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in ADAMTS7 associated with lower DBP (0.238 (o0.03) mm Hg,  
P = 5.1 × 10−12, N = 244,143) was associated with reduced ADAMTS7 
expression in human VSMCs (Supplementary Fig. 13b), while the 
minor A allele of SNV rs2289125 at the NOX4 locus associated with 
lower PP (–0.377 (o0.04) mm Hg, P = 9.1 × 10−22, N = 282,851) cor-
related with increased NOX4 expression in endothelial cells although 
not VSMCs (Supplementary Fig. 13c). Our study thus finds evidence 
for novel cis-eQTLs in ADAMTS7 and NOX4 in addition to validating 
the previously reported GTEx eQTL in SF3A3, and it supports the 
vascular expression of these genes.

Genetic risk score analyses
We created an unbiased genetic risk score (GRS) (Supplementary 
Table 22) to evaluate, in an independent cohort (Airwave; Online 
Methods), the impact of the combination of all loci reported here on 
BP levels and risk of hypertension. When compared with the lowest 
quintile of the distribution of the GRS, individuals >50 years old in the 

highest quintile had sex-adjusted mean SBP that was 9.3 mm Hg higher 
(95% confidence interval (CI) = 6.9 to 11.7 mm Hg, P = 1.0 × 10−13)  
and an over twofold higher risk of hypertension (odds ratio (OR) = 2.32,  
95% CI = 1.76 to 3.06, P = 2.8 × 10−9) as compared with individu-
als in the lowest quintile (Fig. 3 and Supplementary Table 23).  
Similar results were obtained from GRS associations with BP and 
hypertension within UK Biobank (Supplementary Table 24). In UK 
Biobank—based on self-reported health data, record linkage to Hospital 
Episode Statistics and mortality follow-up data (Supplementary  
Table 25)—we showed that the GRS was associated with increased 
risk of stroke, coronary heart disease and all cardiovascular outcomes; 
comparing the upper and lower quintiles of the GRS distribution, sex-
adjusted odds ratios were 1.34 (95% CI = 1.20 to 1.49, P = 1.5 × 10−7), 
1.38 (95% CI = 1.30 to 1.47, P = 4.3 × 10−23) and 1.35 (95% CI = 1.27  
to 1.42, P = 1.3 × 10−25), respectively (Fig. 3 and Supplementary  
Table 26). Results are also provided for incident-only cases 
(Supplementary Table 27).
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Figure 4 Summary of cardiovascular gene expression from validated loci. Genes are shown on the basis of their tissue expression and supporting 
evidence summarized in Supplementary Table 16, based on knockout (KO) phenotype and previously reported BP biology or a strong functional 
rationale: eQTL, nonsynonymous SNV or Hi-C data. Multiple lines of evidence indicate the central importance of the vasculature in BP regulation, and 
we thus highlight existing drugged (*) and druggable (#) targets among these genes. Illustrations used elements with permission from Servier Medical 
Art. We note that some druggable genes may carry a safety liability, such as GJA1, which has known association with QT interval20.
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Figure 6. Relationship of genetic risk score (GRS) with hypertension and cardiovascular disease 
in UK Biobank. The GRS is based on all 901 loci, showing sex-adjusted odds ratios of (a) 
hypertension (HTN) and (b) incident cardiovascular disease (CVD), myocardial infarction (MI) and 
stroke, comparing each of the upper nine GRS deciles with the lowest decile; dotted lines represent 
the upper 95% confidence intervals. 
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editorial

GPS for navigating healthcare
Precision genomic medicine is now technically feasible. Just as global positioning systems revolutionized the 
logistics of travel, so genome-wide polygenic risk scores (GPSs) now have the potential to inform our trajectories 
of health and to serve in the prevention and mitigation of many common and complex diseases. We welcome 
research into the implementation of—and equity of access to—genetic predictors and their integration into clinical 
and evidence-based medical practice.

Thousands of constitutional genetic 
variants throughout the genomes 
of all people influence most of our 

traits as well as our susceptibilities to 
complex diseases (those determined by 
environmental factors acting via our genetic 
predispositions). After over a decade of 
well-powered genome-wide association 
studies (GWAS), we have gained not only 
many molecular clues as to the operation of 
mechanisms of differential susceptibility to 
a wide range of common health conditions, 
but also statistical polygenic predictors (the 
GPS) of the distribution of genetic risk in 
the population. In a new study, Amit Khera, 
Mark Chaffin and colleagues show that, for 
populations of European ancestry where 
healthcare data have been systematically 
collected, such polygenic predictors can 
identify subsets of the population who are 
very likely to be at a threefold higher risk of 
a common disease relative to the remaining 
majority of the same population. These 
authors argue that not only are their GPSs 
classifying more of the higher-risk individuals 
than would be identified by genotyping rare 
monogenic causes of the same disease, but 
that for coronary artery disease the GPS 
identifies at-risk individuals whom it was 
not possible to identify using existing clinical 
measurements such as cholesterol, blood 
pressure or family history. This method was 
here shown to work reproducibly for five 
different diseases, with the group at threefold 
greater risk of disease ranging from 8% of 
the population (coronary artery disease) to 
1.5% (breast cancer). Clearly, it will be some 
time before sufficient numbers are genotyped 
across the genome to provide risk prediction 
for a larger proportion of the population, 
even for common cancers.

Following up the implications of the 
small proportion of cancer risk so far 
predicted by common variants identified 
in GWAS, Clare Turnbull, Amit Sud and 
Richard Houlston offer a Perspective 
highlighting the strategies most needed to 
provide clinical benefit for population-wide 
cancer prevention programs informed by 
genetics of cancer predisposition. They point 
out that identification of familial mutations 
in DNA repair pathways (homologous 
repair deficiency in breast cancer and 
mismatch repair deficiency in colorectal 
cancer) still provides the best opportunity 
for early detection and intervention. These 
variants, some of the first predisposition 
mutations to be identified, are outliers 
on the graph of effect size versus allele 
frequency, either because they confer large 
relative risk or are over-represented in 
founder populations, or both. However, 
this Perspective emphasizes that there is a 
big opportunity left on the table: “…  even 
in countries with well-developed genetics 
services, we have identified less than 10% 
of prevalent BRCA and MMR mutation 
carriers.” This failing means that even 
the real risk conferred by mutations in 
these genes is biased by ascertainment in 
cancer pedigrees and founder populations, 
meaning that real clinical benefit could be 
obtained by targeted, systematic sequence-
based screening of whole populations. The 
Perspective emphasizes this aim at the 
expense of the much more difficult task of 
establishing the significance of novel rare 
constitutive variants in heretofore unstudied 
genes ascertained by systematic population 
sequencing of exomes or whole genomes.

In their News & Views on the GPS 
study, Andrew Schork, Anthony Schork 

and Nicholas Schork are enthusiastic 
about the use of precision medicine via 
genomic prediction and raise most of the 
remaining issues that need to be addressed 
societally and experimentally if we are to 
make economic and health gains from the 
decades of highly reproducible genomic 
epidemiology research. First and foremost 
in our opinion is the issue of genomic 
equity: we need to know which variants and 
predictors work for which populations and 
which variants to use to characterize the 
effects of the trellis-like demographics of 
the human race on the risk profile of people 
of different combinations of ancestries. 
Secondly, they rightly highlight the use of 
existing diagnostics and biomarkers in the 
concept of time-limited risk prediction. 
Although the DNA variants each of us 
carries are preexisting at our birth, it is 
unlikely that they exert their effects evenly 
throughout our lives, so some of the 
harmonization of predictions based  
on clinical measurement and on GPSs  
will need to take into account age and 
disease courses.

So, we are open to publish research 
that not only extends the base of genomic 
variation that we can use in prediction, 
but also research into implementation of 
these GPS methods that demonstrably 
adds useful information for healthcare and 
economic planning, for clinical decision 
making, for medical education, and above 
all for the mechanistic understanding of, 
prevention and management of common 
and complex diseases. ❐
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Table S2

Nearby genes Best SNP Effect size
(SE) mg/dL

P-value

SORT1 rs629301 -5.65 (0.21) 9.7 E– 171
APOE–C1–C2 rs4420638 7.14 (0.29) 8.7 E– 147

LDLR rs6511720 -6.99 (0.30) 4.3 E– 117
APOB rs1367117 4.05 (0.19) 4.5 E– 114

ABCG5/8 rs4299376 2.75 (0.20) 1.7 E– 47
HMGCR rs12916 2.45 (0.18) 5.1 E– 45
TRIB1 rs2954022 -1.84 (0.17) 2.6 E– 29
PCSK9 rs2479409 2.01 (0.22) 1.9 E– 28

APOA1–C3–A4–A5 rs964184 2.85 (0.27) 1.5 E– 26
TIMD4 rs6882076 -1.67 (0.19) 1.9 E– 22
ABO rs649129 2.05 (0.21) 7.9 E– 22
HPR rs2000999 2.00 (0.22) 1.8 E– 22
CILP2 rs10401969 -3.11 (0.38) 6.7 E– 22

FADS1–2–3 rs174583 -1.71 (0.19) 1.2 E– 21
TOP1 rs909802 1.41 (0.17) 3.2 E– 19
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cell-type-specific regulatory elements versus broadly actively
regions. As expected, there appears to be little or no genetic
contribution from regions that are inactive in these tissues. To
investigate the question of GWAS specificity further, we next
examined evidence for enrichment of associated genes in spe-
cific functional categories.

Weak Enrichment of Genetic Signals by Functional
Categories
We considered the contributions of genes from different func-
tional ontologies. As expected, we found that the genetic
signals for the two autoimmune diseases (Crohn’s and RA)
were most enriched in ontologies corresponding to ‘‘immune
response’’ and ‘‘inflammatory response,’’ whereas schizo-
phrenia heritability was most enriched in nervous-system-
related genes with ontologies such as ‘‘ion channel activity’’

Figure 2. Heritability Tends to Be Enriched
in Regions that Are Transcriptionally Active
in Relevant Tissues
(A) Contributions to heritability (relative to random
SNPs) as a function of chromatin context. There is
enrichment for signal among SNPs that are in
chromatin active in the relevant tissue, regardless
of the overall tissue breadth of activity.
(B) Genes with brain-specific expression show the
strongest enrichment of schizophrenia signal (left),
but broadly expressed genes contribute more to
total heritability due to their greater number (right).

and ‘‘calcium ion transport’’ (Figure 3).
However, these enrichments were rela-
tively modest, and for all three diseases,
we observed a strong linear relationship
between the sizes of the functional cate-
gories and the proportion of heritability
that they contributed. Broad functional
categories contribute more total trait her-
itability than do genes in apparently dis-
ease-relevant functional categories, and
for all three diseases, the largest contrib-
utor to heritability was simply the largest
category, namely protein binding.

Moreover, these results are markedly
different from analysis of rare variants
implicated in schizophrenia. Recent
studies of rare variants have consistently
found enrichment of synaptic genes and
other gene sets involved in neuronal func-
tions within de novo, rare, and CNV poly-
morphism sets (Table 1). In contrast, anal-
ysis of the 108 genome-wide significant
loci from GWAS found examples of hits in
relevant genes but no ontology categories
that were significant overall (Ripke et al.,
2014), consistent with the weak enrich-
ment described above for the heritability
analysis of the same data. Together, these
results suggest that the types of genes de-

tected in rare variant studies—whichcandetect highlydeleterious
variants with large effect sizes—play more direct roles in schizo-
phrenia than do genes identified from GWAS based on common
variants.

An Extended Model for Complex Traits
In summary, for a variety of traits, the largest-effect variants are
modestly enriched in specific genes or pathways that may play
direct roles in disease. However, the SNPs that contribute the
bulk of the heritability tend to be spread across the genome
and are not near genes with disease-specific functions. The
clearest pattern is that the association signal is broadly en-
riched in regions that are transcriptionally active or involved in
transcriptional regulation in disease-relevant cell types but ab-
sent from regions that are transcriptionally inactive in those cell
types. For typical traits, huge numbers of variants contribute to
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