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INTRODUCTION

While the genetic causes of monogenic disorders have been suc-
cessfully identified in the past, the success in dissecting the gene-
tics of complex polygenic diseases has until now been limited. The 
picture has dramatically changed in 2007 with the introduction of 
whole genome wide association studies (WGAS) and today va-
riants in at least 18 genes are consitently been associated with T2D.
This probably only represents the tip of the iceberg and refined 
tools will over the next few years provide a more complete picture 
of the genetic complexity of T2D. 

TYPE 2 DIABETES IS AN INHERITED DISEASE

There is ample evidence that type 2 diabetes (T2D) is an inheri-
ted disease. The life-time risk of developing T2D is about 40% in 
offspring of one parent with the disease. A first-degree relative of a 
patient with T2D has a 3-fold increased risk of developing the di-
sease, this value is often referred to as the sibling-relative risk 
(λs)1. 

It is clear that the change in the environment towards a more 
affluent Western life style plays a key role in the epidemic increase 
in the prevalence of T2D worldwide. This change has occurred du-
ring the last 50 years, during which period our genes have not chan-
ged. This does not exclude an important role for genes in the rapid 
increase in T2D, since genes or variation in them explain how we 
respond to changes in the environment and the environment always 
imposes a selective pressure on genes. 

Low level of physical activity, abdominal obesity and presence of 
the metabolic syndrome also confer an increased risk of T2D. In 
addition, elevated glucose concentrations per se are strong predic-
tors of future T2D. In a prospective study of 2115 non-diabetic 
individuals followed for 6 years within the Botnia study we could 
show that individuals with a family-history of T2D, body mass in-
dex (BMI) ≥ 30, and fasting plasma glucose concentration ≥ 5.5 
mmol/l had a 16-fold increased risk of developing T2D1. In the 
Botnia study, presence of a family history of T2D was confirmed 
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by oral glucose tolerance tests in the parents. In gene-
ral practice this is rarely the case and the value of a 
family history of T2D for predicting future diabetes is 
attenuated. Whether a family history of diabetes can be 
replaced by genetic testing in the prediction of T2D 
will be discussed later.

MAPPING GENETIC VARIABILITY

Linkage

The traditional way of mapping a disease gene has 
been to search for linkage between a chromosomal re-
gion and a disease by genotyping a large number (about 
400-500) of polymorphic markers (microsatellites) in 
affected family members. If the affected family mem-
bers would share an allele more often than expected by 
non-random Mendelian inheritance, there is evidence 
of excess allele sharing. The most likely explanation 
for excess allele sharing is that a disease-causing gene 
is in close proximity to the genotyped marker. 

The first and thus far the only T2D gene identified by 
a linkage study in families was the calpain 10 (CAPN10) 
gene2. Calpain 10, a cystein protease with largely unk-
nown functions in glucose metabolism, is no obvious 
candidate gene for T2D. Despite a number of subse-
quent negative studies, several meta-analyses have 
shown consistent association of SNPs 43 and 44 with 
T2D3. Carriers of the risk G allele of SNP43 show de-
creased expression of the gene in skeletal muscle and 
insulin resistance. How this translates into increased 
risk of T2D is not known. Unfortunately none of the 
WGAS could find association between T2D and va-
riants in the CAPN10 gene. One reason might be that 
association studies detect common variants with mo-
dest effects while linkage most likely detects rare va-
riants with stronger effects–such variants are rarely 
shared between a large number of patients with T2D.

Association studies and candidate genes

A number of studies have reported on association (or 
lack of it) between functional or positional candidate 
genes for T2D. Until 2007 only 3 genes could be con-
sistently associated with T2D, namely PPARG, 
KCJN11 and TCF7L2.

– �PPPARG: the gene encodes for a nuclear receptor 
PPARγ, which is predominantly expressed in adipose 
tissue where it regulates transcription of genes invol-
ved in adipogenesis. In the 5’ untranslated end of the 
gene is an extra exon B that contains a SNP changing 
a proline in position 12 of the protein to alanine. The 
rare Ala allele is seen in about 15% of Europeans and 
was in an initial study shown to be associated with 
increased transcriptional activity, increased insulin 
sensitivity and protection against T2D4. Subsequent-
ly, there were a number of studies, which could not 
replicate the initial finding. Using a family-based as-

sociation approach (transmission disequilibrium test, 
TDT) we could show excess transmission of the Pro 
allele to the affected offspring5. We thereafter perfor-
med a meta-analysis combining the results from all 
published studies showing a highly significant asso-
ciation with type 2 diabetes. The individual risk re-
duction conferred by the Ala allele is moderate, about 
15% but since the risk allele Pro is so common, it 
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Fig. 1. Insulin secretion according to different TCF7L2 rs 7903146 
genotypes. A) Insuliniogenic index, i.e. incremental insulin response 
to oral glucose. B) Disposition index represents the insulinogenic 
index adjusted for insulin sensitivity. C) Change in insulin secretion 
(disposition index) over time in subjects who converted to T2D in 
the Botnia cohort. (Lyssenko et al9.)
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translates into a population attributable risk of 25%. 
– �KCNJ11: the ATP-sensitive potassium channel Kir 

6.2 (KCNJ11) forms together with the sulfonylurea 
receptor SUR1 (ABCC8) an octamer protein that re-
gulates transmembrane potential and thereby gluco-
se-stimulated insulin secretion in pancreatic beta-ce-
lls. Closure of the K- channel is a prerequisite for 
insulin secretion. A Glu23Lys polymorphism (E23K) 
has been associated with T2D and a modest impair-
ment in insulin secretion6. In addition, an activating 
mutation in the gene causes a severe form of neonatal 
diabetes7. Whereas these neonatal mutations result in 
a 10-fold activation of the ATP-dependent potassium 
channel, the E23K variant results in only a 2-fold 
increase in activity. 

– �TCF7L2: by far the strongest association with T2D is 
seen for SNPs in the gene encoding for the transcrip-
tion factor-7-like 2 (TCF7L2)8. TCF7L2 encodes for 
a transcription factor involved in Wnt signalling. He-
terodimerization of TCF7L2 with β-catenin induces 
transcription of a number of genes including intesti-
nal proglucagon. Risk variants in TCF7L2 are asso-
ciated with impaired insulin secretion, possibly due 
to an impaired incretin effect, i.e. impaired stimula-
tory effect of incretin hormones like GLP-1 and GIP 
on insulin secretion9. It is also possible that the gene 
is involved in proliferation of β-cells in response to 
increased demands. 

WHOLE GENOME ASSOCIATION STUDIES

The rapid improvement in high throughput techno-
logy for single nucleotide polymorphism (SNP) ge-
notyping and thereby decreasing costs per genotype 
(in 10 years the cost has decreased by a factor of 10) 
has open new possibilities for both linkage and asso-
ciation studies. In 2007 several WGAS using DNA 
chips with > 500,000 SNPs in a large number of pa-

tients with T2D and controls have been performed 
and published10. In our collaborative study with the 
Broad Institute and Novartis (Diabetes Genetic Initia-
tive, DGI) we performed a WGAS in 1,464 patients 
with T2D and 1,467 non-diabetic control subjects 
from Finland and Sweden. Prior to publication we 
shared the results with researchers from the FUSION 
(Finnish USA Study of NIDDM) and WTCCC (Well-
come Trust Case Control Consortium) groups. We 
only considered positive results, which were seen and 
replicated in all three studies, i.e. together with repli-
cation samples the results were based upon DNA 
from 32,000 individuals! In a follow-up meta-analy-
sis of more than 60,000 individuals another 6 variants 
were identified11.

Together these studies identified 16 genes/loci for 
T2D. Notably, TCF7L2 was on top of each WGAS 
with a joint p value in the three scans of 10–50. Several 
of the new genes seem to influence β-cell prolifera-
tion by interfering with the cell cycle e.g.CDKAL1 
and CDKN2A/CDKN2B on chromosome 9. Carriers 
of high-risk genotypes cannot increase their insulin 
secretion to meet the demands imposed by insulin re-
sistance12. Intriguingly, the same region on chromo-
some 9, which showed association with T2D, was 
associated with increased risk of myocardial infarc-
tion in three independent WGAS13. However, there 
are most likely different SNPs operative for T2D and 
myocardial infarction. FTO is an obesity gene, which 
increases the risk of T2D through obesity14. It is the-
refore not surprising that FTO was not detected as 
associated with T2D in the WGAS, which matched 
for BMI.

A Japanese WGAS identified variants in another 
ATP dependent potassium channel gene, KCNQ1 as 
being associated with T2D15. Mutations in the same 
gene are known to cause the long QT syndrome. We 
could show that it was associated with impaired insulin 
secretion and T2D also in Europeans. The main reason 

180

160

140

120

IS
I (

[m
m

ol
/L

]2  
×

 (
[m

U
/L

]2 )

Baseline Follow-up

A

< 8
>12

Number of risk alleles 30,000

25,000

20,000

D
I (

m
U

3 /
L3 )

Baseline Follow-up

B

Fig. 2. Change in, insulin sensitivity (ISI) and glucose-stimulated insulin secretion adjusted for insulin sensitivity (ISI), i.e. disposition index 
(DI) over time in carriers of top and bottom 20% of risk genotypes for T2D.
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why it was missed in the WGAS was that the risk alle-
le was not very polymorphic in Caucasians.

More recently, focus has been on analyzing interme-
diate traits like glucose and insulin. Surprisingly, a va-
riant in the melatonin receptor B1 (MTNRB1) was 
associated with elevated fasting glucose, impaired in-
sulin secretion and risk of T2D16. Risk genotype ca-
rriers had increased expression of MTNR1B in islets 
and treatment of beta-cells with melatonin resulted in 
impaired insulin secretion. Therapeutic inhibition of 
melatonin effects in islets could thus represent a novel 
approach to treat T2D.

CLINICAL IMPLICATIONS AND FUTURE 
DIRECTIONS

Genetics of T2D is still complicated but no longer 
the nightmare once proposed. The WGAs in 2007 re-
presented an important milestone and were by Science 
called Breakthrough of the Year.

However, the 18 T2D genes explain only a small 
proportion (∼ 0.3) of the individual risk of T2D (λs of 
3). Although we now seem to cover approximately 
75% of the genetic map of T2D, the genetic variants 
detected represent common variants shared by a large 
number of individuals but with modest effects. It is 
premature to start to use these genetic variants for in-
dividual predictions12. However, it may be possible to 
use them to reduce the number of individuals needed to 
be included in trials aiming at prevention of T2D

Conflict of interest

The authors declare they have no conflict of in-
terest.

REFERENCES

1.	Lyssenko V, Almgren P, Anevski D, Perfekt R, Lahti K, Nissén 
M, et al. Predictors and longitudinal changes in insulin sensiti-
vity and secretion preceding onset of type 2 diabetes. Diabetes. 
2005;54;166-74.

2.	Horikawa Y, Oda N, Cox NJ, Li X, Orho-Melander M, Hara M, 
et al. Genetic variation in the gene encoding calpain-10 is asso-
ciated with type 2 diabetes mellitus. Nat Genet. 2000;26;163-75.

3.	Parikh H, Groop L. Candidate genes for type 2 diabetes. Re-
views in Endocrine and Metabolic Disorders. 2004;5;151-76.

4.	Deeb SS, Fajas L, Nemoto M, Pihlajamäki J, Mykkänen L, Kuu-
sisto J, et al. A Pro12Ala substitution in PPARgamma2 associated 
with decreased receptor activity, lower body mass index and im-
proved insulin sensitivity. Nat Genet. 1998;20:284-7.

5.	Altshuler D, Hirschhorn JN, Klannemark M, Lindgren CM, 
Vohl MC, Nemesh J, et al. The common PPARgamma Pro12Ala 
polymorphism is associated with decreased risk of type 2 diabe-
tes. Nat Genet. 2000;26:76-80.

6.	Florez JC, Burtt N, De Bakker PIW, Almgren P, Tuomi T, Hol-
mkvist J, et al: Haplotype structure and genotype-phenotype 
correlations of the sulfonyulrea receptor (SUR1) and the islet 
ATP- sensitive potassium channel (kir 6.2) gene region. Diabe-
tes. 2004;53:1360-8.

7.	Gloyn AL, Pearson ER, Antcliff JF, Proks P, Bruining GJ, Slin-
gerland AS, et al. Activating mutations in the gene encoding the 
ATP-sensitive potassium channel subunit Kir6.2 and permanent 
neonatal diabetes. N Engl J Med. 2004;350;1838-49.

8.	Grant SF, Thorleifsson G, Reynisdottir I, Benediktsson R, Ma-
nolescu A, Sáinz J, et al. Variant of transcription factor 7-like 2 
(TCF7L2) gene confers risk of type 2 diabetes. Nat Genet. 2006; 
38:320-3.

9.	Lyssenko V, Lupi R, Marchetti P, Del Guerra S, Orho-Melander 
M, Almgren P, et al. Mechanisms by which common variants in 
the TCF7L2 gene increase risk of type 2 diabetes. J Clin Invest. 
2007;117:2155-63.

10.	Saxena R, Voigt B, Lyssenko V, Burtt NP, de Bakker PI, Chen 
H, et al. Diabetes Genetics Initiative: Genome wide association 
analysis identifies loci for type 2 diabetes and triglyceride le-
vels. Science. 2007:316;1331-6.

11.	Zeggini E, Scott LJ, Saxena R, Voight BF, Marchini JL, Hu T, et al; 
for the Diabetes Genetics Replication and Meta-analysis 
(DIAGRAM) Consortium. Meta-analysis of genome-wide associa-
tion data and large-scale replication identifies several additional sus-
ceptibility loci for type 2 diabetes. Nat Genet. 2008;40;638-45.

12.	Lyssenko V, Jonsson A, Pulizzi N, Almgren P, Isomaa B, Tuomi 
T, et al. Clinical risk factors, DNA variants and the development 
of type 2 diabetes. New Engl J Med. 2008;359;2220-32.

13.	McPherson R, Pertsemilidis A, Kavaslar N, Stewart A, Roberts 
R, Cox DR, et al. A common allele on chromosome 9 associated 
with coronary heart disease. Science. 2007;316:14888-91.

14.	Frayling T, Timpson Nj, Weedon MN, Zeggini E, Freathy RM, 
Lindgren CM, et al. A common variant in the FTO gene is asso-
ciated with body mass index and predisposes to childhood and 
adult obesity. Science. 2007;316:889-94.

15.	Yasuda K, Miyake K, Horikawa Y, Hara K, Osawa H, Furuta 
H, et al. Multistage genome-wide SNP association study re-
vealed KCNQ1 as a novel susceptibility gene for type 2 dia-
betes mellitus in multiple ethnic groups: a report of the Mi-
llennium Genome Project of Japan. Nat Genet. 2008;40; 
1092-7.

16.	Lyssenko V, Nagorny CLF, Erdos MR, Wierup N, Jonsson A, 
Spégel P, et al. A common variant in the melatonin receptor 
gene (MTNR1B) is associated with increased risk of future type 
2 diabetes and impaired early insulin secretion. Nat Genet. 
2008;41:82-8.


