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Summary

Until recently, progress in identification of the genetic variants influencing predisposition to
common forms of diabetes and obesity has been slow, a sharp contrast to the large number of
genes implicated in rare monogenic forms of both conditions. Recent advances have transformed
the situation, however, enabling researchers to undertake well-powered scans able to detect
association signals across the entire genome. For type 2 diabetes, the six high-density genome-
wide association studies so far performed have extended the number of loci harboring common
variants implicated in diabetes susceptibility into double figures. One of these loci, mapping to the
fat mass and obesity associated gene (F70), influences diabetes risk through a primary effect on
fat mass, making this the first common variant known to influence weight and individual risk of
obesity. These findings offer two main avenues for clinical translation. First, the identification of
new pathways involved in disease predisposition—for example, those influencing zinc transport
and pancreatic islet regeneration in the case of type 2 diabetes—offers opportunities for
development of novel therapeutic and preventative approaches. Second, with continuing efforts to
identify additional genetic variants, it may become possible to use patterns of predisposition to
tailor individual management of these conditions.

Keywords

association; genetics; genome-wide; obesity; type 2 diabetes

Introduction

Type 2 diabetes mellitus (T2D) and obesity represent significant and growing burdens on
society through their impact on morbidity and mortality. Despite this, the key mechanisms
involved in the development of these related conditions remain imperfectly understood, and
available strategies for both prevention and treatment inadequate.!
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The strong familial clustering of both conditions emphasizes the central role of genetic
factors in both disease initiation and progression. As a result, identification of the specific
genes responsible offers a powerful tool for defining fundamental mechanisms involved in
the development of disease (Box 1). Despite the attraction of the approach, however, success
in susceptibility-gene identification has, for the most common multifactorial forms of
diabetes and obesity, lingered far behind expectation. Only now, with the advent of far-more-
powerful genetic tools applied to much larger study samples, is this approach delivering the
anticipated insights into the pathogenesis of these conditions.

The principal obstacle to gene discovery efforts for common forms of obesity and diabetes
lies in the recognition that these are multifactorial conditions, with individual susceptibility
governed by the concerted effects of variation at many different genetic sites and subject to
influence by a variety of environmental exposures. For such conditions, the impact of any
single susceptibility variant is likely to be modest and variable, making both detection and
replication extremely difficult.

The contrast with monogenic forms of diabetes and obesity is instructive. Whilst these
constitute only a small proportion of the overall burden of disease, the strong genetic
influence that characterizes these forms of disease has facilitated identification of the genes
responsible. At least six different genes—including GCK (glucokinase gene), which encodes
the p-cell’s glucose sensor, and those encoding a number of pancreatic transcription factors
—have been causally implicated in the development of maturity-onset diabetes of the young.
2 Mutations in several others—notably the genes KCNJ11 (potassium inwardly rectifying
channel, subfamily J, member 11 gene) and ABCC8 (ATP-binding cassette, subfamily C,
member 8 gene), which encode the components of the pancreatic B-cell Kagp channel—are
known to result in various types of neonatal diabetes mellitus.3# Disruption of genes coding
for key components of the satiety and weight-regulation pathway (such as those for leptin
and its receptor) has been implicated in the genesis of rare syndromes of extreme childhood
obesity.56

Not only have these discoveries shed new light on the mechanisms involved in the
maintenance of metabolic and weight homeostasis, they have also rapidly translated into
substantial improvements in clinical management, for particular patient groups at least.4~’
Examples include the dramatic effects of leptin replacement in children with leptin-gene
mutations,” and the benefit of transferring from insulin to sulfonylureas that is evident in
most children with neonatal diabetes mellitus due to mutations in KCNJ11.4

In this article we discuss how systematic efforts to identify genes influencing susceptibility
to multifactorial forms of obesity and diabetes are now leading to significant advances in our
understanding of these conditions, and offering new opportunities for improvements in their
clinical management.

Multifactorial Genetics: the Calm Before the Storm

Whilst traditional genetics tools (e.g. linkage mapping in multiply affected families) are well
suited to finding the rare, penetrant mutations underlying monogenic forms of disease, they
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are very poorly suited to identification of the common, low-effect-size variants currently
thought to be particularly relevant in predisposition to multifactorial forms of disease.8:° For
the latter, association mapping in large case—control sample sets represents a far more
attractive strategy, albeit one compromised by the limited genomic extent over which
association signals can be detected.®

Most early efforts to use association mapping to find genes influencing risk of T2D and
obesity focused on particular ‘candidates’, selected on the basis that their known or
presumed biological function was considered relevant to the disease in question. Too often,
these studies were performed on underpowered samples, far too small to offer reasonable
prospects for detection of variants with realistic effect sizes, and rarely did the findings
replicate robustly. In retrospect, it is not difficult to understand why this approach yielded so
few examples of genuine susceptibility variants.10

In the case of T2D, only two of the many hundreds of claimed associations arising from
candidate-gene studies have stood the test of robust replication. The pro12Ala variant in
PFPARG (peroxisome proliferator-activated receptor -y gene; this encodes the target for thia-
zolidinediones)!! and the Glu32Lys variant in KCN.J1.1 (which encodes part of another
diabetes therapeutic target, this time for sulfonylureas)* are both common single-nucleotide
polymorphisms (SNPs) that have been shown to influence risk of diabetes in multiple
studies. Their effect sizes are modest (each extra copy of a susceptibility allele increases the
risk of disease by about 15-20%), however, and their contribution to the observed familial
aggregation of diabetes limited. Since glucose homeostasis can be altered both by common
variants within these genes and by drugs that act on the proteins they encode, it is no
surprise to find that rare mutations in both genes are also associated with significant
phenotypic effects.2412-14

The harvest of equivalent efforts in obesity has been even more limited. The only locus
contributing to a respectable proportion of cases of severe adult obesity is the one that
includes MC4R (melanocortin 4 receptor gene).8 The variants responsible are themselves
rare, however, and have limited impact on variation in weight within the wider population.>6

The Genome-Wide Association Era

The intrinsic limitation of the candidate-gene approach is that poor understanding of disease
pathogenesis, itself the principal motivator behind efforts at susceptibility-gene discovery,
inevitably frustrates efforts to define credible candidates. Indeed, the most novel and
unexpected insights into disease pathogenesis are often likely to result from studies that
avoid the obvious biological ‘suspects’ entirely.

The first clues that this “hypothesis-free’ approach to gene identification would succeed
came from the discovery that variants within 7CF7L2 (transcription factor 7-like 2 gene)
influenced susceptibility to T2D in Icelandic individuals.® This gene, which encodes a
transcription factor active in the Wnt-signaling pathway (acomplex network of proteins
known primarily for roles in embryogenesis and cancer) had no prior claims for candidacy
with respect to T2D, and the susceptibility effect was detected following a trawl for
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microsatellite associations within a large region of chromosome 10 that lay under a linkage
‘peak’.1® Fine-mapping efforts localized the causal variants to a cluster of intronic SNPs
within 7CF7L2. Replication studies confirmed that 7CF7/L 2 variants had a significantly
stronger effect than those in PPARG and KCJN11, displaying a per-allele odds ratio of
approximately 1.4 (Table 1).15-17 Approximately one in ten Europeans is homozygous for
the risk allele and has about twice as much risk of developing T2D as someone without the
allele.15-17

Interestingly, despite this substantial effect size, the associated variants are not able to
explain the strength of the linkage signal that prompted the mapping of this region: either
this was a case of serendipity, or else, the gene also harbors rare, penetrant variants (as yet
undetected) that underlie the linkage.1® The strength of the evidence implicating variants
within 7CF7L2in susceptibility to T2D has naturally galvanized efforts to understand the
mechanisms involved. Current evidence supports an effect mediated through disruption of
pancreatic islet function,18 possibly involving dysregulation of glucagon gene expression
leading to reduced insulin secretion.15:19

The logical corollary of the success with 7CF7L 2 involves extending the same kind of
hypothesis-free analysis to the genome-wide scale, and a number of advances in genomics
coalesced to make this possible. The first was the completion of a catalog of patterns of
human genome sequence variation through the auspices of the International HapMap
Consortium.20 This catalog clearly demonstrated that, rather than having to type all of the 5—
10 million SNPs that are commonly variant in non-African populations (the number is
higher in samples of African origin, reflecting the greater genetic diversity on this ancestral
continent), extensive correlations between neighboring SNPs (‘linkage disequilibrium’)
mean that a far smaller number (around 500,000) will suffice.21:22 In fact, around 80% of all
common genome-wide variation will be well represented by such a subset.21:22

The second advance lay in new genotyping technologies that allowed very-high-throughput
SNP-typing to be performed with high accuracy and much reduced per-genotype cost.23 The
third piece of the jigsaw was the realization by disease investigators that the likely spectrum
of locus-effect sizes required the assembly and analysis of far larger sample sizes than
previously deployed.” With these three items in place, it became possible to undertake truly
genomewide surveys of association in appropriately large sample sets.

Novel Susceptibility Genes For Type 2 Diabetes and Obesity

In the past few months, the results of high-density genome-wide association data from over
19,000 individuals (7,142 patients with T2D and 11,996 controls, all of Northern European
ances-tory) assembled by six different sets of investigators have been published (Table 2).
24-29 The consequence has been a bumper harvest of novel T2D-susceptibility regions—six
to date. These regions contain HHEX (hematopoietically expressed homeobox gene); /DE
(insulindegrading enzyme gene); SLC30A8 (solute carrier family 30, member 8 gene); F70
(fat mass and obesity associated gene); CDKAL 1 (CDKS5 regulatory subunit associated
protein 1-like 1 gene); CDKNZA (cyclin-dependent kinase inhibitor 2A gene) and
CDKNZB, and IGFZBP2 (insulin-like growth factor 2 mRNA binding protein 2 gene).
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All of these susceptibility regions were independently replicated, and the same studies also
provided further confirmation of the susceptibility effects of the three previously known
genes (PRARG, KCNJ11and TCF7L2: Table 1).24-29 In parallel, large-scale association
efforts directed towards particular candidate pathways have contributed to the identification
of a further two genes, WFSI (Wolfram syndrome 1 gene) and #NF1B (HNF1 homeobox B
gene; this encodes hepatocyte nuclear factor 1-p), for which the evidence is commensurate
with claims of genome-wide significance.30-32

The first two of the confirmed signals (those in the region around HHEX and /DE, and at
SLC30A8) arose from the key study of Sladek and colleagues conducted in ~1,300 French
individuals.2® Though that original report advanced four potential loci, the fate of EXT2
(exostoses 2 gene) and LOC387761 as genuine T2D-susceptibility loci hangs in the balance,
since evidence of disease association has not been corroborated.

The association with T2D of the locus with HHEX and /DE and the locus with SLC30AS8,
on the other hand, has now been extensively replicated.2427:2% The association signal
involving HHEX and /DE resides within a 295-kilobase region of high linkage
disequilibrium (flanking recombination hotspots provide a useful limit for the interval within
which the etiological variants are likely to lie33) that contains not only HHEX (a strong
biological candidate encoding a homeobox protein highly expressed in fetal and adult
pancreas34) but also K/F11 (kinesin family member 11 gene; this encodes a kinesin-
interacting factor) and /DE. The homolog of /DE has been implicated in rodent models of

diabetes, so it is clear that there is more than one good biological candidate in this region.
35,36

This finding illustrates an important point of caution. The results from genome-wide
association scans highlight particular variants, but any attempt to link those associations with
dysfunction or dysregulation of a given gene using approximate mapping approaches alone
must be considered very provisional. Not only may the association disclose a genetic
interval that harbors several genes (as in the locus with HHEX and /DE), any of which might
contain the causative variant(s), but also the growing evidence in support of remote
regulatory effects may mean that functional effects are mediated through genes whose
coding sequences lie well beyond the interval of immediate interest.3’

Fortunately, neither of these caveats seems to apply to the second of the signals emerging
from the study by Sladek and colleagues.28 Not only is the SLC30A8signal limited to an
interval containing a single, strong biological candidate (a zinc transporter expressed
exclusively in insulin-producing B-cells and implicated in the maintenance of insulin granule
function38), but the strongest association is with a SNP that changes the amino-acid structure
of the encoded protein (Arg325Trp) and which may well be the variant that is responsible
for the molecular effect (Table 1).

The next batch of novel candidate genes emerged from four studies published on the same
date in April 2007.24:25.27.29 Three of the groups responsible had worked cooperatively,
sharing data that allowed them to achieve rapid confirmation of the promising findings
emerging from any single study.2427:2% Three of the signals—involving regions containing
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CDKAL1, IGFZ2BP2or CDKNZA plus CDKN2B—were widely replicated across the four
studies. None was a strong biological candidate in advance of these studies (illustrating once
again the value of genome-wide association studies to provide novel insights), and the
pathogenetic mechanisms involved remain a matter of considerable conjecture (Table 1).

Having said that, at least two of the novel candidate regions (CDKAL1, and CDKNZA plus
CDKNZB) include genes that encode proteins with putative or known inhibitor activity
towards cyclin-dependent kinases, and for which independent evidence points towards
effects on B-cell function or regeneration.3%-44 The notion that these genes act through
disruption of B-cell functional mass should go some way to resolve controversies about the
role played by reduced p-cell mass in T2D. Once again, however, confirming that associated
SNPs genuinely act through a particular gene remains a substantial task, and the
chromosome 9 (CDKNZA, CDKNZB) signal is emerging as one of the more challenging
regions. Not only does the strongest T2D-association signal lie some distance from any of
the genes in the region (approximately 125 kilobases away from CDKNZB for example), but
the immediate region also contains a second, statistically independent signal for T2D (Table
1)2429 and a third, also completely independent, signal of association with coronary artery
disease.*°

Whilst some overlap of signals between T2D and coronary artery disease is not a surprise
given their comorbidity and potential shared pathogenesis (e.g. through insulin resistance),
the variants that impact on T2D have little effect on coronary disease risk, and vice versa.
Understanding the molecular mechanisms whereby these different variants influence
function and regulation of neighboring genes (such as CDKN2A and CDKNZB) to result in
divergent phenotypic consequences is now a target for intensive research.

Alone of the T2D-susceptibility genes emerging from the high-density genome-wide
association scans, £70 did not show compelling replication across the studies. The reason
became apparent when it was realized that ~#70 variants were influencing T2D risk through
a primary effect on weight and adiposity.2446 Since several of the other T2D scans had
deliberately focused on lean T2D subjects, they were not well powered to detect
susceptibility effects of this type.25-29

FTOrepresents the first compelling example of a common variant impacting on variation in
weight and fat mass and on the individual risk of obesity (Table 1).46-48 The effect of F7O
is, in terms of overall variance, quite modest (less than 1% of the within-population variation
in weight), but this amounts to a mean difference of ~2-3 kg between individuals carrying
zero or two copies of the variant allele.*6 As with several of the other genes identified by
genome-wide association studies, the involvement of £7O (or its genomic neighbors) in
weight regulation came as a complete surprise, and, to date, almost nothing is known about
the mechanisms whereby the variants influence fat mass. The hope is that work prompted by
this discovery will add to understanding of the processes involved in weight regulation, and
offer new therapeutic and preventative approaches to tackle the growing prevalence of
obesity.
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Biological Insights

One of the most striking features emerging from the genome-wide association data is the
frequency with which variants in a given gene result in diverse disease phenotypes, often
crossing conventional nosological boundaries. The signal on chromosome 9 provides one
such example: not only are there variants impacting on T2D and coronary artery disease, but
loss of CDKN2A function is also implicated in oncogenesis.*°

A similar story is emerging with other diabetes-susceptibility genes. A large-scale
association analysis of common variants within genes implicated in maturity-onset diabetes
of the young had already provided suggestive evidence that a variant in intron 2 of HNF1B
influenced risk of multifactorial T2D.30 More recently, a genome-wide association scan for
prostate cancer pinpointed exactly the same variant (the allele that was low risk for T2D
increased the risk of prostate cancer).32 Subsequent replication studies confirmed both the
prostate cancer and T2D associations,3%:32 pointing towards a more general mechanism
whereby variants that influence rates of cell division may have opposing effects on cancer
predisposition and diabetes risk. The implications from the point of view of drug
development are obvious.

Another emerging feature is that the predominant effect of most T2D-susceptibility alleles
(excepting those in FTOand PPARG,) is to disrupt islet function rather than insulin
sensitivity (Table 1). This is consistent with evidence from monogenic forms of diabetes?
(which disproportionately involve genes impacting p-cell function) and overall estimates of
the relative heritability of the two processes.>?

Conclusions

The ultimate measure of the success of these gene-discovery endeavors will be the extent to
which the information gathered can be used to improve clinical management. There are two
obvious ways in which this might come about. The first is that the identification of
pathogenetic pathways offers new targets for drug discovery and the opportunity for novel
therapeutic and preventative modalities: the findings at SLC30A8 provide one example,
which is being pursued by several companies. The second is the expectation that individual
genetic profiling will provide a basis for personalized clinical care, for example through
more-precise estimates of individual risk, or more efficient optimization of available
therapeutic options.

Though recent discoveries have brought forward the day when these improvements become
possible, the variants so far identified explain too small a proportion of overall risk (below
10%, even when combined) for viable clinical translation at present. With the current hectic
pace of gene discovery, this may not remain the case for very long, especially as the search
extends towards low frequency, intermediate penetrance variants, which may be particularly
informative in this respect.
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Box 1
Looking for clues: approaches used to identify genes contributing to disease.

Historically, linkage analysis was the main approach used to identify genes influencing
strongly inherited (Mendelian, monogenic) disorders (such as maturity onset diabetes of
the young). Linkage looks for evidence that particular markers co-segregate with disease
status within families, and is only reasonably powered when disease status and genotype
are strongly correlated. Linkage therefore performs far less well when the search is
directed towards the common, low-penetrance variants thought to be involved in much of
the susceptibility to common diseases.

Such variants are far less well correlated with disease status and, in such situations,
association analyses generally perform better.?-10 Association analyses typically look for
evidence that a particular variant allele or genotype is overrepresented in disease cases
compared with controls (though there are many variations on this theme).%10

Until recently, such association analyses tended to focus on a limited number of variants
chosen because they were considered likely to influence the function and/or regulation of
a candidate gene of interest—that is, a gene which, on the basis of its known or presumed
function, was thought to have a higher than average probability of involvement in disease
pathogenesis. Though the candidate-gene approach has brought some success, the overall
yield of confirmed disease-susceptibility genes gathered by this approach has been
disappointing.

Recently, technological advances outlined in this article have allowed researchers to
contemplate genome-wide association analyses,® which do not rely on prior assumptions
regarding biological candidacy, and which are capable of identifying associations within
genes that had little or no previous credibility as disease candidates. Because such
genome-wide association studies involve simultaneous tests of association at hundreds of
thousands of different markers, a high level of statistical significance has to be demanded
if true signals are to be distinguished from chance.
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Review Criteria

A search for original published articles focusing on research leading up to the advent of
genome-wide association screens and the subsequent application of such studies in
obesity and type 2 diabetes was performed in MEDLINE and PubMed. All papers
identified were English-language, full-text papers. We also searched the reference lists of
identified articles for further papers.
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Key Points

[ | Genome-wide scans to detect evidence of association between common DNA
variants and common disease are now technically possible

| Application of these methods to type 2 diabetes and obesity has led to
identification of several novel genes that influence predisposition to these
conditions and highlighted a number of entirely new etiological pathways

| The expectation is that these methods will contribute to the development of
novel therapeutic strategies and, in the future, to efforts to use individual
genetic profiling in the clinical management of these conditions
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Table 1
Robustly replicated type 2 diabetes susceptibility genesidentified to date.

Gene Method of Chromosome  SNP (amino Risk-allele Per- Suggested function
identification acid change) frequencyin  allele
a odds
controls a
ratio
PPARG Candidategene study 3p25 rs1801282 0.84 1.20 Nuclear hormone receptor
(Prol12Ala) transcription factor; adipocyte
differentiation and function
KCNJ11 Candidategene study 11p15.1 rs5215 0.47 1.15 ATP-sensitive potassium channel;
(Glu23Lys) crucial for glucose-induced
insulin secretion
TCF7L2 Fine-mapping of 10025.3 rs7901695 0.30 1.37 Whnt-signaling pathway in the
linkage peak islet; influences insulin and
glucagon secretion
HHEX, IDE ~ GWAS 10g23-g25 rs5015480, 0.54 1.14 Region has HHEX (pancreas,
rs1111875 liver development) and /DE (may
affect insulin action, secretion)
SLC30A8 GWAS 8023.3 rs13266634 0.65 1.12 Zinc transporter; involved in islet
(Arg325Trp) insulin-granule function
FTO GWAS 16qg12.2 rs8050136 0.40 1 2317 Affects T2D via obesity, but the
' pathway is unknown
CDKAL1 GWAS 6p22.3 rs10946398 0.32 1.12 Possibly affects p-cell
development, regeneration,
function
CDKNZA, GWAS 9p21 rs10811661, 0.86 1.20 Probable effect on p-cell
CDKNZ2B rs564398 development, regeneration,
function
IGF2BP2 GWAS 3028 rs4402960 0.32 1.17 Involved in translation of insulin-
like growth factor 11
WFS1 Candidatepathway 4p16.1 rs10010131 0.60 1.19 Role in B-cell death and apoptosis
study
HNF1B Candidategene study 17921 rs757210 0.43 1.12 Transcription factor; involved in

development of the pancreas,
other tissues

a . . . .
Approximate values of risk allele frequency and odds ratio are based on currently available data.

bThe odds ratio for the effect of F7Oon T2D is based on case—control samples not matched for BMI. Abbreviations: CDKAL 1, CDKS5 regulatory
subunit associated protein 1-like 1 gene; CDKNZA, cyclin-dependent kinase inhibitor 2A gene; FTO, fat mass and obesity associated gene; GWAS,
genome-wide association scan; HHEX, hematopoietically expressed homeobox gene; HNF1B, HNF1 homeobox B gene (this encodes hepatocyte
nuclear factor 1-B); /DE, insulin-degrading enzyme gene; /GF2BP2, insulin-like growth factor 2 mRNA binding protein 2 gene; KCNJ11,
potassium inwardly rectifying channel, subfamily J, member 11 gene; PPARG, peroxisome proliferator-activated receptor -y gene; SLC30A8, solute
carrier family 30, member 8 gene; SNP, single-nucleotide polymorphism; T2D, type 2 diabetes mellitus; 7CF7L2, transcription factor 7-like 2
gene; WFSI, Wolfram syndrome 1 gene.
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Overview of high-density genome-wide association scansfor type 2 diabetes.

b
Total number of cases 7,142.

cTotaI number of controls 11,996.

syduasnuel Joyiny sispund JINd adoin3 ¢

a . . . . .
Projects are listed in descending order of case sample size.
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