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Worldwide, the incidence of type 2 diabetes is rising
rapidly, mainly because of the increase in the incidence
of obesity, which is an important risk factor for this
condition. Both obesity and type 2 diabetes are complex
genetic traits but they also share some nongenetic risk
factors. Hence, it is tempting to speculate that the sus-
ceptibility to type 2 diabetes and obesity might also
partly be due to shared genes. By comparing all of the
published genome scans for type 2 diabetes and obesity,
five overlapping chromosomal regions for both diseases
(encompassing 612 candidate genes) have been identi-
fied. By analysing these five susceptibility loci for type 2
diabetes and obesity, using six freely available bioinfor-
matics tools for disease gene identification, 27 functional
candidate genes have been pinpointed that are involved
in eating behaviour, metabolism and inflammation.
These genes might reveal a molecular link between
the two disorders.

Obesity and type 2 diabetes
Worldwide, the incidence of type 2 diabetes (T2D) is rising
rapidly, and there are already more than 170 million
diabetic individuals. T2D results from the inability of
the body to respond properly to the action of insulin
produced by the pancreas; this results from impairment
in both insulin sensitivity and insulin secretion [1]. T2D is
a multifactorial disorder in which both genetic and non-
genetic (environmental and life-style) factors have a role.
The concordance rate of T2D among monozygotic twins is
76%, compared with 40% among dizygotic twins, providing
convincing evidence that genetic factors contribute to the
development of T2D. In addition, there is a 3.5-fold
increased risk for a first-degree relative of a T2D patient
to develop the disease [1]. Although both observations
clearly imply that there is a genetic component to the
disease, the model seems to be more complex, involving
multiple genes and environmental factors. Several genes
have been implicated that might contribute significantly to
the risk of T2D, including the genes encoding peroxisome
proliferator-activated receptor-g (PPARG), potassium
inwardly-rectifying channel, subfamily J, member 11
(KCNJ11) [2] and, more recently, transcription factor 7-
like 2 (TCF7L2) [3,4]. These genes are known to explain
only part of the underlying genetic component, so there are
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likely to be other, not yet identified, genes that are also
important contributors to T2D susceptibility.

Besides a positive family history, T2D risk factors
include ethnic background, age, hypertension, being over-
weight, increased abdominal fat and lack of physical exer-
cise. Obesity is considered to be the most important risk
factor for T2D, and the main one driving the current
epidemic because 90% of T2D patients are obese. World-
wide obesity has reached epidemic proportions, with 300
million adults classified as clinically obese [based on data
from the World Health Organization (WHO)], and 20% of
these obese individuals suffer from T2D. Obesity is com-
monly assessed by the body mass index (BMI), defined as
the weight in kilograms divided by the square of the height
in metres (kg/m2). The definition of obesity is having a BMI
value higher than 30, according to the WHO.

Clearly, obesity and T2D share some nongenetic factors
because both are influenced by diet and physical inactivity.
Also, both traits are characterized by insulin resistance,
suggesting a shared pathology. It has been proposed that
low-grade inflammation in visceral fat might be a potential
mechanism whereby obesity results in insulin resistance
[5].

It is tempting to speculate that the susceptibility to
develop T2D and obesity is, in part, due to shared under-
lying genetic factors involved in common molecular
mechanisms. Here, we explore whether there is any sup-
port for the hypothesis that T2D and obesity share some
underlying susceptibility genes.

Susceptibility loci for T2D and obesity
Genome scans are a useful approach to define susceptibility
loci for disease candidate genes [6]. Genome-wide linkage
scans involve the typing of families and sibling pairs using
polymorphic markers that are positioned across the whole
genome, followed by calculation of the degree of linkage of
themarker to a disease trait. Positional candidate genes can
then be identified by examining the regions around the
peaks of linkage that are obtained. Linkage-based studies
have implicated many susceptibility loci for both T2D and
obesity. Bell et al. [7] collected and evaluated genome scans
performed for obesity up until 2004, based on 31 papers.
Since 2004, five additional genome scans for obesity have
been published [8–12]. For T2D, 33 genome scans have been
reported since 1996 [13–45] (Table S1 in the supplementary
material online).
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Figure 1. Genetic linkage map for obesity and T2D. The red bars indicate susceptibility loci for T2D and the blue bars for obesity. Five chromosomal regions (4q32, 6q22–

6q24, 11q24, 12q24 and 20q12–20q13) were found to be linked to both obesity and T2D. For detailed information on chromosomal locations, see the supplementary material

online.
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A total of 15 susceptibility loci for obesity (Figure 1; blue
bars) and 18 susceptibility loci for T2D (Figure 1; red bars)
fulfilled the inclusion criteria, according to the methods
assessed in Box 1 (Table S2 in the supplementary material
online gives a complete overview of the susceptibility loci
reported for both T2D and obesity). Five of these chromo-
somal regions, encompassing a total of 612 genes, were
found to be linked to both obesity and T2D.

Finding candidate genes using disease gene
identification methods
Unfortunately, the data from linkage studies do not
directly indicate the gene of interest, and identifying a
potential gene is usually difficult [46,47] because linkage
intervals can contain dozens to hundreds of candidate
genes. To identify the gene of interest, a dense map of
single nucleotide polymorphisms (SNPs) encompassing the
candidate region needs to be tested for genetic association
in large case-control studies. This strategy is based on the
‘common disease–common variant’ hypothesis [48] and
assumes that common disease susceptibility alleles are
involved in complex traits. If a risk polymorphism exists,
it will either be genotyped directly or will be in strong
linkage disequilibrium (LD) with one of the genotyped
SNPs. The recent completion of phase I of the HapMap
project has already resulted in a public database of more
than 4 million common SNP variants across the genome
[49]. This resource makes it feasible to carry out compre-
hensive genetic association studies needing a high
www.sciencedirect.com
density of SNPs (usually more than one SNP in every
ten kilobases). Consequently, large numbers of genotypes
need to be generated, making these studies expensive,
despite the recent drop in cost per genotype.

An attractive alternative strategy involves firstly
prioritizing the positional candidate genes based on the
function of the individual genes. Functional candidates
are genes with products that can, in some way, be related
to the pathogenesis of a disorder. Evidence for involvement
of a gene in the disease process can, for example, comprise
expression in the appropriate tissue or distribution of the
gene product in a cell of interest. In the case of obesity, fat,
adipose, hypothalamus, pituitary and gut are relevant
tissues, whereas for T2D, pancreas, fat, adipose, liver,
kidney, gut and muscle tissues are considered relevant.
Evidence for involvement can also be drawn from a simi-
larity to phenotypes associated with naturally occurring or
engineered mutations in other species. For example, the
ob/ob mouse, which has a defect in the leptin gene, is an
excellent model for studying obesity. Strong mechanistic
support can also come from a causal relationship of the
phenotype with a variant nucleotide, with altered protein
expression, or gene expression or function.

Until recently, investigating each gene separately for its
likely involvement in the disease process had to be done
manually with the aid of available public databases such as
OnlineMendelian Inheritance inMan (OMIM), Entrez and
genome browsers, but now there are some promising
bioinformatics tools (disease gene identification methods)



Box 1. Methods

Identification of susceptibility loci

The degree of evidence for all reported T2D loci was quantified as

follows: a locus with a logarithm of odds ratio (LOD) score of 3 or

more was considered significant, a LOD score between 2.2 and 3

was considered suggestive and a LOD score between 1 and 2.2 was

considered nominal. For T2D, only those loci were included that

were significant at least once, or were suggestive in at least one

study and at least nominal in two or more studies. The inclusion of

the second category of loci was based on a study by Wiltshire et al.

[72], in which it was postulated that locus counting is a useful

additional tool for the evaluation of genome scan data for complex

trait loci. We used the same two criteria to determine the loci from

the five papers published on obesity since 2004 and combined these

loci with those from Bell et al. [7]. As obesity phenotypes, BMI,

serum leptin levels, abdominal subcutaneous and visceral fat, and

percentage body fat were included. All of these phenotypes were

used as continuous quantitative traits, as well as with various cut-off

levels.

Gene identification methods

Prioritizer, Endeavour, DGP, Geneseeker, G2D and PandS were

combined to analyse the five overlapping T2D and obesity loci

encompassing the 612 positional candidate genes. The 4q32, 6q22–

6q24, 11q24, 12q24 and 20q12–20q13 loci were used as input in all

systems. Additionally, Endeavour and PandS had to be trained with

a set of genes. ACDC, ADRA2A, ADRA2B, ADRB1, ADRB2, ADRB3,

LEP, LEPR, NR3C1, UCP1, UCP2, UCP3 [7], PPARG, KCNJ11 [2] and

TCF7L2 [3] are already known to be involved in T2D and/or obesity

and were therefore used as training genes. Geneseeker required

disease-related tissue as input. Fat, adipose tissue, hypothalamus,

pituitary, gut, liver, kidney and muscle were used. G2D needed

OMIM number (#) as an additional input; for T2D, this was #125853.

OMIM #601665 for obesity was not recognized by the program and

was therefore omitted.

Identification of candidate genes

Geneseeker pinpoints genes that show expression in disease-

related tissue. Therefore, we took all genes pinpointed by this

method into consideration. All other tools produce rankings, and

therefore the top 20 genes from each method were included for

comparison.

A gene was considered to be interesting as a candidate gene if it was

indicated by three or more of the tools. Because Endeavour, DGP

and PandS partly use the same input information and show similar

output, candidate genes were excluded if they were solely identified

by these three methods.

Abbreviations: ACDC, adiponectin C1Q and collagen domain

containing; ADRA2A, adrenoceptor a2A; ADRA2B, adrenoceptor

a2B; ADRB1, adrenoceptor b1; ADRB2, adrenoceptor b2, surface;

ADRB3, adrenoceptor b3; LEP, leptin; LEPR, leptin receptor; NR3C1,

nuclear receptor subfamily 3 group C member 1; UCP1, uncoupling

protein 1 (mitochondrial proton carrier); UCP2, uncoupling protein 2

(mitochondrial proton carrier); UCP3, uncoupling protein 3 (mito-

chondrial proton carrier).
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for disease gene identification. Six of these new tools are
freely available online: Prioritizer [50], Geneseeker [51],
PROSPECTR and SUSPECTS (PandS) [52], Disease Gene
Prediction (DGP) [53], Genes2Diseases (G2D) [54] and
Endeavour [55] (Table 1). These tools use information
extracted from public online databases, such as sequence
data, medical literature, gene ontology and function anno-
tation (GO), and information on biology, function and gene
expression. Although the different tools have the same
goal, they are based on different principles: Prioritizer
ranks genes based on their functional interaction with
genes on different susceptibility loci, assuming that
www.sciencedirect.com
disease genes in a specific disorder are usually functionally
related. Geneseeker points to genes which are expressed
in disease-related tissues. PROSPECTR differentiates
between those genes that are likely to be involved in
diseases and those which are not involved; it uses
sequence-based features such as gene length, protein
length and the percentage identity of homologues in other
species. SUSPECTS scores candidate genes using PRO-
SPECTR and also assesses the similarity between their
annotation and that of already known disease genes. DGP
assigns probabilities to genes that could indicate involve-
ment in hereditary disease using parameters based on
conservation, phylogenetic extent, protein length and
paralogy. G2D scores all of the gene ontology GO terms
according to their relevance to the disease. Endeavour is a
software application for the computational prioritization of
test genes based on a training set of genes already known to
be involved in the disease of interest. The ranking of a test
gene is based on its similarity with the training genes
(Table 1).

These six tools were combined to analyse the five over-
lapping T2D and obesity loci encompassing the 612 posi-
tional candidate genes (Box 1). This strategy resulted in
the identification of 27 candidate genes (Table 2), many of
which qualify as ‘shared disease’ candidate genes when
looking at their function.

When the 27 genes were grouped based on GO terms, it
was found that five of the identified genes – that is, those
encoding toll-like receptor 2 (TLR2), friend leukaemia
virus integration 1 (FLI1), fibrinogen-b- and -g-chain
(FGB, FGG) and scavenger receptor class B member 1
(SCARB1) – were involved in immunity and defence. It
is known that low-grade inflammation in the visceral fat of
obese individuals causes insulin resistance and subse-
quently T2D. Although there is little evidence to date that
causally links inflammation and obesity, there are recent
data showing a role for inflammation inweight control [56].
Mice deficient in interleukin 18 show an increased food
intake, resulting in accumulation of fat tissue. The insulin
resistance seen in these interleukin 18-deficient mice is
secondary to obesity and involves an enhanced expression
of genes associated with gluconeogenesis in the liver,
resulting from defective phosphorylation of signal trans-
ducer and activator of transcription 3 (STAT3). Hence,
TLR2, FLI1, FGG, FGB and SCARB1might be interesting
candidates with which to investigate further the link
between satiety and inflammation, and are promising
‘shared disease’ candidate genes.

The thrifty gene hypothesis
The group of 27 genes also contained ten genes involved in
metabolism, sloth and gluttony (Table 3). This observation
might point towards a role for thrifty genes as being
important in the shared molecular basis of obesity and
T2D.

Human evolution has shaped the genome of modern
man, and one major driver of natural selection is famine
[57]. During the periods of prolonged famine that plagued
our early ancestors, a survival advantage would have been
conferred by genes favouring the economical use and sto-
rage of energy; the so-called ‘thrifty’ genes. This theory was



Table 1. Principles of the computational disease gene identification tools and detailed information on them

Tool and website Principle Repositories used Input

Endeavour Ranks a test gene based on its

similarity with the training genes

MEDLINEa abstracts, LocusLink, GO, InterPro

and BIND protein–protein interactions, KEGG

pathways, Microarray and EST-based expression

data, TFBS, cis-regulatory modules, sequence

similarity by BLAST

Susceptibility

lociwww.esat.kuleuven.be/endeavour/

Known disease

genes

Prioritizer Ranks genes in different loci if

they interact functionally

Protein–protein interactions from Reactome,

HPRD and BIND. KEGG pathways, coexpression

data from GEO, Y2H interactions in various

species, GO

Susceptibility

lociwww.prioritizer.nl

G2D Scores all GO terms according to

their relevance to each disease

MEDLINE, MesH-C and MesH-D terms, GO,

RefSeq collection

Susceptibility

lociwww.bork.embl-heidelberg.de/g2d/

OMIM #

Geneseeker Filters candidate genes based on

expression and phenotypic data

from humans and mice

OXFORD, MIMMAP, HGMD, MGD, Zuerich,

PubMed, OMIM, UniProt, MLC, TBASE,

GeneCards

Susceptibility

lociwww.cmbi.kun.nl/GeneSeeker/

Disease-related

tissue

DGP Assigns probabilities to genes,

indicating their likelihood to mutate

based on their sequence properties

OMIM, NCBI Locuslink, Ensembl database,

CoGenT, SwissPROT, BLAST protein database

Susceptibility

locicgg.ebi.ac.uk/services/dgp/

PROSPECTR and SUSPECTS Trained to differentiate between

genes likely to be involved in a

disease and those that are not, based

on sequence features. (PROSPECTR)

Scores similarity between the annotation

and already known disease genes

(SUSPECTS)

OMIM, HGMD, NCBI Homologene, InterPro

protein domains, SwissPROT, Novartis, GO,

Ensembl expression data

Susceptibility

lociwww.genetics.med.ed.ac.uk/

suspects/ Known disease

genes

aAbbreviations: BIND, biomolecular interaction network; BLAST, the basic local alignment search tool for finding regions of local similarity between sequences; cis-regulatory

modules, combinations of TFBSs; CoGenT, complete genome-tracking database; Ensembl, project to produce and maintain automatic annotation on selected eukaryotic

genomes; EST, expressed sequence tag; GeneCards, human gene-centric database; GEO, gene expression omnibus; HGMD, human gene mutation database; HPRD, human

protein reference database; InterPro, database of protein families, domains and functional sites; KEGG, Kyoto encyclopaedia of genes and genomes; LocusLink, provides a

single query interface to curated sequences and descriptive information about genetic loci; MEDLINE, medical literature analysis and retrieval system online; MGD, mouse

genome database; MIMMAP, reformatted version of OMIM; MLC, mouse locus catalogue; NCBI, National Centre for Biotechnology Information; Novartis, Gene Expression

Atlas of the Genomics Institute of the Novartis Research Foundation; OXFORD, human to mouse translation chromosomal locations; Reactome, curated database of biological

processes in humans; RefSeq, reference sequence; SwissPROT, protein sequence database; TBASE, transgenic animals and targeted mutations; TFBS, transcription factor

binding sites; UniProt; universal protein database; Y2H interactions, yeast two-hybrid interactions; Zuerich, chromosomal deletion and duplication map of malformation.
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initially proposed by Neel [58], who focused on the efficient
use of glucose as a biological fuel. He suggested that
evolutionary pressure to preserve glucose for use by the
brain during starvation led to a genetic propensity towards
insulin resistance in peripheral tissue. In the Western
world, food is, in general, easily available and plentiful,
so these thrifty genes are maladaptive in modern society
and might now contribute to susceptibility for obesity and
T2D. However, although these evolutionary theories,
focusing on the potential survival advantages of thrifty
genes that are nowmaladaptive, are of great interest, they
are speculative and difficult to prove [59]. Thriftiness can
take many forms: (i) metabolic, an energy-sparing super-
efficient metabolism; (ii) adipogenic, a propensity to rapid
fat gain; (iii) physiological, an ability to switch off nones-
sential processes such as reproductive, thermogenic and
immune capabilities; (iv) gluttony, a tendency to gorge
when food is available and (v) sloth, a tendency to conserve
energy through inactivity [60]. Physiological thriftiness is
not very likely to cause obesity and/or T2D, because
the ability to switch off nonessential processes during
famine will not be clearly maladaptive during normal or
excessive food intake. However, the other forms of thrifti-
ness could be plausible characteristics of genes that are
maladaptive in modern society. Although the ten genes
presented in Table 3 would fit in with a ‘thrifty gene theory’
based on their function (because they might influence
mechanisms such as energy reservemetabolism and eating
behaviour), indepth genetic studies are needed to prove
www.sciencedirect.com
this theory. It would be interesting to compare the
allele frequencies of these genes among different human
populations with respect to food supply (past and present)
and native climate. It would also be interesting to study the
effect of long-term energy restriction on the expression of
these genes [61].

Candidate T2D and obesity genes
Inaddition to the inflammatoryand thrifty genesmentioned
above, the computational disease gene identification meth-
ods indicated some interesting genes already known to
be associated with T2D or obesity. These include the genes
encoding transcription factor 1 (TCF1), hepatocyte
nuclear factor 4a (HNF4A), opioid receptor m1 (OPRM1),
phosphoenolpyruvate carboxykinase 1 (PCK1), neuropep-
tide Y receptor 2 (NPY2R), ectonucleotide pyrophospha-
tase–phosphodiesterase 1 (ENPP1), guanine nucleotide
binding protein, a stimulating complex (GNAS), carboxy-
peptidase E (CPE) and nuclear receptor corepressor 2
(NCOR2). Many of these genes show genetic association
to either T2D or obesity, or are in some other way function-
ally associated with either one of the disorders (Table 2).

Of particular interest is the PCK1 gene, a main control
point for the regulation of gluconeogenesis. A promoter
SNP (–232C!G) in PCK1 is associated with T2D [62]. The
odds ratio (OR) for T2D among individuals with one or two
copies of –232G comparedwith –232Chomozygoteswas 1.9
in a Canadian Oji-Cree Indian sample and 2.8 in a
Caucasian sample. However, this association was not
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Table 2. List of 27 genes selected by the six disease gene identification tools, showing how the genes were prioritized and whether
they are already genetically or functionally associated with obesity or T2D

Gene Tool Genetic or functional association with type 2

diabetes or obesity

Refs
Geneseeker Prioritizer DGB PandS G2D Endeavour

Chr4

NPY1R * * * * Involved in physiological regulation of energy balance [7]

NPY2R * * * * Lower BMI (P = 0.017) in 585T>C homozygous men.

Lower allele and homozygosity frequency of 585T>C

in obese and morbid obese men (P = 0.007 and P = 0.002,

respectively). Obese T2D phenotype of ob/ob mice partially

mediated by signalling through the NPY2R

[73]

[74,75]

NPY5R * * * NPY5R mediates food intake in lean rats [76]

CPE * * * * * CPE mRNA expression levels higher in visceral adipose

tissue compared with subcutaneous adipose tissue in

morbidly obese subjects (P<0.03). BKS mice homozygous

for the CPEfat mutation are severely obese,

hyperinsulinaemic and hyperglycaemic

[77,78]

FGB * * * *

FGG * * * *

CTSO * * * Homologue of CTSS. Obesity is characterized by high

circulating levels of CTSS (P<0.0001); moreover, CTSS

mRNA levels (P = 0.006) and protein levels (P<0.05) in

obese subcutaneous adipose tissue are increased

compared with lean subjects

[79]

GLRB * * *

TLR2 * * * * Homologue of TLR4. TLR4 mRNA is induced during

adipocyte differentiation and its level is enhanced in the

fat tissues of obese db/db mice. TLR4 activation in 3T3-L1

adipocytes provokes insulin resistance

[80]

Chr6

GRM1 * * * *

OPRM1 * * * * A single SNP (rs648007) in OPRM1 associated with T2D

(P = 0.013) in African-Americans

LATS1 * * *

ESR1 * * * * *

ENPP1 * * * * Upregulation of ENPP1 transcription in liver (P = 0.025)

and brain (P = 0.034) of diabetic rabbits compared with

controls. ENPP1 121Q allele predicts susceptibility to T2D

in south Asians (P = 0.01) and Caucasians (P = 0.003). The

Q allele of K121Q (OR = 1.6) and the T allele of rs997509

(OR = 4.7) were found to be associated with T2D in obese

subjects from Poland. A risk haplotype was found to be

associated with childhood obesity (OR = 1.69), adult morbid

and moderate obesity (OR = 1.5 and OR = 1.37, respectively)

and T2D (OR = 1.56)

[66–69]

Chr11

FLI1 * * *

KCNJ5 * * * * * Homologue of KCNJ11. This gene contributes significantly

to the risk of T2D

[2]

ROBO4 * * *

Chr12

AACS * * *

SCARB1 * * * Key component in the reverse cholesterol transport pathway.

Genetically associated with differences in insulin sensitivity

in healthy subjects

[81]

TCF1 * * * * Responsible for MODY, an uncommon monogenetic form of

early onset T2D

[2]

NCOR2 * * * * NCOR2 has an important role in the adipocyte by inhibiting

adipocyte differentiation via repression of PPAR-g activity

[65]

Chr20

GNAS * * * * Targeted disruption of the GNAS gene in mice leads to distinct

phenotypes in heterozygotes, depending on whether the

maternal (m�/+) or paternal (+/p�) allele is mutated. m�/+ mice

become obese, whereas +/p� mice are thinner than normal. Both

m�/+ and +/p� mice have greater sensitivity to insulin, with low

to normal fasting glucose levels, low fasting insulin levels,

improved glucose tolerance and exaggerated hypoglycaemic

response to administered insulin

[82]

LAMA5 * * *
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Table 2 (Continued )

Gene Tool Genetic or functional association with type 2

diabetes or obesity

Refs
Geneseeker Prioritizer DGB PandS G2D Endeavour

PCK1 * * * * The OR for T2D among subjects with one or two

copies of –232G compared with –232C homozygotes

was found to be 1.9 in a native Canadian Oji-Cree

sample and 2.8 in a Caucasian sample. This association

was not replicated in a German Caucasian population.

An in vitro experiment showed that the –232G

construct was resistant to downregulation by insulin

compared with a construct containing 232C

[62–64]

PPGB * * *

HNF4A * * * * Responsible for MODY, an uncommon monogenetic

form of early onset T2D

[2]

PTGIS * * *

Key and abbreviations: *, gene is pointed out by Geneseeker in general or is ranked in the top 20 by all other bioinformatics tools; AACS, acetoacetyl-CoA synthetase; BKS

mice, a diabetes-permissive inbred strain that arose through a genetic contamination of the C57BL/6J (B6) strain, probably by DBA/2J; CTSO, cathepsin O; CTSS, cathepsin S;

db/db mice, mouse model for diabetic dyslipidaemia; ESR1, oestrogen receptor 1; GLRB, glycine receptor b; GRM1, glutamate receptor metabotropic 1; LAMA5, laminin a5;

LATS1, large tumour suppressor homologue; MODY, maturity onset diabetes of the young; NPY1R, neuropeptide Y receptor Y1; NPY2R, neuropeptide Y receptor Y2; NPY5R,

neuropeptide Y receptor Y5; ob/ob mice, mice with a defect in the leptin gene, and an excellent model for studying obesity; OPRM1, opioid receptor m1; OR, odds ratio; PPGB,

protective protein for b-galactosidase; PTGIS, prostaglandin I2 (prostacyclin) synthase; ROBO4, roundabout homolog 4, magic roundabout (Drosophila).
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replicated in a German Caucasian population [63]. An in
vitro experiment in three different cell lines showed that
the –232G construct was resistant to downregulation by
insulin compared with a construct that did contain 232C
[62]. The common assumption is that mutations in PCK1
lead to excessive glucose production through hepatic glu-
coneogenesis. However, there is an alternative explana-
tion, in which mutations at the PCK1 locus could
selectively affect PCK1 expression in adipose tissue. This
would result in changes in glyceroneogenesis that would
affect the storage and release of fatty acids. Beale et al. [64]
therefore proposed PCK1 as a candidate gene for both T2D
and obesity.

Another interesting gene isNCOR2. The protein encoded
by this gene (NCOR2) interacts with PPAR-g. PPAR-g is an
inflammatory factor that is also involved in thedevelopment
of adipose tissue.Genetic studieshave implicatedPPARG in
obesity as well as T2D. NCOR2 also has an important role
in the adipocyte, by inhibiting adipocyte differentiation
through repression of PPARg activity [65]. Hence, NCOR2
is another interesting candidate gene to investigate for its
susceptibility to both obesity and T2D.

ENPP1 was also indicated by multiple gene
identification systems. It encodes an inhibitor of the
insulin receptor. Quantitative PCR analysis revealed a
significant upregulation of ENPP1 transcription in the
Table 3. Genes from the set of 27 genes pinpointed by multiple
gene identification systems that are associated with the
following thrifty GO annotation terms: metabolic, sloth and
gluttony

Thrifty GO term Genes

Metabolic

Fatty acid metabolism AACS, PTGIS

Gluconeogenesis PCK1

Lipid, fatty acid and steroid metabolism SCARB1, PTGIS, AACS

Glucose metabolism NPY1R

Energy reserve metabolism GNAS

Insulin processing CPE

Sloth

Locomotor behaviour NPY1R, NPY2R

Gluttony

Eating behaviour NPY1R, NPY2R, NPY5R
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liver (P = 0.025) and brain (P = 0.034) of diabetic rabbits
compared with controls [66]. The polymorphic ENPP1
121Q allele predicted genetic susceptibility to T2D in a
south Asian sample (P = 0.01) and a Caucasian sample
(P = 0.003) [67]. In obese Polish subjects, two SNPs were
significantly associated with T2D: the Q allele of K121Q
(OR = 1.6) and the T allele of rs997509 (OR = 4.7) [68]. A
three-allele risk haplotype also showed an association with
childhood obesity (OR = 1.69), adult morbid and moderate
obesity (OR = 1.5 and OR = 1.37, respectively) and T2D
(OR = 1.56; P = 0.00002) [69]. This makes ENPP1 the first
example of a common genetic link between childhood
obesity, adult obesity and T2D.

Discussion
Complex traits such as obesity and T2D pose special
challenges for genetic analyses because of gene–gene
and gene–environment interactions, genetic heterogeneity
and low penetrance of the individual genes. The hetero-
geneity means that it is difficult to generalize genome scan
results over different populations and ethnicities. In addi-
tion, the multifactorial nature of complex traits assumes
that the contribution of each of the susceptibility genes
is likely to be small, and that only the joint effect of
several susceptibility genes in combination with environ-
mental factors will lead to disease [47]. It is therefore not
surprising that large numbers of chromosomal regions
have been implicated in disease susceptibility in T2D
and/or obesity; analysing all of the individual positional
candidate genes and loci will therefore be a daunting
task. Applying computational disease gene identification
methods can be hugely helpful in the hunt for complex
disease genes.

Recently, using multiple bioinformatics tools, Tiffin
et al. [70] analysed 9556 positional candidate genes that
might be implicated in T2D and/or obesity. Their approach
was different from the approach taken in the present study
and resulted in a different list of genes, for the following
reasons: (i) they included all susceptibility loci for each of
the traits, which resulted in inclusion of nearly half of the
genome. Hence, they will have indicated genes that could
be responsible for either one of the disorders, whereas the
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approach in the present study focused only on the over-
lapping T2D and obesity loci. (ii) In addition, the present
study used two extra computational methods (Prioritizer
and Endeavour) that incorporate a wider range of biologi-
cal data sources than do the other tools.

This study yielded an interesting list of candidate genes
by investigating the overlapping chromosomal linkage
regions for T2D and obesity, using a combination of six
computational disease gene identification methods. Many
of these identified genes are excellent candidates to study
further for their role in the shareddiseaseaetiology between
obesity and T2D, and a few have already been genetically or
functionally associated with both disorders (ENPP1,
NPY2R). Although this cannot be taken as evidence that
these computationalmethodswork, it is tempting to assume
that at least some of these genes might be true candidates,
especially because this list includes genes belonging to the
inflammatorypathwayrecently suggested to forman impor-
tant molecular link between obesity and T2D [5]. Based on
the candidategene list presentedhere,wespeculate that the
molecular link between obesity and T2D extends beyond
low-grade inflammation and might also involve thrifty
genes. It will be interesting to see whether high-resolution
SNP typing of these candidate genes in obese and/or T2D
cohorts can be used to establish genetic association. In
addition, these genes might be interesting candidates for
identifying quantitative trait loci affecting obesity and T2D
phenotypes in mice [71]. The list of 27 candidate genes and
the associated pathways identified might also help in the
further interpretation of genome-wide genetic association
data for T2D and obesity.
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