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Summary. In the last five years, genetic markers for a large
number of diseases have been localised using linkage analy-
sis of DNA polymorphisms in affected families. The site of
the genetic defect or defects leading to Type 2 (non-insulin-
dependent) diabetes mellitus, a common illness with a major
genetic component, remains unknown. This is due, at least in
part, to the lack of large well-defined Type 2 diabetic pedi-
grees suitable for linkage analysis. There are several features
of the disease which make large pedigrees difficult to find.
The late age of onset of most probands means that informa-
tive older generations are often dead, while there is difficulty
in detecting disease in younger generations. The diagnostic
criteria for diabetes are, as yet, dependent on an arbitrary
cut-off along a continuum of plasma glucose. The high prev-

alence of the disease may also produce problems as, in any
given family, diabetogenic genes may be contributed by more
than one parent. Varieties of the disease with a well-defined
inheritance, such as maturity onset diabetes of youth, are
more suitable for linkage analysis but might be due to defects
at a different gene locus. Despite these difficulties, once large
well-defined pedigrees have been found, linkage analysis us-
ing both candidate genes and random highly polymorphic
markers is the strategy most likely to find genetic markers for
the disease.
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Type 2 (non-insulin-dependent) diabetes mellitus is
known to have a strong genetic basis and is among the
commonmost metabolic disorders both in developed
and developing countries [1]. It has enormous public
health consequences with a two- or three-fold increase
in cardiovascular mortality rates and a large cost in
terms of morbidity and disability [1]. Despite consider-
able research into the aetiology of Type 2 diabetes, the
nature of its inheritance remains unknown.

J.V.Neel, the American geneticist, first referred to
diabetes as a “geneticist’s nightmare” [2]. He pointed
out that the phenotype is probably heterogenous, has
an unknown basis and is not clearly defined; it has a
variable age of onset and is influenced in its manifesta-
tions by environmental factors. In the 1970’s a major
cause of heterogeneity was clarified with the distinc-
tion between Type 1 (insulin-dependent) diabetes, with
its immunological basis and major histocompatibility
complex associations, and the more common non-in-
sulin dependent or Type 2 diabetes [3, 4]. Indeed, this
has led to the characterisation of a major susceptibility
gene for Type 1 diabetes [S]. In 1980 David Comings
perceived the dawn of a new era in human genetics
which was to be brought about by recombinant DNA

technology, and commented, “Since the degree of de-
parture from our previous approaches and the poten-
tial of this procedure are so great, one will not be guilty
of hyperbole in calling it the New Genetics™ [6]. The
rate at which genetic diseases have been mapped and
characterised in the subsequent decade have justified
this dramatic appelation. In spite of these advances
Type 2 diabetes has not yet divulged its genetic secrets
to investigators. Some of the reasons for the slow prog-
ress will be discussed, in order to indicate how previ-
ously encountered difficulties might be overcome. This
may also be relevant to other common disorders with a
major genetic component, such as the hyperlipidaem-
ias.

Lessons from other diseases

Recombinant DNA technology has led to a revolution
in medical genetics, including the chromosomal locali-
sation of several genetic diseases for which no bio-
chemical defect is known. Using restriction enzymes
and radioactively-labelled DNA probes, differing
lengths of non-coding DNA sequences or single base-
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pair changes at restriction enzyme cutting sites are
identified as DNA restriction fragment length poly-
morphisms (RFLPs) [7]. These have rendered most of
the genome amenable to investigation [8]. The main
successes in the definition of disease markers have
used the techniques of linkage analysis of RFLPs in
pedigrees as the initial strategy. Initially, diseases with
a clear mode of inheritance and presentation in child-
hood such as cystic fibrosis [9] and Duchenne muscu-
lar dystrophy [10], were successfully localised. Using
the same techniques, markers for diseases with some
age-dependent penetrance, such as adult polycystic
kidney disease {11], multiple endocrine neoplasia [12],
polyposis coli [13] and the neurofibromatoses [14] have
also been found. Even conditions which have been
thought to have a complex multifactorial basis, such as
Manic-Depression [15] and Alzheimer’s disease [16]
have proved amenable to investigation; genetic mark-
ers have been reported for both diseases. Given the
proven track record of linkage analysis in large pedi-
grees as an initial step in the genetic localisation of in-
herited disorders it would appear that the potential ap-
plication of these techniques to Type 2 diabetes should
be examined critically.

Population studies of Type 2 diabetes and their
limitations

A large number of studies have examined the allelic
frequencies of particular genetic markers in Type 2 dia-
betic versus non-diabetic populations in an attempt to
find a marker that may be in linkage disequilibrium
with a disease-causing gene. Significant positive asso-
ciations with Type 2 diabetes have been reported for
various HLA antigens in African Blacks [17], Pima In-
dians [18] and Finns [19]; with the Rhesus blood group
and Haptoglobin polymorphism in Mexican Ameri-
cans [20] and with the 5’-flanking region of the insulin
gene in Danish Caucasians [21] and in a racially mixed
United States population [22].

Emery has clearly pointed out the limitations of
this form of study [23], including the high risk of ob-
taining a spuriously positive result, particularly if the
control group is not matched closely for ethnic back-
ground. Positive disease associations with genetic
markers in a population are often interpreted as imply-
ing linkage disequilibrium between the marker and a
nearby “disease” gene. Linkage disequilibrium implies
that a disease-causing mutation originally occurred in
one individual or in a small population of subjects
who had a specific allele at a nearby genetic “marker”
locus. These two loci were physically so close that
throughout the generations of descendants of the origi-
nal affected subject/subjects, they have not been sepa-
rated during meoitic recombination, despite the many
opportunities for this to occur. A single recombination
event in an affected individual is amplified in his des-
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cendants and linkage disequilibrium may be lost in the
contemporary population. For these reasons, linkage
disequilibrium exists only across very short chromo-
somal distances, of the order of 100 kilobases (kb) [24].
Indeed if a mutation had occurred far in the evolution-
ary past, with many subsequent opportunities for re-
combination, it may not even be possible to demon-
strate linkage disequilibrium over much shorter dis-
tances.

Thus, association studies relying on linkage dis-
equilibrium in a population are not powerful ways of
searching for genetic markers linked to a disease, al-
though they can be useful once a candidate gene has
been identified.

Linkage analysis

Linkage analysis is a statistical technique that has been
used in classical genetics since 1911 [25]. Two genetic
loct that are physically close on the same chromosome
are unlikely to be separated during the meiotic division
which occurs during the formation of gametes. The
likelihood of separation increases, non-linearly, with
chromosomal distance. By studying the inheritance of
genetic markers in pedigrees, linkage analysis allows
estimation of the genetic distance between two such
markers on the basis of the number of recombination
events that have occurred between them. Within a fam-
ily the changes that a crossover at meiosis will separate
adjacent genes is much less likely than in a population.
Thus, family studies can detect linkage up to a distance
of about 15,000 kb compared to the 100 kb for linkage
disequilibrium in a population [24]. This makes it feasi-
ble to study random, highly polymorphic markers
which are not necessarily very close to the disease lo-
cus rather than restricting studies to candidate genes,
which may have limited polymorphism.

One can estimate the number of informative mei-
oses (and therefore pedigree size) required to find link-
age. Given a marker which recombines with the dis-
ease at a rate of 10% then, on average, 19 meoises will
be required to prove linkage and approximately 9 to
reject it unequivocally [24]. This underlines the need
for large, well-defined families.

Family studies of Type 2 diabetes

Linkage analysis in diabetic families has been attempt-
ed particularly in the specific type of diabetes referred
to as maturity-onset diabetes of the young (MODY) in
which there is clearly defined dominant inheritance of
a mild form of the disease which presents in the sec-
ond or third decade [26]. Candidate genes such as the
insulin [27] and insulin receptor genes [28] have been
examined and there has been no convincing linkage in
any family although a role for a rare insulin receptor
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allele in some families has been proposed [28]. As yet,
there have been no reports of systematic linkage
studies of MODY using random highly polymorphic
DNA RFLPs such as has been undertaken in other dis-
eases, although studies of the more traditional protein
and erythrocyte enzyme polymorphisms in MODY
pedigrees have to date been unsuccessful [29].

MODY families, with definite dominant inheri-
tance over 3 generations, are rare; but will continue to
be useful in future linkage analysis studies. As the phe-
notpye in this condition differs from “common”
Type 2 diabetes in age of onset and natural history
there is a probability that the genetic defects in these
conditions may be unrelated.

Definition of the mode of inheritance of Type 2 diabetes

It is essential to define the mode of inheritance of a
disease in the families under investigation before at-
tempting to study its genetic linkage. The identical twin
studies of Barnett, Pyke et al. showing a near 100%
concordance in non-insulin-dependent diabetic pairs
[30], point to a major genetic determinant, but tell us
nothing about whether the inherited defects are mono-
genic or polygenic. In three populations where diabe-
tes is common, a bimodality of glucose tolerance has
been demonstrated, which strongly suggests a major
single gene influence on the development of diabetes
[31-33].

The problem of defining the inheritance of Type 2
diabetes is complicated by difficulties in ascertainment
of families due to the late age of onset of the condition
and the unreliability of a family history in a condition
which is commonly sub-clinical. Family studies per-
formed before the realisation of the distinction be-
tween Type 1 and Type 2 diabetes are very difficult to
interpret [34, 35]. The important role of other factors
such as obesity and physical inactivity in making a
sub-clinical defect clinically apparent means that a dia-
betic trait may not be apparent in a thin, fit person.

The studies of Kd&bberling and colleagues [36] at-
tempted to overcome these problems by applying a sta-
tistical method developed by Stromgren [37] which in-
cluded an age-correction of the probability of detecting
diabetes in each first-degree relative of a diabetic pro-
band, by taking into consideration the fraction of the
lifetime risk of diabetes that had already passed. The
latter was calculated from the age-specific prevalence
rates in the population concerned, and the actual prev-
alence of diabetes in siblings, children and parents was
adjusted to the predicted eventual prevalence if all
members of the family reached 80 years of age. Using
these methods Kobberling et al. predicted that between
43 and 45% of siblings, parents and children of Type 2
diabetic patients would eventually have diabetes if
they live to 80 years of age, a percentage obviously
suggestive of autosomal dominant inheritance [38).
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Similarly O’Rahilly et al., without applying the Strom-
gren method but using a sensitive continuous infusion
of glucose test with an age-correction for the criterion
of glucose intolerance, found that 31% of siblings
(mean age 54+ 12 years) of diabetic patients who pre-
sented at over the age of 40 years were either diabetic
or glucose intolerant (39]. Whilst this would be in ac-
cord with the data of Kdobberling implying an auto-
somal dominant inheritance, the data of O’Rahilly et
al. also suggested a “gene dose effect” which is impor-
tant in relation to defining suitable families for linkage
analysis. Patients who presented with diabetes before
the age of 40 (early-onset diabetes, EOD) were found
frequently to have both parents affected with diabetes
or glucose intolerance. Thus, the early presentation of
Type 2 diabetes may represent a homozygous presenta-
tion of a diabetogenic gene or genes. This hypothesis
was supported by 69% of the siblings of EOD patients
being either diabetic or glucose intolerant, which is not
significantly different from the 75% expected by Men-
delian inheritance from 2 heterozygote parents.

IF EOD is due in part to “double-gene dose” it is
surprising that studies of the offspring of conjugal dia-
betic parents have not revealed a high incidence of ear-
ly-onset diabetes [40-42), although this is suggested in
a study by Viswanathen [43]. Most studies of the off-
spring of conjugal diabetic parents were carried out be-
fore Type 1 and Type 2 diabetes were separated, which
may explain some of the discrepancies.

Further studies are needed to clarify any possible
heterogeneity and it is possible that diabetes can arise
from interaction of several genes affecting B-cell func-
tion and insulin action. Nevertheless, it seems likely
that a common form of Type 2 diabetes is inherited as
an autosomal dominant with a penetrance dependent
on both age and obesity, a view supported by a recent
WHO expert committee on diabetes [44].

Ascertainment of Type 2 diabetic pedigrees for linkage
studies

For linkage analysis in a disease like Type 2 diabetes
where there is a potential for genetic heterogeneity, it is
probably better to study a limited number of large ped-
igrees rather than many small nuclear families. Three
generation pedigrees are preferable as these provide
extra information about the relationship between the
disease and the marker. The problems associated with
the ascertainment of large families suitable for linkage
analysis in diabetes can be summarised as follows:

Age of onset of disease

The late age of onset of a majority of cases of non-in-
sulin-dependent diabetes means that in most families
one or both parents of the proband are dead. On the
other hand, the affected children of middle-aged par-
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ents may not yet have expressed the disease. Thus the
ascertainment of large two or three generation pedi-
grees is extremely difficult.

Excess mortality

This exacerbates the previous problem as it increases
the likelihood that the crucial affected parent of a mid-
dle-aged diabetic proband will have succumbed to car-
diovascular disease and therefore not be available for
DNA analysis.

High disease prevalence leading to genetically complex
Sfamilies

On first reflection a high disease prevalence may not
seem to be a problem as it eases the ascertainment of
probands. There are three related aspects:

a) Diabetes in the untested, assumed-normal spouse.
Type 2 diabetes has a prevalence of approximately
6-8% in the 7th decade in most Caucasian populations
[1, 45]. 1t is therefore likely that some apparently nor-
mal spouses of affected family members might be con-
tributing diabetogenic genes to the family. This could
lead to a misinterpretation of results, and it is crucially
important that all members of the family, including
spouses, are tested for impaired glucose tolerance.

b) Families with more than one known diabetic individu-
al. Pedigrees with a high prevalence of diabetes are
likely to come to the attention of genetic investigators
as a potentially valuable family for linkage analysis. If
families with more than one known diabetic individual
are chosen, this may introduce bias towards ascertain-
ing families with more than one source of diabetic gen-
es. A particular problem might arise if a family in-
cludes a diabetic individual presenting less than age
40 years (EOD), as then both parents are likely to be
affected [39]. Similarly, if several siblings have diabetes
it also probably increases the chance that both parents
were affected. Figure 1 shows such a pedigree, which
at first seemed suitable, until careful examination of
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- Known diabetic Fig.1. Family BF appears to be

ideal for linkage analysis with ap-
parent autosomal dominant trans-
mission through three generations.
Inspection of hospital records, how-
ever, revealed that subject II 2 de-
veloped Type 2 diabetes late in life.
The affected subjects in genera-
tion III could therefore have inher-
- Dead ited diabetogenic genes from either
parent, thus making linkage analysis
more complex

- Glucose intolerant

- Normal glucose tolerance

Normal fasting plasma
glucose

- Untested

hospital records revealed that both subject II1 and
subject 112 had diabetes late in life. Obviously, one
could seriously misinterpret the failure of two affected
siblings in generation III to share a candidate haplo-
type, if one were not aware that both parents had dia-
betes. This type of complex pedigree makes linkage
analysis very difficult.

¢) Distinction between early-onset Type 2 Diabetes
(EOD) and MODY. Patients presenting with diabetes
in the 25-40 year old category are sometimes termed
“MODY?”, in the absence of a family tree strongly sug-
gestive of dominant inheritance [46]. Many of the pedi-
grees of Fajans et al. which were described as MODY
families had two affected parents and the patients pre-
senting at an early age may have been “double gene-
dose” EOD’s [46]. The term MODY should probably
not be used to describe such families, and it should be
restricted to families in which there is dominant inheri-
tance of a disease presenting at age less than 25 years
in the majority of family members [47]. Families with
dominantly inherited MODY must be clearly distin-
guished from those with EOD for linkage analysis.

Definition of normality and disease

The diagnosis of diabetes still rests on an arbitrary cut
off figure for plasma glucose both fasting and after a
glucose load. The day to day variability of the oral glu-
cose tolerance test is very large (coefficient of variation
approximately 30%) and this means that both false
positive and false negative diagnoses are possible [48].
The WHO criteria for diabetes [49], i.e. fasting plasma
glucose greater than 7.8 mmol/I with a 2 h post-prand-
ial glucose of greater than 11.1 mmol/l may be appro-
priate for epidemiological studies; but may not be suf-
ficiently sensitive to detect early glycaemic abnormali-
ties in at-risk members of a family. In linkage analysis
it is a less serious error to diagnose an affected individ-
ual as normal, as inclusion of age dependent pene-
trance factors allow the assumption that a certain num-
ber of individuals with a “diabetes gene” will remain
unaffected until very late in life. Nevertheless, we pre-
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fer a less strict criterion for diabetes than WHO, and
choose a fasting plasma glucose of greater than
6 mmol/1. This is still more than 3 standard deviations
above the normal range, and has been used as the cri-
terion for entry into the UK Prospective Diabetes
Study [50]. To define glucose intolerance, we have used
the response to a continuous infusion of glucose of
5 mg- kg ideal weight~'-min~" as this may have a low-
er coefficient of variation than an oral glucose toler-
ance test (unpublished observations). A 1h glucose
measurement above the mean+ 2SD of a matched con-
trol group (9.3 mmol/1 at age 40 years) has been con-
sidered abnormal even in subjects with a fasting plas-
ma glucose <6 mmol/l [51]. For linkage analysis a
higher figure of +2.5 or +3SD (i.e. more than 9.7 or
10 mmol/1, respectively, at age 40 years) may be prefer-
able.

Cerasi, Luft et al. considered a low insulin response
to glucose as being a genetically determined marker of
diabetes [52]. However the amplitude of the insulin re-
sponse is crucially related to insulin sensitivity, with
thin people and/or athletes having low insulin re-
sponses and obese, inactive people having high insulin
responses [53]. Until it is feasible to define the expected
insulin response for a subject more precisely, the diag-
nosis of diabetes will continue to be primarily on glu-
cose rather than insulin levels.

Family motivation

A crucial feature of any linkage analysis project is to
obtain the co-operation of all family members. Type 2
diabetes is often undiagnosed, relatively mild sympto-
matically and is often not perceived as life threatening,
resulting in low motivation of unaffected family mem-
bers. This difficulty in obtaining family co-operation
contrasts markedly with diseases like Duchenne mus-
cular dystrophy and cystic fibrosis, where devastating
consequences in young children often lead to enthu-
siastic assistance with studies.

Choice of genetic markers for study

Candidate genes

Probes for genes, the malfunction of which might con-
ceivably lead to diabetes, are increasingly becoming
available to the investigator. In several MODY [27, 54]
and one Type 2 diabetic pedigree [55] there was no evi-
dence of linkage between the insulin gene itself and
diabetes. Other candidates such as the insulin receptor
gene [56], glucose transporter gene [57] and genes for
various neuropeptides within the endocrine pancreas
are all under investigation. It is important to be aware
of the potential for heterogeneity. For instance, certain
very rare forms of diabetes due to insulin gene muta-
tions [58] will show close linkage to the insulin gene lo-
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cus, and these may not be detected among a large
number of negative families.

Random polymorphic markers

The usefulness of a genetic marker is determined by
the extent of its polymorphism. Highly variable region
probes (HVRs) recognise specific stretches of non-cod-
ing DNA, the length of which vary due to a differing
number of repeats of a basic core sequence. The poly-
morphism detected by HVRs is considerably greater
than that found with probes which detect conventional
RFLPs. Their potential in linkage analysis is exempli-
fied by the success of the 3’ alpha globin HVR in loca-
lising adult polycystic kidney disease to the short arm
of chromosome 16 [11]). Seventy-seven such HVR’s
have recently been generated by Nakamura and col-
leagues [59]. The widespread availability of such
probes of known genetic localisation will greatly aid
investigators in linkage analysis.

DNA finger printing

The “hypervariable minisatellite” probes first descibed
by Jeffries et al. detect HVR’s occuring throughout the
genome {60]. The enormous variability of allele size at
each locus combined with the large number of loci
means each person has a characteristic “finger print”
of DNA fragments. When DNA finger printing was
described in 1985 it was considered that this technique
would prove extremely valuable for linkage analysis
[60]. Although the ability to examine up to 20 different
genetic loci in one experiment is unique, it should be
noted that DNA fingerprinting suffers from some seri-
ous limitations for disease linkage studies. Firstly it is
not possible to discern which bands are allelic, and
secondly, the chromosomal localisation of the bands is
unknown. Nevertheless, if in a large pedigree a single
band strongly segregates with a disease, this would
make it worthwhile to clone the individual band to de-
termine its genetic localisation. A preliminary report
from Kastern et al. has recently reported some success
using DNA fingerprinting in rodent diabetes [61].

Possible strategies for Type 2 diabetes

It is apparent from the discussion above that the main
problem faced by investigators concerned with the lo-
calisation of the genetic defect or defects underlying
Type 2 diabetes is the ascertainment of families which
are large enough to prove or disprove linkage. The fol-
lowing strategies are likely to be helpful:

Ascertain pedigrees through an elderly Type 2 diabetic
proband who has a living non-diabetic spouse

One could have a reasonable degree of certainty that
testing their offspring, who would be aged approxi-
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mately 50 or 60 years, would allow fairly reliable cate-
gorisation into normal or glucose intolerant/diabetic
subjects.

Find a particular sub-type of the disease which has an
earlier age of onset and which may provide clues
regarding the genetics of the more common disease

This has been used with success in Alzheimer’s disease
[16]. MODY is an example which has been investigat-
ed, but other sub-types of diabetes, e.g. specific insulin
resistant states, should become available. It is possible
that the genetic basis for MODY will be different from
that of “common” Type 2 diabetes, although clinical
heterogeneity can result from different molecular de-
fects of the same gene as illlustrated by the different
beta-haemoglobinopathies [62).

A strategy which overcomes the difficulties of
Jfamily ascertainment is the use of several affected
sibling-pairs [63]

The sharing of a specific allele more than would be ex-
pected by chance may suggest linkage, but this will
then need to be tested in families. Although this meth-
od overcomes some of the problems of population as-
sociation studies (in particular the problem of match-
ing for ethnic background) the method is critically
dependent for statistical power on highly polymorphic
probes and is particularly susceptible to obfuscation by
any genetic heterogeneity.

Most previous pedigree studies in diabetes have used
simple linkage analysis assuming complete penetrance
of the trait in all family members studied, irrespective
of age. This is obviously not appropriate in a disease
with a late age of onset. Modern linkage analysis com-
puter packages such as LINKAGE enable age-depen-
dent penetrance to be taken into account [64]. This can
either be taken from the age-specific prevalence data
for the population as a whole or, if the family is large,
it can be calculated from the age of onset distribution
in the family. The latter is useful for MODY families
where population data is lacking. As the number of
available DNA probes increases, interval mapping [65],
a statistical technique which analyses linkage informa-
tion from more than one probe simultaneously, will be
useful. This allows more statistical certainty of linkage
or non-linkage for any given number of informative
matings and may be particularly applicable to disor-
ders like diabetes where it may be difficult to find large
multi-generation pedigrees.

Conclusions

From the lead given by the successes in other diseases,
it is apparent that linkage analysis of genetic markers
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in large well-defined families is likely to be the most
fruitful approach to the search for genetic markers in
Type 2 diabetes. The recent finding of a specific pep-
tide forming the amyloid found in the diabetic islet
may provide another candidate gene to test in this
fashion [66]. The study of candidate genes such as this,
and continuing study of random highly polymorphic
markers should eventually enable diabetes susceptibili-
ty genes to be identified.
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