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A genome-wide association study
identifies novel risk loci for type 2 diabetes

Robert Sladek'**, Ghislain Rocheleau'*, Johan Rung®*, Christian Dina’*, Lishuang Shen', David Serre’,

Philippe Boutin®, Daniel Vincent®, Alexandre Belisle*, Samy Hadjadj®, Beverley Balkau’, Barbara Heude’,
Guillaume Charpentier®, Thomas J. Hudson®’, Alexandre Montpetit*, Alexey V. Pshezhetsky'’, Marc Prentki'®!!,
Barry |. Posner®'?, David J. Balding'’, David Meyre’, Constantin Polychronakos'> & Philippe Froguel>'*

Type 2 diabetes mellitus results from the interaction of environmental factors with a combination of genetic variants, most of
which were hitherto unknown. A systematic search for these variants was recently made possible by the development of
high-density arrays that permit the genotyping of hundreds of thousands of polymorphisms. We tested 392,935
single-nucleotide polymorphisms in a French case-control cohort. Markers with the most significant difference in genotype
frequencies between cases of type 2 diabetes and controls were fast-tracked for testing in a second cohort. This identified
four loci containing variants that confer type 2 diabetes risk, in addition to confirming the known association with the TCF7L2
gene. These loci include a non-synonymous polymorphism in the zinc transporter SLC30A8, which is expressed exclusively in
insulin-producing p-cells, and two linkage disequilibrium blocks that contain genes potentially involved in -cell
development or function (IDE-KIF11-HHEX and EXT2-ALX4). These associations explain a substantial portion of disease risk

and constitute proof of principle for the genome-wide approach to the elucidation of complex genetic traits.

The rapidly increasing prevalence of type 2 diabetes mellitus (T2DM) is
thought to be due to environmental factors, such as increased availabil-
ity of food and decreased opportunity and motivation for physical
activity, acting on genetically susceptible individuals. The heritability
of T2DM is one of the best established among common diseases and,
consequently, genetic risk factors for T2DM have been the subject of
intense research'. Although the genetic causes of many monogenic
forms of diabetes (maturity onset diabetes in the young, neonatal mito-
chondrial and other syndromic types of diabetes mellitus) have been
elucidated, few variants leading to common T2DM have been clearly
identified and individually confer only a small risk (odds ratio =~ 1.1-
1.25) of developing T2DM'. Linkage studies have reported many
T2DM-linked chromosomal regions and have identified putative, cau-
sative genetic variants in CAPN10 (ref. 2), ENPPI (ref. 3), HNF4A (refs
4, 5) and ACDC (also called ADIPOQ)®. In parallel, candidate-gene
studies have reported many T2DM-associated loci, with coding variants
in the nuclear receptor PPARG (P12A)” and the potassium channel
KCNJ11 (E23K)® being among the very few that have been convincingly
replicated. The strongest known (odds ratio = 1.7) T2DM association’
was recently mapped to the transcription factor TCF7L2 and has been
consistently replicated in multiple populations'®°.

Subjects and study design

The recent availability of high-density genotyping arrays, which com-
bine the power of association studies with the systematic nature of a
genome-wide search, led us to undertake a two-stage, genome-wide
association study to identify additional T2DM susceptibility loci
(Supplementary Fig. 1). In the first stage of this study, we obtained

genotypes for 392,935 single-nucleotide polymorphisms (SNPs) in
1,363 T2DM cases and controls (Supplementary Table 1). In order to
enrich for risk alleles®, the diabetic subjects studied in stage 1 were
selected to have at least one affected first degree relative and age at
onset under 45 yr (excluding patients with maturity onset diabetes in
the young). Furthermore, in order to decrease phenotypic hetero-
geneity and to enrich for variants determining insulin resistance and
B-cell dysfunction through mechanisms other than severe obesity, we
initially studied diabetic patients with a body mass index (BMI)
<30kgm ™ 2. Control subjects were selected to have fasting blood
glucose <5.7 mmoll ™! in DESIR, a large prospective cohort for the
study of insulin resistance in French subjects™.

Genotypes for each study subject were obtained using two plat-
forms: llumina Infinium Humanl BeadArrays, which assay 109,365
SNPs chosen using a gene-centred design; and Human Hap300
BeadArrays, which assay 317,503 SNPs chosen to tag haplotype
blocks identified by the Phase I HapMap?®’. Of the 409,927 markers
that passed quality control (Supplementary Tables 2 and 3), geno-
types were obtained for an average of 99.2% (Humanl) and 99.4%
(Hap300) of markers for each subject with a reproducibility of
>99.9% (both platforms). Forty-three subjects were removed from
analysis because of evidence of intercontinental admixture (Sup-
plementary Fig. 3) and an additional four because their genotype-
determined gender disagreed with clinical records. In total, T2DM
association was tested for 100,764 (Human1) and 309,163 (Hap300)
SNPs representing 392,935 unique loci (Fig. 1). Because of unequal
male/female ratios in our cases and controls, we analysed the 12,666
sex-chromosome SNPs separately for each gender.
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Analysis

Markers were selected for assessment in a second cohort using sig-
nificance thresholds on the basis of the divergence between the
observed and expected P-values (Supplementary Figs 4 and 5).
These included 28 autosomal SNPs from the Humanl chip
(P<1X10™* Supplementary Table 4) and 43 autosomal SNPs from
the Hap300 chip (P <5 X 10~ >; Supplementary Table 5) for a total of
66 unique SNPs representing 44 unique loci. No X-linked marker
attained significance, a result that may be due to reduced power of the
gender-specific analysis. P-values calculated using 10,000 permuta-
tions of the disease state labels identified the same significant associa-
tions (Supplementary Tables 4 and 5). Our stage 1 results included
the known T2DM association’ with the TCF7L2 SNP rs7903146
(P=3.2%10""). Several other SNPs at that locus also attained
genome-wide significance after correcting for 392,935 tests. In con-
trast, none of the other previously identified T2DM genes did so (for
example, PPARG), which is not surprising because our stage 1 had
limited power to detect their modest effect and also the arrays did not
include the best-associated variants at these loci. However, SNPs
tagging four out of seven of these loci attained significance at
P<0.05 (Supplementary Table 6).

Because one of the loci showing the strongest T2DM association
(rs932206) maps 200 kilobases (kb) telomeric to the lactase gene on
2q21, a region displaying recent positive selection and a north-to-
south minor allele frequency (MAF) gradient in Europe, we sus-
pected a spurious association due to population stratification®.
This was tested with principal component analysis using 20,323 mar-
kers with MAF = 0.1, perfectly genotyped in all samples on the
Human Hap300 chip, showing no T2DM association in stage 1
(P>0.01) and separated by at least 100 kb. Using the first principal
component as a covariate for ancestry differences between cases and
controls, we tested for association between 15932206 and disease
status. Our result suggests that this apparent association is largely
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attributable to ancestry differences (P = 0.0016 after adjusting for
stratification). However, the selection responsible for the European
gradient may be related to metabolic fitness and T2DM risk, and
therefore the observed association may not be spurious. Similar test-
ing of the other significant loci did not reveal evidence of stratifica-
tion and the correction did not affect the statistical significance of
their association with T2DM.

We thus prioritized 59 SNPs showing significant association in
stage 1, including one of the eight significant TCF7L2 markers, for
rapid confirmation on a larger cohort, using the Sequenom iPlex
assay (Supplementary Fig. 1). We successfully obtained genotypes
from 2,617 T2DM cases and 2,894 controls for 57 SNPs (see
Supplementary Information). Unlike the stage 1 sample, the affected
individuals used in stage 2 were not required to have a family history
of T2DM or to be lean (however, severely obese subjects were
excluded by requiring BMI < 35 kg m ™ %). We also relaxed the inclu-
sion criteria for control subjects to include individuals with normal
fasting glucose levels according to 1997 American Diabetes
Association (ADA) criteria (<6.1 mM). The SNPs selected for rapid
validation were analysed analogously to stage 1 (Supplementary
Table 7). In total, eight SNPs representing five unique loci showed
significant association after Bonferroni correction was applied for the
57 SNPs tested, based on P-values calculated using 10,000,000 per-
mutations of the disease state labels (Table 1). Because the validation
stage samples were selected on the basis of more relaxed inclusion
criteria than the stage 1 samples, we used a logistic regression model
to investigate the effect of phenotypic variables on T2DM asso-
ciation. The Wald test was used to assess effects of age, sex and
BMI on the association between marker and disease, as it is asymp-
totically equivalent to the Armitage trend test used to detect asso-
ciation in stages 1 and 2. None of the associations (Supplementary
Table 7) was substantially changed by considering the effects of these
covariates.

Figure 1| Graphical summary of stage 1 association results. T2DM
association was determined for SNPs on the Human1 and Hap300 chips. The
x axis represents the chromosome position from pter; the y axis shows
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—log;o[pMAX], the P-value obtained by the MAX statistic, for each SNP
(Note the different scale on the y axis of the chromosome 10 plot.). SNPs that
passed the cutoff for a fast-tracked second stage are highlighted in red.
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Table 1| Confirmed association results

SNP Chromosome Position Risk  Major MAF MAF Odds ratio Odds ratio PAR hs Stage 2 Stage 2 pMAX Stage 1 Stage 1 pMAX Nearest
(nucleotides) allele  allele (case) (ctrl) (het) (hom) pMAX (perm) pMAX (perm) gene

rs7903146 10 114,748339 T C 0406 0293 165+0.19 277050 028 10546 1.5X107>* <1.0x1077 32x10"Y <33x10° % TCF7L2
1513266634 8 118,253,964 C C 0254 0301 1.18+025 1.53+031 024 10089 61x10°% 50x107 21Xx10° 18X10° SLC30A8
rs1111875 10 94,452,862 G G 0358 0402 1.19+0.19 144+024 019 10069 30X10°° 74Xx10°° 91x10° 73x10°° HHEX
rs7923837 10 94,471,897 G G 0335 0377 122+021 145+025 020 10065 75X10°° 22X107° 34x10° 25x10°° HHEX
rs7480010 11 42203294 G A 0336 0301 1.14+0.13 140+025 008 1.0041 11Xx10°% 29x107% 15x107° 12x107° LOC387761
rs3740878 11 44214378 A A 0240 0272 126+029 146+033 024 10046 12X10°% 28x10% 18x10° 13x10°° EXT2
rs11037909 11 44212190 T T 0240 0271 127+030 147+033 025 10045 18x10*% 45x10* 18x10° 13x10° EXT2
rs1113132 11 44,209979 C C 0237 0267 115+027 1.36=031 019 10044 33x10°* 81x10°* 37Xx10°° 29x10°° EXT2

Significant T2DM associations were confirmed for eight SNPs in five loci. Allele frequencies, odds ratios (with 95% confidence intervals) and PAR were calculated using only the stage 2 data. Allele
frequencies in the controls were very close to those reported for the CEU set (European subjects genotyped in the HapMap project). Induced sibling recurrent risk ratios (As) were estimated using
stage 2 genotype counts for the control subjects and assuming a T2DM prevalence of 7% in the French population. hom, homozygous; het, heterozygous; major allele, the allele with the higher
frequency in controls; pMAX, P-value of the MAX statistic from the % distribution; pMAX (perm), P-value of the MAX statistic from the permutation-derived empirical distribution (p)MAX and
pMAX (perm) are adjusted for variance inflation); risk allele, the allele with higher frequency in cases compared with controls.

Identification of four novel T2DM loci The most significant of these corresponds to rs13266634, a non-
Our fast-track stage 2 genotyping confirmed the reported association  synonymous SNP (R325W) in SLC30A8, located in a 33-kb linkage
for 1s7903146 (TCF7L2) on chromosome 10, and in addition iden-  disequilibrium block on chromosome 8, containing only the 3’ end
tified significant associations for seven SNPs representing four new  of this gene (Fig. 2a). SLC30A8 encodes a zinc transporter expressed
T2DM loci (Table 1). In all cases, the strongest association for the  solely in the secretory vesicles of B-cells and is thus implicated in the
MAX statistic (see Methods) was obtained with the additive model.  final stages of insulin biosynthesis, which involve co-crystallization
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Figure 2 | Pairwise linkage disequilibrium diagrams for four novel T2DM- SNP. Transcriptional units are indicated by green lines, with exons
associated loci. D’ was calculated from the stage 1 genotyping data as a highlighted in orange. Blue asterisks mark the SNPs chosen for confirmatory
fraction of observed linkage disequilibrium over the maximal possible. The  studies. a, SLC30A8; b, IDE-KIF11-HHEX; ¢, EXT2-ALX4; d, LOC387761.
bar graph indicates the negative logarithm of the stage 1 P-value for each
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with zinc. Notably, overexpression of SLC30A8 in insulinoma cells
increases glucose-stimulated insulin secretion”. This finding sug-
gests possible dietary implications and therapeutic approaches with
zinc supplementation or, more plausibly, pharmacological manip-
ulation of its transport.

SNPs rs1111875 and rs7923837 are located near the telomeric
end of a 270-kb linkage disequilibrium block on chromosome 10
(Fig. 2b), the only one of the novel loci that maps to an interval
confirmed in more than one linkage study”*. The linkage disequi-
librium block contains two genes of known biological significance—
the insulin-degrading enzyme (IDE) and the homeodomain protein
HHEX—as well as kinesin-interacting factor 11 (KIF11). HHEX is
essential for hepatic and pancreatic development®*' and is a target of
the Wnt signalling pathway??, as is TCF7L2. Reduction of IDE activity
by a pharmacological inhibitor increases islet amyloid polypeptide
(amylin) accumulation and amylin-mediated cytotoxicity in cul-
tured B-cells®, whereas IDE ablation causes glucose intolerance in
knockout mice*. Although IDE showed weak T2DM association®>,
these findings were not confirmed in a third well-powered study”’.
Fine mapping of the IDE-KIF11-HHEX locus in different popula-
tions and, ultimately, biological studies will be required to identify
the causative variant.

The statistical significance of the top three loci is robust enough to
withstand variance-inflation correction for factors of the order of
magnitude we observed in stage 1. Two more loci pass Bonferroni
correction for 57 markers, but much closer to the cutoff. The first of
these involves three SNPs located in introns of exostosin 2 (EXT2),
at the telomeric end of a 169-kb linkage disequilibrium block on
chromosome 11q (Fig. 2¢). EXT2 modulates hedgehog signalling, a
pathway involved in early pancreatic development® and the regu-
lation of insulin synthesis®. This block also contains ALX4, a home-
odomain protein with possible involvement in the Wnt pathway*.
Finally, one additional T2DM-associated SNP in chromosome 11
maps to a linkage disequilibrium block that contains the hypothetical
gene LOC387761 (Fig. 2d).

To quantify the contribution of these loci to T2DM risk, we cal-
culated the population attributable risk (PAR) for each marker
(Table 1). Stepwise logistic regression showed that one SNP per locus
explains the entire locus effect and that there was no significant
epistasis between loci. Thus, the PAR for the four novel loci together
with TCF7L21is 70% (see Supplementary Material). In this context, it
is worth noting that for three of the four novel loci, the risk allele is
the major allele (Table 1). Thus, although our findings can be the
source of valuable physiological insights, their contribution to the
familial clustering and individual risk prediction of T2DM is rela-
tively small. Of note, for seven of the eight SNPs in Table 1, the risk
allele is the ancestral allele, which may be consistent with the hypo-
thesis*! that the ancestral alleles were adapted to the environment of
ancient human populations but today, in a different environment,
they increase disease risk. Further population genetics analyses of
these loci will allow direct testing of this hypothesis.

Discussion

Our findings permit a number of preliminary insights into the allelic
architecture of T2DM susceptibility. We have demonstrated that five
relatively common variants (MAF > 0.2) with modest effects (het-
erozygous relative risk = 1.15-1.65) contribute a significant part
towards T2DM risk. Furthermore, we expect that our full stage 2
study will reveal more such loci. Thus, the contribution to T2DM
risk of loci with substantial allelic heterogeneity** does not seem to be
large. Our results also need to be interpreted in the context of the
different selection criteria for the cohorts used in the two stages. We
sought to increase effect sizes in stage 1 by excluding obese patients,
thus diminishing phenotypic heterogeneity. Consequently, loci
conferring risk through effects on insulin secretion or insulin res-
ponse only in the presence of obesity, if they exist, might not have
been detected in our study. In addition, selection for positive family
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history probably enriched our stage 1 cohort for individuals carrying
risk alleles at a smaller number of loci with stronger effects; this might
have compromised our power to detect loci with weak effects. These
issues should be addressed in future studies using stratified analysis of
larger and more diverse case—control samples.

As might be expected from the clinical characteristics of the stage 1
cohort, the T2DM risk loci we identified seem to involve genes impli-
cated in pancreatic development and the control of insulin secretion.
These associations were confirmed in the stage 2 cohort, which is
more representative of the general French T2DM population, and
potentially highlight the importance of impaired B-cell adaptation to
increased metabolic demands in the pathogenesis of T2DM. In addi-
tion, these loci may also affect the peripheral response to insulin. For
example, TCF7L2 variants may alter insulin sensitivity in addition to
regulating insulin secretion'"". HHEX regulates cell proliferation
and tissue specification underlying vascular and hepatic differenti-
ation’"*’ and EXT2is implicated in bone cell proliferation*, suggest-
ing a more complex scenario of pleiotropic effects. We anticipate
that identification of the causal variants at these genetic loci and
their functional consequences will reveal unexpected players in
T2DM pathogenesis, and will point to novel mechanisms and tar-
geted therapeutics.

METHODS

Subjects. Detailed characteristics of subjects used in each of the two stages are
described in Supplementary Information. Briefly, the stage 1 cases were non-
obese (BMI < 30 kg m™?) individuals diagnosed with T2DM according to the
1997 criteria of the ADA, who had at least one first degree relative with T2DM.
Stage 1 control subjects were selected to have normal fasting plasma glucose and
a BMI <27kgm™ >, Stage 2 cases required a diagnosis of T2DM by the ADA
criteria and BMI < 35kgm ™2 Stage 2 controls all had normal fasting plasma
glucose and BMI < 35kgm ™2

Stage 1 whole-genome scan and quality control. Genotyping was performed by
labelling 750 ng of genomic DNA and hybridizing it to the Illumina Infinium
Humanl and Hap300 BeadArrays, which interrogated 109,365 and 317,503
SNPs, respectively (see Supplementary Information). No significant difference
in call rates between cases and controls was seen. Samples successfully genotyped
in less than 95% of markers on either array were excluded from analysis, as were
subjects whose genotype-inferred gender disagreed with clinical records.
Markers were excluded if they deviated significantly from Hardy—Weinberg
equilibrium (P<<0.001 in the control samples), if they had low MAF (<0.01
in both the case and control samples), or if they had a call rate <95% in the case
and control samples combined (Supplementary Fig. 2 and Supplementary Tables
2 and 3).

Statistical analysis of stage 1. To identify and correct for possible population
stratification, case and control genotypes were analysed using STRUCTURE®.
For this analysis, our data set was ‘spiked’ with genotypes of unrelated indivi-
duals from the four HapMap populations (see Supplementary Information).
T2DM association was tested with additive (Armitage trend test), dominant
and recessive models for autosomal SNPs*, and the largest test statistic obtained
from the three models was chosen (MAX statistic). To compensate accurately for
testing three models, significance was also estimated against the empirical dis-
tribution of the MAX statistic after performing 10,000 permutations of the case
and control labels for each marker. To correct for variance inflation owing to
systematic genotyping errors or subtle subpopulation structure*’ >, the observed
¥ statistic was adjusted using the Genomic Control method*® for each of the
three genetic models”.

Genotyping and analysis of stage 2. Genotypes for markers selected for fast-
track confirmation were obtained using the Sequenom iPLEX assay (Sequenom).
Allele detection was performed using matrix-assisted laser desorption/ioniza-
tion—time-of-flight mass spectrometry. Quality control criteria for markers were
the same as in stage 1. Association testing was performed using the MAX statistic
and 10,000,000 permutations of the disease state labels. To be considered sig-
nificant, an association had to involve the same risk allele in both stages. Using
the permutation P-values, Bonferroni correction over the 57 SNPs tested gives a
significance threshold of P=8.8 X 10™*,
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