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Through genome-wide association meta-analyses of up to 133,010 individuals of European ancestry without diabetes, including 
individuals newly genotyped using the Metabochip, we have increased the number of confirmed loci influencing glycemic traits 
to 53, of which 33 also increase type 2 diabetes risk (q < 0.05). Loci influencing fasting insulin concentration showed association 
with lipid levels and fat distribution, suggesting impact on insulin resistance. Gene-based analyses identified further biologically 
plausible loci, suggesting that additional loci beyond those reaching genome-wide significance are likely to represent real 
associations. This conclusion is supported by an excess of directionally consistent and nominally significant signals between 
discovery and follow-up studies. Functional analysis of these newly discovered loci will further improve our understanding of 
glycemic control.

glycemic traits. This approach identified 41 glycemic associations not 
previously described1,2: 20 for fasting glucose concentration, 17 for 
fasting insulin concentration and 4 for 2hGlu. This raises the number 
of associated loci to 36 for fasting glucose concentration, 19 for fast-
ing insulin concentration and 9 for 2hGlu, explaining 4.8%, 1.2% 
and 1.7% of the variance in these traits, respectively. Of these 53 non-
overlapping loci, 33 were also associated with T2D (P < 0.05), which, 
although supporting the previous assertion of an imperfect correla-
tion between these traits, also implicates new loci in the etiology of 
T2D and increases the overlap between glycemic and T2D loci.

RESULTS
Approaches to identify loci associated with glycemic traits
To follow up loci showing evidence of association (Pdiscovery < 0.02) 
in discovery GWAS, we investigated the 66,000 Metabochip follow-
up SNPs for association with fasting glucose concentration, fasting 
insulin concentration and 2hGlu. We combined in meta-analysis 
data from up to 133,010 (fasting glucose), 108,557 (fasting insulin) 
and 42,854 (2hGlu) non-diabetic individuals of European ancestry, 
including individuals from the previous meta-analyses1,2, individuals 
from new GWAS and individuals newly genotyped on the Metabochip 
array (Supplementary Fig. 2). All study characteristics are shown in 
Supplementary Table 1. Genome-wide association data for Filipino 
women were available (Supplementary Table 1), for which we report 
the effect directions and allele frequencies (Supplementary Table 2a,b).  
Association signals at genome-wide significance (P < 5 × 10�8) 
located more than 500 kb from and not in linkage disequilibrium (LD; 
HapMap Utah residents of Northern and Western European ancestry 
(CEU) r2 < 0.05) with any variant already known to be associated with 
the trait were considered novel. Associated loci are referred to by the 
name of the nearest gene, unless a more biologically plausible gene 
was nearby or a nearby gene was previously associated with another 

Large-scale association analyses identify new loci 
influencing glycemic traits and provide insight into the 
underlying biological pathways

The Meta-Analyses of Glucose and Insulin-related traits Consortium 
(MAGIC) previously undertook meta-analyses of genome-wide asso-
ciation studies (GWAS) of glycemic traits in non-diabetic individuals, 
leading to the discovery of multiple associated loci: 16 for fasting glu-
cose concentration, 2 for fasting insulin concentration and 5 for post-
challenge glucose concentration (2-hour glucose, 2hGlu)1�3. These 
and subsequent studies highlighted important biological pathways 
implicated in glucose and insulin regulation4,5. They also showed that 
some but not all loci associated with glycemic traits in non-diabetic 
individuals also affect the risk of type 2 diabetes (T2D)1,6. Despite the 
success of these efforts, the identification of new loci was limited by  
de novo genotyping capacity and cost, such that only a limited number 
of promising loci from discovery analyses were taken forward to follow- 
up analyses (often those reaching a threshold of approximately P < 1 × 10�5  
in the discovery phase). Therefore, it is likely that many additional 
associations with common, low-penetrance variants remain to be 
found among SNPs not previously selected for follow-up7,8.

The Illumina CardioMetabochip (Metabochip) is a custom iSE-
LECT array of 196,725 SNPs developed to support cost-effective 
large-scale follow-up studies of putative association signals for a 
range of cardiovascular and metabolic traits (~66,000 SNPs) and to 
fine map established loci (~120,000 SNPs) (Supplementary Fig. 1)9.  
The ~66,000 SNPs for follow-up analysis were selected to enable geno-
typing of the most significant association signals for each of 23 meta-
bolic traits for which data were contributed by a range of consortia. 
MAGIC contributed ~5,000 top-ranking SNPs for fasting glucose 
concentration and ~1,000 SNPs each for fasting insulin concentration 
and 2hGlu that had shown nominal association in discovery analyses 
(Pdiscovery < 0.02)1,2.

In the present study, we combined newly available samples 
with genotype data for these 66,000 follow-up SNPs with previous  
discovery meta-analyses to discover new association signals with  
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association for the lead SNP in PPARD did not reach genome-wide 
significance (P = 3.9 × 10�6), the PPARD gene�a regulator of adipose, 
hepatic and skeletal muscle metabolism37�reached the gene-based sig-
nificance threshold (P < 1 × 10�6). PPARD agonists have also been shown 
to induce insulin-sensitizing effects in a mouse model38. In addition,  

we identified PTEN to be associated (Supplementary Table 3b),  
a gene previously suggested to affect glucose metabolism through 
regulation of insulin signaling39, and in which a muscle-specific dele-
tion protected mice from insulin resistance and diabetes resulting 
from high-fat feeding40.

Table 1  SNPs associated with fasting glucose, fasting insulin and 2-hour glucose at genome-wide significance in Europeans
Primary trait I2 FI (BMI-adjusted) 2hGlu

Primary  
trait SNP Chr. Position Gene

Alleles 
(effect/ 
other)

Freq.  
effect  
allele Effect SE

Global  
analysis  
P value

Global 
analysis  

n estimate
P  

value Effect SE

Global 
analysis  
P value

Global  
analysis  

n Effect SE

Global  
analysis  
P value

Global 
analysis  

n

FG rs10811661 9 22124094 CDKN2B T/C 0.82 0.0238 0.003 5.6 × 10�18 128,488 0.00 1.00 �0.0065 0.003 0.019 98,880 0.0567 0.014 8.8 × 10�5 42,801

rs4869272 5 95565204 PCSK1* T/C 0.69 0.0177 0.002 1.0 × 10�15 131,872 0.00 1.00 0.0016 0.002 0.469 103,493 �0.0322 0.012 0.006 42,848

rs11619319 13 27385599 PDX1 G/A 0.23 0.0195 0.002 1.3 × 10�15 132,996 0.00 1.00 0.0001 0.002 0.977 103,492 0.0185 0.013 0.156 42,848

rs983309 8 9215142 PPP1R3B* T/G 0.12 0.0256 0.003 6.3 × 10�15 127,470 0.14 0.32 0.0223 0.003 1.2 × 10�12 99,024 �0.0548 0.016 0.001 42,846

rs6943153 7 50759073 GRB10 T/C 0.34 0.0154 0.002 1.6 × 10�12 131,795 0.00 1.00 0.0091 0.002 2.3 × 10�5 103,447 0.0110 0.011 0.333 42,794

rs11603334 11 72110633 ARAP1 G/A 0.83 0.0192 0.003 1.1 × 10�11 128,139 0.00 1.00 �0.0046 0.003 0.086 99,026 0.0294 0.014 0.037 42,839

rs6113722 20 22505099 FOXA2 G/A 0.96 0.0353 0.005 2.5 × 10�11 123,665 0.04 0.78 �0.0095 0.005 0.064 103,471 0.0493 0.030 0.101 41,416

rs16913693 9 110720180 IKBKAP T/G 0.97 0.0434 0.007 3.5 × 10�11 125,115 0.00 1.00 �0.0018 0.007 0.785 96,357 0.0639 0.034 0.062 40,522

rs3829109 9 138376587 DNLZ G/A 0.71 0.0172 0.003 1.1 × 10�10 115,310 0.25 0.07 �0.0002 0.003 0.948 94,964 0.0343 0.014 0.013 36,803

rs3783347 14 99909014 WARS G/T 0.79 0.0168 0.003 1.3 × 10�10 132,544 0.02 0.89 0.0017 0.003 0.515 103,339 0.0274 0.014 0.044 42,850

rs2302593 19 50888474 GIPR C/G 0.50 0.0144 0.002 9.3 × 10�10 116,141 0.27 0.05 0.0025 0.002 0.265 96,976 �0.0322 0.012 0.006 40,781

rs9368222 6 20794975 CDKAL1 A/C 0.28 0.0143 0.002 1.0 × 10�9 128,453 0.09 0.50 �0.0047 0.002 0.037 98,894 0.0279 0.012 0.023 42,825

rs10747083 12 131551691 P2RX2 A/G 0.66 0.0133 0.002 7.6 × 10�9 127,111 0.00 1.00 �0.0006 0.002 0.785 99,895 0.0269 0.012 0.026 42,790

rs6072275 20 39177319 TOP1 A/G 0.16 0.0159 0.003 1.7 × 10�8 128,616 0.00 1.00 0.0038 0.003 0.169 99,018 �0.0110 0.014 0.435 42,853

rs7651090 3 186996086 IGF2BP2 G/A 0.31 0.0128 0.002 1.75 × 10�8 128,548 0.02 0.86 0.0003 0.002 0.900 98,924 0.0583 0.012 1.05 × 10�6 42,814

rs576674 13 32452302 KL G/A 0.15 0.0167 0.003 2.3 × 10�8 131,856 0.00 1.00 �0.0001 0.003 0.983 103,472 0.0308 0.016 0.060 42,849

rs11715915 3 49430334 AMT C/T 0.68 0.0120 0.002 4.9 × 10�8 131,523 0.30 0.02 0.0059 0.002 0.006 103,398 0.0273 0.012 0.018 42,851

FG  

(BMI- 

adjusted)

rs17762454 6 7158199 RREB1 T/C 0.26 0.0140 0.002 9.6 × 10�9 123,247 0.00 1.00 �0.0002 0.002 0.919 103,470 0.0007 0.013 0.953 42,848

rs7708285 5 76461623 ZBED3 G/A 0.27 0.0150 0.003 1.2 × 10�8 117,931 0.00 1.00 0.0027 0.002 0.265 98,341 0.0349 0.013 0.008 42,803

rs2657879 12 55151605 GLS2 G/A 0.18 0.0157 0.003 3.9 × 10�8 121,596 0.39 0.03 �0.0024 0.003 0.366 102,175 0.0200 0.014 0.164 42,670

Primary trait FG 2hGlu

FI rs1421085 16 52358455 FTO C/T 0.42 0.0200 0.003 1.9 × 10�15 104,062 0.00 1.00 0.0074 0.002 0.001 128,597 0.0122 0.011 0.278 42,849

rs983309 8 9215142 PPP1R3B* T/G 0.12 0.0287 0.004 3.8 × 10�14 103,030 0.04 0.77 0.0256 0.003 6.3 × 10�15 127,470 �0.0548 0.016 0.001 42,846

rs9884482 4 106301085 TET2 C/T 0.39 0.0165 0.002 1.4 × 10�11 108,420 0.00 1.00 0.0001 0.002 0.946 132,869 0.0004 0.011 0.973 42,745

rs7903146 10 114748339 TCF7L2 C/T 0.72 0.0181 0.003 6.1 × 10�11 103,037 0.31 0.02 �0.0220 0.002 2.7 × 10�20 127,477 �0.0885 0.013 5.6 × 10�12 42,851

rs10195252 2 165221337 GRB14* T/C 0.59 0.0159 0.003 4.9 × 10�10 99,126 0.00 1.00 0.0053 0.002 0.014 127,005 0.0361 0.011 0.001 42,846

rs1167800 7 75014132 HIP1 A/G 0.54 0.0156 0.003 2.6 × 10�9 91,416 0.00 1.00 0.0016 0.002 0.470 118,536 �0.0133 0.012 0.272 38,884

rs2820436 1 217707303 LYPLAL1 C/A 0.67 0.0153 0.003 4.4 × 10�9 104,044 0.01 0.97 0.0077 0.002 0.001 128,580 �0.0041 0.012 0.723 42,843

rs2745353 6 127494628 RSPO3 T/C 0.51 0.0143 0.002 5.5 × 10�9 104,075 0.06 0.67 �0.0009 0.002 0.677 128,615 �0.0005 0.011 0.962 42,853

rs731839 19 38590905 PEPD G/A 0.34 0.0145 0.003 1.7 × 10�8 104,636 0.13 0.38 0.0046 0.002 0.038 132,528 0.0142 0.012 0.220 42,846

rs4865796 5 53308421 ARL15 A/G 0.67 0.0146 0.003 2.1 × 10�8 100,001 0.03 0.81 0.0043 0.002 0.052 127,784 0.0337 0.012 0.004 42,852

rs2972143 2 226824609 IRS1 G/A 0.62 0.0142 0.003 3.2 × 10�8 99,566 0.00 1.00 0.0035 0.002 0.107 127,473 0.0195 0.011 0.082 42,853

rs1530559 2 135472099 YSK4 A/G 0.52 0.0145 0.003 3.4 × 10�8 107,281 0.19 0.18 0.0037 0.002 0.100 129,880 0.0200 0.011 0.077 42,849

FI  
(BMI- 
adjusted)

rs2943645 2 226807424 IRS1 T/C 0.63 0.0193 0.002 2.3 × 10�19 99,023 0.00 1.00 0.0034 0.002 0.112 127475 0.0210 0.011 0.061 42,846

rs10195252 2 165221337 GRB14* T/C 0.60 0.0174 0.002 1.3 × 10�16 98,997 0.00 1.00 0.0053 0.002 0.014 127005 0.0361 0.011 0.001 42,846

rs2126259 8 9222556 PPP1R3B T/C 0.11 0.0238 0.003 3.3 × 10�13 99,021 0.14 0.51 0.0213 0.003 5.4 × 10�10 127480 �0.0877 0.017 1.8 × 10�7 42,849

rs4865796 5 53308421 ARL15 A/G 0.67 0.0154 0.002 2.2 × 10�12 98,314 0.48 0.01 0.0043 0.002 0.052 127784 0.0337 0.012 0.004 42,852

rs17036328 3 12365484 PPARG T/C 0.86 0.0212 0.003 3.6 × 10�12 98,984 0.21 0.31 0.0051 0.003 0.103 128567 0.0335 0.016 0.031 42,843

rs731839 19 38590905 PEPD G/A 0.34 0.0148 0.002 5.1 × 10�12 103,252 0.13 0.55 0.0046 0.002 0.038 132528 0.0142 0.012 0.220 42,847

rs974801 4 106290513 TET2 G/A 0.38 0.0139 0.002 3.3 × 10�11 103,489 0.09 0.67 0.0012 0.002 0.582 131866 0.0052 0.011 0.643 42,849

rs459193 5 55842508 ANKRD55-
MAP3K1

G/A 0.73 0.0147 0.002 1.12 × 10�10 103,378 0.27 0.17 0.0111 0.002 1.6 × 10�6 132989 0.0276 0.012 0.023 42,849

rs6822892 4 157954125 PDGFC A/G 0.68 0.0138 0.002 2.6 × 10�10 103,432 0.00 1.00 0.0010 0.002 0.636 132951 0.0256 0.012 0.031 42,836

rs4846565 1 217788727 LYPLAL1 G/A 0.67 0.0132 0.002 1.8 × 10�9 99,014 0.00 1.00 0.0066 0.002 0.003 127468 0.0132 0.012 0.254 42,853

rs3822072 4 89960292 FAM13A A/G 0.48 0.0116 0.002 1.8 × 10�8 99,977 0.00 1.00 0.0025 0.002 0.236 129432 0.0161 0.011 0.143 42,850

rs6912327 6 34872900 UHRF1BP1 T/C 0.80 0.0165 0.003 2.3 × 10�8 80,010 0.04 0.91 0.0074 0.003 0.011 103826 0.0139 0.0139 0.391 34,761

Primary trait FG FI (BMI-adjusted)

2hGlu rs6975024 7 44198411 GCK C/T 0.15 0.1026 0.016 5.2 × 10�11 42,842 0.00 1.00 0.0605 0.003 2.9 × 10�99 103,517 0.0063 0.003 0.030 98,458

rs11782386 8 9239197 PPP1R3B* C/T 0.87 0.0985 0.017 2.2 × 10�9 42,852 0.00 1.00 �0.0167 0.003 5.5 × 10�7 100,595 �0.0164 0.003 6.9 × 10�7 95,565

rs1019503 5 96280573 ERAP2 A/G 0.48 0.0628 0.011 8.9 × 10�9 42,851 19.6 0.42 �0.0061 0.002 0.003 108,113 0.0004 0.002 0.851 103,448

2hGlu  
(BMI- 
adjusted)

rs7651090 3 186996086 IGF2BP2 G/A 0.30 0.064 0.012 4.5 × 10�8 42,792 63.4 0.01 0.0128 0.002 1.8 × 10�8 104,019 0.0003 0.002 0.900 98,924

Genome-wide loci for fasting glucose (FG), fasting insulin (FI), FI (adjusted for BMI) and 2hGlu are shown along with results for the other traits aligned to the trait-raising allele for the primary trait. Non-MAGIC SNPs (identi�ed in other consortia and selected 
for the Metabochip to follow up on other non-MAGIC traits) are indicated in bold. Freq., allele frequency of the primary trait-raising allele. Per-allele effect (standard error, SE) for FI represents differences in natural log�transformed levels of FI. N represents 
sample size. Heterogeneity was assessed using the I2 index56. The gene shown is the nearest gene to the lead SNP, except for those marked with an asterisk, for which the nearest gene is also listed in Supplementary Table 2a–d.
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pathways (SLC2A2, GCK and PCSK1). For 2hGlu, only nine associated 
loci have been established to date, which likely reflects the smaller 
sample size available and the consequent reduction in power.

Comparing the consistency of the direction of associations for gly-
cemic traits between discovery and follow-up studies suggests that we 
are observing more directionally consistent associations than expected 
by chance among Metabochip follow-up SNPs (Supplementary  
Fig. 9a�d). This finding, combined with the excess of biologically 
plausible genes among the loci on the edge of being significant 
(Supplementary Table 6a�c), suggests that, beyond the genome-
wide significant loci, there is a more extensive list of loci still likely to 
contain true associations. Indeed, some of these loci are implicated by 
gene-based analyses, which identify genes with compelling biologi-
cal credentials. For fasting insulin, these analyses revealed additional 
loci with previously suggested links to insulin resistance (PPARD and 
PTEN). These results lend further support to the proposal that a long 
tail of common variants of small effect size is likely to account for a 
substantial proportion of the variance of complex traits7,8.

Of note is the number of glycemic loci associated with other meta-
bolic traits (q < 0.05; 34 of 53) and also at genome-wide levels of 
significance (P < 5 × 10�8; 14 of 53) (Fig. 1), potentially implicating 
pleiotropic effects. Further support for this notion comes from the 
analysis of loci nominated for the Metabochip by other consortia 
and their associations with glycemic traits (Supplementary Fig. 
9a�d). Indeed, some of the loci associated with glycemic traits at 
genome-wide significance levels were not originally nominated for 
the Metabochip for follow-up study by MAGIC (Table 1). Metabochip 
data available across all contributing consortia will facilitate systematic 
exploration of these correlated phenotypes with more sophisticated 
statistical methods for joint analysis52�54, yielding greater insight into 
the underlying pathways and genetic networks they represent. As data 
from human genetic networks accrue, we will be better placed to test 
whether there is support for the notion of �hub� genes�that is, genes 
highly connected with others in the network, proposed by experi-
ments in Caenorhabditis elegans to act as buffers for genetic variation, 
that could act as modifier genes for many different disorders55.

In summary, we present a large number of genome-wide significant 
loci influencing glycemic traits, many with a compelling biological 
basis for their association, as well as a number of loci not previously 
implicated in glycemic regulation, for which fine mapping and func-
tional follow-up study will expand and improve understanding. Use 
of the Metabochip for deep follow up has identified additional loci 
involved in glycemic regulation that, due to insufficient sample size 
and power, did not reach genome-wide significance. Consideration 
of such loci in future studies will better exploit data from GWAS and 
complimentary approaches and further improve our biological under-
standing of glycemic control and the etiology of diabetes.

URLs. Cardiovascular Health Study (CHS), http://www.chs-nhlbi.org/
pi.htm; Health2000, http://www.terveys2000.fi/; SNP&SEQ Technology 
Platform, www.genotyping.se/; Genetic Cluster Computer, http://
www.geneticcluster.org/; UCSC Lift Genomes tool, http://genome.
ucsc.edu/cgi-bin/hgLiftOver; GLGC data, http://www.sph.umich.
edu/csg/abecasis/public/lipids2010/; GIANT Consortium, http://
www.broadinstitute.org/collaboration/giant/index.php/Main_Page;  
MAGENTA, http://www.broadinstitute.org/mpg/magenta/; Human 
Protein Atlas, http://www.proteinatlas.org/.

MetHods
Methods and any associated references are available in the online 
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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recruitment, in particular, Y. Barreau, A.-L. Bastian, B. Ramic, M. Moranville, 
M. Baumer, M. Sagette, J. Ecoffey and S. Mermoud for data collection. The 
CoLaus study was supported by research grants from the Swiss National Science 
Foundation (grant 33CSCO-122661), from GlaxoSmithKline and from the Faculty 
of Biology and Medicine of Lausanne, Switzerland. P.V. and G.W. received an 
unrestricted grant from GlaxoSmithKline to build the CoLaus study.

CROATIA-Korcula: The authors collectively thank a large number of individuals 
for their help in organizing, planning and carrying out the field work related  
to the project: S. Jankovic and staff at the University of Split Medical School;  
B. Salzer from the biochemistry laboratory �Salzer�; local general practitioners and 
nurses; and the employees of several other Croatian institutions who participated 
in the field work, including but not limited to the University of Rijeka; the 
Croatian Institute of Public Health; and the Institutes of Public Health in Split and 
Dubrovnik. SNP genotyping of the Korcula samples was carried out by Helmholtz 
Zentrum München. The work is supported by the European Union framework 
program 6 EUROSPAN project (contract LSHG-CT-2006-018947) and grant 
~216-1080315-0302 (to I.R.) from the Croatian Ministry of Science, Education 
and Sport. Studies carried out on the Croatian island of Korcula were supported by 
Medical Research Council, UK.

CROATIA-Split: The authors collectively thank a large number of individuals  
for their help in organizing, planning and carrying out the field work related to  
the project: S. Jankovic and staff at the University of Split Medical School;  
B. Salzer from the biochemistry laboratory �Salzer�; local general practitioners and 
nurses; and the employees of several other Croatian institutions who participated 
in the field work. including but not limited to the University of Rijeka; the 
Croatian Institute of Public Health; and the Institutes of Public Health in Split and 
Dubrovnik. SNP genotyping of the Split samples was carried out by AROS Applied 
Biotechnology. The work is supported by grant ~216-1080315-0302 (to I.R.) from 
the Croatian Ministry of Science, Education and Sport. Studies carried out in the 
Croatian city of Split were supported by Medical Research Council, UK.

CROATIA-Vis: The authors collectively thank a large number of individuals for 
their help in organizing, planning and carrying out the field work related to the 
project: P. Rudan and staff of the Institute for Anthropological Research in Zagreb; 
S. Jankovic and staff at the University of Split Medical School; A. Vorko-Jovic and 
staff and medical students of the Andrija Stampar School of Public Health of the 
Faculty of Medicine at the University of Zagreb; B. Salzer from the biochemistry 
laboratory �Salzer�; local general practitioners and nurses; and the employees of 
several other Croatian institutions who participated in the field work. including 
but not limited to the University of Rijeka; the Croatian Institute of Public Health; 
and the Institutes of Public Health in Split and Dubrovnik. SNP genotyping of the 
Vis samples was carried out by the Genetics Core Laboratory at the Wellcome Trust 
Clinical Research Facility at Western General Hospital. The work is supported 
by the European Union framework program 6 EUROSPAN project (contract 
LSHG-CT-2006-018947) and grant ~216-1080315-0302 (to I.R.) from the Croatian 
Ministry of Science, Education and Sport. Studies carried out on the Croatian 
island of Vis were supported by Medical Research Council, UK.

DESIR: We thank all the participants of the D.E.S.I.R study, E. Eury and  
S. Lobbens for technical support for the genotyping and O. Lantieri and M. Marre 
from the D.E.S.I.R study. Genotyping was supported by the Conseil RØgional  
Nord-Pas-de-Calais Fonds EuropØen de DØveloppement Economique et Regional 
CPER axe CartdiodiabŁte 2010�2011 grant to N.B.-N.

deCODE: We thank the individuals who participated in the study and whose 
contributions made this work possible. The research performed at deCODE 
genetics was in part funded through the European Union�s Seventh Framework 
Programme (FP7/2007-2013) ENGAGE project, grant HEALTH-F4-2007-201413.

DIAGEN: We are grateful to all of the patients who cooperated in this study and 
to their referring physicians and diabetologists in Saxony. The presented study 
was supported by the Commission of the European Communities, Directorate 
C�Public Health and Risk Assessment, Health & Consumer Protection, grant 
agreement 2004310, and by the Dresden University of Technology Funding  
Grant Med Drive.

DPS: The DPS has been financially supported by grants from the Academy of 
Finland (117844, 40758, 211497 and 118590), the EVO funding of the Kuopio 
University Hospital from the Ministry of Health and Social Affairs (5254),  
the Finnish Funding Agency for Technology and Innovation (40058/07),  
the Nordic Centre of Excellence on Systems biology in controlled dietary 
interventions and cohort studies (SYSDIET; 070014), the Finnish Diabetes 
Research Foundation, the Yrjö Jahnsson Foundation (56358), the Sigrid  

Juselius Foundation, the Juho Vainio Foundation and TEKES grants 70103/06  
and 40058/07.

DR’s EXTRA: The DR�s EXTRA Study was supported by grants from the 
Ministry of Education and Culture of Finland (627;2004-2011), the Academy of 
Finland (102318 and 123885), Kuopio University Hospital, the Finnish Diabetes 
Association, the Finnish Heart Association, the Päivikki and Sakari Sohlberg 
Foundation, a European Union FP6 Integrated Project (EXGENESIS, LSHM- 
CT-2004-005272), the city of Kuopio and the Social Insurance Institution of  
Finland (4/26/2010).

EAS (Metabochip): EAS was supported by the British Heart Foundation. 
Genotyping was supported by a grant from the Chief Scientist Office, Scotland,  
and was performed at the Wellcome Trust Clinical Research Facility in Edinburgh.

EGCUT: EGCUT was financed by FP7 grants (201413 and 245536), a grant 
from the Estonian government (SF0180142s08), the European Union through 
the European Regional Development Fund, in the framework of the Centre of 
Excellence in Genomics and a grant from the University of Tartu (SP1GVARENG).

Ely: We are grateful to all the volunteers and to the staff of St. Mary�s Street Surgery, 
Ely and the study team. The Ely Study was funded by the MRC (MC_U106179471) 
and Diabetes UK. Genotyping in the Ely and Fenland studies was supported in part 
by an MRC-GlaxoSmithKline pilot programme grant (G0701863).

ERF: We thank the participants from Genetic Research in Isolated Populations, 
Erasmus Rucphen Family and their general practitioners, who made this work 
possible. This study is financially supported by the Netherlands Organization 
for Scientific Research (NWO), the European Union framework program 6 
EUROSPAN project (contract LSHG-CT-2006-018947), the ENGAGE project 
(grant HEALTH-F4-2007-201413), the International Stichting Alzheimer 
Onderzoek (ISAO), Hersenstichning Nederland (HSN) and the Centre for Medical 
Systems Biology (CMSB 1&2) in the framework of the Netherlands Genomics 
Initiative (NGI).

FamHS: The Family Heart Study (FamHS) was supported by US NIH grants  
RO1-HL-087700 and RO1-HL-088215 (to M.A.P.) from HNLBI and  
RO1-DK-8925601 and RO1-DK-075681 (to I.B.B.) from NIDDK.

Fenland: The Fenland Study is funded by the Wellcome Trust and the Medical 
Research Council (MC_U106179471). We are grateful to all the volunteers for their 
time and help, and to the General Practitioners and practice staff for assistance 
with recruitment. We thank the Fenland Study Investigators, Fenland Study 
Co-ordination team and the Epidemiology Field, Data and Laboratory teams. 
Biochemical assays were performed by the National Institute for Health Research, 
Cambridge Biomedical Research Centre, Core Biochemistry Assay Laboratory, 
and the Cambridge University Hospitals NHS Foundation Trust, Department of 
Clinical Biochemistry.

FIN-D2D 2007: The FIN-D2D study has been financially supported by the 
hospital districts of Pirkanmaa, South Ostrobothnia and Central Finland, the 
Finnish National Public Health Institute (current National Institute for Health 
and Welfare), the Finnish Diabetes Association, the Ministry of Social Affairs and 
Health in Finland, the Academy of Finland (grant 129293), the Commission of the 
European Communities, Directorate C�Public Health (grant agreement 2004310) 
and Finland�s Slottery Machine Association.

FINRISK/DILGOM: The DILGOM study received support from the Etelä-
Pohjanmaa Hospital District, the Pohjois-Pohjanmaa Hospital District,  
the Keski-Suomi Hospital District, the Pirkanmaa Hospital District and the 
Pohjois-Savo Hospital District. The DILGOM survey was funded by the Academy 
of Finland (grant 118065). V.S. was supported by the Academy of Finland  
(grant 139635 and 129494).

Framingham Heart Study: This research was conducted in part using data and 
resources from the Framingham Heart Study of the NHLBI of the US NIH and 
the Boston University School of Medicine. The analyses reflect intellectual input 
and resource development from the Framingham Heart Study investigators 
participating in the SNP Health Association Resource (SHARe) project. This work 
was partially supported by the NHLBI�s Framingham Heart Study (contract  
N01-HC-25195) and its contract with Affymetrix for genotyping services (contract 
N02-HL-6-4278). A portion of this research used the Linux Cluster for Genetic 
Analysis (LinGA-II) funded by the Robert Dawson Evans Endowment of the 
Department of Medicine at Boston University School of Medicine and Boston 
Medical Center. The study is also supported by NIDDK R01 DK078616 to J.B.M., 
J.D. and J.C.F. and NIDDK K24 DK080140 to J.B.M.

FUSION: Support for FUSION was provided by NIH grants R01-DK062370  
(to M. Boehnke), R01-DK072193 (to K.L.M.) and intramural project number 1Z01-
HG000024 (to F.S.C.). Genome-wide genotyping was conducted by the Johns Hopkins 
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University Genetic Resources Core Facility SNP Center at the Center for Inherited 
Disease Research (CIDR), with support from CIDR NIH contract N01-HG-65403.

GEMS: We thank the investigators S. Grundy, P. Barter, R. McPherson, R. Mahley, 
T. Bersot and A. Kesaniemi for collection of the samples. The GEMS study was 
sponsored in part by GlaxoSmithKline.

GENOA: We thank E. Boerwinkle and J. Cunningham for their help with 
genotyping. The Genetic Epidemiology Network of Arteriopathy (GENOA) study 
is supported by US NIH grants HL087660 and HL100245 from the NHLBI.

GenomEUtwin: We acknowledge support from the European Commission under 
Quality of Life and Management of the Living Resources of the Fifth Framework 
Program (GenomEUtwin QLG2-CT-2002-01254). The study is also supported 
by ENGAGE�European Network for Genetic and Genomic Epidemiology, FP7-
HEALTH-F4-2007, grant agreement 201413.

GLACIER: The GLACIER Study is nested within the Northern Sweden Health 
and Disease Study, and phenotyping was conducted as part of the Västerbotten 
Intervention Project. We thank the participants and the investigators from these 
studies for their valuable contributions, with specific thanks to L. Weinehall,  
¯. Agren, K. Enquist and T. Johansson. The GLACIER Study and part the salary 
of P.W.F. were funded by grants from the Swedish Research Council, the Swedish 
Heart-Lung Foundation, Novo Nordisk, the Umeå Medical Research Foundation 
and the Swedish Diabetes Association (to P.W.F.). Genotyping for this specific 
project was funded by the Wellcome Trust Sanger Institute. I.B. acknowledges 
funding from Wellcome Trust grant 098051, the UK NIHR Cambridge Biomedical 
Research Centre and the MRC Centre for Obesity and Related Metabolic Diseases. 
We thank E. Gray, D. Simpkin, S. Hunt and the staff of the Wellcome Trust Sanger 
Institute Sample Logistics, Genotyping and Variation Informatics Facilities.

GoDARTS: The study was funded by the Wellcome Trust, Tenovus Tayside and the 
Medical Research Council, UK.

Health ABC: This study was supported by National Institute on Aging contracts 
N01AG62101, N01AG62103 and N01AG62106 and in part by the Intramural 
Research Program of the US NIH, the National Institute on Aging. The GWAS 
was funded by National Institute on Aging grant 1R01AG032098-01A1 to Wake 
Forest University Health Sciences, and genotyping services were provided 
by the Center for Inherited Disease Research (CIDR). CIDR is fully funded 
through a federal contract from the NIH to Johns Hopkins University, contract 
HHSN268200782096C.

Health2000: The Health 2000 Study is funded by the National Institute for Health 
and Welfare (THL), the Finnish Centre for Pensions (ETK), the Social Insurance 
Institution of Finland (KELA), the Local Government Pensions Institution (KEVA) 
and other organizations listed on the website of the survey. GWAS genotyping was 
supported by the Wellcome Trust Sanger Institute.

InChianti: The InCHIANTI study baseline (1998�2000) was supported as a 
targeted project (ICS110.1/RF97.71) by the Italian Ministry of Health and in part by 
the US National Institute on Aging (contracts 263 MD 9164 and 263 MD 821336).

KORA F4: We thank all members of field staff who were involved in the planning 
and conduct of the MONICA/KORA Augsburg studies. The MONICA/KORA 
Augsburg studies were financed by the Helmholtz Zentrum München�Research 
Center for Environment and Health and supported by grants from the German 
Federal Ministry of Education and Research (BMBF), the Federal Ministry of 
Health, the Ministry of Innovation, Science, Research and Technology of North 
Rhine-Westphalia, the German National Genome Research Network (NGFN) and 
the Munich Center of Health Sciences (MC Health) as part of LMUinnovativ.

LEIPZIG_ADULT_IFB: We thank all those who participated in the studies.  
This work was supported by grants from Integrated Research and Treatment 
Centre (IFB) Adiposity Diseases (K7-36 to A. Körner) and from the Clinical 
Research Group Atherobesity KFO 152 (projects BL 833/1-1 and Stu192/6-1).

LEIPZIG_CHILHOOD_IFB: We are grateful to all the patients and families for 
contributing to the study. We greatly appreciate the support of the Obesity Team 
and the Auxo Team of the Leipzig University Children�s Hospital for management 
of the patients and to the Pediatric Research Center Lab Team for support with 
DNA banking. This work was supported by grants from Integrated Research and 
Treatment Centre (IFB) Adiposity Diseases (K7-36 to A. Körner) and from the 
Clinical Research Group Atherobesity KFO 152 (projects KO3512/1-2 to A.K.).

LURIC: The authors extend appreciation to the participants in the LURIC study; 
without their collaboration, this article would not have been written. We thank the 
LURIC study team members who are either temporarily or permanently involved 

in patient recruitment, sample collection and data handling and the laboratory staff 
at the Ludwigshafen General Hospital and the Universities of Freiburg and Ulm. 
LURIC received funding through the Sixth Framework Programme (integrated 
project Bloodomics, grant LSHM-CT-2004-503485) and Seventh Framework 
Programme (integrated project AtheroRemo, grant agreement 201668) of the 
European Union.

METSIM: The METSIM study was funded by the Academy of Finland  
(grants 77299 and 124243).

MICROS: For the MICROS study, we thank the primary care practitioners  
R. Stocker, S. Waldner, T. Pizzecco, J. Plangger and U. Marcadent and the 
personnel of the Hospital of Silandro (Department of Laboratory Medicine) for 
their participation and collaboration in the research project. In South Tyrol, the 
study was supported by the Ministry of Health and Department of Educational 
Assistance, University and Research of the Autonomous Province of Bolzano and 
the South Tyrolean Sparkasse Foundation.

NFBC66: We thank P. Rantakallio (launch of NFBC1966 and 1986) and 
O. Tornwall and M. Jussila (DNA biobanking). The authors would like to 
acknowledge the contribution of the late Academian of Science Leena Peltonen. 
NFBC1986(1966) received financial support from the Academy of Finland (project 
grants 104781, 120315, 129269, 1114194, Center of Excellence in Complex Disease 
Genetics and SALVE), University Hospital Oulu, Biocenter, University of Oulu, 
Finland (75617), the European Commission (EURO-BLCS, Framework 5 award 
QLG1-CT-2000-01643), NHLBI grant 5R01HL087679-02 through the STAMPEED 
program (1RL1MH083268-01), US NIH/National Institute of Mental Health 
(NIMH) (5R01MH63706:02), ENGAGE project and grant agreement HEALTH-
F4-2007-201413, the Medical Research Council, UK (G0500539, G0600705 and 
PrevMetSyn/SALVE) and the Wellcome Trust (project grant GR069224). DNA 
extraction, sample quality control, biobank upkeeping and aliquotting were 
performed at the National Public Health Institute at Biomedicum Helsinki and 
were supported financially by the Academy of Finland and Biocentrum Helsinki.

NFBC86: The research of V.L. is funded in part through the European 
Community�s Seventh Framework Programme (FP7/2007-2013), ENGAGE 
project, grant agreement HEALTH-F4-2007- 201413. The research of I.P. is funded 
in part through the European Community�s Seventh Framework Programme 
(FP7/2007-2013), ENGAGE project, grant agreement HEALTH-F4-2007-201413.

NTRNESDA: Funding was obtained from the Netherlands Organization for 
Scientific Research (NWO; MagW/ZonMW, 904-61-090, 985-10-002, 904-61-193, 
480-04-004, 400-05-717, Addiction-31160008 and Middelgroot- 911-09-032); 
Spinozapremie (SPI 56-464-14192); the Center for Medical Systems Biology 
(CMSB) (NWO Genomics); NBIC/BioAssist/RK/2008.024; Biobanking and 
Biomolecular Resources Research Infrastructure (BBMRI-NL; 184.021.007); the 
VU University Institute for Health and Care Research (EMGO+) and Neuroscience 
Campus Amsterdam (NCA); the European Science Foundation (ESF): 
Genomewide Analyses of European Twin and Population Cohorts (EU/QLRT-
2001-01254); the European Community�s Seventh Framework Program (FP7/2007-
2013): ENGAGE (HEALTH-F4-2007-201413); the European Science Council 
(ERC) Genetics of Mental Illness (230374); Rutgers University Cell and DNA 
Repository cooperative agreement (NIMH U24 MH068457-06); Collaborative 
Study of the Genetics of DZ Twinning (US NIH R01D0042157-01A); and the 
Genetic Association Information Network, a public-private partnership between 
the NIH and Pfizer, Affymetrix and Abbott Laboratories.

ORCADES: We would like to acknowledge the invaluable contributions of 
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in Edinburgh. ORCADES was supported by the Scottish Executive Health 
Department, the Royal Society and the European Union Framework Programme 
6 EUROSPAN project (contract LSHG-CT-2006-018947). DNA extractions were 
performed at the Wellcome Trust Clinical Research Facility in Edinburgh.

PIVUS: Genotyping was performed by the SNP&SEQ Technology Platform in 
Uppsala (see URLs). We thank T. Axelsson, A.-C. Wiman and C. Pöntinen for their 
excellent assistance with genotyping. The SNP Technology Platform is supported 
by Uppsala University, Uppsala University Hospital and the Swedish Research 
Council for Infrastructures. E.I. is supported by grants from the Swedish Research 
Council, the Swedish Heart-Lung Foundation, the Swedish Foundation for 
Strategic Research and the Royal Swedish Academy of Science.
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(grant E033), the US National Institutes of Health (grant LM010098), The 
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AstraZeneca, the British Heart Foundation, the Oxford BHF Centre of Research 
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Knut and Alice Wallenberg Foundation, the Swedish Heart-Lung Foundation,  
the Torsten and Ragnar Söderberg Foundation, the Strategic Cardiovascular 
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PROSPER: The PROSPER/PHASE study has received funding from the European 
Union�s Seventh Framework Programme (FP7/2007-2013) under grant agreement 
HEALTH-F2-2009-223004. PROSPER/PHASE is supported by grants from the 
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Rotterdam Study: The authors are grateful to the study participants, the staff from 
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We thank P. Arp, M. Jhamai, M. Verkerk, L. Herrera and M. Peters for their help in 
creating the GWAS database and K. Estrada and M.V. Struchalin for their support 
in the creation and analysis of imputed data. The generation and management of 
GWAS genotype data for the Rotterdam Study are supported by the Netherlands 
Organization of Scientific Research NWO Investments (175.010.2005.011 and 
911-03-012). This study is funded by the Research Institute for Diseases in the 
Elderly (014-93-015; RIDE2), Netherlands Genomics Initiative (NGI)/Netherlands 
Organization for Scientific Research (NWO) project 050-060-810, the European 
Community�s Seventh Framework Programme (FP7/2007-2013) and the ENGAGE 
project, grant agreement HEALTH-F4-2007-201413. The Rotterdam Study is 
funded by Erasmus Medical Center and Erasmus University, the Netherlands 
Organization for Health Research and Development (ZonMw), the Research 
Institute for Diseases in the Elderly (RIDE), the Ministry of Education, Culture and 
Science, the Ministry for Health, Welfare and Sports, the European Commission 
(DG XII) and the Municipality of Rotterdam.

SardiNIA: The authors thank all the volunteers and the mayors of the four towns 
involved. This work was supported in part by the Intramural Research Program of 
the National Institute on Aging through the US NIH and by contract NO1-AG-1-
2109 from the NIA to the SardiNIA (ProgeNIA) team.

SCARFSHEEP: Funding for the study was provided by the European Commission 
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Foundation for Strategic Research, the Torsten and Ragnar Söderberg Foundation, 
the Strategic Cardiovascular Programme of Karolinska Institutet and the 
Stockholm County Council (560183).

SORBS: We thank all those who participated in the studies. This work was 
supported by grants from Integrated Research and Treatment Centre (IFB) 
Adiposity Diseases (K7-36 to M.S. and A. Körner), from the Clinical Research 
Group Atherobesity KFO 152 (projects BL 833/1-1 to M.B. and Stu192/6-1 to 
M.S.). R.M. acknowledges financial support from the European Commission under 
a Marie Curie Intra-European Fellowship. P.K. acknowledges financial support 
from the Boehringer Ingelheim Foundation.

SUVIMAX : This work was supported by the Institut National de la SantØ et de 
la Recherche MØdicale, the Institut National de la Recherche Agronomique, the 
UniversitØ Paris 13, the Centre National de GØnotypage and the Commissariat à 
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Swedish Twin Registry: We thank T. Axelsson, A.-C. Wiman and C. Pöntinen 
for their excellent assistance with genotyping. This work was supported by grants 
from the US NIH (AG028555, AG08724, AG04563, AG10175 and AG08861), 
the Swedish Research Council, the Swedish Heart-Lung Foundation, the Swedish 
Foundation for Strategic Research, the Royal Swedish Academy of Science 
and ENGAGE (within the European Union Seventh Framework Programme, 
HEALTH-F4-2007-201413). Genotyping was performed by the SNP&SEQ 
Technology Platform (see URLs). The SNP Technology Platform is supported 
by Uppsala University, Uppsala University Hospital and the Swedish Research 
Council for Infrastructures.

THISEAS: We thank all the dieticians and clinicians for their contribution to 
the project. Recruitment for THISEAS was partially funded by a research grant 
(PENED 2003) from the Greek General Secretary of Research and Technology.

TRAILS: TRAILS (TRacking Adolescents� Individual Lives Survey) is a 
collaborative project involving various departments of the University Medical 
Center and University of Groningen, the Erasmus University Medical Center 
Rotterdam, the University of Utrecht, the Radboud Medical Center Nijmegen 
and the Parnassia Bavo group, all in The Netherlands. We are grateful to all 
adolescents and their parents and teachers who participated in this research and 
to everyone who worked on this project and made it possible. TRAILS has been 
financially supported by grants from the Netherlands Organization for Scientific 
Research NWO (Medical Research Council program grant GB-MW 940-38-011; 
ZonMW Brainpower grant 100-001-004; ZonMw Risk Behavior and Dependence 
grants 60-60600-98-018 and 60-60600-97-118; ZonMw Culture and Health 
grant 261-98-710; Social Sciences Council medium-sized investment grants 
GB-MaGW 480-01-006 and GB-MaGW 480-07-001; Social Sciences Council 
project grants GB-MaGW 457-03-018, GB-MaGW 452-04-314 and GB-MaGW 
452-06-004; NWO large-sized investment grant 175.010.2003.005; and NWO 
Longitudinal Survey and Panel Funding 481-08-013); the Sophia Foundation 
for Medical Research (projects 301 and 393), the Dutch Ministry of Justice 
(WODC), the European Science Foundation (EuroSTRESS project FP-006) and 
the participating universities. Statistical analyses were carried out on the Genetic 
Cluster Computer (see URLs), which is financially supported by the Netherlands 
Scientific Organization (NWO 480-05-003) along with a supplement from the 
Dutch Brain Foundation.

TwinsUK: The study was funded by the Wellcome Trust; European Community�s 
Seventh Framework Programme (FP7/2007-2013), grant agreement HEALTH-
F2-2008-201865-GEFOS, (FP7/2007-2013), ENGAGE project grant agreement 
HEALTH-F4-2007-201413, and the Fifth Framework Programme GenomEUtwin 
Project (QLG2-CT-2002-01254). The study also receives support from the 
Department of Health via the National Institute for Health Research (NIHR) 
comprehensive Biomedical Research Centre award to Guy�s & St. Thomas� National 
Health Service (NHS) Foundation Trust in partnership with King��s College 
London. T.D.S. is an NIHR senior Investigator. The project also received support 
from a Biotechnology and Biological Sciences Research Council (BBSRC) project 
grant (G20234). The authors acknowledge the funding and support of the National 
Eye Institute via an NIH/CIDR genotyping project (to T. Young).

ULSAM: Genotyping was performed by the SNP&SEQ Technology Platform in 
Uppsala (see URLs). We thank T. Axelsson, A.-C. Wiman and C. Pöntinen for their 
excellent assistance with genotyping. The SNP Technology Platform is supported 
by Uppsala University, Uppsala University Hospital and the Swedish Research 
Council for Infrastructures. E.I. is supported by grants from the Swedish Research 
Council, the Swedish Heart-Lung Foundation, the Swedish Foundation for 
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