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Abstract

Contemporary genomic tools now allow the fast and reliable genotyping of hundreds of thousands
of variants and permit an unbiased interrogation of the common variability across the human genome.
These technical advances have been the basis of numerous recent investigations of genes underlying
complex genetic traits, and the results for blood pressure and hypertension have been of particular
interest. The pathophysiology of the complex genetic trait blood pressure and hypertension is unclear.
The heritability of essential hypertension is high and insights can be gained by finding associated
genes. Current genome-wide association studies (GWAS) have identified 10 to 20 loci in or near
genes that generally were not expected to be associated with blood pressure or essential hypertension;
more significant variants will be discovered when even larger and more refined studies become
available. This article gives a short introduction to GWAS and summarizes the current findings for
blood pressure and hypertension.
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Introduction

For many years, hypertension genetics has been dominated by the stark contrast between the
high heritability of blood pressure and hypertensive traits and the frustrating reality that no
clearly reproducible genetic variant for essential hypertension could be found. Estimates for
heritability in family studies range from 31% or 34% (single-measure systolic blood pressure
[SBP] and diastolic blood pressure [DBP], averaged over three studies [1-3]) to 56% or 57%
(long-term average SBP and DBP phenotype [1]), to 63% or 68% (24-hour profile of SBP and
DBP [4]). Studies of rare familial forms of hypertension, on the other hand, have been
extremely successful in identifying causal genes, illuminating the regulatory pathways of blood
pressure [5], but these variants appear unrelated to essential hypertension in the general
population.

Among the reasons put forward to explain the difficulty in identifying genes for blood pressure
and hypertension are theoretical considerations suggesting that the power of linkage studies is
low for variants with modest effects [6]. A large number of candidate genes have been tested
for association with blood pressure and hypertension without convincing results; the candidate
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gene approach suffers for the very same reason why these investigations are carried out: the
nature of essential hypertension has remained elusive since it was first described in 1877 [7].

Hypertension and blood pressure have been considered complex (or polygenic) genetic traits
since the classic work of Pickering and colleagues [8] and have been prime examples of
complex inheritance [9]. Successful identification of blood pressure genes therefore would not
only explain some part of the nature of essential hypertension—elusive so far—but also would
provide insight into the architecture of complex genetic traits in general.

Technologic advances now permit the genotyping of hundreds of thousands to more than a
million single nucleotide polymorphisms (SNPs) on a single microarray at a reasonable cost
[10,11]. These genomic tools permit the interrogation of a large proportion of the common
human genetic variation throughout the genome, a task that previously was not feasible.
Association testing of every single SNP against hypertensive and blood pressure traits (a
genome-wide association study, GWAS) opens the way for an unbiased investigation of genetic
causes of these traits, which can be considered one of the first direct applications of the Human
Genome Project [12] and the HapMap Project [13e¢e].

This article gives a short introduction to GWAS and how to read GWAS, summarizes the
results from studies on blood pressure and hypertension published so far, and highlights some
of the general conclusions and limitations that have become apparent.

Architecture of Complex Genetic Disease

Complex genetic disease is determined by genes and the environment. The environmental
factors of this equation are not discussed in this article, nor are interactions of genes and
environment, which are likely to be important but currently are difficult to quantify. The impact
of genes on complex genetic disease is thought to be largely determined by three basic
characteristics of the disease-associated allelic variant: the frequency of the variant, the effect
size of the variant on the phenotype, and the number of genetic variants acting on the phenotype.

The relationship between frequency and effect size of a genetic variant is continuous and all
possible combinations are thought to exist [14e¢]. Figure 1 depicts the classic types of
combinations. The two combinations considered most often are a rare variant with a large effect
size and a common variant with small effect size. The other two combinations are either very
difficult to detect (rare variant with small effect size) or rarely observed (common variant with
large effect size). Many monogenic hypertension syndromes occurring in rare families, such
as those identified by Lifton and coworkers [5], are due to very rare variants with a large effect.
These syndromes have distinctive biochemical and hormonal characteristics that allowed them
to be classified as single-gene diseases before the identification of the actual genes affected.
A different genetic principle must govern common traits such as hypertension. The frequency
and the continuous nature of common traits are not compatible with rare variants harboring a
large effect size. A model for the genetics of complex traits has been the “common disease-
common variant” hypothesis [15,16], which implies that common disease is due to allelic
variants with a frequency greater than 5% in the general population and a small individual
effect size. The current GWAS efforts address precisely this spectrum of genetic variation;
genotyping is limited almost exclusively to allelic variants with a frequency of at least 5%, and
the effect size of the variants identified so far is mostly small.

How much of the variability of the phenotype (or of the heritability) can be explained by
multiple identified variants? How many disease-associated variants constitute the genetic
component of blood pressure and hypertension? Precise numbers are yet unknown, but there
are likely to be many more than the ones described in this review. An outlook can be gained
from other traits: The Genetic Investigation of Anthropomorphic Traits (GIANT) Consortium
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has recently presented results of investigating the genetics of human height by a GWAS on
133,800 individuals. They found 318 independent genome-wide significant signals that explain
about 14% of height variation [17]. It is interesting to see that even with such a large sample
size, only a small fraction of the heritability of height (h?=0.8) could be explained. Another
recent report, pertaining to schizophrenia, describes the development of a risk score including
thousands of common alleles with very small effect (mostly nominally nonsignificant), which
explains a sizable fraction of disease risk [18¢]. Considering these results, it appears possible
that common variants act on common disease at many loci (hundreds to thousands), explaining
little individually but explaining a much larger share of the trait or disease collectively. Previous
investigations of complex genetic disease by candidate gene studies or linkage analysis were
not geared toward identification of variants with these features. The GWAS offers the first
opportunity to test such hypotheses.

How to Read GWAS: A Short Introduction

The difficulty in understanding GWAS resides principally in an appreciation of the number of
genetic variants tested for association with the phenotype, as hundreds of thousands to more
than a million SNPs are investigated. For each SNP, an association test is performed yielding
a P value and a regression analysis estimate of effect size (beta). Given the number of tests
performed, the nominal P values need to be corrected for multiple testing, because highly
significant results will arise by chance alone with many tests. The true significance threshold
can be determined accurately by permutation testing [19]. Most current reports use an
approximation: Significant associations have a P value smaller than 5 x 1073, under the
assumption that only 1 million independent tests are performed, even if a larger number of
genetic variants is tested. The significance threshold 5 x 1078, also termed “genome-wide
significance,” is reached by dividing the usual alpha of 0.05 by 1 million (the effective number
of tests performed). Such a Bonferroni correction is conservative, increasing the credibility of
loci with a P value less than 5 x 1078, A logical consequence of these requirements is the need
for a large sample size; such highly significant results can be reached only by analyzing large
samples (generally> 1000 participants), and this requirement is an important limitation of the
method.

Two types of P value plots have emerged as the standard presentation of GWAS results:
—logio(P) genome-wide association plots (Manhattan plots) and quantile-quantile (QQ) plots.

Manhattan plots represent the P values of the entire GWAS on a genomic scale (Fig. 2a). The
P values are represented in genomic order by chromosome and position on the chromosome
(x-axis). The value on the y-axis represents the —log of the P value (equivalent to the number
of zeros after the decimal point plus one). For example, see the P value indicated in red on Fig.
2a. Because of local correlation of the genetic variants, arising from infrequent genetic
recombination, groups of significant P values tend to rise up high on the Manhattan plot,
making the graph look like a Manhattan skyline.

The QQ plot is a graphical representation of the deviation of the observed P values from the
null hypothesis: the observed P values for each SNP are sorted from largest to smallest and
plotted against expected values from a theoretical x2-distribution. If the observed values
correspond to the expected values, all points are on or near the middle line between the x-axis
and the y-axis (null hypothesis: light gray line in Fig. 2b and c). If some observed P values are
clearly more significant than expected under the null hypothesis, points will move towards the
y-axis, as shown in Figure 2b. If there is an early separation of the expected from the observed
(Fig. 2¢), this means that many moderately significant P values are more significant than
expected under the null hypothesis. This result is rarely due to thousands of true positives;
more often, it is due to population stratification: systematic differences in allele frequencies
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between subpopulations of the collection of individuals investigated, so that a large number of
P values are smaller than expected from chance alone.

Blood Pressure and Hypertension

To date, 1 GWAS on blood pressure and hypertension have been published, including studies
whose main objective was not blood pressure genetics. Table 1 summarizes these studies, their
sample size, phenotype under investigation, and their key findings. Several different ethnicities
have been examined, but most investigations have been centered on participants of European
origin, partly because samples of European origin are more readily available, but also because
the genetic analysis of African American individuals, for example, is more challenging as a
result of incomplete accounting for admixture and because African genomes have undergone
a higher number of recombinations than European genomes [20,21].

Only two of the published studies on blood pressure traits (CHARGE BP and Global BP Gen)
have identified an association withstanding correction for multiple testing (‘“‘genome-wide
significance”) within the study that could clearly be replicated in an independent study [22ee,
23ee]. The P values for the corresponding SNPs are highlighted in Table 1. All of these variants
have been found in individuals of European origin. A thorough testing in other ethnic groups
of the strongest associations is still outstanding. Both studies have very large sample sizes (near
30,000 participants) and are meta-analyses of several individual GWAS.

Only one SNP reached genome-wide significance for hypertension in a primary GWAS meta-
analysis, whereas in the same study, four SNPs reached this threshold for SBP and six reached
it for DBP [22¢¢]. It is possible that the differences in the number of significant findings are
due to differences in power; continuous traits have greater power than discrete traits and
therefore the chances of obtaining a significant result are higher with a continuous trait. It is
important to emphasize that given the effect sizes observed and the number of tests performed,
the power is low, even in GWAS with 30,000 participants.

In total, 14 independent loci have been identified so far for blood pressure traits that reached
genome-wide significance, including replication in independent cohorts [22¢¢,23¢¢ 24]. For
three of these loci, two studies find SNPs that are close to each other physically and correlated
(linkage disequilibrium 12, 0.4—1) [22¢e,23e]. Therefore it is likely that they point to the same
causal variant.

It is important to point out that the exact identity of the genes driving the association with blood
pressure or hypertension cannot be determined on the basis of these data alone. All “nearest
genes” indicated in Table 1 are necessarily only educated guesses about the gene containing
the causal variant until the functional mechanism can be identified. Nevertheless, it is possible
that the genes nearest to the variants identified are the genes through which the variant exercises
its effect. The 14 loci are in or near genes encoding six enzymes (including three kinases and
one cytochrome), two solute channels, two transcription factors, one growth factor, one cell
signaling protein, one structural protein, and one hypothetical gene.

Assuming we have identified the genes correctly on the basis of proximity, it is striking that

only two genes out of 14—CYP17A1 (cytochrome P450, family 17, subfamily A, polypeptide
1) and 5,10-methylenetetrahydrofolate reductase (MTHFR)—would have been identified as a
blood pressure candidate gene before these studies. The protein encoded by CYPI7A1 is a key
enzyme in the steroidogenic pathway and has 17a-hydroxylase and 17,20-lyase activities. Loss
of function of CYP17A1 can lead to an uncommon form of congenital adrenal hyperplasia with
features that include hypertension. The protein encoded by MTHFR catalyzes the conversion
of 5,10-methylenetetrahydrofolate to Smethyltetrahydrofolate in the methionine metabolism.
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All of the other 12 genes closest to the variants identified were previously largely unsuspected
of involvement in blood pressure regulation. There are certainly very plausible biologic
candidates on this list. For example, plasma membrane ATP2B1 (ATPase, Ca** transporting,
plasma membrane 1) is an ion-transport ATPase at the cell membrane and plays a critical role
in intracellular calcium homeostasis. A variant near this gene has been found for SBP, DBP,
and hypertension by one group [22¢¢], and the variant is the only genome-wide significant
variant identified by GWAS for hypertension so far. Furthermore, it is interesting that the top
finding of another blood pressure GWAS (for both SBP and DBP) also identified a variant
near this gene as the best finding [25]. For many of the remaining genes, a compelling biologic
explanation can also be found, but it may be wise to wait until the biology of their action can
be better explained, as proof by proximity may be a fallacy.

An important consideration is the effect size of the variants identified. The genetic model in
all studies with significant findings shown Table 1 is additive, and each copy of the risk allele
is associated with an increase of about 1 mm Hg in SBP or about 0.5 mm Hg in DBP, on
average. This increase is small, well below the measurement error, but nevertheless highly
significant in large cohorts. It is also important to keep in mind clinical observational data
indicating that prolonged increases of 5 mm Hg in the usual DBP are associated with a 34%
increase in stroke and a 21% increase in coronary heart disease [26].

Based on these findings, it appears that common variants associated with blood pressure
phenotypes have a very small effect size. There is no such thing as “the blood pressure gene.”
It is likely that many genes act conjointly, and the individual contribution of each gene is very
small. One group has described a risk score using the best 10 findings for each blood pressure
phenotype, and the conjoint effect amounts to several millimeters mercury of blood pressure
[22e¢]. Although interesting, such analyses are victim of the “winner’s curse” [27], as genome-
wide significant findings often have large effect sizes in the studies identifying them, much
larger than can be shown in replication studies; it remains to be seen how much lower the effect
size estimate will be in an independent population. The variants significant so far explain only
a very small fraction of the heritability of blood pressure traits, for many potential reasons
[28e¢]. Most notably, further effector variants may be found at lower allele frequencies at the
same genes in a scenario that would fall between the categories described in Fig. 1.

Conclusions

GWAS permit for the first time the investigation of most genetic variability due to common
variants in the human genome. Application of this technology to blood pressure traits and
hypertension has identified more than a dozen loci that are reproducibly associated with blood
pressure traits in large cohorts. The genes closest to the variants identified are largely not
suspected of involvement in blood pressure regulation; they may not be causal genes because
they are chosen by proximity alone. The effect sizes of the variants identified are small and
currently explain about 1% of the phenotypic variability (after correcting for major confounders
such as sex, age, and body mass index).

Why is so little of the heritability explained? Dr. McKusick’s 1960 article on hypertension
genetics [9] is followed by a quote from Oliver Wendell Holmes: “We are all tattooed in our
cradle by the beliefs of our tribe.” Might it be that heritability estimates for blood pressure
traits are overestimated and familial environment and habits determine more of blood pressure
variability than predicted? Can rare variants explain more of the phenotypic variability? Are
current experimental approaches missing an unknown, yet major, biologic phenomenon? It is
also possible that gene-environment interactions play an important role, but it is currently not
possible to quantify them. At this stage, it is important to emphasize for the clinician that the
predictive power of the genetic variants identified for blood pressure and hypertension, even
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taken collectively, is so small that they are not clinically useful, though this limitation may
change in the future. Conversely, the current studies have discovered new pathways regulating
blood pressure and hypertension, and there is at least a possibility that they may be acted upon
by small molecules.

Findings of GWAS are an encouraging step in blood pressure genetics, and they open the way
for subsequent investigations. Studies with larger sample sizes are under way; they will have
greater power and are likely to uncover additional blood pressure variants. Further GWAS on
alternative phenotypes (eg, pulse pressure and mean arterial pressure) and on refined
phenotypes (eg, long-term average blood pressure) are expected to appear soon. One important
contributor will be the International Consortium on Blood Pressure (ICBP)-GWAS, formed
by joining together the CHARGE BP [22¢¢] and Global BP Gen [23+¢] consortia, with a total
sample size of close to 70,000 individuals. Large-scale experiments to investigate blood
pressure traits in nonwhite populations (eg, the CARE consortium) are also under way. These
investigations will help in better understanding of the genetics of blood pressure and
hypertension, with potential benefits for prediction, diagnosis, and treatment.
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Fig. 2.

a Manhattan plot (—logo[P] genome-wide association plot) of a genome-wide association
study on systolic blood pressure in 29,136 individuals in Cohorts for Heart and Aging Research
in Genomic Epidemiology (CHARGE). The genome-wide significance level is set at 5 x
1078 and plotted as the dotted line. Any single nucleotide polymorphism (SNP) within a region
of 5 Mb containing a SNP reaching the genome-wide significance threshold is colored in green.
The most significant SNP in this experiment is colored in red (rs2681492 in the ATP2B1 gene).
The P value is indicated for demonstration. b Quantile-quantile (QQ) plot of the data shown
in the Manhattan plot. ¢ QQ plot of simulated data showing an early separation of the observed
from the expected, suggesting population stratification. (a and b adapted from Levy et al.
[22e¢], with permission.)
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