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In spite of recent successes for other complex diseases, essential hypertension has been

remarkably reluctant to reveal its underlying susceptibility genes through genome-wide

association (GWA) studies. Only after shifting attention to the underlying quantitative traits

(ie, systolic [SBP] and diastolic blood pressure [DBP]) and application of “brute force”

GWA meta-analyses (n>29 000) of multiple population cohorts in the GlobalBPGen and

CHARGE consortia was a tiny tip of the iceberg revealed.1,2 Six loci for SBP and 9 for DBP

were discovered, of which 2 overlapped, yielding 13 independent genome-wide significant

signals. However, without exception, the most significant single nucleotide polymorphisms

(SNPs) representing these loci only explained a very small part of the total BP variance

(≤0.11%; Figure). Heritability is well established for BP and typically ranges between 30%

and 60%, as estimated in twin or family studies.3 This means that the majority of the BP

heritability is still “missing” and remains at large.4 Expansion of GWA sample size (eg, in

the International Consortium on BP-GWAS, a merger of GlobalBPGen and CHARGE) will

likely uncover additional BP variants.5 However, they will have even smaller effect sizes,

and a substantial increase in explained heritability of all loci combined is not expected.

GWA studies in general experience a number of other inherent limitations, including a

predominant focus on common variants (minor allele frequency: >5%) and a tendency for

signals to map to noncoding sequence. Finding suitable answers to these challenges will to a

large extent determine continued progress in chipping away at the missing BP heritability.

The article by Tomaszewski et al6 in the present issue of Hypertension provides some

intriguing clues as to the best way forward.

We Should Find the Causal Variants

Tomaszewski et al6 used a custom-made gene-centric array with >30 000 common and rare

SNPs from >2000 candidate loci to genotype 2020 European individuals from 520 nuclear
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families of the Genetic Regulation of Arterial Pressure of Humans in the Community Study

with measures of 24-hour ambulatory BP available. A strong association with 24-hour DBP

was found for an SNP (rs13306560) in the MTHFR/CLCN6/NPPB locus and subsequently

replicated for clinic DBP in 2 additional cohorts (n>6000). Interestingly, a different SNP in

the same locus was identified in the recent GWA studies for clinic BP (Figure).1,2 However,

conditional analysis including both SNPs in the same model suggested that the association

with 24-hour DBP is largely driven by the newly identified SNP. Additional bioinformatic

analysis indicates a potential direct functional effect of rs13306560 (see also below). This

finding illustrates an important limitation of GWA studies: genome-wide significant SNPs

often merely tag but do not provide direct information on the causal variants. Fine mapping

BP loci through sequencing and/or custom-made chip approaches will be required, not only

to get a better estimate of the true (most likely larger) effect on the phenotype, but also to

translate those signals to biological function.

We Should No Longer Focus on the Usual Suspects

A total of 105 candidate genes for BP with very good genetic coverage of common variants

were present on the array tested by Tomaszewski et al.6 In spite of this, very little evidence

was found for involvement of these most frequently investigated candidate genes for BP,

such as those for the sympathetic nervous system and the renin-angiotensin system. These

results are in line with those from the recent GWA studies, in which only 2 of the 13 gene

loci discovered could have been regarded as candidate gene loci for BP (MTHFR and

CYP17A1).5 Does this mean that we have been betting on the wrong horses for all these

years? At least for common variants, the current evidence indeed seems to indicate that we

may have more success if we start looking beyond the classic systems of BP regulation.

Additional bioinformatic analysis by Tomaszewski et al6 indicates that signaling pathways

that control cell survival may be one promising direction. It may be too early to entirely

dismiss our beloved candidate genes, however. Future (meta-analytic) studies with larger

sample sizes and exhaustive coverage of both common and more rare variants would be

necessary for a more balanced evaluation of the evidence.

Low-Frequency/Rare Variants Are Important

Discoveries of GWA studies are inherently limited to common variants as a result of array

design. Rare variants may, therefore, represent an important source of missing heritability.7

Interestingly, Tomaszewski et al6 found a significant overrepresentation of rare variants

among polymorphisms showing at least nominal association with mean 24-hour BP. These

results did not depend on the threshold of rare variant definition (minor allele frequency

<5% or minor allele frequency <2%), significance level (P<0.05 or P<0.01), or the

phenotype (24-hour SBP or DBP). Although these results indicate that a considerable

proportion of its heritability may be explained by low-frequency variants, the

overrepresented rare variants did not lead to amino acid substitutions pointing to more subtle

regulatory mechanisms. Sample size is of the essence for reliable identification of individual

rare variants contributing to BP, emphasizing the need for large meta-analyses of exactly the

type of custom-made array used in the current study.
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We Should Expand the Search From Clinic to Ambulatory BP

Ambulatory BP monitoring offers a number of advantages over clinic BP readings,

including the ability to measure BP in real-life settings, track BP at night, and avoid the

“white-coat” phenomenon. The added value of ambulatory BP measurements has been

illustrated by studies showing that ambulatory BP is a better predictor of target organ

damage and cardiovascular morbidity and mortality than BP measured in the clinic. The

higher heritability of mean 24-hour compared with clinic BP measurements6 suggests that

24-hour BP monitoring may be particularly informative for gene discovery. However, we

need to realize that different genes or sets of genes may contribute to BP regulation under

different conditions. Our recent studies in twins showed that not only daytime and nighttime

BP are influenced by partly different genes,8 the genes underlying mean 24-hour BP also

differ from those for clinic BP to a large extent.9 Only 45% of the 24-hour SBP heritability

and 49% of the 24-hour DBP heritability could be attributed to genes that also influenced

clinic levels. These findings indicate that, to take full advantage of ambulatory BP

recordings in gene-finding studies, they need to be used in both discovery and replication

cohorts. In other words, GWA meta-analyses of ambulatory BP cohorts are urgently needed.

Such studies will not only elucidate similarities and differences in genetic architecture with

clinic BP but will also provide new insights into the mechanisms of BP regulation at night

(including nocturnal BP fall)8 and in real-life settings.

Beyond the DNA Sequence: Epigenetics

Several epidemiological and clinical peculiarities of essential hypertension, such as the

incomplete concordance between monozygotic twins (ranging from 38% to 52%), and its

late onset and progressive nature are difficult to fully explain with traditional DNA

sequence-based approaches. These observations may point to the involvement of epigenetic

factors in hypertension development. Although epigenetics refers to all meiotically and

mitotically heritable changes in gene expression that are not coded in the DNA sequence,

epigenetic profiles are still affected by genetic variants to a certain extent. For example,

DNA sequence variations could make certain loci more or less attractive to methylation. A

recent study shows that ≈0.16% of SNPs in the human genome are associated with allele-

specific methylation changes.10 The rs13306560 SNP identified in this study is a good

example. It maps to a CpG island in the MTHFR/CLCN6 promoter with evidence of

operation of selective pressure throughout mammalian evolution. One possible mechanism

by which rs13306560 could, therefore, mediate the association with BP is through

differential methylation of the MTHFR/CLCN6 promoter in the 2 alleles. Because

methylation changes resulting from variations in DNA sequence can be discovered in

genetic studies, they cannot be considered a source of missing heritability. In contrast,

vertically transmitted DNA-independent epigenetic markers may contribute to the BP

heritability that is still missing. Although it is well known that, during gametogenesis

epigenetic reprogramming takes place, which consists of the removal of practically all

methylation from the cell, some epigenetic signals can escape this process and are

transmitted across generations. Recent advances in automated high-throughput array-based

measurement have now made genome-wide methylation studies possible. Such studies are

urgently needed not only to identify these epigenetic variants that might contribute to the
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missing heritability but, perhaps even more importantly, those that mediate differential gene

expression resulting from environment influences.

The success of GWA studies has revolutionized the genetics of complex traits and diseases.

However, the genetic architecture of BP regulation and essential hypertension has proved

even more challenging than other complex traits and diseases, with most of the heritability

still missing.4 As illustrated by Tomaszewski et al,6 future studies in BP genetics need to

both build on and move beyond the successes of GWA studies to make continued progress.
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Figure.
A, Percentage of variance explained in SBP by the top SNPs of 6 loci identified in 2 large

GWA meta-analysis studies.1,2 B, Percentage of variance explained in DBP by the top SNPs

of 9 loci identified in 2 large GWA meta-analysis studies.1,2
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