDDM- 
susceptibility genes are represented by two ex- 
tremes: the total genomic search and the candidate 
gene approach [35]. The total genomic search op- 
tion relies (at present) on the application to 
NIDDM of techniques which have been successful 
in simple Mendelian disorders. Families segregating 
for disease are typed at a large number of highly 
polymorphic markers scattered throughout the gen- 
ome and regions linked to disease are identified; giv- 
en the reliance on linkage methodology, the limita- 
tions in the analysis of 'typical' NIDDM are clear. 
However, such limitations need not apply in models 
of NIDDM such as MODY and may be less relevant 
in high-risk groups such as the Pima Indians. In- 
deed, linkage between glucose intolerance and the 
adenosine deaminase (ADA) locus on chromosome 
20q has been conclusively demonstrated using just 
these techniques in the RW pedigree, a massive fa- 
mily segregating for MODY [14]. It should be noted 

Non linkage-based approaches 

Association studies 

Population association (case-control) studies have 
been extensively used in the study of NIDDM [1]: the 
image of such studies has become tarnished owing 
to the perception that they generate inconsistent 
results (some of this inconsistency might reflect the 
heterogeneity of diabetes e.g. between ethnic 
groups). In these studies, cases (diabetic subjects) 
and controls (e.g. normoglycaemic individuals with 
no family history of diabetes) are compared by typ- 
ing at a polymorphic marker closely linked to a candi- 
date gene of interest. Any significant differences in 
allele and/or genotype frequencies between the two 
groups are generally considered to indicate that the 
marker lies in linkage disequilibrium with a patho- 
genic mutation in the adjacent candidate gene (or 
conceivably another gene in the vicinity). 
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Table 3. Potential mechanisms by which candidate genes for NIDDM may be identified 

Type of candidate 

Biochemical 

Models of NIDDM 

Inherited diabetes 

Associated condition 

Differential expression 

Reason for candidacy 

Known or presumed function 

Locus implicated in MODY or region syntenic to 
locus in animal model 
Locus implicated in inherited disease which includes 
diabetes 
Loci involved in obesity, syndrome X or appetite 

Product differentially expressed in diabetic and 
normal tissues 

Examples 

Insulin receptor 
GLUT 2 
ADA 
Glucokinase 
Mitochondrial 

Neuropeptide Y 
Dopamine receptor D2 
Lipoprotein lipase 
B3 adrenergic receptor 
Glucocorticoid receptor 
Rad 

This is, however, not the only explanation of a po- 
sitive association [24]: spurious positive results may 
result from chance (type 1 error) or from inadequate 
matching of case and control populations (particu- 
larly for ethnicity). Conversely, false negative results 
may arise in such a study if the number of subjects 
studied is inadequate or if the control group is dilut- 
ed by individuals destined to develop diabetes in the 
future. More importantly, a major genetic effect may 
be obscured when marker alleles and candidate gene 
mutations are in linkage equilibrium and/or when 
there are multiple mutations in the candidate gene 
with no single mutation-marker association para- 
mount. Indeed, the power of association studies is cri- 
tically dependent on the linkage relationships be- 
tween alleles at the marker and the candidate gene 
[40]. Under  the most auspicious circumstances e.g. 
mutation in disequilibrium with a rare marker allele, 
association studies have the capacity to detect subtle 
genetic contributions to disease which would almost 
certainly remain undetected by linkage analysis [25]. 

It can be argued that the disappointing history of as- 
sociation studies in NIDDM limits their future utility. 
This is probably an excessively pessimistic view: when 
the correct candidate gene is selected (e.g. apolipopro- 
tein E and Alzheimer's disease, H L A  and IDDM, an- 
giotensin converting enzyme and cardiovascular dis- 
ease) association studies have proven worth [41, 42]. 
However, strenuous efforts are essential to reduce 
sources of error, through judicious choice of control 
subjects (matched for ethnicity, body mass index etc.) 
or, where the data are available, by treating unaffect- 
ed family members as control subjects [43]. Cross- 
sectional studies of (normal) populations may allow 
individual intermediate traits to be analysed at suit- 
able candidate loci e.g. individuals in the upper and 
lower deciles for a measure of insulin resistance might 
be compared. Subphenotyping within NIDDM should 
help to reduce complexity: for example comparison of 
diabetic and non-diabetic obese subjects may 'amplify' 
the effects of genes determining insulin secretion. Fi- 

nally, the development of more detailed genomic 
maps offers the opportunity to exploit more effective- 
ly the linkage disequilibrium relationships on which 
association studies depend. The use of association 
studies to fine map disease loci in isolated popula- 
tions (linkage disequilibrium mapping) has already 
been demonstrated [39]. In theory, similar techniques 
could be applied to search chromosomal regions of in- 
terest (or even the entire genome) to identify stretches 
which associate with NIDDM: this approach would be 
most likely to bear fruit in isolated populations likely 
to show a strong founder effect for a limited number 
of diabetogenic mutations. 

Molecular scanning and sequencing 

The development of novel techniques and increasing 
automation have made practical more direct study of 
candidate genes and a variety of methodologies are 
available for the detection of mutations [44]. The 
most widely-applied approach in NIDDM has been to 
screen candidate loci for mutations using single stran- 
ded conformational polymorphism (SSCP) followed 
by sequencing to identify the molecular basis of any 
variants identified. One success of this direct ap- 
proach has been the identification of mutations in the 
mitochondrial genome in pedigrees with MIDD [7]. 

One disadvantage all these methods share is that 
cis-acting mutations (e.g. mutations upstream of the 
gene which might influence transcription) will not be 
identified unless specifically sought: the other major 
obstacle lies in the evaluation of any mutations iden- 
tified. It can be surprisingly difficult to establish 
whether or not a mutation identified in a candidate 
gene is contributing to disease [45]. The fact that a 
mutation is present at higher frequency in cases than 
control subjects is not itself proof since the muta- 
tion/polymorphism may simply be in linkage disequi- 
librium with a mutation elsewhere in the gene. Co- 
segregation of the mutation with disease may be im- 
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Anticipation 

Cis-acting mutation 

Differential display 

Exclusion mapping 

GMS 

Identity-by-descent 

Identity-by-state 

Illegitimate transcription 

Linkage disequilibrium mapping 

Linkage equilibrium 

Multipoint mapping 

Non-parametric linkage analysis 

Parametric linkage analysis 

Penetrance 

Phenocopies 

Phenotype 

Segregation analysis 

SSCP 

Subtractive hybridisation 

Synteny 

Trait 

a tendency apparent in certain diseases for earlier disease onset and/or increased disease 
severity in successive generations 

mutations lying up or downstream of the coding portion of the gene e.g. in the promoter 
region which might influence gene function 

used to detect differences in mRNA expression between cell types: a subset of the mRNA 
from the cells is amplified by the polymerase chain reaction using a series of arbitrary primers, 
and comparison made between the products displayed on a polyacrylamide gel 

the use of negative linkage analysis results to build up a map of areas from which a disease 
gene has been excluded 

genomic mismatch scanning: a methodology under development which aims to rapidly iden- 
tify those genomic regions shared by pairs of affected relatives: such regions are likely to be 
enriched for disease-susceptibility genes 

when a pair of relatives shares a particular allele at a given locus, that allele is considered as 
shared 'identity-by-descent'(IBD) if it represents the 'same' allele inherited from a single 
ancestor 

when a pair of relatives shares a particular allele at a given locus, that allele is considered as 
shared 'identity-by-state'(IBS) if it is not possible to determine whether the allele represents 
the 'same' allele inherited from a single ancestor or 'different' alleles derived from two dif- 
ferent ancestors 

Inappropriate expression of a gene: e.g. cells from tissues which do not usually express gluco- 
kinase, may do so when established as cell lines 

a technique for disease gene mapping based on the detection of linkage disequilibrium effects 
in the genomic region neighbouring an ancestral disease-predisposing mutation 

when alleles at two linked loci show random association, they are in linkage equilibrium: if 
certain allele combinations (haplotypes) occur more or less often than expected, the loci are in 
linkage disequilibrium and alleles at one locus will act as 'markers' for alleles at the other 

linkage analysis applied simultaneously to multiple loci: often used to place a disease gene 
within a previously ordered map of marker loci 

linkage analysis techniques which require no assumptions to be made concerning the mode of 
inheritance of the disease locus (e.g. sib-pair methods) 

linkage analysis methodologies which require the parameters of the disease locus to be expli- 
citly stated before analysis (as in lod score methods) 

the probability of observing a particular phenotype, given the corresponding genotype e.g. a 
fully penetrant dominant gene would imply that presence of one or more mutant alleles al- 
ways leads to the disease phenotype 

affected individuals in whom disease status is due to environmental rather than genetic effects 
(sporadic cases) 

the observable characteristics of an individual 

techniques which aim to determine the mode of inheritance of a condition from the study of 
the patterns of segregation within families 

single-stranded conformational polymorphism detection: allows a candidate gene to be 
screened for the presence of mutations, by making use of the fact that migration of single- 
stranded DNA through a non-denaturing polyacrylamide gel depends on sequence as well as 
size 

used to detect differences in mRNA expression between cell types: single stranded DNA is 
prepared from RNA and hybridised in asymmetric quantities to produce a ~ 
library enriched for those mRNA species relatively overexpressed in one of the cells 

refers to genes located on the same chromosome: also used to denote chromosomal regions 
which are homologous across species 

any phenotypic characteristic determined by gene expression 

poss ib le  to d e m o n s t r a t e  if the  gene  is only  a m i n o r  
player .  A s s e s s m e n t  of  the  consequences  of  the  m u t a -  
t ion on  s econda ry  and  te r t ia ry  p ro t e in  s t ruc ture  m a y  
p rov ide  suppor t ive  ev idence  bu t  u l t imate ly  expres-  
sion studies m a y  be  necessa ry  to suppor t  a pa tho-  
genic  role.  

Prospects for the future 

R a p i d  progress  in the  d e v e l o p m e n t  of  l a b o r a t o r y  and  
analyt ical  t echn iques  offers  the  expec t a t i on  tha t  sig- 
nif icant  advances  will be  m a d e  in the  s tudy of  the  ge- 
net ic  basis of  N I D D M .  E x e m p l a r s  such as M O D Y  
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and animal models represent experiments of nature 
with simpler genetic architecture than typical 
NIDDM which are tractable to present methodolo- 
gies in linkage analysis (including total genomic 
search). Just as the identification of glucokinase in 
MODY pedigrees has provided vital clues to proces- 
ses which may fail in NIDDM, characterisation of 
the disease-locus linked to ADA (and of further loci 
linked to MODY) will provide additional, perhaps 
unexpected, insights. Even if such genes play only a 
small role themselves in the genetic predisposition to 
NIDDM, they may highlight more rewarding candi- 
date genes. Similarly, the recognition of mitochon- 
drial defects in MIDD raises interesting questions 
about the role of mitochondrial defects (encoded in 
either the mitochondrial or the nuclear genome) in 
determining insulin secretion and action. 

The total genomic search option in typical 
NIDDM remains problematic with current technolo- 
gy principally due to uncertainties concerning the ap- 
propriate genetic model to apply. Means by which to 
dissect NIDDM into more homogeneous subtypes 
may be revealed through physiological studies, al- 
though the basis for any such categorisation must re- 
main simple and acceptable to patients if it is to be 
applied to characterise entire families. As denser, 
more complete genetic maps are developed and as 
automation progresses, the mechanics of typing will 
cease to be the rate-limiting step: genetic heterogene- 
ity within NIDDM and the consequent need for large 
numbers of pedigrees (or ARPs) is more likely to 
prejudice success. Collection of suitable, accurately- 
characterised family material remains a significant 
obstacle to progress and international collaborative 
input to establish such resources (as cell lines) is es- 
sential, In this regard, the collection of ARPs may be 
more practical: techniques currently under develop- 
ment offer the promise of increasing the power of 
genomic searching by ARPs (e.g. genomic mismatch 
scanning [38]). Linkage disequilibrium mapping in 
isolated populations remains an exciting but unpro- 
ven alternative strategy in complex disease. 

In the meantime, the candidate gene approach wilt 
remain the mainstay of most NIDDM research. In- 
formation from MODY and from animal models will 
provide new candidate genes for study, as will fur- 
ther elucidation of the cellular mechanisms of insulin 
action and secretion. Techniques such as subtractive 
hybridization [46] or differential display [47] allow 
patterns of gene expression in relevant tissues or cell 
lines to be analysed according to genetic background 
(e.g. two strains of rodent, diabetic vs non-diabetic 
humans) or environmental conditions (e.g. ambient 
glucose concentration) to identify genes of potential 
relevance to the diabetic state. Systematic scanning 
for mutations in the c(complementary)DNA of po- 
tential candidate genes obtained from readily accessi- 
ble tissues (muscle, adipose) offers promise: alterna- 
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tively when there is no easy access to tissues expres- 
sing relevant candidates (e.g. beta cells) advantage 
can be taken of illegitimate transcription to amplify 
(using the potymerase chain reaction) the cDNA 
from lymphoblastoid cell lines [48]. 

Any postulated candidate gene may ultimately 
prove to be a major diabetogene, a minor modifying 
gene or (in most cases) to have no role at all in the de- 
velopment of NIDDM: given the relative strengths 
and weaknesses of association, scanning and linkage 
analyses in these alternative circumstances it is clear 
that no single methodology can claim universal discri- 
mination and that the contribution of any candidate 
gene can only be reliably assessed after a number of 
studies conducted using different methodologies in 
different ethnic groups (as illustrated in recent stud- 
ies of the insulin gene in IDDM [33, 49]), 

Finally, we must not close our eyes to the possibili- 
ty of novel genetic mechanisms leading to disease. 
The excess family history of NIDDM inherited 
through the maternal line [19, 20] is consistent with 
mutations within the mitochondrial genome [7] or 
with genetic imprinting. Recently a number of neuro- 
logical diseases have been attributed to unstable tri- 
nucleotide repeats which provide a molecular basis 
for the clinical observation of anticipation [50]. 

The elucidation of the genetic basis of NIDDM re- 
mains an important and achievable goal. To realise 
that goal, international collaborations between multi- 
disciplinary groups will be essential together with an 
aggressive approach to funding which embraces aca- 
demic bodies, governments and industry. 
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