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The Genetics of Insulin Resistance: Where’'s Waldo?

Richard M. Watanabe

Abstract

The physiologic hallmarks of type 2 diabetes are insulin resistance in hepatic and peripheral
tissues and pancreatic B-cell dysfunction. Thus, genetic loci underlying susceptibility to type 2
diabetes are likely to map to one of these endophenotypes. Genome-wide association studies have
now identified up to 38 susceptibility loci for type 2 diabetes and a number of other loci
underlying variation in type 2 diabetes—related quantitative traits. The majority are of unknown
biology or map to pancreatic p-cell dysfunction. A seemingly disproportionate minority map to
insulin resistance. We briefly discuss the known insulin resistance loci identified from genome-
wide association, and then discuss reasons why additional insulin resistance loci have not been
identified. We present alternative views that may partly explain the apparent dearth of insulin
resistance loci contributing to genetic susceptibility to type 2 diabetes, rather than focus on
traditional issues such as study design and sampling, which have been addressed elsewhere.
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Introduction

The integration of advances in genomic technology, the sequencing of the human genome,
and the cataloging of human variation have ushered in a new era of human genomic
analysis, which has transformed the study of complex disease genetics. As of this writing,
the Catalog of Genome-Wide Association Studies (http://www.genome.gov/26525384) has
logged 2905 single nucleotide polymorphisms (SNPs) associated with a variety of human
conditions from 599 publications. Genome-wide association studies of type 2 diabetes
mellitus have been at the forefront of this new era of human genetics by forging
collaborations across large studies, introducing new analytic approaches, and integrating
genome-wide analysis of diabetes-related quantitative traits. This has resulted, to date, in the
identification of 38 type 2 diabetes susceptibility loci [1e—5¢,6—9,10ee—13e¢,14]; the majority
identified within the last 3 years. This is in striking contrast with the fact that only three
susceptibility loci had been identified prior to 2007. As ever larger samples are assembled
for further genome-wide analysis and next generation sequencing technology is increasingly
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applied to perform whole genome sequencing, additional susceptibility loci will be
identified in the near future.

The susceptibility loci identified by genome-wide analysis have illuminated new biology
underlying type 2 diabetes. For example, melatonin receptor 1B (MTNR1B) and
cryptochrome 2 (photolyase-like) (CRY2) point to the regulation of insulin secretion by
circadian rhythms as contributing components to the pathogenesis of type 2 diabetes. Insulin
resistance and pancreatic B-cell dysfunction are the two physiologic hallmarks of type 2
diabetes and the a priori expectation was that the majority of type 2 diabetes susceptibility
loci would map to either of these diabetes-related phenotypes. Yet, the majority of
susceptibility loci can be directly mapped to the pancreatic B-cell or are of unknown biologic
consequence, the latter opening exciting new avenues of research into the pathogenesis of
type 2 diabetes. Interestingly, very few loci map directly to insulin resistance. So where are
the insulin resistance loci? Where’s Waldo?

This review will highlight the handful of loci identified by genome-wide association that
appear to contribute to type 2 diabetes susceptibility through effects on insulin resistance.
Furthermore, we will explore potential explanations for why larger numbers of insulin
resistance loci have not been identified.

Known Insulin Resistance Loci

Peroxisome

Although the majority of type 2 diabetes susceptibility loci have been identified from both
large-scale genome-wide meta-analyses [1+—3¢,6,14] and smaller-scale genome-wide
association studies [4¢,5¢,7,8,11¢] of case-control samples primarily of European ancestry,
genome-wide analysis of type 2 diabetes—related quantitative traits in nondiabetic samples
from these populations has also contributed to the discovery of additional type 2 diabetes
susceptibility loci. In particular, the MAGIC (Meta-Analysis of Glucose and Insulin-related
Traits Consortium), a consortium consisting of more than 120,000 nondiabetic samples
derived from more than 50 individual studies, has identified novel type 2 diabetes
susceptibility loci by performing genome-wide meta-analyses and replication for fasting
glucose, fasting insulin, and related traits [10ee,12¢¢,13¢ 15¢¢].

proliferator-activated receptor-y (PPARG)

PPARG can be clearly identified as an insulin resistance locus from among the type 2
diabetes susceptibility loci. Deeb et al. [16] were the first to show association between
rs1801282, which results in a proline to alanine conversion at codon 12, and type 2 diabetes.
The rs1801282 G allele was also associated with reduced body mass index (BMI) and
improved insulin sensitivity as assessed by frequently sampled intravenous glucose
tolerance test (FSIGT) with minimal model analysis [16]. A subsequent large-scale meta-
analysis confirmed the association with type 2 diabetes, such that PPARG along with
potassium inwardly rectifying channel, subfamily J, member 11 (KCNJ11), and transcription
factor 7-like 2 (T-cell-specific, high mobility group box) (TCF7L2) acted as positive
controls in the first genome-wide association studies. The relative importance of PPARG as
a type 2 diabetes susceptibility and insulin resistance locus is further enhanced by the fact
that the thiazolidinedione class of diabetes medications act as PPARG agonists that improve
insulin sensitivity.

Insulin receptor substrate 1 (IRS1)

Similar to PPARG, IRS1 was clearly identified as an insulin resistance locus. IRS1 is
phosphorylated by the insulin receptor and forms part of the complex intracellular insulin
signaling pathway. Defects in IRS1 signaling have been shown to contribute to insulin
resistance in both muscle and liver making IRS1 an excellent candidate for genetic analysis.
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Candidate gene studies have identified relatively rare coding variants showing varying levels
of association between type 2 diabetes or measures of insulin resistance [17]. A genome-
wide association study in a combined French and Danish case-control sample identified
rs2943641 near IRS1 to be associated with type 2 diabetes [11+]. Additional analyses
showed that the rs2943641 C allele was associated with reduced insulin resistance assessed
using the homeostasis model (HOMA-IR) approach. The HOMA-IR result was supported by
additional analyses showing the same allele was associated with a higher fasting insulin and
lower insulin area under the curve from the oral glucose tolerance test (OGTT). Similarly,
the MAGIC observed modest evidence for association between rs4675095 in IRS1 and
HOMA-IR and although not genome-wide significant (P = 4.6 x 1073), the result points to
IRS1 as a locus of interest given its biologic relevance to diabetes susceptibility [13e]. The
MAGIC investigators noted that rs4675095 was not in linkage disequilibrium with
rs2943641 in populations of European ancestry, making the association with rs4675095 an
independent signal. Furthermore, the MAGIC investigators note that in their discovery meta-
analysis, rs2943641 showed weak evidence for association with fasting insulin (P = 0.02)
and HOMA-IR (P = 0.04) and would not have been selected for replication analysis.

Glucokinase (hexokinase 4) regulator (GCKR)

SNP rs780094 in GCKR was first shown to be associated with triglyceride levels in the
genome-wide association study of type 2 diabetes [1¢]. The T allele also showed trends for
association with lower glucose concentrations, improved insulin resistance as reflected by
HOMA-IR, and lower risk for type 2 diabetes. The associations with fasting glucose and
HOMA-IR were subsequently confirmed in a follow-up study led by the same investigators
[18]. MAGIC not only replicated these associations, but also demonstrated that rs780094 is
associated with type 2 diabetes and therefore a diabetes susceptibility locus [13e¢].

GCKR regulates the activity of glucokinase (GCK) in the presence of fructose-6-phosphate
(F6P). Although GCK is present in both the liver and pancreatic B cells, GCKR is nearly
absent in the pancreas [19] and insulin secretion in isolated islets from Gekr*/* and Gekr ™/~
animals are nearly identical across a wide range of glucose levels [20], suggesting GCKR
plays no role in regulating GCK activity in pancreatic B cells. In contrast, Gekr '~ and
Gcekr*/~ animals had decreased hepatic GCK expression and enzymatic activity that was
primarily due to loss of post-transcriptional regulation of GCK [20,21]. This suggests
positive regulation of GCK by GCKR to maintain GCK levels and activity. Increased GCKR
expression in high fat-fed diabetic mice resulted in reduced fasting glucose and insulin
levels and a resultant improvement in glucose tolerance [22]. The changes in glucose and
insulin levels were accompanied by lower leptin, reduced body weight, and decreased
hepatic GCK activity. Thus, GCKR appears to play an important glucoregulatory role at the
level of the liver, but not at the pancreas.

Beer et al. [23] assessed the biologic effect of the GCKR P446L variant (rs1260326) in vitro.
Their results showed that F6P-dependent GCKR regulation of GCK was significantly
reduced over a wide range of F6P concentrations, which led to concomitant increases in
GCK activity. The increased GCK activity presumably results in increased glycolytic flux
and hepatic glucose uptake. These observations form a mechanistic explanation for the
observation of variation in GCKR being associated with higher triglyceride and lower
glucose level in humans.

Insulin-like growth factor 1 (somatomedin C) (IGF1)

Like many diabetes candidate genes, IGF1 had been subject to genetic analysis in multiple
studies with inconsistent results across investigations [24]. IGF1 is a member of a family of
proteins regulating growth and development and is similar to insulin in structure (~ 60%
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amino acid homology) and function. IGF1 binds to specific receptors and subsequent
signaling primarily regulates many of the growth-promoting effects of growth hormone.
Mutations in IGF1 cause insulin-like growth factor 1 deficiency (OMIM #608747), a
condition characterized by reduced rates of growth or short stature in the presence of normal
growth hormone and deficient IGF1 levels. Patients can be treated using recombinant DNA-
derived IGF1, which restores normal growth and improves both glycemic control and insulin
sensitivity.

Similar to GCKR, variation in IGF1 was first shown to be associated with diabetes-related
quantitative traits, in this case fasting insulin and HOMA-IR [13¢]. The G allele of SNP
rs35767 near IGF1 was shown to be associated with both fasting insulin (P = 7.8 x 1078)
and subsequently HOMA-IR (2.2 x 1079). Subsequent testing in case-control samples
showed association with type 2 diabetes [13+¢]. The known biologic effects of IGF1 coupled
with the fact IGF1 is primarily secreted by the liver makes it a likely insulin resistance
locus; however, one cannot exclude the possibility that variation in IGF1 could alter the
mitogenic effects of the protein and have subsequent implications for the development of the
pancreas or p-cell mass.

Obesity Loci

Obesity, and more specifically body fat, is associated with insulin resistance and also a
strong risk factor for type 2 diabetes. Therefore, it is reasonable to assume that some obesity
loci would also be insulin resistance loci, and possibly type 2 diabetes susceptibility loci. A
large number of loci underlying obesity, fat mass, BMI, and other anthropometric measures
have been identified by genome-wide association [25-30]. However, most of these studies
have not examined association between these loci and measures of insulin resistance. The fat
mass and obesity associated (FTO) gene [25,26,31], first identified as a type 2 diabetes
susceptibility locus [1+—3¢], shows varying degrees of association with insulin resistance that
appears to be dependent on the method used to assess insulin resistance. Studies in which
HOMA-IR has been used tend to show evidence for association, whereas studies using more
direct methods to assess insulin resistance tend not to show evidence for association. This
dichotomy raises important questions regarding measures of insulin resistance used in
genetic association studies. Studies examining association between obesity loci and insulin
resistance are just now appearing in the literature. The overlap among obesity, insulin
resistance, and type 2 diabetes loci will provide important clues regarding common biologic
pathways that may explain obesity as a risk factor for type 2 diabetes.

Where Are the Other Insulin Resistance Loci?

One of the advantages of genome-wide association studies is the ability to interrogate a large
proportion of the human genome for common genetic variants that may be contributing to
susceptibility to disease in an unbiased fashion. Of course, the “unbiased” part refers to the
fact that no a priori assumptions are made with regard to the location or identity of potential
genetic loci; the genome-wide approach makes no specific accommodation for the
underlying biology of the disease. So given that insulin resistance and j-cell dysfunction are
the hallmarks of type 2 diabetes, why is there a dearth of insulin resistance loci? Where is
Waldo?

Heritability of insulin resistance

Early heritability studies clearly established a genetic component to insulin resistance.
Insulin resistance assessed by euglycemic glucose clamp data in Pima Indian families
showed significant heritability (h?) at different insulin levels (h? = 0.38 + 0.061 at ~ 130 pU/
mL or h? = 0.49 + 0.63 at ~ 2000 pU/mL) [32]. Similar h? evidence was observed by Elbein
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et al. [33], who examined affected sibling-pair families of European ancestry using the
minimal model to estimate insulin sensitivity (S;) from the FSIGT; h? = 38 + 2% for all
family members, h? = 29 + 2% for only normal glucose tolerant family members. h? of
similar magnitude was observed for S; in a sample of Finnish families [34] and for the
euglycemic glucose clamp in Finnish twins [35]. However, in these studies h? for insulin
secretion or B-cell function was typically 1.5- to twofold higher [32—35]. These results
suggest a stronger genetic contribution to components of insulin secretion or g-cell function
compared with insulin resistance, which may partly explain the lack of insulin resistance
loci, given the relatively limited statistical power of current genome-wide association
samples.

Large-scale genetic association with direct measures of insulin resistance

The MAGIC examined by meta-analysis the 19 loci with primary associations with fasting
glucose for association with other diabetes-related quantitative traits in an attempt to better
understand the physiology underlying loci contributing to variation in fasting glucose [15e¢].
Among the traits examined was the largest collection of direct measures of insulin
resistance/sensitivity; 2250 by euglycemic glucose clamp, 575 by FSIGT, and 370 by islet
suppression test. In addition, insulin resistance/sensitivity was assessed by a variety of
indirect methods in more than 15,000 nondiabetic subjects of European ancestry; Stumvoll
index [36], Matsuda index [37], Belfiore index [38], and Gutt index [39]. The direct
measures were combined in a single meta-analysis, whereas the individual indirect measures
were meta-analyzed independently. None of the 19 loci showed evidence for association
with the direct measures of insulin resistance, although MTNR1B and glucose-6-
phosphatase, catalytic, 2 (G6PC2) showed trends for association (P = 0.057 and P = 0.069,
respectively).

In contrast, 13 of the 19 loci showed marginal to strong evidence for association with one or
more of the indirect measures of insulin resistance/sensitivity. However, it should be noted
that these indices were not consistent in their evidence for association. For example,
rs4607517 in GCK showed strong evidence for association with the Gutt index (P = 8.13 x
1079), leading one to conclude that variation in GCK contributes to variation in insulin
resistance, possibly through effects on hepatic glucose metabolism. However, the evidence
for association with the other indirect indices were all nonsignificant; P = 0.22 for the
Stumvoll index, P = 0.59 for the Matsuda index, and P = 0.54 for the Belfiore index. This
would raise some doubts about the inference drawn from the association with the Gutt index.
Such disparity in results can generate discussions of how one index may be more reflective
of hepatic versus peripheral insulin resistance and that different information may be
captured by the different indices.

Does the Measure of Insulin Resistance Matter?

The disparity in results from the MAGIC analysis of fasting glucose loci points to the
limitation of using indirect measures of insulin resistance. Although each index has been
shown to be correlated with one or more of the direct measures of insulin resistance, one
should question whether a strong overall correlation is sufficient for genetic association
studies. The reader is referred to the classic review by Bergman et al. [40] for a thoughtful
discussion regarding the in vivo assessment of insulin sensitivity.

Characteristics of indirect measures of insulin resistance

An indirect measure of insulin resistance is only useful in genetic studies if it appropriately
reflects the effect of genetic variation on insulin resistance. Computer modeling has been
used to assess the ability of the indirect indices to appropriately reflect insulin resistance on
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a physiologic level [41]. The results suggest that many indirect indices are confounded by
changes in insulin secretion and/or splanchnic glucose uptake, such that care is necessary in
appropriately interpreting results based on such indices.

The modeling results are further supported by comparisons between HOMA-IR and S; made
by the Insulin Resistance and Atherosclerosis Study Family Study [42]. Their analysis
showed that evidence for h? was stronger for S; (h? = 33.1 + 5.9) compared with HOMA-IR
(h? = 17.4 + 5.3) or fasting insulin (h? = 18.6 + 5.3). Furthermore, although the phenotypic
correlation (rp) between S; and HOMA-IR was strong (rp = —0.478), it was substantially
weaker than that for fasting insulin and HOMA-IR (rp = 0.952). More importantly, the same
pattern of differences was observed for the genetic and environmental correlations. Thus,
HOMA-IR does not appear to provide additional genetic or environmental information
beyond that extracted from fasting insulin. Furthermore, the relatively weaker correlations
(rp, rg, and rg) between HOMA-IR and S;, compared with HOMA-IR and fasting insulin
suggests that although there are some common genetic determinants among these indices,
there are clearly components that are different.

Testing direct versus indirect measures of insulin resistance

A small computer simulation study can be performed to gain additional insights into why
more insulin resistance loci have not been identified. We take advantage of the
glucoregulatory model previously created to test indirect measures of insulin resistance
[41]. See Hucking et al. [41+] for specific model details and equations. As an illustrative
simulation example, two specific model parameters were manipulated to simulate the effects
of genetic variation specifically contributing to variation in insulin resistance or p-cell
function. A nondiabetic population was simulated to emulate genetic association studies of
diabetes-related quantitative traits. The estimated population allele frequencies for PPARG
rs1801282 and KCNJ11 rs5215 were used to define genotype-specific parameter
distributions for an “insulin resistance” and “p-cell function” gene, respectively, assuming
an additive genetic model.

Individual simulations were performed by randomly selecting genotype-specific parameter
pairs for the “insulin resistance” and “p-cell function” genes from their respective
population distributions. These parameter values were then used to simulate paired OGTTs
and FSIGTSs to simulate a study sample and random error representing sampling and assay
variation was added to the simulated glucose and insulin data. The Stumvoll index was
calculated from the simulated OGTT data and the simulated FSIGT data were analyzed
using the minimal model to estimate S,. At each replicate analysis we computed the Pearson
correlation coefficient between the Stumvoll index and S,, performed a test of association
between each index and each simulated genetic variant using standard regression models,
and estimated the partial correlation coefficient (R?) to assess the fraction of the variability
in each index accounted for by each gene. A limited set of 20 replicates each of 1000, 2500,
5000, or 10,000 “subjects” were simulated to assess statistical power.

The median correlation between the Stumvoll index and S across all the simulations was
0.697 with a range of 0.589 to 0.779, similar in magnitude to the correlation reported in the
literature [36]. A summary of the simulation results is shown in Table 1. Statistical power to
detect association between the “insulin resistance” gene and S; was 0.35, 0.60, 0.65, and
0.58 across all sample sizes tested, whereas power to detect association using the Stumvoll
index was similar or slightly lower (Table 1). Therefore, the simulation suggests that
although there is slightly better power to detect association between the “insulin resistance”
gene and S,, using the Stumvoll index should provide relatively similar results.
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However, there is an interesting dichotomy when results from the analysis of the “p-cell
function” gene are examined. There is relatively lower power to detect association between
S) and the “B-cell function” gene across all sample sizes, suggesting that S; is mainly
reflective of insulin resistance and not confounded by changes in insulin secretion or B-cell
function (Table 1). In contrast, the power to detect association between the “f-cell function”
gene and Stumvoll index is equivalent to or even greater than the power observed for the test
of association with the “insulin resistance” gene (Table 1). These results suggest the
Stumvoll index is relatively nonspecific and may show evidence for association with
variation underlying both insulin resistance and p-cell function.

Our simple computer simulation study demonstrates that an erroneous conclusion can be
derived if one uses an indirect measure of insulin resistance and the association is primarily
driven by a B-cell function locus. In contrast, the risk of an erroneous conclusion with a
direct measure of insulin resistance is unlikely. These results are congruent with previous
observations and indicate that careful consideration must be made when interpreting
association results based on indirect measures of insulin resistance.

Biologic Mapping of Loci

Although the majority of type 2 diabetes susceptibility loci and loci underlying variation in
fasting glucose map to the pancreatic 3 cell, mapping of loci to specific biologic functions is,
at times, nebulous and dependent on the validity of previous biologic knowledge and the
absence of bias. Furthermore, one needs to consider the possibility that a given locus could
engender multiple biologic effects. Two examples are presented here to illustrate how loci
mapped to the pancreatic  cell may also serve as insulin resistance loci.

Effect of one locus in more than one location

Gene expression analysis is often used to assist in deriving biologic interpretation for novel
loci and tends to focus on tissues showing the largest levels of expression. However, one
should not minimize the importance of gene expression at lower levels in other tissue
targets. For example, KCNJ11 is a critical component of insulin secretion by pancreatic
cells. However, KCNJ11 is also expressed, at lower levels, in cardiac and skeletal muscle.
The KCNJ11 rs5215 variant has been shown to be associated with differences in
cardiovascular function [43] and adenosine triphosphate (ATP)-sensitive K* (KaTp)
channel activity in skeletal muscle [44]. In the latter study, variant-induced changes in Katp
channel characteristics and regulation led to a near sevenfold increase in open-state
probability, which can result in hyperpolarization of the sarcolemmal membrane, muscle
fatigue, and reduced muscle glucose uptake. Thus, KCNJ11 rs5215 may have independent
effects at the level of the pancreas and muscle that both contribute to type 2 diabetes
susceptibility.

Effect of interorgan signaling

Another consideration is the fact that type 2 diabetes is partly a consequence of the
breakdown in the closed-loop feedback between glucose and insulin and changes in
interorgan signaling could contribute to this breakdown. One such signal is pulsatile insulin
secretion. Studies have clearly demonstrated that loss of insulin pulses is a characteristic of
type 2 diabetes. In addition, experiments have shown that compared with constant
exogenous insulin infusion, infusion in pulses results in more efficient stimulation of
glucose uptake by peripheral tissues.

Variants in GCK [45,46] and G6PC2 [47,48] have been shown to be associated with
variation in fasting glucose concentrations and the former is also a type 2 diabetes
susceptibility locus [13e¢]. These gene products regulate the rate-limiting step in glycolysis
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in pancreatic B cells and presumably alter glycolytic flux, subsequent ATP production, and
insulin secretion, which should result in differences in fasting glucose. Therefore, these loci
form a logical pairing for joint genetic analysis. Furthermore, there is evidence that the
counter-balancing effects of these two enzymes may contribute to the pulsatile nature of
insulin secretion.

We examined the relationship between fasting glucose and genetic variation in GCK and
G6PC2 to better understand their physiologic effects [49¢]. We hypothesized that the
primary association should be with a measure of insulin secretion, with the observed fasting
glucose association being a secondary consequence of the effect of insulin to regulate
glucose concentrations. The relationship between glucose and insulin secretion was
examined by stratifying diabetes-related phenotypes on GCK/G6PC2 genotype
combinations. We observed a complex pattern in which the glucose-raising allele for GCK
resulted in lower insulin secretion, but the glucose-raising allele for G6PC2 resulted in
increased insulin secretion [49¢]. This pattern suggests that the balance of effects provoked
by variation in GCK and/or G6PC2 may not directly alter absolute insulin secretion, but may
alter a signaling characteristic of insulin secretion, such as pulsatility. The change in
pulsatile characteristic may alter insulin signaling efficiency to peripheral tissues, resulting
in insulin resistance, which results in modest hyperglycemia. The modest increase in
glycemia then feeds back to the f cell, causing a compensatory increase in absolute insulin
secretion [49¢]. This potential mechanism is supported by animal studies in which disruption
of pulsatile insulin secretion led to hepatic insulin resistance and impaired fasting glucose
(A. Matveyenko, Personal communication). Thus, the complex interaction among two loci
that map to the pancreatic B cell may, in fact, degrade interorgan signaling, resulting in
insulin resistance in a peripheral tissue.

Some Thoughts

Additional genetic studies of type 2 diabetes quantitative traits will be required to better
understand the biologic implications of the known and soon-to-be known susceptibility loci.
In addition, the majority of type 2 diabetes susceptibility loci have been identified in
populations of European ancestry. Thus, additional replication in other ethnic/racial
populations is important to better understand the relative contributions of these loci to
disease susceptibility. In these studies, it will be important to keep in mind two of the
lessons of this review.

First, future genetic studies focusing on type 2 diabetes—related quantitative traits must
carefully consider the phenotype being analyzed. The strong correlation between indirect
and direct measures of insulin resistance may be sufficient rationale for their use in clinical
and/or epidemiologic studies, but may be inadequate for genetic studies. In the past,
avocation for direct measures of insulin resistance in genetic association was interpreted as a
means to reduce phenotypic variability and improve statistical power. However, our small
simulation study would suggest the true strength of using a direct measure comes from its
specificity for the phenotype of interest and its reflection of the genetic variation
contributing to that phenotype, which allows for ease of biologic interpretation.

Second, investigators need to begin taking a wider “systems” perspective when attempting
biologic interpretation of association results. We presented the concepts of individual loci
mapping to both insulin resistance and p-cell function through functional effects in relevant
tissues or through defects in interorgan signaling. However, the complex relationship
between genetic variation and measurable phenotypes goes beyond those concepts. Many
genome-wide association studies have published figures that show increasing risk for
disease or increasing phenotype values with number of risk loci an individual carries, the so-
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called allelic or genotype score. However, those figures also hint at significant heterogeneity
within a given allelic score, for if the actual individual values were plotted rather than the
mean and standard error, a single allelic score would have a relatively wide range of
possible phenotype values. Furthermore, any given allelic score would be comprised of a
family of differing allelic combinations. Do these differing patterns of allelic combinations
provide us with additional clues regarding the underlying biology of type 2 diabetes
pathophysiology?

Conclusions

The new era of human genomics has transformed the study of type 2 diabetes. The discovery
of novel loci have resulted in new views on diabetes pathophysiology and renewed interest
in loci whose appeal had faded during the candidate gene era. The application of whole-
genome sequencing is likely to identify new highly penetrant rare variants that will add to
the complex nature of type 2 diabetes genetics. Additional insulin resistance loci are likely
to emerge from the continue analysis of genome-wide data. MAGIC is currently assessing
type 2 diabetes susceptibility loci for association with diabetes-related quantitative traits
similar to their study of fasting glucose loci and the GIANT (Genetic Investigation of
Anthropometric Traits) consortia have begun to examine association between obesity loci
and indirect measures of insulin resistance. Genome-wide association studies specifically
examining direct measures of insulin resistance are also in progress.

Where’s Waldo? As in the famous children’s book, Waldo is right under our noses, awaiting
discovery if we look carefully.
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