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Common diseases are both a function of genes and environment,
 
and the contribution of the environment is significant.
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Type 2 Diabetes (70%)
 

~2-13% of death worldwide
 
(World Health Organization)
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... yet the target of investigation is biased toward genetics!
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ARTICLES

There is increasing evidence that genome-wide association (GWA) studies represent a powerful approach to the
identification of genes involved in common human diseases.We describe a joint GWAstudy (using the Affymetrix GeneChip
500KMapping Array Set) undertaken in the British population, which has examined,2,000 individuals for each of 7 major
diseases and a shared set of ,3,000 controls. Case-control comparisons identified 24 independent association signals at
P, 53 1027: 1 in bipolar disorder, 1 in coronary artery disease, 9 in Crohn’s disease, 3 in rheumatoid arthritis, 7 in type 1
diabetes and 3 in type 2 diabetes. On the basis of prior findings and replication studies thus-far completed, almost all of these
signals reflect genuine susceptibility effects. We observed association at many previously identified loci, and found
compelling evidence that some loci confer risk for more than one of the diseases studied. Across all diseases, we identified a
large number of further signals (including 58 loci with single-point P values between 1025 and 53 1027) likely to yield
additional susceptibility loci. The importance of appropriately large samples was confirmed by the modest effect sizes
observed at most loci identified. This study thus represents a thorough validation of the GWA approach. It has also
demonstrated that careful use of a shared control group represents a safe and effective approach to GWA analyses of
multiple disease phenotypes; has generated a genome-wide genotype database for future studies of common diseases in the
British population; and shown that, provided individuals with non-European ancestry are excluded, the extent of population
stratification in the British population is generally modest. Our findings offer new avenues for exploring the pathophysiology
of these important disorders. We anticipate that our data, results and software, which will be widely available to other
investigators, will provide a powerful resource for human genetics research.

Despite extensive research efforts for more than a decade, the genetic
basis of common humandiseases remains largely unknown. Although
there have been some notable successes1, linkage and candidate gene
association studies have often failed to deliver definitive results. Yet
the identification of the variants, genes and pathways involved in
particular diseases offers a potential route to new therapies, improved
diagnosis and better disease prevention. For some time it has been
hoped that the advent of genome-wide association (GWA) studies
would provide a successful new tool for unlocking the genetic basis
of many of these common causes of humanmorbidity andmortality1.

Three recent advances mean that GWA studies that are powered to
detect plausible effect sizes are now possible2. First, the International
HapMap resource3, which documents patterns of genome-wide vari-
ation and linkage disequilibrium in four population samples, greatly
facilitates both the design and analysis of association studies. Second,
the availability of dense genotyping chips, containing sets of hundreds of
thousands of single nucleotide polymorphisms (SNPs) that provide
good coverage of much of the human genome, means that for the first
timeGWAstudies for thousandsof cases andcontrols are technically and
financially feasible. Third, appropriately large and well-characterized
clinical samples have been assembled for many common diseases.

The Wellcome Trust Case Control Consortium (WTCCC) was
formed with a view to exploring the utility, design and analyses of
GWA studies. It brought together over 50 research groups from the
UK that are active in researching the genetics of common human
diseases, with expertise ranging from clinical, through genotyping, to

informatics and statistical analysis. Here we describe the main experi-
ment of the consortium: GWA studies of 2,000 cases and 3,000 shared
controls for 7 complex human diseases of major public health import-
ance—bipolar disorder (BD), coronary artery disease (CAD), Crohn’s
disease (CD), hypertension (HT), rheumatoid arthritis (RA), type 1
diabetes (T1D), and type 2 diabetes (T2D). Two further experiments
undertaken by the consortium will be reported elsewhere: a GWA
study for tuberculosis in 1,500 cases and 1,500 controls, sampled from
The Gambia; and an association study of 1,500 common controls with
1,000 cases for each of breast cancer, multiple sclerosis, ankylosing
spondylitis and autoimmune thyroid disease, all typed at around
15,000 mainly non-synonymous SNPs. By simultaneously studying
seven diseases with differing aetiologies, we hoped to develop insights,
not only into the specific genetic contributions to each of the diseases,
but also into differences in allelic architecture across the diseases. A
further major aim was to address important methodological issues of
relevance to all GWA studies, such as quality control, design and ana-
lysis. In addition to our main association results, we address several of
these issues below, including the choice of controls for genetic studies,
the extent of population structure within Great Britain, sample sizes
necessary to detect genetic effects of varying sizes, and improvements in
genotype-calling algorithms and analytical methods.

Samples and experimental analyses

Individuals included in the study were living within England,
Scotland and Wales (‘Great Britain’) and the vast majority had

*Lists of participants and affiliations appear at the end of the paper.
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http://hapmap.ncbi.nlm.nih.gov/ 

Characterize common variation 

“Variant SNP chip” 
~$400 for ~100,000 variants 

Measurement tools 

2001 2001-2003 (ongoing) ~2003 (ongoing)
 

Comprehensive, high-throughput analyses
 

Genome-wide association study of 14,000 
cases of seven common diseases and 
3,000 shared controls 
The Wellcome Trust Case Control Consortium* 

WTCCC, Nature, 2008.
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PERSPECTIVES

critical entity for disease eti-
ology ( 7). Recent discussion
has focused on whether and
how to implement this vision
( 8). Although fully charac-
terizing human exposomes
is daunting, strategies can be
developed for getting “snap-
shots” of critical portions of
a person’s exposome during
different stages of life. At
one extreme is a “bottom-up”
strategy in which all chemi-
cals in each external source
of a subject’s exposome are
measured at each time point.
Although this approach would
have the advantage of relat-
ing important exposures to
the air, water, or diet, it would
require enormous effort and
would miss essential compo-
nents of the internal chemi-
cal environment due to such
factors as gender, obesity,
inflammation, and stress. By
contrast, a “top-down” strat-
egy would measure all chem-
icals (or products of their
downstream processing or
effects, so-called read-outs
or signatures) in a subject’s
blood. This would require
only a single blood specimen
at each time point and would relate directly 
to the person’s internal chemical environ-
ment. Once important exposures have been
identified in blood samples, additional test-
ing could determine their sources and meth-
ods to reduce them.

To make the top-down approach feasible,
the exposome would comprise a profile of the
most prominent classes of toxicants that are
known to cause disease, namely, reactive elec-
trophiles, endocrine (hormone) disruptors,
modulators of immune responses, agents that
bind to cellular receptors, and metals. Expo-
sures to these agents can be monitored in the
blood either by direct measurement or by
looking for their effects on physiological pro-
cesses (such as metabolism). These processes
generate products that serve as signatures and
biomarkers in the blood. For example, reac-
tive electrophiles, which constitute the largest
class of toxic chemicals ( 6), cannot generally
be measured in the blood. However, metabo-
lites of electrophiles are detectable in serum
( 9), and products of their reactions with blood
nucleophiles, like serum albumin, offer possi-
ble signatures (10). Estrogenic activity could
be used to monitor the effect of endocrine dis-

ruptors and can be measured through serum
biomarkers. Immune modulators trigger the
production of cytokines and chemokines that
also can be measured in serum. Chemicals
that bind to cellular receptors stimulate the
production of serum biomarkers that can be
detected with high-throughput screens ( 11).
Metals are readily measured in blood ( 12),
as are hormones, antibodies to pathogens,
and proteins released by cells in response
to stress. The accumulation of biologically
important exposures may also be detected as
changes to lymphocyte gene expression or
in chemical modifications of DNA (such as 
methylation) ( 13).

The environmental equivalent of a GWAS
is possible when signatures and biomarkers
of the exposome are characterized in humans
with known health outcomes. Indeed, a rel-
evant prototype for such a study examined
associations between type 2 diabetes and 266
candidate chemicals measured in blood or
urine ( 14). It determined that exposure to cer-
tain chemicals produced strong associations
with the risk of type 2 diabetes, with effect
sizes comparable to the strongest genetic loci
reported in GWAS. In another study, chromo-

some (telomere) length in
peripheral blood mono-
nuclear cells responded
to chronic psychological
stress, possibly mediated
by the production of reac-
tive oxygen species ( 15).

Characterizing the
posome represents a tech-

challenge like that of
genome project, which

when DNA sequencing
its infancy (16). Analyti-

are needed to pro-
amounts of blood from

of subjects. Assays
be multiplexed for mea-
many chemicals in each

interest. Tandem mass
y, gene and protein

microfluidic systems
means to do this. Plat-
high-throughput assays

lead to economies of scale,
e those experienced by

genome project. And
exposome technologies

rovide feedback for thera-
ventions and personal-

they should moti-
development of commer-

for screening impor-
exposures in

mples.
With successful characterization of both

exposomes and genomes, environmental
and genetic determinants of chronic diseases
can be united in high-resolution studies that
examine gene-environment interactions.
Such a union might even push the nature-ver-
sus-nurture debate toward resolution.
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“A more comprehensive view of
environmental exposure is

needed ... to discover major
causes of diseases...” 

POLLUTION	 Characterizing the exposome. The exposome represents 

the combined exposures from all sources that reach the 

internal chemical environment. Toxicologically important 

classes of exposome chemicals are shown. Signatures and 

biomarkers can detect these agents in blood or serum. 

1. Rappaport S, Smith M. Environment and Disease Risks. Science (2010) vol. 330 (6003) pp. 460-461 
2. Anthony, J.C.,The promise of psychiatric enviromics. Br J Psychiatry Suppl. (2001) 40: p. s8-11. 
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Hypothesis 
Applying genome-based methods to the environment 

We claim that comprehensive connection of environmental 

factors to disease is practicable using high-throughput analysis 

methods, now common in genome-based investigations. 
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Specific Aims:
 
EWAS for hypothesis generation
 

1. Background and Methods 

2. Examples:Type 2 Diabetes, Serum Lipid Levels
 

3. CheckingValidity 

4. An “LD” Map of the Exposome? 
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 Aim 1: EWAS Methods
 

Epidemiology Drawbacks
 

E+ E-

diseased 
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diseased 

“candidate” E factors
 

multiple hypotheses often ignored
 

selective reporting
 

The lack of comprehension has led to a fragmented literature of 

environmental associations1,2,3,4
 

Genome-wide epidemiology has overcome some of these drawbacks1
 

1. Ioannidis et al. Science Translational Medicine, 2009. 1 (7) p. 6 
2. Boffetta, P., et al.,. J Natl Cancer Inst, 2008. 100(14): p. 988-95. 
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Methods), and excluded 153 individuals on this basis. We next
looked for evidence of population heterogeneity by studying allele
frequency differences between the 12 broad geographical regions
(defined in Supplementary Fig. 4). The results for these 11-d.f. tests
and associated quantile-quantile plots are shown in Fig. 2. Wide-
spread small differences in allele frequencies are evident as an
increased slope of the line (Fig. 2b); in addition, a few loci showmuch
larger differences (Fig. 2a and Supplementary Fig. 6).

Thirteen genomic regions showing strong geographical variation
are listed in Table 1, and Supplementary Fig. 7 shows theway in which
their allele frequencies vary geographically. The predominant pattern
is variation along a NW/SE axis. The most likely cause for these
marked geographical differences is natural selection, most plausibly
in populations ancestral to those now in the UK. Variation due to
selection has previously been implicated at LCT (lactase) and major
histocompatibility complex (MHC)7–9, andwithin-UKdifferentiation
at 4p14 has been found independently10, but others seem to be new
findings. All but three of the regions contain known genes. Aside from

evolutionary interest, genes showing evidence of natural selection are
particularly interesting for the biology of traits such as infectious dis-
eases; possible targets for selection include NADSYN1 (NAD synthe-
tase 1) at 11q13, which could have a role in prevention of pellagra, as
well as TLR1 (toll-like receptor 1) at 4p14, for which a role in the
biology of tuberculosis and leprosy has been suggested10.

There may be important population structure that is not well
captured by current geographical region of residence. Present
implementations of strongly model-based approaches such as
STRUCTURE11,12 are impracticable for data sets of this size, and we
reverted to the classical method of principal components13,14, using a
subset of 197,175 SNPs chosen to reduce inter-locus linkage disequi-
librium. Nevertheless, four of the first six principal components
clearly picked up effects attributable to local linkage disequilibrium
rather than genome-wide structure. The remaining two components
show the same predominant geographical trend from NW to SE but,
perhaps unsurprisingly, London is set somewhat apart (Supplemen-
tary Fig. 8).

The overall effect of population structure on our association
results seems to be small, once recent migrants from outside
Europe are excluded. Estimates of over-dispersion of the association
trend test statistics (usually denoted l; ref. 15) ranged from 1.03 and
1.05 for RA and T1D, respectively, to 1.08–1.11 for the remaining
diseases. Some of this over-dispersion could be due to factors other
than structure, and this possibility is supported by the fact that inclu-
sion of the two ancestry informative principal components as cov-
ariates in the association tests reduced the over-dispersion estimates
only slightly (Supplementary Table 6), as did stratification by geo-
graphical region. This impression is confirmed on noting that
P values with and without correction for structure are similar
(Supplementary Fig. 9). We conclude that, for most of the genome,
population structure has at most a small confounding effect in our
study, and as a consequence the analyses reported below do not
correct for structure. In principle, apparent associations in the few
genomic regions identified in Table 1 as showing strong geographical
differentiation should be interpreted with caution, but none arose in
our analyses.

Disease association results

We assessed evidence for association in several ways (see Methods for
details), drawing on both classical and bayesian statistical approaches.
For polymorphic SNPs on the Affymetrix chip, we performed trend
tests (1 degree of freedom16) and general genotype tests (2 degrees of
freedom16, referred to as genotypic) between each case collection and
the pooled controls, and calculated analogous Bayes factors. There
are examples from animal models where genetic effects act differently
in males and females17, and to assess this in our data we applied a
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Figure 2 | Genome-wide picture of geographic variation. a, P values for the
11-d.f. test for difference in SNP allele frequencies between geographical
regions, within the 9 collections. SNPs have been excluded using the project
quality control filters described inMethods. Green dots indicate SNPs with a
P value,13 1025. b, Quantile-quantile plots of these test statistics. SNPs at
which the test statistic exceeds 100 are represented by triangles at the top of
the plot, and the shaded region is the 95% concentration band (see
Methods). Also shown in blue is the quantile-quantile plot resulting from
removal of all SNPs in the 13 most differentiated regions (Table 1).

Table 1 | Highly differentiated SNPs

Chromosome Genes Region (Mb) SNP Position P value

2q21 LCT 135.16–136.82 rs1042712 136,379,576 5.54 3 10213

4p14 TLR1, TLR6, TLR10 38.51–38.74 rs7696175 386,43,552 1.51 3 10212

4q28 137.97–138.01 rs1460133 137,999,953 4.43 3 10208

6p25 IRF4 0.32–0.42 rs9378805 362,727 5.39 3 10213

6p21 HLA 31.10–31.55 rs3873375 31,359,339 1.07 3 10211

9p24 DMRT1 0.86–0.88 rs11790408 866,418 4.96 3 10207

11p15 NAV2 19.55–19.70 rs12295525 19,661,808 7.44 3 10208

11q13 NADSYN1, DHCR7 70.78–70.93 rs12797951 70,820,914 3.01 3 10208

12p13 DYRK4,AKAP3,NDUFA9,
RAD51AP1,GALNT8

4.37–4.82 rs10774241 45,537,27 2.73 3 10208

14q12 HECTD1,AP4S1,STRN3 30.41–31.03 rs17449560 30,598,823 1.46 3 10207

19q13 GIPR,SNRPD2,QPCTL,
SIX5,DMPK,DMWD,
RSHL1,SYMPK,FOXA3

50.84–51.09 rs3760843 50,980,546 4.19 3 10207

20q12 38.30–38.77 rs2143877 38,526,309 1.12 3 10209

Xp22 2.06–2.08 rs6644913 2,061,160 1.23 3 10207

Properties of SNPs that show large allele frequency differences between samples of individuals from 12 regions across Great Britain. Regions showing differentiated SNPs are givenwith details of the
SNPwith the smallest P value in each region for differentiation on the 11-d.f. test of differences in SNP allele frequencies between geographical regions, within the 9 collections. Cluster plots for these
SNPs have been examined visually. Signal plots appear in Supplementary Information. Positions are in NCBI build-35 coordinates.
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Methods), and excluded 153 individuals on this basis. We next
looked for evidence of population heterogeneity by studying allele
frequency differences between the 12 broad geographical regions
(defined in Supplementary Fig. 4). The results for these 11-d.f. tests
and associated quantile-quantile plots are shown in Fig. 2. Wide-
spread small differences in allele frequencies are evident as an
increased slope of the line (Fig. 2b); in addition, a few loci showmuch
larger differences (Fig. 2a and Supplementary Fig. 6).

Thirteen genomic regions showing strong geographical variation
are listed in Table 1, and Supplementary Fig. 7 shows theway in which
their allele frequencies vary geographically. The predominant pattern
is variation along a NW/SE axis. The most likely cause for these
marked geographical differences is natural selection, most plausibly
in populations ancestral to those now in the UK. Variation due to
selection has previously been implicated at LCT (lactase) and major
histocompatibility complex (MHC)7–9, andwithin-UKdifferentiation
at 4p14 has been found independently10, but others seem to be new
findings. All but three of the regions contain known genes. Aside from

evolutionary interest, genes showing evidence of natural selection are
particularly interesting for the biology of traits such as infectious dis-
eases; possible targets for selection include NADSYN1 (NAD synthe-
tase 1) at 11q13, which could have a role in prevention of pellagra, as
well as TLR1 (toll-like receptor 1) at 4p14, for which a role in the
biology of tuberculosis and leprosy has been suggested10.

There may be important population structure that is not well
captured by current geographical region of residence. Present
implementations of strongly model-based approaches such as
STRUCTURE11,12 are impracticable for data sets of this size, and we
reverted to the classical method of principal components13,14, using a
subset of 197,175 SNPs chosen to reduce inter-locus linkage disequi-
librium. Nevertheless, four of the first six principal components
clearly picked up effects attributable to local linkage disequilibrium
rather than genome-wide structure. The remaining two components
show the same predominant geographical trend from NW to SE but,
perhaps unsurprisingly, London is set somewhat apart (Supplemen-
tary Fig. 8).

The overall effect of population structure on our association
results seems to be small, once recent migrants from outside
Europe are excluded. Estimates of over-dispersion of the association
trend test statistics (usually denoted l; ref. 15) ranged from 1.03 and
1.05 for RA and T1D, respectively, to 1.08–1.11 for the remaining
diseases. Some of this over-dispersion could be due to factors other
than structure, and this possibility is supported by the fact that inclu-
sion of the two ancestry informative principal components as cov-
ariates in the association tests reduced the over-dispersion estimates
only slightly (Supplementary Table 6), as did stratification by geo-
graphical region. This impression is confirmed on noting that
P values with and without correction for structure are similar
(Supplementary Fig. 9). We conclude that, for most of the genome,
population structure has at most a small confounding effect in our
study, and as a consequence the analyses reported below do not
correct for structure. In principle, apparent associations in the few
genomic regions identified in Table 1 as showing strong geographical
differentiation should be interpreted with caution, but none arose in
our analyses.

Disease association results

We assessed evidence for association in several ways (see Methods for
details), drawing on both classical and bayesian statistical approaches.
For polymorphic SNPs on the Affymetrix chip, we performed trend
tests (1 degree of freedom16) and general genotype tests (2 degrees of
freedom16, referred to as genotypic) between each case collection and
the pooled controls, and calculated analogous Bayes factors. There
are examples from animal models where genetic effects act differently
in males and females17, and to assess this in our data we applied a
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Figure 2 | Genome-wide picture of geographic variation. a, P values for the
11-d.f. test for difference in SNP allele frequencies between geographical
regions, within the 9 collections. SNPs have been excluded using the project
quality control filters described inMethods. Green dots indicate SNPs with a
P value,13 1025. b, Quantile-quantile plots of these test statistics. SNPs at
which the test statistic exceeds 100 are represented by triangles at the top of
the plot, and the shaded region is the 95% concentration band (see
Methods). Also shown in blue is the quantile-quantile plot resulting from
removal of all SNPs in the 13 most differentiated regions (Table 1).

Table 1 | Highly differentiated SNPs

Chromosome Genes Region (Mb) SNP Position P value

2q21 LCT 135.16–136.82 rs1042712 136,379,576 5.54 3 10213

4p14 TLR1, TLR6, TLR10 38.51–38.74 rs7696175 386,43,552 1.51 3 10212

4q28 137.97–138.01 rs1460133 137,999,953 4.43 3 10208

6p25 IRF4 0.32–0.42 rs9378805 362,727 5.39 3 10213

6p21 HLA 31.10–31.55 rs3873375 31,359,339 1.07 3 10211

9p24 DMRT1 0.86–0.88 rs11790408 866,418 4.96 3 10207

11p15 NAV2 19.55–19.70 rs12295525 19,661,808 7.44 3 10208

11q13 NADSYN1, DHCR7 70.78–70.93 rs12797951 70,820,914 3.01 3 10208

12p13 DYRK4,AKAP3,NDUFA9,
RAD51AP1,GALNT8

4.37–4.82 rs10774241 45,537,27 2.73 3 10208

14q12 HECTD1,AP4S1,STRN3 30.41–31.03 rs17449560 30,598,823 1.46 3 10207

19q13 GIPR,SNRPD2,QPCTL,
SIX5,DMPK,DMWD,
RSHL1,SYMPK,FOXA3

50.84–51.09 rs3760843 50,980,546 4.19 3 10207

20q12 38.30–38.77 rs2143877 38,526,309 1.12 3 10209

Xp22 2.06–2.08 rs6644913 2,061,160 1.23 3 10207

Properties of SNPs that show large allele frequency differences between samples of individuals from 12 regions across Great Britain. Regions showing differentiated SNPs are givenwith details of the
SNPwith the smallest P value in each region for differentiation on the 11-d.f. test of differences in SNP allele frequencies between geographical regions, within the 9 collections. Cluster plots for these
SNPs have been examined visually. Signal plots appear in Supplementary Information. Positions are in NCBI build-35 coordinates.

NATURE |Vol 447 |7 June 2007 ARTICLES

663
Nature©2007 Publishing Group   

 

 Aim 1: EWAS Methods
 

Environment-Wide Association Studies (EWAS)
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β-carotene 2-hydroxyfluorene [factor] 
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Methods), and excluded 153 individuals on this basis. We next
looked for evidence of population heterogeneity by studying allele
frequency differences between the 12 broad geographical regions
(defined in Supplementary Fig. 4). The results for these 11-d.f. tests
and associated quantile-quantile plots are shown in Fig. 2. Wide-
spread small differences in allele frequencies are evident as an
increased slope of the line (Fig. 2b); in addition, a few loci showmuch
larger differences (Fig. 2a and Supplementary Fig. 6).

Thirteen genomic regions showing strong geographical variation
are listed in Table 1, and Supplementary Fig. 7 shows theway in which
their allele frequencies vary geographically. The predominant pattern
is variation along a NW/SE axis. The most likely cause for these
marked geographical differences is natural selection, most plausibly
in populations ancestral to those now in the UK. Variation due to
selection has previously been implicated at LCT (lactase) and major
histocompatibility complex (MHC)7–9, andwithin-UKdifferentiation
at 4p14 has been found independently10, but others seem to be new
findings. All but three of the regions contain known genes. Aside from

evolutionary interest, genes showing evidence of natural selection are
particularly interesting for the biology of traits such as infectious dis-
eases; possible targets for selection include NADSYN1 (NAD synthe-
tase 1) at 11q13, which could have a role in prevention of pellagra, as
well as TLR1 (toll-like receptor 1) at 4p14, for which a role in the
biology of tuberculosis and leprosy has been suggested10.

There may be important population structure that is not well
captured by current geographical region of residence. Present
implementations of strongly model-based approaches such as
STRUCTURE11,12 are impracticable for data sets of this size, and we
reverted to the classical method of principal components13,14, using a
subset of 197,175 SNPs chosen to reduce inter-locus linkage disequi-
librium. Nevertheless, four of the first six principal components
clearly picked up effects attributable to local linkage disequilibrium
rather than genome-wide structure. The remaining two components
show the same predominant geographical trend from NW to SE but,
perhaps unsurprisingly, London is set somewhat apart (Supplemen-
tary Fig. 8).

The overall effect of population structure on our association
results seems to be small, once recent migrants from outside
Europe are excluded. Estimates of over-dispersion of the association
trend test statistics (usually denoted l; ref. 15) ranged from 1.03 and
1.05 for RA and T1D, respectively, to 1.08–1.11 for the remaining
diseases. Some of this over-dispersion could be due to factors other
than structure, and this possibility is supported by the fact that inclu-
sion of the two ancestry informative principal components as cov-
ariates in the association tests reduced the over-dispersion estimates
only slightly (Supplementary Table 6), as did stratification by geo-
graphical region. This impression is confirmed on noting that
P values with and without correction for structure are similar
(Supplementary Fig. 9). We conclude that, for most of the genome,
population structure has at most a small confounding effect in our
study, and as a consequence the analyses reported below do not
correct for structure. In principle, apparent associations in the few
genomic regions identified in Table 1 as showing strong geographical
differentiation should be interpreted with caution, but none arose in
our analyses.

Disease association results

We assessed evidence for association in several ways (see Methods for
details), drawing on both classical and bayesian statistical approaches.
For polymorphic SNPs on the Affymetrix chip, we performed trend
tests (1 degree of freedom16) and general genotype tests (2 degrees of
freedom16, referred to as genotypic) between each case collection and
the pooled controls, and calculated analogous Bayes factors. There
are examples from animal models where genetic effects act differently
in males and females17, and to assess this in our data we applied a
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Figure 2 | Genome-wide picture of geographic variation. a, P values for the
11-d.f. test for difference in SNP allele frequencies between geographical
regions, within the 9 collections. SNPs have been excluded using the project
quality control filters described inMethods. Green dots indicate SNPs with a
P value,13 1025. b, Quantile-quantile plots of these test statistics. SNPs at
which the test statistic exceeds 100 are represented by triangles at the top of
the plot, and the shaded region is the 95% concentration band (see
Methods). Also shown in blue is the quantile-quantile plot resulting from
removal of all SNPs in the 13 most differentiated regions (Table 1).

Table 1 | Highly differentiated SNPs

Chromosome Genes Region (Mb) SNP Position P value

2q21 LCT 135.16–136.82 rs1042712 136,379,576 5.54 3 10213

4p14 TLR1, TLR6, TLR10 38.51–38.74 rs7696175 386,43,552 1.51 3 10212

4q28 137.97–138.01 rs1460133 137,999,953 4.43 3 10208

6p25 IRF4 0.32–0.42 rs9378805 362,727 5.39 3 10213

6p21 HLA 31.10–31.55 rs3873375 31,359,339 1.07 3 10211

9p24 DMRT1 0.86–0.88 rs11790408 866,418 4.96 3 10207

11p15 NAV2 19.55–19.70 rs12295525 19,661,808 7.44 3 10208

11q13 NADSYN1, DHCR7 70.78–70.93 rs12797951 70,820,914 3.01 3 10208

12p13 DYRK4,AKAP3,NDUFA9,
RAD51AP1,GALNT8

4.37–4.82 rs10774241 45,537,27 2.73 3 10208

14q12 HECTD1,AP4S1,STRN3 30.41–31.03 rs17449560 30,598,823 1.46 3 10207

19q13 GIPR,SNRPD2,QPCTL,
SIX5,DMPK,DMWD,
RSHL1,SYMPK,FOXA3

50.84–51.09 rs3760843 50,980,546 4.19 3 10207

20q12 38.30–38.77 rs2143877 38,526,309 1.12 3 10209

Xp22 2.06–2.08 rs6644913 2,061,160 1.23 3 10207

Properties of SNPs that show large allele frequency differences between samples of individuals from 12 regions across Great Britain. Regions showing differentiated SNPs are givenwith details of the
SNPwith the smallest P value in each region for differentiation on the 11-d.f. test of differences in SNP allele frequencies between geographical regions, within the 9 collections. Cluster plots for these
SNPs have been examined visually. Signal plots appear in Supplementary Information. Positions are in NCBI build-35 coordinates.
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 Aim 1: EWAS Methods 

Why “EWAS”? 
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What environmental factors are associated to disease? 

Environmental Category 
comprehensive 
and transparent 

multiplicity 
controlled 

novel 
findings 

(and validated) 

Ioannidis JPAI, Loy EY, et al, (2009) Researching genetic vs nongenetic determinants of diseases: a comparison and proposed 
unification. Sci Trans Med vol. 1(7)7ps8 
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Introduction

The National Health and Nutrition Examination 
Survey (NHANES) is a program of studies
designed to assess the health and nutritional 
status of adults and children in the United 
States. The survey is unique in that it com-
bines interviews and physical examinations. 
NHANES is a major program of the National 
Center for Health Statistics (NCHS). NCHS 
is part of the Centers for Disease Control and 
Prevention (CDC) and has the responsibility for 
producing vital and health statistics for 
the Nation.

The NHANES program began in the early 
1960s and has been conducted as a series of sur-
veys focusing on different population groups or 
health topics. In 1999, the survey became a con-
tinuous program that has a changing focus on a 
variety of health and nutrition measurements to 
meet emerging needs. The survey examines a 
nationally representative sample of about 5,000 
persons each year. These persons are located 
in counties across the country, 15 of which are 
visited each year.

The NHANES interview includes demographic, 
socioeconomic, dietary, and health-related 
questions. The examination component consists 
of medical, dental, and physiological measure-
ments, as well as laboratory tests administered 
by highly trained medical personnel.

Findings from this survey will be used to de-
termine the prevalence of major diseases and 
risk factors for diseases. Information will be 
used to assess nutritional status and its associ-
ation with health promotion and disease pre-
YHQWLRQ��1+$1(6�¿QGLQJV�DUH�DOVR�WKH�EDVLV�
for national standards for such measurements 
as height, weight, and blood pressure. Data 
from this survey will be used in epidemiologi-
cal studies and health sciences research, which 
help develop sound public health policy, 

direct and design health programs and 
services, and expand the health knowl-
edge for the Nation.

Survey Content

As in past health examination surveys, data 
will be collected on the prevalence of chron-
ic conditions in the population. Estimates for 
previously undiagnosed conditions, as well 
as those known to and reported by respon-
dents, are produced through the survey. Such 
information is a particular strength of the 
NHANES program.

Risk factors, those aspects of a person’s life-
style, constitution, heredity, or environment 
that may increase the chances of developing 
a certain disease or condition, will be
examined. Smoking, alcohol consumption, 
VH[XDO�SUDFWLFHV��GUXJ�XVH��SK\VLFDO�¿WQHVV�
and activity, weight, and dietary intake will 
be studied. Data on certain aspects of
reproductive health, such as use of oral
contraceptives and breastfeeding practices, 
will also be collected.

The diseases, medical conditions, and health 
indicators to be studied include:

• Anemia
• Cardiovascular disease
• Diabetes
• Environmental exposures
• Eye diseases
• Hearing loss
• Infectious diseases
• Kidney disease
• Nutrition
• Obesity
• Oral health
• Osteoporosis

The sample for the survey is selected to represent 
the U.S. population of all ages. To produce reli-
able statistics, NHANES over-samples persons 60 
and older, African Americans, and Hispanics. 

Since the United States has experienced dramatic 
growth in the number of older people during this 
century, the aging population has major impli-
cations for health care needs, public policy, and 
research priorities. NCHS is working with public 
health agencies to increase the knowledge of the 
health status of older Americans. NHANES has a 
primary role in this endeavor.

All participants visit the physician. Dietary inter-
views and body measurements are included for 
everyone. All but the very young have a blood 
sample taken and will have a dental screening. 
Depending upon the age of the participant, the 
rest of the examination includes tests and proce-
dures to assess the various aspects of health listed 
above. In general, the older the individual, the 
more extensive the examination.

Survey Operations

Health interviews are conducted in respondents’ 
homes. Health measurements are performed in 
specially-designed and equipped mobile centers, 
which travel to locations throughout the country. 
The study team consists of a physician, medical 
and health technicians, as well as dietary and health
interviewers. Many of the study staff are
bilingual (English/Spanish).

An advanced computer system using high-
end servers, desktop PCs, and wide-area 
networking collect and process all of the 
NHANES data, nearly eliminating the need 
for paper forms and manual coding operations. 
This system allows interviewers to use note-
book computers with electronic pens. The staff 
at the mobile center can automatically transmit 
data into data bases through such devices as 
digital scales and stadiometers. Touch-sensi-
tive computer screens let respondents enter 
their own responses to certain sensitive ques-
tions in complete privacy. Survey information 
is available to NCHS staff within 24 hours of 
collection, which enhances the capability of 
collecting quality data and increases the speed 
with which results are released to the public. 

In each location, local health and government 
RI¿FLDOV�DUH�QRWL¿HG�RI�WKH�XSFRPLQJ�VXUYH\��
Households in the study area receive a letter 
from the NCHS Director to introduce the
survey. Local media may feature stories about 
the survey.

NHANES is designed to facilitate and en-
courage participation. Transportation is provided 
to and from the mobile center if necessary. 
Participants receive compensation and a report 
RI�PHGLFDO�¿QGLQJV�LV�JLYHQ�WR�HDFK�SDUWLFLSDQW��
All information collected in the survey is kept 
VWULFWO\�FRQ¿GHQWLDO��3ULYDF\�LV�SURWHFWHG�E\�
public laws.

Uses of the Data

Information from NHANES is made available 
through an extensive series of publications and 
DUWLFOHV�LQ�VFLHQWL¿F�DQG�WHFKQLFDO�MRXUQDOV��)RU�
data users and researchers throughout the world, 
survey data are available on the internet and on 
easy-to-use CD-ROMs.

Research organizations, universities, health 
FDUH�SURYLGHUV��DQG�HGXFDWRUV�EHQH¿W�IURP�
survey information. Primary data users are 
federal agencies that collaborated in the de-
sign and development of the survey. The 
National Institutes of Health, the Food and 
Drug Administration, and CDC are among the 
agencies that rely upon NHANES to provide 
data essential for the implementation and 
evaluation of program activities. The U.S. 
Department of Agriculture and NCHS coop-
erate in planning and reporting dietary and 
nutrition information from the survey. 

NHANES’ partnership with the U.S. Environ-
mental Protection Agency allows continued 
study of the many important environmental 
LQÀXHQFHV�RQ�RXU�KHDOWK�

•�3K\VLFDO�¿WQHVV�DQG�SK\VLFDO�IXQFWLRQLQJ
• Reproductive history and sexual behavior
• Respiratory disease (asthma, chronic bron-

chitis, emphysema)
• Sexually transmitted diseases 
• Vision   

 
  

 

   

     

      
       

   
       

    
        

     
     

      
 

      

        
      

      
     

      
        

    
   

    
  

   

      
      

     
      

      
     

     

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

     
     

    
      

       
 

 

     
      

     
      

      
      

       

     

     
        

     
      

       

      

       
 

      

    
       

     

       

   

   

   
     

      
      

      
      

     
     

      
    

    
     

 

 
   

 
 
 

 
 

  

  
 

 Aim 1: EWAS Methods 

NHANES: 
National Health and Nutrition Examination Survey1
 

since the 1960s: 50 years! 
now biannual: 1999 onwards 
10,000 participants per cohort 

disease prevalence estimates: 
T2D, obesity, cardiovascular disease 

growth charts for development: 
WHO standard 

environment: 
elimination of lead --
70% decline since ‘70s 

A Massive, Ongoing, and Significant Public Health Survey
 
1 http://www.cdc.gov/nchs/nhanes.htm
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NHANES
 

Environmental Factor “E-Chip”
 

biomarkers 
measured in 

blood and urine 

Demographics (N ~=10,000)   Examination (N ~= 3000)  

Age 
Blood Pr essure Sex 

Body Measurement Income 
Vision Education 

Oral Health  Ethnicity 

Laboratory (N ~= 3000)  Questionnaire (N ~=10,000)  

Clinical Measur es: Disease & Health Status 
Triglycerides,  cholesterol,  

glucose Drug use  

Exposure Ma rkers: Physical  Activity 
Heavy metals,  dioxins,  PCBs,  Health & Fitness Histor y 

phenols,  phthalates;  
Infectious Diseases  Occupation 

Allergens 

   

 
 

  

 

 
 

 Aim 1: EWAS Methods
 

physician-led
 
assessment
 

self-report; 
verified where 
possible 

One of a kind dataset that is representative of the US population
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1999-2000 
2001-2002 

2003-2004 
2005-2006 

Environmental Measures by Category and Cohort
 
en

vi
ro

nm
en

ta
l c

at
eg
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ie

s

 

Acrylamide 0 0 2 0 
Allergen Test 0 0 0 20 

Bacterial 8 13 17 1 
Cotinine 1 1 1 1 
Diakyl 7 7 6 0 

Dioxins 5 7 7 0 
Furans 5 5 9 0 

Heavy Metals 18 18 23 25 
Hydrocarbons 14 22 21 0 

Latex 1 0 0 0 
Carotenoid Nutrients 0 6 15 7 

Mineral Nutrients 2 2 2 1 
Vitamin A 3 3 3 3 
Vitamin B 4 4 5 3 
Vitamin C 0 0 1 1 
Vitamin D 0 1 1 1 
Vitamin E 2 2 3 2 

Polychlorinated Biphenyls 23 26 38 0 
Perchlorate 0 0 2 0 

Pesticides, Atrazine 0 0 5 0 
Pesticides, Carbamate 0 0 1 0 

Pesticides, Chlorophenol 0 0 1 1 
Pesticides, Organochlorine 10 13 11 0 

Pesticides, Organophosphate 2 2 2 0 
Pesticides, Pyrethyroid 1 1 1 0 

Phenols 15 11 9 12 
Phthalates 7 12 12 0 

Phytoestrogens 6 6 6 0 
Polybrominated Ethers 0 0 12 0 

Polyflourochemicals 0 0 10 12 
Virus 6 6 10 6 

Volatile Compounds 29 14 22 0 
total 169 182 258 96 

IgE (cat, dog, milk ragweed...)

Staph. aureus, gonorrhea, chlamydia
 

lead, cadmium, arsenic
 

carotenes, lutein/zeaxanthin 

retinyl palmitate, retinol 

DDT, trans-nonachlor 

bisphenol A 

HIV, measles, hepatitis A-D 
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 Aim 1: EWAS Methods
 

EWAS Methodology
 

4 individual cohorts foreach: {1999-2000, 2001-2002, 2003-2004, 2005-2006} 

foreach: bisphenol A
Environmental factors: PCB199 
log transformed & z-standardized M=96-258 β-carotene { }reference groups “negative” cotinine 

... 

Survey Regression (GEE):
adjusted for known confounding factors 

age, sex, ethnicity, socioeconomic 
status, ... 

p-value(βfactor)
Significance tests per cohort 

zfactor 

di
se
as
e 

βfactor 

1999-2000 2001-2002 2003-2004 2005-2006 
bisphenol A . . 0.002 0.01 

PCB199 0.1 0.02 0.03 . 

β-carotene NA 0.0001 0.02 0.002 

cotinine 0.03 0.01 0.9 . 

... ... ... ... ... 
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 Aim 1: EWAS Methods
 

EWAS Methodology, cont’d 

False Discovery Rate Estimation foreach: {1999-2000, 2001-2002, 2003-2004, 2005-2006} 

foreach: bisphenol A
PCB199 

M=96-258 β-carotene { }
cotinine 
... 

permute labels or residuals B times foreach: 1 to B 

# [p-value(βfactor(permuted)) < p] × 1/B compute FDR # [p-value(βfactor)] 

FDR(p-value) 

1999-2000 2001-2002 2003-2004 2005-2006 
bisphenol A . . 0.1 0.2 

PCB199 0.1 0.02 0.03 . 

β-carotene NA 0.01 0.1 0.05 

cotinine 0.03 0.01 0.9 . 

... ... ... ... ... 

Tentative Validation 

Tuesday, September 27, 2011 

FDR < threshold in 2 or greater cohorts?

AND
 

sign(βfactor) equal for cohorts?
 

16 



 

What environmental factors ar  e associated with  Type 2 Diabetes? 

Aim 2: EWAS examples 
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 Aim 2: EWAS examples
 

cohort markersEWAS on T2DM 
1999-2000 
2001-2002 
2003-2004 
2005-2006 

Novel Findings: 
γ-tocopherol (vitamin E)heptachlor epoxide β-carotene PCB170 Heptachlor EpoxideOR=1.8,1.6OR=0.6,0.6 OR=4.5,2.3 OR=3.2, 1.8γ-tocopherol 

10%
Known Associations: 

β-carotene 
vitamin D 

PCBs 

Interesting Patterns: 
pesticides, PCBs 
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0
1

2 

Fasting Blood Glucose > 125 mg/dL?

BMI, SES, ethnicity, age, sex


OR: Δ 1SD of exposure

N=500-2000 per cohort
 

Patel CJ, Bhattacharya J, Butte AJ, (2010) An Environment-Wide Association Study (EWAS) on T2DM. PLoS ONE vol. 5(5)
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 Aim 2: EWAS examples
 

What about other risk phenotypes?
 
EWAS on Serum Lipid Levels
 

Risk factors for coronary heart disease (CHD)
 

Targets for intervention (ie, statins)
 

Influenced by smoking, physical activity, diet, genetics1
 

risk for CHD 
lipid type (for 1% increase in lipids) 

LDL-Cholesterol 1% increased risk2 

HDL-Cholesterol 2% decreased risk3 

Triglycerides (increased risk) 

1.Tanya M.Teslovich et al. Nature (2010) vol. 466 (7307) pp. 707 
2.Grundy et al. Arteriosclerosis,Thrombosis, andVascular Biology (2004) vol. 24 (2) pp. e13 
3. Gotto et al. Journal of the American College of Cardiology (2004) vol. 43 (5) pp. 717-24 
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 Aim 2: EWAS examples
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 Aim 2: EWAS examples 
Effect Sizes For Validated Factors: 

HDL-C
 

cohort N pvalue 
Cotininecis−b−carotene 
2001−2002 7478 3e−04 2
 2003−2004 7267 0.003 −2
 
2003−2004 6790 9e−04 3
 2005−2006 6959 0.02 −1
 
2005−2006 6264 2e−04 3
 combined 9513 2e−06 −1
 
combined 7151 3e−12 3
 Mercury, total 
Iron, Frozen Serum 2003−2004 7273 0.01 1
 
1999−2000 6383 0.009 2
 2005−2006 6961 0.002 2
 
2001−2002 7457 0.003 2
 combined 6323 6e−07 2

2003−2004 2706 0.006 2
 2−fluorene
2005−2006 2524 0.002 2
 2001−2002 2332 0.01 −2
combined 6764 6e−11 2
 2003−2004 2192 0.006 −1
Retinyl stearate combined 2252 0.004 −1
2001−2002 7251 0.002 −1 3−fluorene
2003−2004 6790 0.003 −1 2001−2002 2332 0.02 −2
2005−2006 6337 0.002 −2 2003−2004 2176 0.01 −1
combined 8421 4e−05 −1 combined 2243 0.006 −1Folate, serum Combined Lutein/zeaxanthin Heptachlor Epoxide2001−2002 7468 0.004 1
 2001−2002 2022 0.01 −22003−2004 7267 0.02 1
 2003−2004 1835 0.02 −1combined 9559 2e−05 1
 combined 2108 0.006 −2Vitamin C 
2003−2004 6799 0.006 2
 −6 −4 −2 0 2 4 6
2005−2006 6911 0.02 1
 
combined 4852 0.002 1
 % changeVitamin D 
2001−2002 7056 0.01 1
 
2003−2004 7273 0.004 2
 % change = Δ 1 SD in Exposure 
2005−2006 6966 0.01 1
 
combined 7401 1e−06 2
 18 validated factors g−tocopherol 
2001−2002 7428 0.001 −1 
2003−2004 6790 0.01 −1 combined adjusted for: combined 9216 6e−06 −1 
Heptachlor Epoxide BMI, SES, ethnicity, age, age2, sex, −6 −4 −2 0 2 4 6
 

waist circumference, diabetes (FBG % change 
> 125 mg/dL), blood pressure 

comparable to genetic effect sizes1! 

ef
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 (m
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dl

) 

Cotinine 
cohort N pvalue ef
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Checking f or Validity 

Aim 3: EWAS and validity 
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Aim 3: EWAS and validity
 

AssessingValidity of Estimates
 
example: HDL-C
 

Could the disease  “lead” to exposur  e? 
“Reverse causality” 

tocopherol (vitamin e) supplements f   or 
CHD individuals? 

statin use 

β-carotene high HDL 

?? 

Could there something confounding the 
association? 

confounders 
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  Aim 3: EWAS and validity
 

Longitudinal Study:
 
“Gold Standard” for Validation
 

• exposure changing through time
 

• reverse causality bias 

• compute disease risk 

age/time 

H
D

L-
C

ho
le

st
er

ol
(m

g/
dL

)

[high] 

[low] 

[γ-tocopherol] 

?
 

low HDL γ-tocopherol 

tocopherol (vitamin e) supplements for
 
CHD individuals?
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  Aim 3: EWAS and validity
 

Addressing Confounding Bias
 
with the Exposome
 

E[HDL-C] = α + β1, original * carotene 

E[HDL-C] = α + β1,extended * carotene + β2 * statin use 

compare β1, original and β1,extended 

“account” for bias due to statin use confounder 

“source” of bias example variables 

statin use 

β-carotene High HDL 

disease status diabetes, CHD, heart attack 

drug use metformin, statins use 

supplement use count of total supplements used 

physical activity daily estimated metabolic equivalents 

recent food intake total nutrients computed from frequency 
questionnaire 

total: 62 
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validated factor 

TFIBE 
cardiovascular cardiovascular disease status, 
TALCO 
TMAGN statins use, and physical activity 
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Aim 3: EWAS and validity 

Assessing Bias from Self-report data
 
ex.: HDL-C
 
recent alcohol use 
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Can we use an “exposome” to elucidate combinations of exposures?
 

What is the LD of the exposome?
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Identification of four novel T2DM loci
Our fast-track stage 2 genotyping confirmed the reported association
for rs7903146 (TCF7L2) on chromosome 10, and in addition iden-
tified significant associations for seven SNPs representing four new
T2DM loci (Table 1). In all cases, the strongest association for the
MAX statistic (see Methods) was obtained with the additive model.

The most significant of these corresponds to rs13266634, a non-
synonymous SNP (R325W) in SLC30A8, located in a 33-kb linkage
disequilibrium block on chromosome 8, containing only the 39 end
of this gene (Fig. 2a). SLC30A8 encodes a zinc transporter expressed
solely in the secretory vesicles of b-cells and is thus implicated in the
final stages of insulin biosynthesis, which involve co-crystallization

Table 1 | Confirmed association results

SNP Chromosome Position

(nucleotides)

Risk

allele

Major

allele

MAF

(case)

MAF

(ctrl)

Odds ratio

(het)

Odds ratio

(hom)

PAR ls Stage 2

pMAX

Stage 2 pMAX

(perm)

Stage 1

pMAX

Stage 1 pMAX

(perm)

Nearest

gene

rs7903146 10 114,748,339 T C 0.406 0.293 1.656 0.19 2.776 0.50 0.28 1.0546 1.53 10234 ,1.03 1027 3.23 10217 ,3.33 10210 TCF7L2
rs13266634 8 118,253,964 C C 0.254 0.301 1.186 0.25 1.536 0.31 0.24 1.0089 6.13 1028 5.03 1027 2.13 1025 1.83 1025 SLC30A8
rs1111875 10 94,452,862 G G 0.358 0.402 1.196 0.19 1.446 0.24 0.19 1.0069 3.03 1026 7.43 1026 9.13 1026 7.33 1026 HHEX
rs7923837 10 94,471,897 G G 0.335 0.377 1.226 0.21 1.456 0.25 0.20 1.0065 7.53 1026 2.23 1025 3.43 1026 2.53 1026 HHEX
rs7480010 11 42,203,294 G A 0.336 0.301 1.146 0.13 1.406 0.25 0.08 1.0041 1.13 1024 2.93 1024 1.53 1025 1.23 1025 LOC387761
rs3740878 11 44,214,378 A A 0.240 0.272 1.266 0.29 1.466 0.33 0.24 1.0046 1.23 1024 2.83 1024 1.83 1025 1.33 1025 EXT2
rs11037909 11 44,212,190 T T 0.240 0.271 1.276 0.30 1.476 0.33 0.25 1.0045 1.83 1024 4.53 1024 1.83 1025 1.33 1025 EXT2
rs1113132 11 44,209,979 C C 0.237 0.267 1.156 0.27 1.366 0.31 0.19 1.0044 3.33 1024 8.13 1024 3.73 1025 2.93 1025 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 (ls) 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 x2 distribution; pMAX (perm), P-value of the MAX statistic from the permutation-derived empirical distribution (pMAX and
pMAX (perm) are adjusted for variance inflation); risk allele, the allele with higher frequency in cases compared with controls.
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Figure 2 | Pairwise linkage disequilibrium diagrams for four novel T2DM-
associated loci. D9 was calculated from the stage 1 genotyping data as a
fraction of observed linkage disequilibrium over the maximal possible. The
bar graph indicates the negative logarithm of the stage 1 P-value for each

SNP. Transcriptional units are indicated by green lines, with exons
highlighted in orange. Blue asterisksmark the SNPs chosen for confirmatory
studies. a, SLC30A8; b, IDE–KIF11–HHEX; c, EXT2–ALX4; d, LOC387761.
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Aim 4: LD of exposome?
 

What is “Linkage Disequilibrium” of the Exposome?
 

Given measurement of the exposome, 
it is possible discern combinations of potential exposures.
 

Analogy: “Linkage Disequilibrium” and correlated loci
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Aim 4: LD of exposome?
 

Preliminary LD of NHANES Exposures
 

pyrethroid 
ρ=0.4 

phenol pesticides 
ρ=0.2 

organophosphates
 
ρ=0.2
 

organochlorine 
ρ=0.3 

deet 

furans 
ρ=0.4 

diakyl carotenoids
mineral nutrients ρ=0.3 ρ=0.5 ρ=0 vitamin A 

ρ=0.3 
vitamin B 
ρ=0.2 

vitamin C 

vitamin D 

vitamin E 
ρ= -0.2 

phytoestrogens 
ρ=0.3 

α-carotene & cotinine
 
ρ= -0.4
 cotinine 

β-carotene & hydrocarbons 
ρ= -0.4 

hydrocarbons 
pcbs & organochlorines dioxins ρ=0.6 

ρ=0.4 ρ= 0.4 

cadmium & cotinine 
ρ= 0.6 volatile organics 

ρ=0.4 pcbs
 
ρ=0.4
 

virus 
ρ=0.1 

bacteria 
heavy metals ρ=0.3 
ρ=0.2 phenols

ρ=0 
PFCs phthalates 

ρ=0.3 ρ=0.3 

for each pair:
 
Partial ρ
 

age, BMI (serum)
 
age, creatinine (urine)
 

permuted data to produce
 
“null ρ”
 

filtered those ρ > .3 or < -0.2 

(5th, 95th percentile)
 

sought replication in > 1 cohort
 

Red: positive ρ
 
Blue: negative ρ
 
thickness: |ρ|
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EWAS:
 
Conclusion and Discussion
 

• generalizable, comprehensive, transparent, and 
systematic study of environment 

heptachlor epoxide 
• novel associations for T2D and HDL-C	 γ-tocopherol 

•	 effects on disease are on par with genetics, HDL-C: 1-10 mg/dL 
T2D: ~2-3 ORcalling for large-scale exposomic study 

• However: confounding, reverse causal biases:
 
need longitudinal and follow-up studies.
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	Aim 2: EWAS examples. 
	cohort markers
	EWAS on T2DM 
	1999-2000 2001-2002 2003-2004 2005-2006 
	Novel Findings: 
	Novel Findings: 

	γ-tocopherol (vitamin E)
	β-carotene PCB170 Heptachlor Epoxide
	heptachlor epoxide 

	OR=1.8,1.6
	OR=0.6,0.6 OR=4.5,2.3 
	OR=3.2, 1.8

	γ-tocopherol 
	β-carotene vitamin D PCBs 
	Known Associations: 

	pesticides, PCBs 
	Interesting Patterns: 

	−log10(pvalue)012 
	Table
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	Link



	Fasting Blood Glucose > 125 mg/dL?.BMI, SES, ethnicity, age, sex.OR: Δ 1SD of exposure.N=500-2000 per cohort. 
	Patel CJ, Bhattacharya J, Butte AJ, (2010) An Environment-Wide Association Study (EWAS) on T2DM. PLoS ONE vol. 5(5). 
	What about other risk phenotypes?. EWAS on Serum Lipid Levels. 
	Risk factors for coronary heart disease (CHD). Targets for intervention (ie, statins). Inﬂuenced by smoking, physical activity, diet, genetics
	1. 

	risk for CHD lipid type (for 1% increase in lipids) 
	1.Tanya M.Teslovich et al. Nature (2010) vol. 466 (7307) pp. 707 2.Grundy et al. Arteriosclerosis,Thrombosis,andVascular Biology (2004) vol. 24 (2) pp. e13 3. Gotto et al. Journal of the American College of Cardiology (2004) vol. 43 (5) pp. 717-24 
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	Aim 2: EWAS examples. cohort markers. 1999-2000. 
	EWAS on HDL-C 
	EWAS on HDL-C 
	2001-2002. 

	2003-2004. 
	Vitamin C, D 
	2005-2006. 
	log10(HDL-C).BMI, SES, ethnicity, age, age, sex. N=1000-3000. 
	2

	Patel CJ, Cullen MR, Ioannidis JAP, Butte AJ, (2011). Non-genetic associations and correlation globes for determinants of Lipid Levels: an EWAS. In Review. 
	Aim 2: EWAS examples 
	Effect Sizes For Validated Factors: 
	HDL-C. 
	2003−2004 7267 0.003 −2. 2003−2004 6790 9e−04 3. 2005−2006 6959 0.02 −1. 2005−2006 6264 2e−04 3. combined 9513 2e−06 −1. combined 7151 3e−12 3. Mercury, total Iron, Frozen Serum 2003−2004 7273 0.01 1. 1999−2000 6383 0.009 2. 2005−2006 6961 0.002 2. 2001−2002 7457 0.003 2. combined 6323 6e−07 2.2003−2004 2706 0.006 2. 2−fluorene2005−2006 2524 0.002 2. 2001−2002 2332 0.01 −2combined 6764 6e−11 2. 2003−2004 2192 0.006 −1Retinyl stearate combined 2252 0.004 −12001−2002 7251 0.002 −1 3−fluorene2003−2004 6790 0.0
	Checking f or Validity 
	 ? γ-tocopherol low HDL 
	AssessingValidity of Estimates. example: HDL-C. 
	Could the disease  “lead” to exposur  e? “Reverse causality” 
	tocopherol (vitamin e) supplements f   or CHD individuals? 
	statin use β-carotene high HDL ?? 
	Could there something confounding the association? 
	confounders 
	Longitudinal Study:. “Gold Standard” for Validation. 
	• 
	• 
	• 
	exposure changing through time. 

	• 
	• 
	reverse causality bias 

	• 
	• 
	compute disease risk 


	age/time HDL-Cholesterol(mg/dL)[high] [low] [γ-tocopherol] 
	?. 
	low HDL γ-tocopherol 
	tocopherol (vitamin e) supplements for. CHD individuals?. 
	Addressing Confounding Bias. with the Exposome. 
	1, original * carotene E[HDL-C] = α + 1,extended * carotene + β2 * statin use compare β1, original and β1,extended “account” for bias due to statin use 
	E[HDL-C] = α + 
	β
	β

	confounder 
	“source” of bias example variables 
	statin use β-carotene High HDL 
	disease status 
	disease status 
	disease status 
	diabetes, CHD, heart attack 

	drug use 
	drug use 
	metformin, statins use 

	supplement use 
	supplement use 
	count of total supplements used 

	physical activity 
	physical activity 
	daily estimated metabolic equivalents 

	recent food intake 
	recent food intake 
	total nutrients computed from frequency questionnaire 


	total: 62 
	100*(extended-original)/original -40 -30 -20 -10 0 10 20 CotinineMercury, total3-fluorene2-fluorenea-Carotenetrans-b-carotenecis-b-caroteneb-cryptoxanthined Lutein/zeaxanthintrans-lycopenevalidated factor TFIBE cardiovascular cardiovascular disease status, TALCO TMAGN statins use, and physical activity TFF any_fish any_shellfish count physical_activity TPOTA Iron, Frozen SerumRetinyl stearateFolate, serumVitamin CVitamin Dg-tocopherolHeptachlor Epoxide crease effect decrease effect.
	Aim 3: EWAS and validity 
	Assessing Bias from Self-report data. ex.: HDL-C. 
	recent alcohol use 
	Tuesday, September 27, 2011 
	Can we use an “exposome” to elucidate combinations of exposures?. What is the LD of the exposome?. 
	Aim 4: LD of exposome?. 
	What is “Linkage Disequilibrium” of the Exposome?. 
	Given measurement of the exposome,it is possible discern combinations of potential exposures.. 
	 

	Analogy: “Linkage Disequilibrium” and correlated loci. 
	ab 
	4 2 0 
	SLC30A8 
	*
	* 
	–log[P]
	10
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	* 
	* 
	cd 
	Sladek et al., Nature Genetics.  2007. 
	Aim 4: LD of exposome?. 
	Preliminary LD of NHANES Exposures. 
	pyrethroid ρ=0.4 
	phenol pesticides ρ=0.2 
	organophosphates. ρ=0.2. 
	organochlorine ρ=0.3 
	deet 
	furans 
	ρ=0.4 
	diakyl carotenoids
	diakyl carotenoids
	diakyl carotenoids
	mineral nutrients 

	ρ=0.3 ρ=0.5 

	ρ=0 vitamin A ρ=0.3 vitamin B ρ=0.2 vitamin C 
	vitamin D 
	vitamin E ρ= -0.2 
	phytoestrogens ρ=0.3 
	α-carotene & cotinine. ρ= -0.4. 
	cotinine 
	β-carotene & hydrocarbons 
	ρ= -0.4 hydrocarbons 
	pcbs & organochlorines 
	dioxins 
	dioxins 
	ρ=0.6 

	ρ= 0.4 
	ρ=0.4 

	cadmium & cotinine volatile organics ρ=0.4 
	ρ= 0.6 

	pcbs. ρ=0.4. 
	virus ρ=0.1 
	bacteria heavy metals ρ=0.2 phenolsρ=0 
	ρ=0.3 

	PFCs phthalates ρ=0.3 ρ=0.3 
	for each pair:. Partial ρ. age, BMI (serum). age, creatinine (urine). 
	permuted data to produce. “null ρ”. ﬁltered those ρ > .3 or < -0.2 .(5th, 95th percentile). sought replication in > 1 cohort. 
	Red: positive ρ. Blue: negative ρ. thickness: |ρ|. 
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	EWAS:. Conclusion and Discussion. 
	• generalizable, comprehensive, transparent, and 
	systematic study of environment 
	heptachlor epoxide 
	• 
	• 
	• 
	novel associations for T2D and HDL-C. γ-tocopherol 

	•. 
	•. 
	•. 
	effects on disease are on par with genetics, T2D: ~2-3 OR
	HDL-C: 1-10 mg/dL 


	calling for large-scale exposomic study 

	• 
	• 
	However: confounding, reverse causal biases:. need longitudinal and follow-up studies.. 
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