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Type 2 diabetes is a genetically heterogenous disease
consisting of several sub-groups with various combi-
nations of susceptibility genes. The last decade has
revealed a molecular understanding of several mono-
genic forms of Type 2 diabetes. Much less is known
about the genetic predisposition which is required for
the onset of the more common form(s) of the disease,
although much is known about environmental factors
contributing to Type 2 diabetes, such as obesity, sed-
entary lifestyle, smoking, and certain drugs. Identifi-
cation of genes predisposing individuals to develop
Type 2 diabetes will facilitate early diagnosis, effective
treatment and intervention. The genetic susceptibility
must involve the key elements in the pathogenesis of
Type 2 diabetes: insulin resistance and deranged
B-cell function, and most likely multiple genes are
responsible, each contributing a small amount to the
overall risk. A more complete molecular description
of Type 2 diabetes is a major undertaking, requiring a
multidisciplinary effort, including new strategies for
patient  sampling, phenotyping, genotyping and
genetic analysis.

CHANGES in human behaviour and lifestyle over the last
century have resulted in a dramatic increase in the inci-
dence of diabetes worldwide. The number of adults with
diabetes in the world will rise from 135 million in 1995
to 300 million in the year 2025 (ref. 1). Current estimates
from different countries in Europe and the United States
have shown that diabetes and its complications account
for 8-16% of the total health costs for society and these
will increase dramatically unless major efforts are made
to prevent the ongoing epidemic.

Type 2 diabetes (T2D) is a multifactorial disease with
both a genetic component and an important non-genetic
component(s) which undoubtly interacts in order to pre-
cipitate the diabetic phenotypez. A model for the natural
history of the development of T2D illustrating the
complex interaction between genetic predisposition and
environmental factors is shown in Figure 1. There are
convincing arguments to support its partial genetic deter-
mination. The lifetime risk of a first-degree relative of a
patient with T2D has been estimated at about 35% with
the relative risk of diabetes compared with the general
population of between three- and fourfold®. Furthermore,
twin studies have shown much higher concordance
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among monozygotic compared with dizygotic twins®®.

Also, differences in the prevalence of the disease corre-
lating with the degree of genetic admixture indicate an
important genetic componentg’m. The more common
forms of late onset T2D show a complex mode of inheri-
tance and segregation studies have supported an oligo-
polygenic inheritance''. Also, prediabetic phenotypes are
familial. Tmpaired insulin action has been suggested to be
the primary defect in the prediabetic state in several stud-
ies'*!* but also pancreatic beta-cell dysfunction has
been shown in the prediabetic state'®, and a significant
familiality of both insulin action and beta-cell function
have been demonstrated'”"”.

Knowledge of the genetics of T2D would increase our
understanding of the complex gene-gene and gene—
environment interplay causing the disease and will serve
to facilitate early diagnosis, treatment and intervention.
The purpose of this review is to summarize recent pro-
gress in the field of genetics of T2D.

Monogenic forms of T2D

Most successes in defining the genetic basis of T2D have
been obtained for monogenic forms of the disease. Clas-
sical positional cloning and/or screening of candidate
genes have revealed the genetic basis for 5-10% of T2D.

Maturity-onset diabetes of the young

The most common monogenic form of diabetes is matur-
ity-onset diabetes of the young (MODY). MODY is a
monogenic subtype of T2D, characterized by an auto-
somal dominant inheritance, and an age of onset at 25
years or youngerlg. Phenotypically, MODY is primarily
associated with insulin secretion defects and patients
with MODY have normal insulin sensitivity and are in
most cases lean'”?. It has been estimated that 2-5% of
all patients with T2D actually may have MODY?!.
Genetic studies have revealed that MODY is genetically
heterogeneous and at present there are at least six differ-
ent MODY forms, entitled MODY1 - MODY6 (Table 1).
The different forms are caused by mutations in the genes
encoding hepatocyte nuclear factor-4ot (HNF-40), glu-
cokinase, hepatocyte nuclear factor-lot ( HNF-/09, insu-
lin promotor factor-1 (IPF-1), hepatocyte nuclear factor-
1B (HNF-If) and NewroD, respectively (Table 1)**7.
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Table 1. Clinical characteristics of different MODY forms
MODY1 MODY2 MODY3 MODY4 MODY5 MODY6
HNF-4o¢  Glucokinase HNF-1o IPF-1 HNF-13 NEUROD
Locus 20q Tp 12q 13¢q 17q 2q
Fasting hyperglycemia o-TT17 ™ o-TT17 ? o-TT17 ?
Postprandial hyperglycemia T 0-T7T T ? T ?
Minimum age at diagnosis 5 years 0 years 5 years 1 Family 4 Families 3 Families
Need for insulin therapy 30-50% 2% 30-50% ? ? 50%
Late diabetic complications ~ Common Rare Common ? ? ?
Pathophysiology BCell B-Cell B-Cell BCell B-Cell B-Cell
Prevalence of MODY 5-10% 15-60% 20-60% Rare Rare Rare
Non-diabetes related features s-trigly- Reduced J Renal Pancreatic =~ Renal cysts,
cerides birth weight  threshold, agenesi proteinurea
T sulfurea in homo-  renal failure
sensitivity zygotes

Impaired glucose
tolerance

Normal glucose
tolerance

0 30

A A

Genes predisposing to
* Insulin resistance
* Insulin deficiency

* Acquired obesity
* Sedentary life

* Obesity * Smoking
* Intra-uterine growth * Exogenous toxins
retardation

Figure 1.

MODY1-3 seem to be the most common forms of MODY.
While MODY?2 is the least severe form of MODY charac-
terized by mild hyperglycemia with less than 50% of the
affected subjects presenting overt diabetes, MODY3 and
MODY1 represents more severe forms of diabetes, often
evolving to insulin requirement”® (Table 1). Comparing
carriers of MODY mutations in the GCK and HNF-Io
genes, it has been demonstrated that the genetic cause of
the beta-cell defect results in clear differences in both the
fasting glucose and the response to an oral glucose load
and this can help prioritising diagnostic genetic testing in
MODY?’. Also, up to 10% of diabetic patients originally
classified as having T1D could have diabetes caused by
mutations in the HNF-Iot gene. Clinical awareness of
family history of diabetes and mode of inheritance might
help to identify and reclassify these diabetic subjects as
MODY3 patients®®. Patients with the MODY1, MODY3
and MODYS5 subtypes often develop diabetic complica-
tions; i.e. microvascular complications are as prevalent in
MODY1 and MODY3 patients as in type 1 and type 2
diabetic patients matched for duration of diabetes'®*'.
Furthermore, MODY?S is associated with severe kidney
disease, including chronic renal failure and renal cyst,
however, these abnormalities may precede the develop-
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ment of diabetes and thereby not be a diabetic complica-
tion but rather a diabetes-independent consequence of
mutations in the MODY5 gene?®*34,

More MODY gene(s) are to be found. In the UK and
France the gene has not been identified in 15-20% of
MODY families, but in other ethnic groups and in other
European studies more than 50% of MODY families
remains MODYX (ref. 28) (own unpublished data).
Research clearly needs to continue to define the other
genetic subgroups and to characterize these clinically and
physiologically. In line with this, it has recently been
recognized that an alternative splice-form of HNF-4atis
predominant in the Bcell’”. This splice-form utilizes a
far upstream promoter of HNF-4oy P2, with an alterna-
tive exon 1 that in man is 45 kb 5’ to the previously iden-
tified P1 promoter. The P2 promoter contains functional
binding sites for HNF-loy HNF-13 and IPF-1, and a
large MODY family with a mutation in the IPF-1 binding
site of the P2 promoter, which cosegregated with diabetes
(LOD =3.25) has been described®®. Further studies are
needed in order to evaluate the importance of the P2
promoter for MODY and late-onset T2D. Also, identifi-
cation of new MODY forms could give important clues
to the genetics of T2D.
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Maternally inherited diabetes and deafness

Diseases due to mitochondrial mutations are recognized
by a maternal dominant inheritance pattern and variable
penetrance due to different proportions of the abnormal
gene in each tissue (a phenomenon called heteroplasmy).
A subtype of T2D featuring the maternal inheritance of
diabetes and neurosensory deafness have been shown to
be caused by variation within the mitochondrial RNA"
gene (position 3243)37’38. The prevalence of this mutation
among patients with diabetes varies between racial
groups, being highest in Japan, where it accounts for 0.5—
3% of diabetics with a family history39. Patients with
mitochondrial diabetes have early onset T2D that fre-
quently progresses to insulin requirement owing to pro-
gressive Pecell loss®”. They tend to be nonobese and
might have evidence of neurological and optic features
seen in other mitochondrial disorders. Interestingly, the
same mutation leads not only to maternally inherited dia-
betes and deafness, but also to the mitochondrial syn-
drome MELAS (myopathy, encephalopathy, lactic
acidosis and stroke-like episodes)40. This phenotypic het-
erogeneity is almost certainly the result of chance differ-
ences in the tissue distribution of mutated mitochondria
during development. Also, other variants within the mito-
chondrial genome have been described to be associated
with T2D*".

Other monogenic forms

Other rare monogenic forms of diabetes are known. Over
40 mutations in the insulin receptor gene have been
described, many of whom are causing diabetes*?. Also,
Wolfram syndrome, a rare recessive disorder, defined as
a combination of familial juvenile onset diabetes melli-
tus, optic atrophy, diabetes insipidus and deafness have
been shown to be caused by various mutations in the
WESI gene“. Furthermore, recent data indicate that
variation in the WFSI/ gene may influence susceptibility
to common forms of type 2 diabetes™.

Candidate genes for T2D

Genes known to be involved in insulin sensitivity, [3-cell
function and obesity have been obvious candidates for
inherited defects leading to T2D (Figure 1). Also, genes
potentially involved in intrauterine growth and compo-
nents of the metabolic syndrome have been considered as
candidate genes for T2D. Since more than 200 biological
candidates have been studied, this review will concen-
trate on those providing the strongest evidence for a sus-
ceptibility role (Figure 2).

The screening of candidate genes for nucleotide vari-
ants that are associated with T2D is a core component of
much diabetes genetics research. Such association analy-
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ses seek to demonstrate that a particular variant has
higher than expected prevalence on ‘disease-gene-carry-
ing’ chromosomes through, for example, comparison of
genotype frequencies between groups of unrelated cases
and control subjects. Because such studies rely on link-
age disequilibrium for detection of a signal, positive
results are only likely at, or very close to, functional
variants. Association studies therefore provide a powerful
approach for analysis of small regions, but remain prob-
lematical for screens of larger genomic regions.

The  peroxisome  proliferator-activated  receptor-y
(PPAR® is a transcription factor, involved in adipogene-
sis and in the regulation of adipocyte gene expression and
glucose metabolism*’ Recently two mutations in the
ligand-binding domain of PPARY were found in three
Caucasian subjects with severe insulin resistance and
T2D (ref. 46). Within a unique domain of PPARY2 that
enhances ligand-independent activation a prevalent
Prol2Ala polymorphism has been identified’’. The
polymorphism has in several studies been shown to be
involved in the pathogenesis of obesity and recently,
using a family-based design to control for population
stratification it was reported that the Ala-allele of the
codon 12 polymorphism was associated with decreased
risk of T2D (ref. 48). A significant association of the
Ala-allele of the Prol2Ala polymorphism with increased
whole body insulin sensitivity has been demonstrated*’.
Therefore, it is likely that increased insulin sensitivity is
one of the mechanisms by which the Ala-allele protects
against T2D. A widespread missense polymorphism in
the peroxisome proliferator-activated receptor-y coactiva-
tor-1 (PGC-1) gene, a novel transcriptional coactivator of
a series of nuclear receptors including PPAR7Y is repro-
ducibly associated with T2D (ref. 50). Similarly, a mis-
sense variant in the insulin receptor substrate-1 (IRS-7)
gene has been shown to be associated with decreased
insulin sensitivity and and an impairment of insulin-
stimulated PI3-kinase actiVitySl’Sz, and a rare Pro387Lys
variant in the protein tyrosine phosphatase-1B (P7P-1B)
gene was shown to be associated with type 2 diabetes
probably via an impairment in serine phosphorylation of
the PTP-1B protein53 (Figure 2).

As mentioned above, there is substantial evidence to
support an inherited defect in B-cell function in T2D. The
most consistent findings showing association between
T2D and variation in Bcell genes includes the class IIT
alleles of the insulin VNTR (refs 54, 55), and variations
in the SURI/Kir6.2 genes which encode components of
the PBcell Karp channel, which couples glucose metabo-
lism to membrane depolarization and subsequent insulin
release’® %" (Figure 2). Polymorphisms in the transcrip-
tion factors HNF-lot and IPF-1 have also been shown
to be associated with T2D and/or altered B-cell function
in some studies® "®*. Other studies have focused on the
risk of T2D among carriers of risk alleles in 2 suscepti-
bility genes. The most promising of these studies

1479



SPECIAL SECTION: DIABETES

Calpain-10

[ANF-1ad

[IPF1| [B2ARand B3AR]| [insVNTR |

/

Insulin
secretion

N\

\| B3AR and PPARY|

l\U W

S=

Wl

| Birth
weight

Environment

Gene-gene and
gene-environment
interactions

il

L1

Subsets of polygenic T2D

Figure 2.

A complex interaction between polymorphisms in susceptibility genes and environmental factors

defines subsets of late-onset Type 2 diabetes. Various susceptibility genes with effects on prediabetic phenotypes
are shown. References are provided in the text. PPARY, peroxisome proliferator -activated receptory PGC-I,
peroxisome proliferator-activated receptor-ycoactivator-1; /RS- 1, insulin receptor substrate-1; PTP- 1B, protein
tyrosine phosphatase-1B; HNF-1o hepatocyte nuclear factor-1o¢ IPF-1, insulin promotor factor-1; insVNIR, a
regulatory minisatellite upstream of the insulin gene; SURI/Kir6.2, sulphonylurea receptot/ inward rectifier K*
channel member; B24R and B3AR, beta2- and beta3-adrenoreceptors; GCK, glucokinase.

have focused on the known interplay between obesity and
risk of T2D (refs 65, 66). The largest drawback of such
studies is the sample sizes used. Very large study popula-
tions are likely to be needed in order to demonstrate in-
teractions between gene variants contributing a minor
amount to the overall risk. Furthermore, studies of genes
or gene—gene interactions with effects on components of
the metabolic syndrome including blood pressure and
lipid profiles are likely to be important for definition of
subtypes of T2D. Furthermore, the observation that
reduced growth in early life is strongly linked with
impaired glucose tolerance and non-insulin dependent
diabetes lead to the ‘thrifty phenotype’ hypothesis. Mal-
nutrition during intra-uterine life may cause a ‘program-
ming” of the fetus inducing changes in important
metabolic pathways leading to increased risk of T2D
later in life®”*®. However, genetic variation may also in-
fluence both fetal growth and risk of T2D. Therefore,
predisposition to T2D is likely to be the result of both
genetic and fetal environmental factors® 7",

Genome scans

For monogenic forms of T2D, linkage analysis, recombi-
nant mapping in families and positional cloning have
proved to be powerful tools to define genomic T2D
regions, to further refine the location and ultimatively to
identify the gene encoding the disease. These findings
have encouraged researchers to use genome-wide scans
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for linkage to identify the genetic basis for the more
common forms of T2D. Given a A of 2-4 for T2D,
imposing a limit on the magnitude of any single gene
effect it might be envisioned that most such studies
would be underpowered to detect any gene effects. How-
ever, the first published genome scan on T2D on 170
Mexican American-affected sib-pair families showed
significant evidence of linkage to T2D near the terminus
of 2q (ref. 72). Using linkage disequilibrium (LD) map-
ping, polymorphisms within the gene encoding calpain-
10 (CAPNIO) were found to explain the previous
described linkage and to be associated with T2D (ref.
73). Further analysis in Mexican American and European
populations indicate that the disease susceptibility is best
described by a combination of risk haplotypes. Also, a
contribution to susceptibility to T2D in Mexican Ameri-
cans is due to an interaction of genes on chromosomes 2q
and 15 (ref. 74). Calpains are ubiquitously expressed cys-
teine proteases that are thought to regulate a variety of
normal cellular functions, and recent data indicate a role
for calpains in the regulation of both insulin secretion
and insulin action””.

The results from several additional genome scans for
T2D are now available’®®* and several replicated chro-
mosomal regions have been described suggesting that
genes contributing risk for diabetes exist on chromosome
1q21-q23 and on chromosome 12 and 20. Also, other
regions have shown ‘bumps’ in several scans for T2D
and/or obesity.
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Conclusions

The discovery of genes encoding monogenic forms of
T2D represents important milestones in the understand-
ing of the disease. It is clear that more monogenic forms
of T2D remain to be identified, and collections of fami-
lies with similar disease phenotypes and distinct inheri-
tance pattern will be of great importance for further
description of subtypes of T2D. For the common form(s)
of T2D it appears that multiple genes are involved, each
contributing a small amount to the overall risk. The iden-
tification of susceptibility genes will probably require a
combination of different methodologies including
expressing profiling of genes in various tissues to define
metabolic pathways that might be altered in genetic pre-
disposition to T2D, usage of both polygenic and geneti-
cally manipulated animal models, and a detailed
knowledge of patterns of linkage disequilibrium in
human populations. How do we validate the many poly-
morphisms in the human genome evolving from various
approaches as being of importance for T2D susceptibil-
ity? An editorial in Nature Genetics provides guidance
on ideal features of a genetic association study: ‘large
sample sizes, small P values, reported associations that
make biological sense and alleles that affect the gene
product in a physiologically meaningful way’gs. There-
fore, in order to dissect the complex ethiology of T2D we
need to use a wide variety of in vitro and in vivo tools for
susceptibility SNP identification and wvalidation. Under-
standing how genetic variation contributes to disease
within populations will require a simultaneous acquisi-
tion of detailed genetic and environmental (lifestyle) data
from very large population cohorts (Figure 2). Achieve-
ment of a detailed description of the genetic risk profile
at the population level will allow for identification of
individuals at greatest personal risk of future diabetes and
presymptomatic intervention can be targeted to those
likely to benefit. Furthermore we will get a sound basis
for subdividing patients according to predominant patho-
physiological defect(s) and predicted therapeutic
response. In the near future, rational individualized
treatment seems to become an achievable goal.
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