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The UK Biobank leveraged the UK National Health Service
to enroll a population-based sample of ≈500 000 consented
Britons designed for comprehensive analysis health determinants on a formerly unprecedented scale. It includes wholegenome genotype data in the entire population. Participants
were aged 40 to 69 years at enrollment, and although initial analysis will be largely retrospective, the proposed 30
years of follow-up enable prospective studies. Remarkably,
the charter of the UK Biobank explicitly encourages public
access to these data for approved research projects with a
modest administrative fee.
An interim release of data from ≈150 000 UK Biobank
participants had already shown promise for analysis of CAD.8–
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Several papers during the past year considered CAD cases
in the UK Biobank defined by International Classification
of Diseases, Tenth Revision codes, collected by self-report
touchscreen questionnaire and a verbal interview in person at
assessment centers or from linked medical records. This ascertainment approach yielded ≈5000 to 6000 strictly defined
or ≈10 000 more liberally defined cases that included, for example, angina. Combining GWAS of these cases (and suitable
controls) with pre-existing meta-analysis of genome-wide
scans from a variety of case/control and cohort studies within
the CARDIoGRAMplusC4D consortium (which already included 60 801 CAD cases),6 3 independent efforts each added
≈13 to 15 novel CAD loci for a grand total of 96 (including
loci identified via other strategies11–13).
In the current work by van der Harst and Verweij,14 the authors now avail themselves of the full UK Biobank with up to
34 541 cases of CAD and 261 984 controls and present their
new GWAS only ≈6 months after these data were released. In
their analytic strategy, the authors first select suggestively significant associations in the UK Biobank for replication in the
pre-existing, cohort-based genome-wide meta-analysis from
CARDIoGRAMplusC4D, yielding 13 novel loci that satisfy
conventional significance standards for replication and also
reach genome-wide significance in meta-analysis of all studies. They then perform the reciprocal analysis, identifying suggestively significant candidates in the CARDIoGRAMplusC4D
meta-analysis for replication in the UK Biobank and find 21
more loci. However, although reciprocal replication provides
a convincing association, it is less statistically powerful than
direct meta-analysis of all data. Taking the latter approach, the
authors identify 30 additional associations, resulting in a total of
64 novel loci or 161 overall. Considered together, the 161 loci
are estimated to explain 15.1% of the heritability of populationbased CAD liability attributable to the common genetic variation sampled by the study.
As is customary in GWASs today, the authors further
characterize for their novel loci by a series of additional
analyses. Using the International Classification of Diseases,
Tenth Revision–coded UK Biobank event definitions, they

bout 10 years ago, the promise of genome-wide association studies (GWASs) for reducing the burden of
coronary artery disease (CAD) was in crisis. GWASs had not
enabled the genetic prediction of CAD in populations. Nor
had they revealed novel pathobiology. Even GWASs including up to 2000 cases of CAD, an ambitious proposition at
the time, found only a single common association at chromosomal position 9p21 that surpassed the stringent significance
threshold required for common variants on a genome-wide
basis (ie, P<5×10−8).1–4 Although this signal was robust, it
only minimally accounted for the family-based heritability
and thus risk of CAD,5 and its biological mechanism of action could not be discerned because it mapped to an extended
intergenic region. Subsequent GWAS over the following few
years incrementally identified more CAD loci but still failed
to account appreciably for CAD heritability.
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What was wrong? Did family-based heritability overestimate the role of genetics in populations? Did the heritability reside in rare instead of common genetic variants?6 Was
there a need to consider gene-by-environment interactions?
Certainly, all of these explanations contribute to a complete
picture of CAD genetics. However, since the initial CAD
GWASs, it has also been recognized that the heritability of
CAD, like other complex traits, is substantially composed
of many more variants than had been anticipated, each with
a small effect. Such a genetic architecture, consisting of
hundreds or even thousands of small genetic influences,
can only be dissected with large samples; and the carefully
nurtured cohort studies that have been highly effective for
conventional CAD epidemiology are typically not large
enough. In other words, as resource intensive as the initial
CAD GWASs were, their study designs limited statistical
power to detect the majority of common genetic variants
contributing to CAD.
A sea change in thinking about how to address this challenge is occurring. Led by the example of the UK Biobank,
we may soon have access to extremely large samples for
genetic analysis that are sufficiently powered to elucidate
the genetic architecture of CAD and other complex traits.7
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confirm a previous report showing that 2 loci are selectively
associated the acute phase of CAD, namely myocardial infarction, rather than the progressive phase defined by CAD
without myocardial infarction. However, selectivity for
myocardial infarction was not revealed for any of the novel
loci. Many of the novel loci have been previously implicated
in known CAD-related phenotypes, such as plasma lipids,
inflammatory biomarkers, blood pressure, diabetes mellitus, glomerular filtration rate, and abdominal aortic aneurysm. Still others are related to developmental phenotypes,
such as anthropometric measures and age of menarche. At
a false discovery rate of 0.05, candidate genes mapping to
the novel loci are predominantly active in tissues associated
with blood vessels, but there are also expression signals in
tissues associated with musculoskeletal system, the digestive system, connective tissue (eg, adipose tissue), and the
gastrointestinal tract, including liver. The candidate genes
are enriched in 1525 gene sets (ie, genes participating in a
shared biological function), derived from semisupervised integration of known biology with tissue-specific patterns of
correlated gene expression and described with terms such as
complete embryonic lethality during organogenesis, blood
vessel development, and anemia among others.
Perhaps, more surprising than the identities of these
new biological pathways is their number. Gene-set enrichment analysis on the previous CAD GWAS from
CARDIoGRAMplusC4D6 yielded 457 significant gene sets.
This number increased to 889 in analysis with the interim release of 150 000 UK Biobank samples, but leapt to 1525 with
the current GWAS representing 13.9% of the 10 968 gene sets
that were tested. Because enrichment in gene sets essentially
reflects a correlation between the genetic association signal
for CAD and coordinated biological functions, the marked
increase in signal validates the biological importance of the
new findings. Moreover, the increase is consistent with the
emerging notion that a great multiplicity of genetic loci, often
with apparently disparate biological functions, all conspire
to influence the heritability of complex traits, such as CAD.
In spite of these advances, the contribution of the genome-wide significant loci to CAD risk remains modest.
Although a genetic risk score aggregating the effects of all
loci was statistically significant, its effect would likely not
be useful in a clinical setting for predicting incident CAD.
Extrapolating from the incremental rate of CAD locus discovery as a function of sample size, it can be estimated that
a GWAS incorporating ≈1 million cases may be needed to
yield a clinically useful CAD genetic predictor15 for the general population. Moreover, it is anticipated that genetic predictors will be different for different ancestries. Predictors
derived from most ongoing genetic analyses of CAD emphasize European ancestry and would likely not be optimal in
populations with non-European, especially African, ancestry, which would require additional GWASs at full scale.
However, the UK Biobank is a great start toward the
needed sample sizes, and it will soon be joined by comparable initiatives in the United States and elsewhere. For
example, the Million Veterans Project is enrolling veterans
on a voluntary basis to collect comprehensive genomic information linked to longitudinal clinical data through the

Veteran’s Administration healthcare system while the NIHfunded All of Us project is enrolling 1 million individuals
to integrate conventional clinical profiles with genomic data
toward precision medicine. As these projects mature, the
feasibility of involving still larger populations for research
may become apparent, for example, through anonymized
linking of whole-genome genetics to electronic medical
records.
Our understanding of CAD genomics has progressed
rapidly in the past 10 years, measured not only by the number of known loci but also by elucidation of CAD genetic
architecture and candidate genes for functional follow-up.
Peering into the future, the prospects for realizing the full
potential of genomics in understanding prevention and treatment of CAD are excellent. We may be in the midst of that
future now.
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