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Abstract

Elevated resting heart rate is associated with greater risk of cardiovascular disease and mortality.
In a 2-stage meta-analysis of genome-wide association studies in up to 181,171 individuals, we
identified 14 new loci associated with heart rate and confirmed associations with all 7 previously
established loci. Experimental downregulation of gene expression in Drosophila melanogaster and
Danio rerio identified 20 genes at 11 loci that are relevant for heart rate regulation and highlight a
role for genes involved in signal transmission, embryonic cardiac development and the
pathophysiology of dilated cardiomyopathy, congenital heart failure and/or sudden cardiac death.
In addition, genetic susceptibility to increased heart rate is associated with altered cardiac
conduction and reduced risk of sick sinus syndrome, and both heart rate—increasing and heart rate—
decreasing variants associate with risk of atrial fibrillation. Our findings provide fresh insights into
the mechanisms regulating heart rate and identify new therapeutic targets.

A high resting heart rate has been associated with increased incidence of cardiovascular
disease, as well as with cardiovascular and all-cause mortality, independent of traditional
risk factors1=3. There are several potential mechanisms by which higher heart rate may
contribute to greater cardiovascular risk. For example, higher heart rate entails elevated
myocardial oxygen requirement and a shift in cardiac control from parasympathetic to
sympathetic dominance, which may increase the likelihood of myocardial ischemia and
electrical instability®. In addition, experimental alteration of heart rate by sinoatrial node
ablation has been shown to influence the progression of atherosclerosis induced by an
atherogenic high-cholesterol diet in cynomolgus monkeys®8. In humans, selective reduction
of heart rate using ivabradine was shown to reduce clinical events in individuals with heart
failure, suggesting that elevated heart rate is a clinically relevant and modifiable risk factor’.
However, whether the association of higher heart rate with cardiovascular risk is causal
remains to be clarified.
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Large twin studies with electrocardiogram (ECG) data have shown that genetic factors
contribute to interindividual variation in heart rate, with heritability estimates ranging from
55 to 77% (refs. 8-10). So far, 3 genome-wide association studies (GWAS)11-13,
incorporating data from up to 38,991 individuals each, have identified variants in 7 loci that
show evidence of association with heart rate. These variants are common in the general
population (minor allele frequency (MAF) = 10%) and together explain ~0.7% of the
variance in heart rate12. To gain more comprehensive insight into the genetic regulation of
heart rate, we performed a 2-stage meta-analysis of GWAS in data from up to 181,171
individuals. Loci convincingly associated with heart rate were subsequently tested for
association with cardiac conduction, rhythm disorders and cardiovascular disease to
elucidate potential mechanisms underlying the association between heart rate and
cardiovascular disease and mortality. Furthermore, we undertook experimental studies in D.
melanogaster and D. rerio models as a first step toward identifying the causal genes within
the associated loci.

Stage 1 GWAS identifies five new loci associated with heart rate

We performed a meta-analysis of the associations between 2,516,789 SNPs and heart rate in
data from up to 85,787 individuals of European ancestry from 36 GWAS, including data
from up to 11,207 individuals described previously!3 and 6,568 individuals of Indian Asian
ancestry (Online Methods, Supplementary Figs. 1-3 and Supplementary Tables 1-4). All
studies included have been approved by local ethics committees, and all participants have
provided their consent in writing. Our stage 1 meta-analysis showed associations with heart
rate at genome-wide significance (P < 5 x 1078) for variants in 12 loci (Table 1). These 12
loci included all 7 previously identified loci (in MYH6, CD46 and FADSL and near GJA1,
ACHE, SLC35F1 and LINC00477 (also known as C120rf67))11-13 and 5 additional loci (in
KIAA1755, CCDC141, SYT10 and FLRT2 and near HCN4).

To validate associations of the loci that were significantly associated with heart rate in stage
1 and to identify additional loci (Supplementary Fig. 1), lead SNPs at 42 loci (associated at
P < 3 x 107°) were selected for follow-up (Online Methods and Supplementary Table 5).
Conditional analyses based on summary statistics of stage 1 meta-analysis results4
identified two loci with secondary associations that remained significant (P < 5 x 1078) after
adjusting for the association of the lead SNP. These secondary associations were also
selected for follow-up (Online Methods and Supplementary Table 6).

Stage 2 follow-up identifies nine additional new loci

In stage 2, we examined associations between the 42 loci identified in stage 1 and heart rate
in data from up to 88,823 additional individuals of European descent from 27 GWAS,
including data from up to 38,991 individuals from 15 GWAS described previously1?, as well
as 11 studies with Metabochip and 1 study with Cardiochip data (Online Methods,
Supplementary Fig. 1 and Supplementary Tables 7-10).
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In a joint analysis of results from stage 1 and stage 2, variants in 21 loci had associations
that reached P < 5 x 1078 in data from up to 181,171 individuals (Fig. 1, Table 1 and
Supplementary Table 5). Among the 21 loci were all 12 loci with association P < 5 x 1078
after stage 1, as well as 9 additional loci (in CHRM2, RFX4, CPNES8 and TFPI and near
GNB4, NKX2-5, GNG11, B3GNT7 and FNDC3B). Hence, our study confirms the 7
previously identified locil1-13 and identifies 14 new loci robustly associated with heart rate.

Impact of the 21 confirmed loci on heart rate

The frequency of the heart rate—increasing alleles ranged from 10 to 85% for the 21
confirmed associations. Effect sizes of associations ranged from 0.21 to 0.74 beats per
minute (bpm) per effect allele (mean + s.d., 0.41 + 0.15 bpm per effect allele) (Fig. 2 and
Table 1).

To estimate the combined effect of the 21 loci on heart rate, we constructed a genetic
predisposition score (GPS) by summing the number of heart rate-increasing alleles of the 21
associations. We examined associations between the GPS and heart rate in data from 5,053
adults from LifeLines2 (data for 19 loci available) and 4,000 12-year-old children from
ALSPAC (data for 21 loci available) (Online Methods). The difference in average heart rate
between individuals in the lowest and highest 5% of the GPS distribution was 4.1 bpm in
adults (66.1 versus 70.2 bpm) and 4.9 bpm in children (73.7 versus 78.6 bpm) (Fig. 3a,b),
differences that were previously shown to be clinically relevant!®. The GPS explained 0.9%
of the variance in heart rate in adults from LifeLines2 and 0.8% of the variance in children
from ALSPAC.

Conduction, rhythm disorders and cardiovascular disease

An altered heart rate reflects sinoatrial function and may reflect disturbed
electrophysiological properties that are also present in other compartments of the heart. Such
properties include atrial and atrioventricular nodal conduction (PR duration), ventricular
depolarization (QRS duration) and myocardial repolarization (QT duration), which can be
quantified on a 12-lead ECG. We examined whether the heart rate—associated loci showed
evidence of association with cardiac conduction in data from previously reported GWAS for
PR16, QRS and QT duration (QT-IGC Consortium (C.N.-C.), personal communication).
Furthermore, we examined the association of the 21 loci with the risk of several conduction-
related disorders, including atrial fibrillation, advanced (second- and third-degree)
atrioventricular block and sick sinus syndrome (SSS, also known as sinus node dysfunction),
as well as pacemaker implantation and sudden cardiac death3.18, Finally, elevated resting
heart rate is a well-recognized precursor of increased blood pressure and hypertension,
independent of initial blood pressure levels1®20, and predicts the incidence of coronary heart
disease during up to 10 years of follow-up, independent of other major risk factorsl-2, We
therefore also examined associations of the heart rate loci with systolic blood pressure,
diastolic blood pressure and the prevalence of hypertension, coronary artery disease (CAD)
and myocardial infarction in data from the Global BPgen2! and CARDIoGRAM consortia2?
(Online Methods).

Nat Genet. Author manuscript; available in PMC 2014 June 01.
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For each of the ECG traits, we found a significant association with individual heart rate loci
(P < 0.002). Heart rate—increasing alleles of these loci were associated with prolonged PR
duration (near LINC00477 and NKX2-5) and reduced QT duration (near GJA1, FADSI,

S C35F1 and NKX2-5), independent of heart rate, as well as with both reduced (near GJAL,
FADSI, SLC35F1 and NKX2-5) and prolonged (in CCDC141) QRS duration (Table 2).
Common variants of the loci in or near GJAL, FADSL, CCDC141 and NKX2-5 were not
previously identified as being associated with these cardiac conduction traits
(Supplementary Table 11). In addition, stronger genetic susceptibility for increased heart
rate as conferred by the GPS of 21 loci was associated with prolonged PR duration (P = 1.3
x 1074) and reduced QT duration (P = 1.1 x 10717), independent of heart rate, as well as
with reduced QRS duration (P = 1.8 x 107°) (Table 2 and Supplementary Fig. 4). These
results suggest that, to some extent, similar cellular processes control heart rate and cardiac
conduction through the atria and ventricles.

Five of the 21 heart rate loci are associated with atrial fibrillation (P < 0.002). Heart rate—
increasing alleles of these loci were associated with both increased (hear S.C35F1,
LINCO00477 and NKX2-5; odds ratio (OR) = 1.06-1.13) and decreased (near GJA1 and
HCN4; OR = 0.86-0.90) risk of atrial fibrillation (Table 2). Common variants of the loci in
or near GJA1, 9 C35F1 and NKX2-5 were not previously identified as being associated with
atrial fibrillation (Supplementary Table 11). Stronger genetic susceptibility for increased
heart rate in the 21 loci combined was not associated with atrial fibrillation, which reflects
the bidirectionality of the associations in the individual loci (Table 2).

None of the heart rate loci showed evidence of association with the risk of atrioventricular
block, SSS, pacemaker implantation or sudden cardiac death individually (Supplementary
Table 12). However, a higher GPS was associated with reduced risk of SSS (P = 2.3 x 1074)
and pacemaker implantation (P = 3.6 x 1074) (Table 2 and Supplementary Fig. 4). SSS
encompasses a group of sinus rhythm disorders, including pathological sinus bradycardia
(slow heart rate), sinus arrest, sinoatrial block and paroxysmal tachycardias (bradycardia-
tachycardia syndrome). SSS is the most common indicator for permanent pacemaker
implantation23, and ~80% of individuals with SSS in our data set had undergone pacemaker
implantationl8. Hence, the association between the heart rate loci and pacemaker
implantation is likely secondary to the association with SSS in this study population.

None of the heart rate loci showed evidence of association with blood pressure or prevalent
hypertension, CAD or myocardial infarction, either individually or when combined in the
GPS of 21 loci (Supplementary Fig. 4 and Supplementary Tables 13 and 14). In addition, we
showed, at most, limited evidence of association with heart rate for loci previously identified
as being associated with blood pressure or prevalent hypertension, CAD or myocardial
infarction (Supplementary Tables 15 and 16).

Pathway analyses

The 21 confirmed loci contain 234 genes that are located within 500 kb of the associations
with heart rate (Supplementary Fig. 5 and Supplementary Table 17). To systematically
identify biological connections between these genes and to identify new pathways associated
with heart rate, we tested whether biological processes or molecular functions that were
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predefined in five databases were enriched for multiple modest heart rate associations using
MAGENTA?24 (Online Methods). We found evidence of enrichment of associations in
pathways involved in dilated, hypertrophic and arrhythmogenic right ventricular
cardiomyopathy, (cardiac) muscle contraction, regulation of heart contraction, integration of
energy metabolism, positive regulation of cell adhesion and Alzheimer’s disease (P < 2 x
1073, false discovery rate (FDR) < 0.1) (Supplementary Tables 18 and 19).

Follow-up in D. melanogaster and D. rerio

Variants identified by GWAS typically implicate genomic regions rather than individual
genes. We used a range of approaches to identify promising candidate genes for heart rate
regulation within the 21 loci, including proteomics experiments aimed at identifying genes
expressed at the protein level in mouse heart that are phosphorylated upon stimulation of the
B1 adrenergic receptor (BLAR), gene expression quantitative trait locus (eQTL) analysis in
blood, in silico search for potentially functional variants in high linkage disequilibrium (LD)
with lead variants (r2 > 0.8), an automated literature search using the program SNIPPER and
biological candidacy (Online Methods and Supplementary Tables 20-23). These approaches
labeled 49 of the 234 genes located within the 21 loci as candidate genes for heart rate
regulation (Supplementary Table 24).

To examine whether some of the 49 candidate genes are likely to underlie the associations
identified by GWAS, we performed 2 series of experiments using animal models. First, we
compared heart rate and risk of arrhythmia in D. melanogaster control pupae and pupae in
which orthologs of the candidate genes were downregulated using RNA-mediated gene
interference (RNAI), both at rest and after 20 min of tachypacing (Online Methods and
Supplementary Tables 25 and 26). Second, we compared heart rate and fractional shortening
of the ventricular chamber in control embryos of the zebrafish D. rerio and embryos in
which orthologs of the candidate genes were downregulated using morpholino
oligonucleotides (Online Methods and Supplementary Table 27).

Results were available for the orthologs of 25 candidate genes from 13 loci in D.
melanogaster pupae and for orthologs of 12 genes from 7 loci in D. rerio embryos; results
from orthologs of 6 genes were available in both species (Supplementary Fig. 6 and
Supplementary Table 24). Results from these experiments support a role in heart rate
regulation for 20 of the 31 candidate genes tested across the 2 models: ACHE, UFSP1,
TRIP6, EPHB4 and PCOLCE (locus 3), PLXNA2 (locus 4), FADSL, FADS2, FADS3 and
BEST1 (locus 5), TTN (locus 9), MFNL (locus 12), CHRM2 (locus 14), GNGL11 (locus 15),
NCL and HTR2B (locus 17), PLD1 and GHSR (locus 18), CRY1 (locus 19) and CALCRL
(locus 21) (P < 2 x 1073 in D. melanogaster pupae and P < 4 x 1073 in D. rerio embryos)
(Fig. 4 and Supplementary Tables 28 and 29).

The most convincing results were observed for orthologs of MFN1 and PLD1
(Supplementary Note), for which downregulated gene expression reduced resting heart rate
in both models (P < 1 x 107°). Moreover, D. melanogaster pupae with downregulated
expression of the MFN1 ortholog were characterized by reduced heart rate after 20 min of
tachypacing (P = 9.5 x 107°) and by increased risk of arrhythmia, both at rest (P = 4.3 x
107%) and after tachypacing (P = 2.0 x 107%). In D. rerio embryos, in addition to reduced
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heart rate, downregulation of mfnl (the ortholog of MFNZ1) was accompanied by edema in
73% of embryos, whereas 51% of embryos with reduced expression of pldla (the ortholog
of PLD1) had an unlooped heart (Supplementary Table 29).

In addition to reduced heart rate, downregulated gene expression of orthologs of ACHE,
PCOLCE and FADS3 was associated with increased risk of arrhythmia after 20 min of
tachypacing in D. melanogaster pupae. Furthermore, D. rerio embryos with reduced gene
expression of D. rerio orthlogs that was accompanied by reduced heart rate were also
characterized by edema (BEST1 and MFNL1), blood pooling (FADS2), an unlooped heart
(HTR2B, NCL, PLD1 and CALCRL) and atrioventricular canal malformation (CALCRL).
Downregulated expression of the CRY1 ortholog was accompanied by a highly penetrant
developmental malformation that likely mediates the heart rate effect (Supplementary Fig. 7
and Supplementary Table 29). Reduced expression of the COL1A2 ortholog did not affect
heart rate in D. rerio embryos (P = 0.07) but resulted in reduced fractional shortening of the
ventricular chamber (P = 1.8 x 1073).

In summary, results from experiments in D. melanogaster and D. rerio models support a
role in heart rate regulation for 20 genes found within 11 loci associated with heart rate
(Supplementary Table 30). Notably, results from animal models confirmed the eQTL
associations observed in humans for all available orthologs, with a consistent direction of
effect across species for all genes except TRIP6 (Supplementary Tables 21 and 30).

DISCUSSION

Using a 2-stage meta-analysis of GWAS in up to 181,171 individuals, we identified 14 loci
previously unknown to be robustly associated with heart rate and confirmed the 7 previously
established loci, increasing the total number of heart rate loci to 21. Results from
experiments in D. melanogaster and D. rerio models support a role in heart rate regulation
for 20 candidate genes from 11 loci. These experiments highlight a role for genes that are
essential for embryonic cardiovascular development and signal transmission, as well as for
genes with a role in the pathophysiology of dilated cardiomyopathy, congestive heart failure
and/or sudden cardiac death (Supplementary Note). In addition, stronger genetic
susceptibility to higher heart rate is associated with prolonged PR duration and reduced QT
duration, both independent of heart rate, as well as with reduced QRS duration and lower
risk of SSS, a group of sinus rhythm disorders that result from sinus node dysfunction and
are characterized by bradycardia.

Prevalent SSS is unlikely to explain the association between common variants and heart rate
shown by GWAS, as the associations were essentially unchanged with a priori exclusion of
individuals with prevalent cardiovascular disease, heart rate outside the range of 50-100
bpm and/or using heart rate—altering medication. This suggests that the confirmed loci have
subtle effects on sinus node function in the general population, which manifest themselves
in higher heart rate and reduced risk of SSS, showing the clinical relevance of our findings.
Future studies should address whether such effects on sinus node function also affect the
risk of mortality. The associations with higher heart rate do not translate into significantly
higher risk of CAD or myocardial infarction, either individually or in combination, which
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may reflect low statistical power given the effect sizes for heart rate and the number of
available CAD and myocardial infarction cases.

Heart rate—increasing alleles of the loci near GJAL, SLC35F1 (PLN) and NKX2-5 show
unidirectional associations with reduced QRS and QT duration but bidirectional associations
with atrial fibrillation. These findings suggest that both tails of the ventricular depolarization
and myocardial repolarization distributions are associated with increased risk of atrial
fibrillation and that altered heart rate associated with genetic predisposition in these loci may
reflect adaptations to disturbed electrophysiological properties (compartments) of the heart.
Results from experiments in a D. melanogaster model highlight genes in additional loci that
show suggestive evidence of a role in both heart rate regulation and arrhythmia
susceptibility (ACHE, PCOLCE, FADS3 and MFN1). Taken together, these results may
enable the discovery of new druggable targets for the prevention and treatment of
cardiovascular endpoints by selective reduction of heart rate and arrhythmia susceptibility,
similar to the way ivabradine likely exerts its effects through targeting of HCNA4 (refs. 7,25).

Results from experiments in D. melanogaster and D. rerio models support a role in heart
rate regulation for genes that are essential for embryonic cardiovascular development
(EPHB4, PLXNA2, PLD1 and CALCRL), as well as for genes with a role in the
pathophysiology of dilated cardiomyopathy, congestive heart failure and/or sudden cardiac
death (TTN, MFN1, CHRM2 and PLD1). In congruence, we show that zebrafish embryos
with downregulated expression of orthologs of these genes have edema (MFNL1), an
unlooped heart (PLD1 and CALCRL) and atrioventricular canal malformation (CALCRL).
Such defects in cardiovascular development can be hypothesized to mediate the reduced
heart rate that we observe in these embryos. Future studies are required to determine
whether individuals with genetic susceptibility for reduced heart rate in these loci are
enriched for mild forms of such cardiovascular phenotypes.

In conclusion, our results provide new insights into the mechanisms that regulate or
modulate heart rate in health and disease and provide a new perspective on the well-
recognized association of heart rate with cardiovascular disease and mortality.

ONLINE METHODS

Stage 1 genome-wide association meta-analysis

The discovery sample encompassed 36 studies with data on heart rate in up to 85,787
individuals of European ancestry. Heart rate was derived from ECG in 12 studies (32% of
the total sample) and peripheral pulse rate in 22 studies (49%) and was self-reported in 2
studies with data from health professionals (19%) (Supplementary Table 1). All studies
included have been approved by local ethics committees, and all participants have provided
their consent in writing.

Samples were genotyped using Affymetrix and Illumina genome-wide genotyping arrays
(Supplementary Tables 2 and 3) and were imputed for polymorphic HapMap Phase 2
European CEU SNPs using MACHZ6, IMPUTE?2’, BIMBAMZ8 or BeagleZ® (Supplementary
Table 2).
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Each study performed SNP association analyses with heart rate using an additive genetic
model implemented in MACH2QTL30, Merlin3l, SNPTEST#’, ProbAbel32, GenABELS33,
LME in R, MMAP, Matlab or PLINK3* (Supplementary Table 2). Associations were
adjusted for age, age?, body mass index (BMI) and study-specific covariates when
appropriate (for example, principal components). Analyses were stratified by sex and case
status for samples ascertained for diseases or conditions. To allow for relatedness in the
deCODE, HAPI Heart, Heritage, Korcula, NBS, NSPHS and SPLIT studies, regression
coefficients were estimated in the context of a variance component model that took into
account relatedness in men and women, with sex as an additional covariate. Before meta-
analysis of the results from the 36 GWAS, we excluded SNPs with poor imputation quality
score (r2 hat < 0.3 in MACH, proper_info < 0.4 in IMPUTE and BIMBAM, info < 0.8 in
Beagle), low minor allele count (n x MAF < 3) and/or extreme effect size (8> 50 bpm per
effect allele, that is, ~5 times the standard deviation of heart rate as typically observed in the
contributing studies) in each sex- and case-specific stratum. Individual GWAS were
corrected by genomic control before meta-analysis when appropriate (1gc > 1.000) to
adjust for population stratification.

We performed the stage 1 fixed-effects meta-analysis using the inverse variance method in
METALS35. Before SNPs were selected for follow-up, a final genomic control correction of
the meta-analysis results was performed (1gc= 1.106), giving conservative association
estimates.

Lead SNPs at 42 independent loci were selected for follow-up in stage 2 (P < 3 x 107°)
(Supplementary Table 5). Loci were considered to be independent if pairwise r2 for LD was
less than 0.2 and if they were separated by at least 1 Mb. We subsequently performed
conditional analyses using summary statistics of stage 1 results'* to examine whether any of
the 42 loci contained secondary associations with heart rate that remained significant after
adjusting for the association of the lead SNP (P < 5 x 1078). Before embarking on the
follow-up analysis using all available data, we made sure that the inclusion of subgroups of
the population did not affect the results (Supplementary Table 4).

Stage 2 follow-up

We tested for association of the 42 lead SNPs and 3 secondary associations in data from up
to 88,823 individuals of European descent from 37 in silico replication studies with heart
rate in stage 2. Heart rate was derived from ECG in 22 studies (57% of the total sample) and
from peripheral pulse rate in 15 studies (43%) (Supplementary Table 7). GWAS data were
available for up to 60,396 individuals of European descent from 2 sources: a previously
reported meta-analysis of 15 GWAS for RR interval (RRgen Consortium)12 and 12 GWAS
that have not been described previously in this context (Supplementary Tables 7-9).
Additional data were available for 24,334 individuals of European ancestry from 11 studies
who were genotyped using the Metabochip3® and from 5,171 individuals of European
descent from 1 study who were genotyped using the Cardiochip (Supplementary Tables 8
and 10).

Samples and SNPs that did not meet the quality control criteria described by each individual
study and for stage 1 were excluded. Minimum genotyping quality control criteria were
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defined as Hardy-Weinberg equilibrium P> 1 x 107 and call rate > 95% in each of the
follow-up studies.

We tested the association of the 42 lead SNPs and 3 secondary associations with heart rate
in each stage 2 study separately as described for stage 1 studies. Missing SNPs in GWAS of
stage 2 were replaced by one of up to three proxies selected a priori (r2 > 0.8) (if available).
Prioritizing of proxies was based on (in order of importance) (i) availability on the
Metabochip and/or Cardiochip with r2 > 0.8; (ii) r2 for LD; and (iii) proximity to the lead
SNP. This resulted in the inclusion of three proxies in LifeLines2 and one proxy in ACTS,
all of which had r2 > 0.9 with the lead SNP at the locus (Supplementary Table 10). None of
the loci for which these proxies were included has association reaching P < 5 x 1078 after
meta-analysis of stages 1 and 2 together.

We performed meta-analysis on summary statistics from the stage 1 meta-analysis and stage
2 studies using the weighted z-score method in data from up to 181,171 individuals
(Supplementary Table 5). Genomic control-adjusted P values were used throughout stages 1
and 2 for GWAS. For studies with data from Metabochip and Cardiochip, little evidence for
population stratification was previously observed for associations with other cardiovascular
and metabolic traits, and, hence, no correction of P values was applied.

For loci with secondary associations, the SNP with the lowest P value for association with
heart rate after combined meta-analysis of stage 1 and 2 results was considered the most
representative for the locus. For loci with confirmed associations after meta-analysis of stage
1 and 2 results, an estimate of the effect size was obtained by fixed-effects meta-analysis of
summary statistics from the stage 1 meta-analysis and stage 2 studies with heart rate, using
the inverse variance method.

Additional analyses and functional follow-up experiments

Cumulative effects of confirmed loci and interindividual variation in heart rate
—To estimate the cumulative effect of the 21 heart rate—associated loci, we calculated the
GPS in 5,053 adults from the LifeLines2 study and 4,000 12-year-old children from the
ALSPAC study by summing the number of heart rate—increasing alleles carried by an
individual at the lead SNP of each heart rate locus. The number of heart rate—increasing
alleles ranged from 9 to 26 for the 19 available loci in LifeLines2 (data from rs6127471 and
rs2340782 were not available) and from 10 to 29 for the 21 loci in ALSPAC.

We compared the explained variance (r?) between covariate-adjusted models with and
without the GPS to assess the variance in heart rate that can be explained by these loci in the
LifeLines2 and ALSPAC studies.

Association analyses with related traits—Associations between the 21 heart rate loci
and related cardiovascular intermediates and endpoints were extracted from GWAS data of
the CHARGE Consortium (PR duration)16, the QRS GWAS Consortium (QRS duration)’
and the QT-1GC Consortium (QT duration; QT-IGC Consortium (C.N.-C.), personal
communication) (Table 2), as well as from deCODE Genetics (prevalent advanced (second-
or third-degree) atrioventricular block, SSS, pacemaker implantation and sudden cardiac
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death)13.18 (Table 2 and Supplementary Table 12), deCODE Genetics'3 and the CHARGE-
AF Consortium?® (atrial fibrillation) (Table 2), the Global BPgen Consortium (systolic and

diastolic blood pressure, as well as prevalent hypertension)?! (Supplementary Table 13) and
the CARDIoGRAM Consortium (prevalent CAD and myocardial infarction)22

(Supplementary Table 14). All associations were adjusted for covariates as described
previously13.16-18,2122,25,37

We calculated multi-SNP predisposition scores for each trait to examine the association of
the 21 heart rate loci combined with each of the before-mentioned traits, on the basis of
single-SNP summary statistics and weighting by effect sizes for association with heart rate
after meta-analysis of stages 1 and 2 together.

Associations of the 21 heart rate loci, both individually and in combination in a multi-SNP
predisposition score, with related traits were considered statistically significant at P < 0.002,
that is, a = 0.05 with Bonferroni correction for 21 independent tests.

Enrichment analysis of heart rate associations in biological pathways—We
used MAGENTA?24 to test whether predefined biological processes or molecular functions
were enriched for multiple modest heart rate associations, aiming to discover new pathways
associated with heart rate and to test whether the 21 heart rate loci cluster near genes that
constitute specific biological connections (Supplementary Tables 18 and 19). First, we
calculated a corrected gene association P value for each gene in the genome and grouped
genes into pathways using annotations from the Kyoto Encyclopedia of Genes and Genomes
(KEGG), BIOCARTA, Protein Analysis THrough Evolutionary Relationships
(PANTHER)38, Biological Processes (PANTHER, BP) and Molecular Functions
(PANTHER, MF), REACTOME, Gene Ontology (GO) and Ingenuity databases. Finally, for
each pathway, we evaluated potential enrichment of highly ranked gene scores by
comparing the fraction of genes within each gene set whose corrected P value was more
significant than the 95th percentile of all gene P values to that of 10,000 randomly sampled
gene sets of identical size from the genome??. In significantly enriched gene sets, in addition
to genes in validated association regions, the top ranked genes above the enrichment cutoff
may suggest new modest associations for follow-up (Supplementary Table 19).

Proteomics experiments in mouse heart and genetic enrichment analysis—We
used results from proteomics experiments to identify genes located within the heart rate loci
that are expressed at the protein level in mouse heart and that are phosphorylated upon
stimulation of B1AR (A.L., M.N. Andersen, A.B. Steffensen, H. Horn, C.D. Kelstrup et al.,
unpublished data). Briefly, male C57BL/6 mice were either treated with p1AR- and B2AR-
specific antagonists (control group, n = 3) or with a B2AR-specific antagonist followed by
B1AR-specific agonist (test group, n = 3). Cardiac proteins were extracted and digested,
enriched for phosphopeptides by TiO, chromatography and analyzed by nanoflow liquid
chromatography tandem mass spectrometry, as described previously3®.

A total of 8,518 phosphorylation sites that could be mapped to a specific residue were
identified. Mice in the test and control groups were compared using a two-sided t test with
permutation-based FDR < 0.01. The number of genes encoding proteins identified in the
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experiments was 4,096. Forty-one of these were located within 500 kb of confirmed heart
rate associations, four of which were regulated by B1AR stimulation (MYH6, PLN, TTN and
NCL).

eQTL analyses—We examined associations between each of the heart rate loci and
expression of genes in cisin 1,469 whole-blood samples (PAXgene), reflecting primary
leukocyte gene expression?0 (Supplementary Table 21). Transcriptional components were
applied to reduce a substantial proportion of interindividual non-genetic expression
variation. An eQTL meta-analysis was subsequently performed on the residual expression
variation. We used FDR < 0.05 to correct for multiple testing. We removed 50 principal
components by linear regression to remove non-genetic variation in gene expression. In
addition, we performed conditional analyses to examine to what extent each heart rate—
associated SNP explains the association between the gene transcript and the SNP most
significantly associated with the gene transcript.

Significant cis associations were observed between five heart rate—associated SNPs and the
levels of nine nearby transcripts in blood (Table 1 and Supplementary Table 21). The heart
rate—associated SNPs explained a substantial proportion of the association with the most
significant SNP for the gene transcript in conditional analyses (adjusted P > 0.05) for
TRIP6, TMEM258(C110rf10), FADSL, BEST1-FTH1, FADS2, CEP85L(C60rf204) and
NCL-SNORD20.

Potentially functional variants within the 21 loci—To identify SNPs in the
confirmed loci that may be causal for the association with heart rate, we explored whether
the heart rate—associated SNPs were in strong LD (r2 > 0.8) with variants in transcription
factor binding sites, nonsynonymous SNPs or copy humber variants (deletion variants and
mobile element insertion polymorphisms) identified in the 1000 Genomes Project CEU Pilot
1 or HapMap CEU reference panels#L. For nonsynonymous SNPs, PANTHER38 was used to
assess whether the variant was likely to have a detrimental effect on protein function, based
on alignment of evolutionarily related proteins (Supplementary Table 20).

One association tagged a variant in a transcription factor binding site near
CEP85L(C60rf204; near SLC35F1). Nonsynonymous variants in strong LD with heart rate—
associated SNPs were present in six genes (Supplementary Table 22), with the
p.Argl045Trp alteration encoded in KIAAL1755 likely having a deleterious effect on protein
function38. Of interest, the rs180242 allele that was associated with lower heart rate tagged a
common 723-bp deletion variant located 8 kb upstream of GNG11 (ref. 42) (1000 Genomes
Pilot ID P2_M_061510_7_474; r2 = 0.96) and was additionally associated with lower
expression of GNGL11 in blood (Supplementary Table 21).

Candidate genes based on the literature—To identify additional candidate genes in
the heart rate loci, we identified all genes within 500 kb of the 21 heart rate—associated SNPs
and performed an automated literature search using the search term ‘heart’ in the program
SNIPPER (Supplementary Table 23). We identified many genes with established
connections to embryonic cardiac development, cardiac conduction, cardiac contractile
proteins, calcium regulation, angiogenesis and endothelial function (Supplementary Note).
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Many of the loci harbored genes in which mutations lead to dilated and hypertrophic
cardiomyopathy (in MYH6 and MYH7, PLN (near SLC35F1), TTN (near CCDC141), MFN1
(near GNB4) and CHRM2).

Experimental follow-up of positional candidate genes in D. melanogaster and D. rerio

We used D. melanogaster and the zebrafish D. rerio as models to examine whether
candidate genes within the heart rate loci were likely to underlie the associations identified
by GWAS. Forty-nine positional candidate genes were identified on the basis of results from
proteomics experiments and genetic enrichment analysis in mouse heart and eQTL analyses,
as well as by the presence of functional variants and results from the automated literature
search. In addition, we searched the genes located within 500 kb of associations for
biological candidates (Supplementary Table 24).

Experiments in D. melanogaster—BLAST searches were performed to identify
obvious D. melanogaster orthologs of positional candidate genes (Supplementary Table 25).
We subsequently used RNAi4344 to downregulate orthologs of candidate genes (Vienna
Drosophila RNAI Center). Expression of RNAi was induced by crossing with a D.
melanogaster line expressing GAL4 driven by an actin promoter (stock 4414, Bloomington
Drosophila Stock Center) (Supplementary Table 25).

D. melanogaster stocks were kept at 25°C on standard medium. Pre-pupae were selected for
tachypacing, an established D. melanogaster model for atrial fibrillation, as previously
described*®. We recorded videos through a microscope at 10x magnification before and
after tachypacing to visualize heart contractions in triplicate periods of 10 s. Heart rate was
subsequently quantified using ImageJ software. An arrhythmia index was calculated as the
ratio of arrhythmic periods and total measurement duration using the same software.

The number of positional candidate genes for which we analyzed results was reduced from
49 to 25 owing to the absence of orthologs (n = 13 genes), lack of RNA. lines (n = 3), non-
viability of offspring (n = 1) and reduced viability, defined as the generation of fewer than 5
live offspring (n=7) (Supplementary Fig. 6 and Supplementary Table 25). For the 25
remaining genes, represented by 23 orthologs, we compared heart rate and risk of
arrhythmia in 11 + 5 (mean = s.d.) pupae with downregulated gene expression and 30
6000V controls. Ten additional pupae were available with downregulation of stwl
(stonewall), a gene that is not anticipated to have a role in heart rate regulation and which
can thus be interpreted as an extra control group. We targeted 13 orthologs using multiple
independent RNA. lines.

We compared differences in heart rate between the offspring of RNAi-treated D.
melanogaster and 6000V controls using a multilevel approach, adjusting for the dependence
of repeated measures within pupae as a random effect. We compared RNAI lines with
6000V controls at baseline and after tachypacing. Differences in heart rate after tachypacing
were examined with and without adjusting for average heart rate at baseline as a fixed effect.
Results of analyses from multiple independent RNAI lines targeting the same ortholog were
combined using the fixed-effects meta-analysis with inverse variance method
(Supplementary Table 26).
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We examined the risk of arrhythmia by comparing the number of arrhythmic cases and
controls between RNAI-targeted orthologs and 6000V controls, both before and after
tachypacing, using Fisher’s exact test. Differences were considered statistically significant at
P < 0.002, that is, a = 0.05 with Bonferroni correction for 23 independent tests.

Experiments in D. rerio—In the zebrafish D. rerio, we excluded genes in eight loci that
mapped in or near positional candidate genes with extensive a priori evidence of a role in
cardiovascular processes (Supplementary Table 27). A maximum of two positional
candidate genes per locus were selected in the remaining loci, which together with a lack of
zebrafish orthologs in 12 genes resulted in the selection of 12 positional candidate genes for
follow-up in zebrafish experiments (Supplementary Fig. 6 and Supplementary Tables 25 and
27).

Wild-type D. rerio stocks from Ekwill Fish Farm were maintained using standard
procedures. Morpholino oligonucleotides (GeneTools) were designed against orthologs of
the 12 positional candidate gene primary transcripts targeting the first exon-intron
boundaries, except for tfpia (the ortholog of TFPI), which was designed to target the intron
1-exon 2 boundary (Supplementary Table 27). Embryos were injected at the single-cell
stage and were scored and analyzed 48 h later. Downregulation of candidate genes was
confirmed using quantitative PCR (Supplementary Table 29).

Heart rate analysis was performed as previously described6. For each ortholog, we
performed the procedure twice on different days, comparing heart rate in embryos from the
same embryonic aliquot that were injected with either morpholino oligonucleotides or PBS.
Heart rate was measured in 26 + 4 embryos injected with morpholino oligonucleotides and
in 27 + 5 embryos injected with PBS.

Measures of heart rate alone do not provide information on cardiac contractility. We
therefore additionally measured ventricular fractional shortening in a subsample of embryos
(6 = 1 embryos injected with morpholino oligonucleotides and 6 + 2 embryos injected with
PBS) as previously described?’.

Differences in heart rate and fractional shortening of the ventricular chamber were examined
using linear regression and were adjusted for variation in the timing of the heart rate
measurement.

For each group of embryos injected with morpholino oligonucleotides (42 + 18 embryos),
we assessed whether downregulation of positional candidate gene expression resulted in
visible phenotypes that distinguished treated embryos from those injected with PBS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Nat Genet. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

den Hoed et al.

Authors

Page 14

Marcel den Hoed:2, Mark Eijgelsheim?3, Ténu Esko*>6, Bianca J J M Brundel’,
David S Peal®, David M Evans?, llja M Noltel0, Ayellet V Segré1112  Hilma Holm13,
Robert E Handsaker!2:14, Harm-Jan Westral®, Toby Johnson6:17 Aaron
Isaacs318, Jian Yangl?, Alicia Lundby20.21.22 Jing Hua Zhao?l, Young Jin Kim23,
Min Jin Go?3, Peter Aimgren24, Murielle Bochud?®, Gabrielle Boucher26:27 Marilyn
C Cornelis?8, Daniel Gudbjartsson!3, David Hadley29:30, Pim Van Der Harst31,
Caroline Hayward32, Martin Den Heijer33, Wilmar IgI34, Anne U Jackson32:36, Zoltan
Kutalik37-38, Jian’an Luan?, John P Kemp?, Kati Kristiansson39:40, Claes
Ladenvall?4, Mattias Lorentzon#!, May E Montasser#2, Omer T Njajou?3, Paul F
O'Reilly*445, Sandosh Padmanabhan?6, Beate St. Pourcain®, Tuomo Rankinen4”,
Perttu Salo3948, Toshiko Tanaka*?, Nicholas J Timpson®, Veronique Vitart32,
Lindsay Waite®9, William Wheeler®!, Weihua Zhang*#, Harmen H M Draisma®2,
Mary F Feitosa®3, Kathleen F Kerr®4, Penelope A Lind®®, Evelin Mihailov4, N
Charlotte Onland-Moret®6:57, Ci Song®8, Michael N Weedon®?, Weijia Xie®9, Loic
Yengo®0, Devin Absher®9, Christine M Albert1.62 Alvaro Alonso®3, Dan E
Arking®4.65, Paul | W de Bakkerl2:57.66.67 Beverley Balkau®8:69, Cristina
Barlassina’®, Paola Benaglio3’, Joshua C Bis’1:72, Nabila Bouatia-Na;ji®0:73.74,
Seren Bragel, Stephen J Chanock’®76, Peter S Chines’’, Mina Chung’8:79,
Dawood Darbar80, Christian Dina81:82, Marcus D6rr83:84, Paul Elliott*44°, Stephan
B Felix83:84, Krista Fischer®, Christian Fuchsberger3®, Eco J C de Geus®?, Philippe
Goyette26:27 Vilmundur Gudnason8°:86, Tamara B Harris8”, Anna-liisa
Hartikainen®8, Aki S Havulinna®®, Susan R Heckbert’189 Andrew A Hicks®, Albert
Hofman391, Suzanne Holewijn%2, Femke Hoogstra-Berends’+93, Jouke-Jan
Hottenga®2, Majken K Jensen?8, Asa Johansson3494, Juhani Junttila®>:96, Stefan
K&a&ab97:98 Bart Kanon??, Shamika Ketkar3, Kay-Tee Khawl, Joshua W
Knowles191, Angrad S Koonerl02, Jan A Kors193, Meena Kumaril%4, Lili Milani®,
Paivi Laiho19%, Edward G Lakattal%6, Claudia Langenberg?, Maarten Leusink>7:107,
Yongmei Liul08, Robert N Luben, Kathryn L Lunettal99.110 Stacey N Lynch8,
Marcello R P Markus!11, Pedro Marques-Vidall12, Irene Mateo Leach3!, Wendy L
McArdle!13, Steven A McCarroll12.14, Sarah E Medland?9:55, Kathryn A Miller#4,
Grant W Montgomery114, Alanna C Morrison115, Martina Miiller-Nurasyid®/-116.117,
Pau Navarro32, Mari Nelis#>:118, Jeffrey R O’Connell*2, Christopher J
O’Donnell}10:119.120 ken K Ongl:121, Anne B Newman!?2, Annette Peters98:123,
Ozren Polasek!24, Anneli Pouta88125 peter P Pramstaller®0:126.127 Brce M
Psaty’1.72.89,128.129 Dapeeru C Raol30, Susan M Ring!13, Elizabeth J
Rossin20:131.132,133 Dpjana Rudanl34, Serena Sannal3®, Robert A Scottl, Jaban S
Sehmil02.136 stephen Sharp?, Jordan T Shin8, Andrew B Singleton37, Albert V
Smith85, Nicole Soranzo19138, Tim D Spectorl38, Chip Stewart20-139, Heather M
Stringham3%:36_ Kirill V Tarasov198, André G Uitterlinden3:91.140, | jesbeth
Vandenput*!, Shih-Jen Hwang!19, John B Whitfield141, Cisca Wijmengal®, Sarah H
Wild142, Gonneke Willemsen®2, James F Wilson142, Jacqueline C M Witteman3-91,
Andrew Wong2!, Quenna Wong®?4, Yalda Jamshidil38:143 Paavo Zitting144,
Jolanda M A Boerl45, Dorret | Boomsma®?2, Ingrid B Borecki®3, Cornelia M Van

Nat Genet. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

den Hoed et al.

Page 15

Duijn318, UIf Ekelund1146, Nita G Forouhil, Philippe Froguel60:73:147 Aroon
Hingoranil®4, Erik Ingelsson2:58:148 Mika Kivimakil%4, Richard A Kronmal®4, Diana
Kuh21, Lars Lind149, Nicholas G Martin141, Ben A Oostral®0, Nancy L Pedersen®8,
Thomas Quertermous191, Jerome | Rotter!®1, Yvonne T van der Schouw®’, W M
Monique Verschurenl4®, Mark Walker®2, Demetrius Albanes’®, David O
Arnar153.154 Themistocles L Assimes191, Stefania Bandinellil®®, Michael
Boehnke32:36, Rudolf A de Boer3!, Claude Bouchard4’, W L Mark Caulfield16:17,
John C Chambers##102 Gary Curhan®6.157 Daniele Cusi’?, Johan
Eriksson48.158,159.160 | yigi Ferrucci4®, Wiek H van Gilst3!, Nicola Glorioso61,
Jacqueline de Graaf“2, Leif Groop?4, Ulf Gyllensten34, Wen-Chi Hsueh?3, Frank B
Hu28, Heikki V Huikuri®, David J Hunter162, Carlos Iribarren183, Bo Isomaal59:164,
Marjo-Riitta Jarvelin4445.125.165,166  Anttj Julal®’, Mika K&hoénenl®8, Lambertus A
Kiemeney169:170 Melanie M van der Klauw1’1, Jaspal S Koonerl02.136 peter
Kraftl62, Licia lacoviello172, Terho Lehtim&kil68, Marja-Liisa L Lokkil?3, Braxton D
Mitchell*2, Gerjan Navis174, Markku S Nieminenl75, Claes Ohlsson#!, Neil R
Poulter’6, Lu Qi28, Olli T Raitakari’7:178 Eric B Rimm?28, John D Rioux?26:27,
Federica Rizzil?9, Igor Rudan42, Veikko Salomaa*8, Peter S Severl’6 Denis C
Shields180.181.182 ' Alan R Shuldiner42:183, Juha Sinisalo!”®, Alice V Stanton184,
Ronald P Stolk19, David P Strachan??, Jean-Claude Tardif26:27, Unnur
Thorsteinsdottir}3:154, Jaako Tuomilehto185.186,187.188 pjrk J van Veldhuisen3?,
Jarmo Virtamo#8, Jorma Viikaril89, Peter Vollenweider®, Gérard Waeberl®,
Elisabeth Widen191, Yoon Shin Chol92, Jesper V Olsen?2, Peter M Visscherl93,
Cristen Willer194, Lude Frankel®195 Global BPgen Consortium196, CARDIOGRAM
Consortium19, Jeanette Erdmann®0:197.198 john R Thompsonl9, PR GWAS
Consortium19, Arne Pfeufer200.201 QRS GWAS Consortium19, Nona
Sotoodehnia’l202 QT-IGC Consortium198, Christopher Newton-Cheh12:110.203,
CHARGE-AF Consortium9, Patrick T Ellinor62:204.205 Bruno H Ch
Stricker3:91,103,140,206 ' Andres Metspalu®>6, Markus Perola®39:48 Jacques S
Beckmann37:207 George Davey Smith?, Kari Stefansson13:154, Nicholas J
Wareham?, Patricia B Munroel®:17 Ody C M Sibon%9, David J Milan8298, Harold
Snieder19, Nilesh J Samani?09:210, and Ruth J F Loos1:211,212,213

Affiliations

IMedical Research Council (MRC) Epidemiology Unit, Institute of Metabolic
Science, Addenbrooke’s Hospital, Cambridge, UK 2Department of Medical
Sciences, Molecular Epidemiology and Science for Life Laboratory, Uppsala
University, Uppsala, Sweden 3Department of Epidemiology, Erasmus University
Medical Center, Rotterdam, The Netherlands “Estonian Biocenter, Tartu, Estonia
SEstonian Genome Center, University of Tartu, Tartu, Estonia ®Institute of Molecular
and Cell Biology, University of Tartu, Tartu, Estonia ‘Department of Clinical
Pharmacology, University Medical Center Groningen, University of Groningen,
Groningen, The Netherlands 8Cardiovascular Research Center, Massachusetts
General Hospital, Boston, Massachusetts, USA °MRC Centre for Causal Analyses
in Translational Epidemiology (CAITE), School of Social and Community Medicine,
University of Bristol, Bristol, UK 1°Department of Epidemiology, University Medical

Nat Genet. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

den Hoed et al. Page 16

Center Groningen, University of Groningen, Groningen, The Netherlands
11Department of Molecular Biology, Massachusetts General Hospital, Boston,
Massachusetts, USA 12Program in Medical and Population Genetics, Broad Institute
of Harvard and MIT, Cambridge, Massachusetts, USA *deCODE Genetics,
Reykjavik, Iceland **Department of Genetics, Harvard Medical School, Boston,
Massachusetts, USA > Department of Genetics, University Medical Center
Groningen, University of Groningen, Groningen, The Netherlands 6Clinical
Pharmacology, National Institute for Health Research (NIHR) Cardiovascular
Biomedical Research Unit, William Harvey Research Institute, Barts and The
London School of Medicine and Dentistry, Queen Mary University of London,
London, UK ’Genome Centre, Barts and The London School of Medicine and
Dentistry, Queen Mary University of London, London, UK 8Centre for Medical
Systems Biology, Leiden, The Netherlands ®Wellcome Trust Sanger Institute,
Hinxton, Cambridge, UK 2°Broad Institute of MIT and Harvard, Cambridge,
Massachusetts, USA ?1The Danish National Research Foundation Centre for
Cardiac Arrhythmia, Copenhagen, Denmark ??Novo Nordisk Foundation Center for
Protein Research, Faculty of Health Sciences, University of Copenhagen,
Copenhagen, Denmark 23Center for Genome Science, National Institute of Health,
Osong Health Technology Administration Complex, Daejeon, The Republic of Korea
24Department of Clinical Sciences, Diabetes and Endocrinology, Lund University
and Lund University Diabetes Centre, Malmd, Sweden 2°Community Prevention
Unit, Institute of Social and Preventive Medicine, Lausanne University Hospital,
Lausanne, Switzerland 2Université de Montréal, Montreal, Quebec, Canada
2"Montreal Heart Institute, Montreal, Quebec, Canada 28Nutrition, Harvard School of
Public Health, Boston, Massachusetts, USA ?°Division of Population Health
Sciences and Education, St. George’s, University of London, London, UK
30pediatric Epidemiology Center, University of South Florida, Tampa, Florida, USA
31Department of Cardiology, University Medical Center Groningen, University of
Groningen, Groningen, The Netherlands *2MRC Human Genetics Unit, Institute of
Genetics and Molecular Medicine, University of Edinburgh, Edinburgh, UK
33Department of Internal Medicine, VU Medical Center, Amsterdam, The
Netherlands 3*Department of Immunology, Genetics and Pathology, Uppsala
University, Uppsala, Sweden 3°Department of Biostatistics, University of Michigan,
Ann Arbor, Michigan, USA 36Center for Statistical Genetics, University of Michigan,
Ann Arbor, Michigan, USA 3’Department of Medical Genetics, University of
Lausanne, Lausanne, Switzerland 38Swiss Institute of Bioinformatics, Lausanne,
Switzerland 3°The Institute of Molecular Medicine, University of Helsinki, Helsinki,
Finland “°Department of Molecular Medicine, National Public Health Institute,
Helsinki, Finland #'Department of Internal Medicine, Institute of Medicine,
Sahlgrenska Academy, University of Gothenburg, Gothenburg, Sweden
42Department of Medicine, Division of Endocrinology, Diabetes and Nutrition,
University of Maryland, School of Medicine, Baltimore, Maryland, USA
43Department of Medicine, Institute for Human Genetics, University of California,
San Francisco, San Francisco, California, USA **Department of Epidemiology and

Nat Genet. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

den Hoed et al.

Page 17

Biostatistics, Imperial College London, London, UK “*MRC—Health Protection
Agency (MRC-HPA) Centre for Environment and Health, Imperial College London,
London, UK “8Institute of Cardiovascular and Medical Sciences, College of Medical,
Veterinary and Life Sciences, University of Glasgow, Glasgow, UK 4’"Human
Genomics Laboratory, Pennington Biomedical Research Center, Baton Rouge,
Louisiana, USA “8Department of Chronic Disease Prevention, National Institute for
Health and Welfare, Helsinki, Finland #°Clinical Research Branch, National Institute
on Aging, Baltimore, Maryland, USA %°HudsonAlpha Institute for Biotechnology,
Huntsville, Alabama, USA >lInformation Management Services, Inc., Rockville,
Maryland, USA 5?Department of Biological Psychology, VU University Amsterdam
and Institute for Health and Care Research (EMGO+), VU Medical Center,
Amsterdam, The Netherlands 3Division of Statistical Genomics, Washington
University School of Medicine, St. Louis, Missouri, USA >*Department of
Biostatistics, University of Washington, Seattle, Washington, USA 35Quantitative
Genetics Laboratory, Queensland Institute of Medical Research, Brisbane,
Queensland, Australia *8Complex Genetics Section, Department of Medical
Genetics—de Bakker Group, University Medical Center Utrecht, Utrecht, The
Netherlands >"Julius Center for Health Sciences and Primary Care, University
Medical Center Utrecht, Utrecht, The Netherlands 8Department of Medical
Epidemiology and Biostatistics, Karolinska Institutet, Stockholm, Sweden
59peninsula College of Medicine and Dentistry, University of Exeter, Exeter, UK
60Centre National de la Recherche Scientifiqgue (CNRS) Unité Mixte de Recherche
(UMR) 8199, Institut Pasteur de Lille, Lille, France 8Division of Preventive
Medicine, Cardiovascular Division, Brigham and Women'’s Hospital, Boston,
Massachusetts, USA 8?Harvard Medical School, Boston, Massachusetts, USA
3Division of Epidemiology and Community Health, School of Public Health,
University of Minnesota, Minneapolis, Minnesota, USA 84Department of Medicine,
Division of Cardiology, Johns Hopkins University School of Medicine, Baltimore,
Maryland, USA %5McKusick-Nathans Institute of Genetic Medicine, Johns Hopkins
University School of Medicine, Baltimore, Maryland, USA %Department of Medicine,
Division of Genetics, Brigham and Women'’s Hospital, Boston, Massachusetts, USA
8’Department of Medical Genetics, Division of Biomedical Genetics, University
Medical Center Utrecht, Utrecht, The Netherlands ®8Institut National de la Santé et
de la Recherche Médicale (INSERM), CESP Centre for Research in Epidemiology
and Population Health, U1018, Epidemiology of Diabetes, Obesity and Chronic
Kidney Disease over The Lifecourse, Villejuif, France ®9UMRS 1018, Université
Paris—Sud 11, Villejuif, France "°Department of Health Sciences, Milan University
and Filarete Foundation, Milan, Italy " Cardiovascular Health Research Unit,
University of Washington, Seattle, Washington, USA 72Department of Medicine,
University of Washington, Seattle, Washington, USA "3Lille Nord de France
University, Lille, France "INSERM U970, Paris Cardiovascular Research Centre,
Hopital Européen Georges Pampidou, Paris, France "°Division of Cancer
Epidemiology and Genetics, US National Cancer Institute, Bethesda, Maryland,
USA "8Laboratory of Translational Genomics, Division of Cancer Epidemiology and

Nat Genet. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

den Hoed et al.

Page 18

Genetics, US National Cancer Institute, Bethesda, Maryland, USA ““National
Human Genome Research Institute, US National Institutes of Health, Bethesda,
Maryland, USA 78Department of Cardiovascular Medicine, Heart and Vascular
Institute, Cleveland Clinic, Cleveland, Ohio, USA "°Department of Molecular
Cardiology, Lerner Research Institute, Cleveland Clinic, Cleveland, Ohio, USA
80Department of Medicine, Vanderbilt University School of Medicine, Nashville,
Tennessee, USA 8IINSERM U1087, CNRS U6291 and University of Nantes,
I'Institut du Thorax, Nantes, France 82Centre Hospitalier Universitaire (CHU)
Nantes, I'Institut du Thorax, Nantes, France 83Department of Internal Medicine B,
University Medicine Greifswald, Greifswald, Germany 8DZHK (German Centre for
Cardiovascular Research), partner site Greifswald, Greifswald, Germany 8Icelandic
Heart Association Research Institute, Kopavogur, Iceland 8University of Iceland,
Reykjavik, Iceland 8 Laboratory for Epidemiology, Demography, and Biometry,
National Institute on Aging, Bethesda, Maryland, USA &Department of Clinical
Sciences, Obstetrics and Gynecology, University of Oulu, Oulu, Finland
89Department of Epidemiology, University of Washington, Seattle, Washington, USA
90Center for Biomedicine, European Academy Bozen/Bolzano (EURAC), Bolzano,
Italy (affiliated institute of the University of Liibeck) 9?Netherlands Genomics
Initiative-sponsored Netherlands Consortium for Healthy Ageing, Rotterdam, The
Netherlands ®2Department of General Internal Medicine, Division of Vascular
Medicine, Radboud University Nijmegen Medical Centre, Nijmegen, The
Netherlands ®3Nyken, Groningen, The Netherlands **Uppsala Clinical Research
Center, Uppsala University Hospital, Uppsala, Sweden %>Division of Cardiology,
Miller School of Medicine, University of Miami, Miami, Florida, USA %Institute of
Clinical Medicine, Department of Internal Medicine, University of Oulu, Oulu,
Finland °’Department of Medicine |, University Hospital Grosshadern, Ludwig-
Maximilians- Universitat, Munich, Germany °Munich Heart Alliance, Munich,
Germany **Department of Cell Biology, University Medical Center Groningen,
University of Groningen, Groningen, The Netherlands %°Department of Public
Health and Primary Care, Institute of Public Health, University of Cambridge,
Cambridge, UK 101Department of Medicine, Stanford University School of Medicine,
Stanford, California, USA 1°?Cardiology Department, Ealing Hospital National
Health Service (NHS) Trust, London, UK 193Department of Medical Informatics,
Erasmus University Medical Center, Rotterdam, The Netherlands %“Genetic
Epidemiology Group, Department of Epidemiology and Public Health, University
College London, London, UK 10National Public Health Institute, Biomedicum
Helsinki, Helsinki, Finland 1°6Laboratory of Cardiovascular Science, National
Institute on Aging, Baltimore, Maryland, USA 197Division Pharmacoepidemiology &
Clinical Pharmacology, Utrecht University, Utrecht, The Netherlands 1°8Department
of Epidemiology & Prevention, Division of Public Health Sciences, Wake Forest
University, Winston-Salem, North Carolina, USA 1%Department of Biostatistics,
School of Public Health, Boston University, Boston, Massachusetts, USA
110National Heart, Lung, and Blood Institute’s Framingham Heart Study,
Framingham, Massachusetts, USA 1institute for Community Medicine, University

Nat Genet. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

den Hoed et al.

Page 19

Medicine Greifswald, Greifswald, Germany 1?Institut Universitaire de Médecine
Sociale et Préventive (IUMSP), Centre Hospitalier Universitaire Vaudois (CHUV)
and University of Lausanne, Lausanne, Switzerland 123School of Social and
Community Medicine, University of Bristol, Bristol, UK *Molecular Epidemiology
Laboratory, Queensland Institute of Medical Research, Brisbane, Queensland,
Australia 11>Human Genetics Center, University of Texas Health Science Center,
Houston, Texas, USA 16Chair of Genetic Epidemiology, Institute of Medical
Informatics, Biometry and Epidemiology, Ludwig-Maximilians-Universitat, Munich,
Germany YInstitute of Genetic Epidemiology, Helmholtz Zentrum Miinchen-
German Research Center for Environmental Health, Neuherberg, Germany
118Department of Medical Genetics and Development, University of Geneva Medical
School, Geneva, Switzerland 11°Cardiology Division, Massachusetts General
Hospital, Boston, Massachusetts, USA '?°National Heart, Lung, and Blood Institute,
Bethesda, Maryland, USA 1?!MRC Unit for Lifelong Health and Ageing, London, UK
122pepartment of Epidemiology, University of Pittsburgh, Pittsburgh, Pennsylvania,
USA 123Institute of Epidemiology Il, Helmholtz Zentrum Miinchen—-German
Research Center for Environmental Health, Neuherberg, Germany '2*Department of
Public Health, Faculty of Medicine, University of Split, Split, Croatia 12°National
Institute for Health and Welfare, Oulu, Finland 1?6Department of Neurology, General
Central Hospital, Bolzano, Italy *’Department of Neurology, University of Libeck,
Liibeck, Germany 128Group Health Research Institute, Seattle, Washington, USA
129Department of Health Services, University of Washington, Seattle, Washington,
USA 130Djvision of Biostatistics, Washington University School of Medicine, St.
Louis, Missouri, USA 131Analytic and Translational Genetics Unit, Massachusetts
General Hospital, Boston, Massachusetts, USA 13?Harvard Biological and
Biomedical Sciences Program, Harvard University, Boston, Massachusetts, USA
133Health Science and Technology M.D. Program, Harvard University and
Massachusetts Institute of Technology, Boston, Massachusetts, USA 3*Department
of Pathophysiology, Faculty of Medicine, University of Split, Split, Croatia 13%Istituto
di Ricerca Genetica e Biomedica, Consiglio Nazionale delle Ricerche (CNR),
Monserrato, Italy 13National Heart and Lung Institute, Imperial College London,
London, UK 37Laboratory of Neurogenetics, National Institute on Aging, Bethesda,
Maryland, USA 138Department of Twin Research and Genetic Epidemiology Unit,
St. Thomas’ Campus, King's College London, St. Thomas’ Hospital, London, UK
139Bjology Department, Boston College, Chestnut Hill, Massachusetts, USA
140pepartment of Internal Medicine, Erasmus Medical Center, Rotterdam, The
Netherlands '#1genetic Epidemiology Laboratory, Queensland Institute of Medical
Research, Brisbane, Queensland, Australia *2Centre for Population Health
Sciences, University of Edinburgh, Edinburgh, UK 143Division of Biomedical
Sciences, St. George’s University of London, London, UK 44Department of
Physiatrics, Lapland Central Hospital, Rovaniemi, Finland 14°Centre for Nutrition,
Prevention and Health Services, National Institute for Public Health and the
Environment (RIVM), Bilthoven, The Netherlands 14®Department of Sports Medicine,
Norwegian School of Sport Sciences, Oslo, Norway 4’Genomic Medicine,

Nat Genet. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

den Hoed et al.

Page 20

Hammersmith Hospital, Imperial College London, London, UK *8Wellcome Trust
Centre for Human Genetics, University of Oxford, Oxford, UK #°Department of
Medical Sciences, Uppsala University, Akademiska Sjukhuset, Uppsala, Sweden
150pepartment of Clinical Genetics, Erasmus University Medical Center, Rotterdam,
The Netherlands **'Medical Genetics Institute, Cedars-Sinai Medical Center, Los
Angeles, California, USA 1%2Institue of Cellular Medicine, Newcastle University,
Newcastle, UK %3Department of Medicine, Landspitali University Hospital,
Reykjavik, Iceland ***Faculty of Medicine, University of Iceland, Reykjavik, Iceland
155Geriatric Unit, Azienda Sanitaria Firenze (ASF), Florence, Italy 15Channing
Laboratory and Renal Division, Brigham and Women’s Hospital, Boston,
Massachusetts, USA 157Department of Medicine, Harvard Medical School, Boston,
Massachusetts, USA 158Department of General Practice and Primary Health Care,
University of Helsinki, Helsinki, Finland **°Folkhalsan Research Centre, Helsinki,
Finland 189Unit of General Practice, Helsinki University Central Hospital, Helsinki,
Finland %1Hypertension and Related Diseases Centre—Azienda Ospedaliero
Universitaria (AOU), University of Sassari, Sassari, Italy 62Program in Molecular
and Genetic Epidemiology, Harvard School of Public Health, Boston,
Massachusetts, USA 163Division of Research, Kaiser Permanente of Northern
California, Oakland, California, USA 6*Department of Social Services and Health
Care, Jakobstad, Finland 6°Biocenter Oulu, University of Oulu, Oulu, Finland
186|nstitute of Health Sciences, University of Oulu, Oulu, Finland 187Department of
Chronic Disease Prevention, National Institute for Health and Welfare, Turku,
Finland 188Department of Clinical Chemistry, University of Tampere and Tampere
University Hospital, Tampere, Finland 16°Department for Health Evidence, Radboud
University Medical Centre, Nijmegen, The Netherlands 1"°Department of Urology,
Radboud University Nijmegen Medical Centre, Nijmegen, The Netherlands
171Department of Endocrinology, University Medical Center Groningen, University of
Groningen, Groningen, The Netherlands 7?Laboratory of Genetic and
Environmental Epidemiology, Fondazione di Ricerca e Cura Giovanni Paolo II,
Catholic University, Campobasso, Italy 173transplantation Laboratory, Haartman
Institute, University of Helsinki, Helsinki, Finland 7*Department of Internal Medicine,
University Medical Center Groningen, University of Groningen, Groningen, The
Netherlands 1"°Department of Medicine, Division of Cardiology, Helsinki University
Central Hospital, Helsinki, Finland "6International Centre for Circulatory Health
(ICCH), Imperial College London, London, UK 1’’Research Centre of Applied and
Preventive Cardiovascular Medicine, University of Turku, Turku, Finland
178Department of Clinical Physiology and Nuclear Medicine, University of Turku and
Turku University Hospital, Turku, Finland 17°Kos Genetic, Milan, Italy 18°Complex
and Adaptive Systems Laboratory, University College Dublin, Belfield, Dublin,
Ireland 8'Conway Institute of Biomolecular and Biomedical Research, University
College Dublin, Belfield, Dublin, Ireland 82School of Medicine and Medical
Sciences, University College Dublin, Belfield, Dublin, Ireland 183Geriatric Research
and Education Clinical Center, Veterans Administration Medical Center, Baltimore,
Maryland, USA 84Molecular and Cellular Therapeutics, Royal College of Surgeons

Nat Genet. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

den Hoed et al.

Page 21

in Ireland, Dublin, Ireland 18°Diabetes Unit, National Institute for Health and Welfare,
Helsinki, Finland 186Centre for Vascular Prevention, Danube-University Krems,
Krems, Austria 87Red Tematica de Investigacion Cooperativa en Enfermedades
Cardiovasculares (Red RECAVA), Grupo RD06/0014/0015, Hospital Universitario
La Paz, Madrid, Spain *#King Abdulaziz University, Jeddah, Saudi Arabia
189pDepartment of Medicine, University of Turku and Turku University Hospital,
Turku, Finland **°Department of Internal Medicine, University Hospital of Lausanne,
Lausanne, Switzerland *°!Institute for Molecular Medicine Finland (FIMM),
University of Helsinki, Helsinki, Finland 1®2Department of Biomedical Science,
Hallym University, Chuncheon, Korea °3Queensland Brain Institute, University of
Queensland, Brisbane, Queensland, Australia 1**Department of Internal Medicine,
University of Michigan, Ann Arbor, Michigan, USA 195Blizard Institute of Cell and
Molecular Science, Barts and The London School of Medicine and Dentistry, Queen
Mary University of London, London, UK 19A full list of members appears in the
Supplementary Note 19Institute for Integrative and Experimental Genomics,
University of Libeck, Libeck, Germany °8DZHK, partner site Hamburg/Kiel/
Liibeck, Libeck, Germany 1%°Department of Health Sciences, University of
Leicester, Leicester, UK 2%nstitute of Human Genetics, Helmholtz Zentrum
Miinchen—german Research Center for Environmental Health, Munich, Germany
201 nstitute of Human Genetics, Klinikum Rechts der Isar der Technischen
Universitat Miinchen, Munich, Germany 2°2Department of Medicine, Division of
Cardiology, University of Washington School of Medicine, Seattle, Washington,
USA 2%3Center for Human Genetic Research, Cardiovacular Research Center,
Massachusetts General Hospital, Boston, Massachusetts, USA 2%4Cardiac
Arrhythmia Service, Massachusetts General Hospital, Boston, Massachusetts, USA
205Cardiovascular Research Center, Massachusetts General Hospital, Charlestown,
Massachusetts, USA 2%Inspectorate of Health Care, The Hague, The Netherlands
207gervice of Medical Genetics, CHUV University Hospital, Lausanne, Switzerland
208Center for Human Genetic Research, Massachusetts General Hospital, Boston,
Massachusetts, USA 20°Department of Cardiovascular Sciences, University of
Leicester, Glenfield Hospital, Leicester, UK ?1°NIHR Leicester Biomedical Research
Unit in Cardiovascular Disease, Glenfield Hospital, Leicester, UK 211The Genetics of
Obesity and Related Metabolic Traits Program, The Icahn School of Medicine at
Mount Sinai, New York, New York, USA ?2The Charles Bronfman Institute of
Personalized Medicine, The Icahn School of Medicine at Mount Sinai, New York,
New York, USA 213The Mindich Child Health and Development Institute, The Icahn
School of Medicine at Mount Sinai, New York, New York, USA

Acknowledgments

A full list of acknowledgments appears in the Supplementary Note. Funding sources had no involvement in the
collection, analysis and interpretation of the data.

Nat Genet. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

den Hoed et al.

Page 22

AUTHOR CONTRIBUTIONS

Steering committee (oversaw the project): M. den Hoed (lead) and R.J.F.L. (chair).
Writing group (drafted the manuscript): M.E., M. den Hoed (chair), R.J.F.L. and N.J.S.
Editing group (edited the manuscript): B.J.J.M.B.,P.T.E,, T.E., D.M.E., E.J.C.d.G., M.
den Hoed (chair), E.l.,, D.J.M.,RJ.F.L., AL, DJM., LLM.N,, AV. Segré, O.C.M.S., H.S,,
J.R.T. and N.J.T. Meta-analysis working group (performed stage 1 and stage 2 meta-
analyses): T.E. and M. den Hoed (chair). Data preparation working group (prepared
data from contributing cohorts for meta-analyses): M.E., T.E., M. den Hoed (lead) and
R.J.F.L. (chair). Conditional analyses: M. den Hoed, R.J.F.L., P.M.V. (chair) and J.Y.
(lead). Genetic predisposition score analyses: D.M.E., M. den Hoed (chair) and I.M.N.
Association analyses with related traits: C.M.A., P..LW.d.B., CARDIoOGRAM
Consortium, CHARGE-AF Consortium, Y.S.C., M.C., D.D., P.T.E., J. Erdmann, Global
BPgen Consortium, M.J.G., M. den Hoed (chair), H.H., A.l., T.J., S. K&ab, Y.J.K., K.L.L.,
P.B.M., C.N.-C., A. Pfeufer, PR GWAS Consortium, QRS GWAS Consortium, QT-IGC
Consortium, N.J.S., S. Sharp, N. Sotoodehnia and J.R.T. Copy humber variant analyses:
R.E.H. (lead), M. den Hoed (chair), S.A.M. and C. Stewart. Gene eQTL analyses: L.
Franke (chair), M. den Hoed and H.-J.W. (lead). Proteomics experiments and genetic
enrichment analyses: M. den Hoed, R.J.F.L., A.L. (lead), E.J.R. and J.V.O. (chair).
SNIPPER analyses for selection of positional candidate genes: M. den Hoed (chair),
R.J.F.L. and C. Willer (lead). Pathway analyses: M. den Hoed (chair), R.J.F.L. and A.V.
Segré (lead). D. melanogaster experiments: B.J.J.M.B. (lead), M. den Hoed, F.H.-B., B.K.,
R.J.F.L., O.C.M.S. (chair) and H.S. D. rerio experiments: M. den Hoed, R.J.F.L., S.N.L.,
D.J.M. (chair), D.S.P. (lead) and J.T.S.

Project design, management and coordination of contributing cohorts

Stage 1-GWAS: (ADVANCE) T.L.A., C.l.and T.Q.; (ALSPAC) G.D.S.; (ASCOT cases)
N.R.P., P.S.S., D.C.S. and A.V. Stanton; (ATBC) D. Albanes and J. Virtamo; (B58C)
W.L.M.C. and D.P.S.; (BLSA) S. Bandinelli and L. Ferrucci; (BRIGHT) M.C., T.J., P.B.M.
and N.J.S.; (CoLaus) J.S.B., P.V. and G. Waeber; (COROGENE) M.-L.L.L., M.S.N., M.P.
and J.S.; (deCODE) D.O.A,, K.S. and U.T.; (DGI) L.G. and B.1.; (EGCUT) A.M.; (EPIC-
Norfolk) N.J.W.; (Fenland) U.E., N.G.F., R.J.F.L. and N.J.W.; (Fingesture) H.V.H., J.D.R.
and J.-C.T.; (Finrisk07) M.P. and V.S.; (FUSION) M. Boehnke and J.T.; (GOOD) C.O.;
(HAPI) B.D.M. and A.R.S.; (HBCS) J. Eriksson, M.P. and E.W.; (Health 2000) A.J. and
M.P.; (Health ABC) W.-C.H.; (HERITAGE) C. Bouchard, T.R. and D.C.R.; (HPFS) G.C.,
F.B.H.,D.J.H., P.K,, L.Q. and E.B.R.; (Hypergenes) D.C., N.G,, L.I.and F.R;
(INCHIANTI) S. Bandinelli and L. Ferrucci; (Korcula) I.R.; (LifeLines) R.A.d.B.,
M.M.v.d.K., H.S. and R.P.S.; (Lolipop) J.C.C. and J.S.K.; (NBS) J.d.G. and L. A K,;
(NFBC1966) M.-R.J.; (NHS) G.C., F.B.H., D.J.H., P.K,, L.Q. and E.B.R.; (NSPHS) U.G;
(PREVEND) W.H.v.G., G.N. and D.J.v.V; (SPLIT) L.R.; and (YFS) M. K&hdnen, T.L.,
M.P., O.T.R. and J. Viikari. Stage 2— in silico replication studies: (AGES, RRgen) V.G.
and T.B.H.; (ACTS) N.G.M.; (ALSPAC) G.D.S.; (ARIC, RRgen) A.A.; (CHS, RRgen)
B.M.P.; (DESIR) N.B.-N.; (EGCUT) A.M,; (Ely) NJ.W.; (EPIC-NL) JM.AB., Y.T.v.d.S.
and W.M.M.V.; (EPIC-Norfolk) N.J.W.; (ERF) C.M.v.D. and B.A.O.; (FamHS) I.B.B;

Nat Genet. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

den Hoed et al.

Page 23

(Fenland) U.E., N.G.F., RJ.F.L. and N.J.W.; (FHS, RRgen) C.J.O.; (Finrisk07) M.P. and
V.S.; (KORA, RRgen) A. Peters and S. Kéab; (LifeLines2) R.A.d.B., M.M.v.d.K., H.S. and
R.P.S.; (MESA) R.AK. and J.I.R.; (MICROS, RRgen) P.P.P.; (NSHD) D.K.; (NTR) D.I1.B.
and E.J.C.d.G.; (ORCADES, RRgen) J.F.W.; (RISC) M.W.; (PIVUS) E.l. and L.L.; (RS1-3)
A. Hofman, B.H.Ch.S. and J.C.M.W.; (SardiNIA, RRgen) E.G.L. and K.V.T.; (SHIP,
RRgen) M.D. and S.B.F.; (Stanford IST) T.Q.; (STR) E.I. and N.L.P.; (Twins UK, RRgen)
Y.J.and T.D.S.; (ULSAM) E.I.; and (Whitehall Il) A. Hingorani and M. Kivimaki.

Genotyping of contributing cohorts

Stage 1-GWAS: (ADVANCE) D. Absher; (ALSPAC) S.M.R. and W.L.M.; (ATBC) S.J.C.;
(BLSA) L. Ferrucci and A.B.S.; (BRIGHT) M.C. and P.B.M.; (COROGENE) P.S.;
(EGCUT) T.E., L.M. and M.N.; (EPIC-Norfolk) R.J.F.L. and J.H.Z.; (Fenland) J.L.;
(Fingesture) P.G. and J.D.R.; (Finrisk07) P.S.; (FUSION) P.S.C.; (GOOD) M. Lorentzon
and C.O.; (HBCS) P.S.; (Health2000) P.L. and P.S.; (Health ABC) Y.L.; (HERITAGE) C.
Bouchard and T.R.; (HPFS) M.C.C. and M.K.J.; (Hypergenes) C. Barlassina and P.B.;
(INCHIANTI) L. Ferrucci and A.B.S.; (Korcula) C.H.; (LifeLines) L. Franke; (Lolipop)
J.C.C.and J.S.K,; (NBS) L.A.K.; (NFBC1966) P.E., A.-L.H., M.-R.J. and P.Z.; (NHS)
M.C.C. and M.K.J.; (NSPHS) A.J.; (PREVEND) P.v.d.H.; (SPLIT) C.H. and V.V.; and
(YFS) M. Ké&honen, T.L., M.P., O.T.R., P.S. and J. Viikari. Stage 2—in silico replication
studies: (ACTS) N.G.M., S.E.M. and G.W.M.; (ALSPAC) S.M.R. and W.L.M.; (ARIC,
RRgen) D.E.A.; (DESIR) N.B.-N.; (EGCUT) T.E., L.M. and M.N.; (EPIC-NL) N.C.O.-M.
and C. Wijmenga; (ERF) C.M.v.D., A.l. and B.A.O.; (Ely) RJ.F.L.and J.L.; (EPIC-
Norfolk) R.J.F.L. and J.H.Z.; (FamHS) I.B.B. and M.F.F.; (Fenland) J.L.; (Finrisk07) P.S.;
(LifeLines2) L. Franke; (MESA) J.I.R.; (NSHD) D.K., K.K.O. and AW.; (NTR) D.1.B. and
J.-J.H.; (PIVUS) E.l. and L.L.; (RS1-3) A.G.U.; (Stanford IST) T.L.A. and JW.K.; (STR)
E.l. and N.L.P.; (ULSAM) E.I.; and (Whitehall I1) M. Kumari and C. Langenberg.

Phenotyping of contributing cohorts

Stage 1-GWAS: (ADVANCE) C.I.; (ASCOT cases) N.R.P., P.S.S. and A.V. Stanton;
(ATBC) D. Albanes and J. Virtamo; (B58C) D.P.S.; (BLSA) S. Bandinelli and L. Ferrucci;
(BRIGHT) M.C. and N.J.S.; (CoLaus) P.M.-V.; (COROGENE) M.P.; (deCODE) D.O.A.
and H.H.; (DGI) B.1.; (EGCUT) K.F. and A.M.; (EPIC-Norfolk) K.-T.K.; (Fingesture)
H.V.H. and J.J.; (Finrisk07) M.P.; (FUSION) H.M.S.; (GOOD) M. Lorentzon, C.O. and
L.V.; (HBCS) J. Eriksson, M.P. and E.W.; (Health2000) A.J. and M.P.; (Health ABC)
A.B.N.; (HERITAGE) C. Bouchard; (Hypergenes) D.C., N.G., L.I. and F.R.; (INCHIANTI)
S. Bandinelli and L. Ferrucci; (Korcula) O.P.; (LifeLines) R.A.d.B., M.M.v.d.K. and R.P.S.;
(Lolipop) J.C.C., AS.K,, JS.K., K. AM. and J.S.S.; (NBS) S.H.; (NFBC1966) A.-L.H., M.-
R.J., A. Pouta and P.Z.; (PREVEND) R.A.d.B., W.H.v.G. and P.v.d.H.; (SPLIT) D.R.; and
(YFS) M. Ké&honen, T.L., M.P., O.T.R., P.S. and J. Viikari. Stage 2— in silico replication
studies: (AGES, RRgen) V.G.; (ACTS) N.G.M. and J.B.W.; (CHS, RRgen) N.
Sotoodehnia; (DESIR) B.B. and P.F.; (EGCUT) K.F. and A.M.; (Ely) S. Brage and U.E.;
(EPIC-NL) J.M.A.B., Y.T.v.d.S. and W.M.M.V.; (EPIC-Norfolk) K.-T.K.; (ERF) C.M.v.D.,
A.l,JAK. and B.A.O.; (FamHS) I.B.B. and M.F.F.; (FHA, RRgen) C.N.-C.; (Finrisk07)
M.P.; (LifeLines2) R.A.d.B., M.M.v.d.K. and R.P.S.; (MESA) S.R.H. and R AK;

Nat Genet. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

den Hoed et al.

Page 24

(MICROS, RRgen) A.A-H.; (NSHD) D.K.; (NTR) D.1.B., E.J.C.d.G. and G. Willemsen;
(ORCADES, RRgen) S.H.W.; (PIVUS) E.Il. and L.L.; (RISC) M.W.; (RS1-3) B.H.Ch.S. and
A.G.U.; (SHIP, RRgen) M.D. and M.R.P.M.; (Stanford IST) T.L.A. and JW.K_; (STR) E.I.
and N.L.P.; (ULSAM) E.1.; and (Whitehall IT) M. Kumari.

Analyses of contributing cohorts

Stage 1-GWAS: (ADVANCE) T.L.A. and L. W.; (ALSPAC) D.M.E., J.P.K., B.S.P. and
N.J.T.; (ASCOT cases) T.J.; (ATBC) W.W.; (B58C) D.H. and D.P.S.; (BLSA) T.T;
(BRIGHT) T.J. and S.P.; (CoLaus) M. Bochud and Z.K.; (COROGENE) P.S.; (deCODE)
D.G. and H.H.; (DGI) P.A,, C. Ladenvall and R.A.S.; (EGCUT) T.E. and E.M.; (EPIC-
Norfolk) M. den Hoed, R.N.L. and J.H.Z.; (Fenland) M. den Hoed and J.L.; (Fingesture)
G.B. and P.G.; (Finrisk07) A.S.H., K.K. and P.S.; (FUSION) A.U.J.; (GOOD) M.
Lorentzon, C.0. and L.V.; (HAPI) M.E.M. and J.R.O.; (HBCS,) P.S.; (Health2000) P.S.;
(Health ABC) W.-C.H. and O.T.N.; (HERITAGE) C. Bouchard, T.R. and D.C.R.; (HPFS)
M.C.C. (INCHIANTI) T.T.; (Korcula) C.H.; (LifeLines) I.M.N. and H.S.; (Lolipop) J.C.C.,
J.S.K, J.S.S. and W.Z.; (NBS) M. den Heijer; (NFBC1966) P.F.O.; (NHS) M.C.C.;
(Hypergenes) D.C.; (NSPHS) W.1.; (PREVEND) P.v.d.H. and I.M.L.; (SPLIT) C.H. and
V.V.; and (YFS) P.S. Stage 2—in silico replication studies: (AGES, RRgen) A.V. Smith;
(ACTS) P.A.L.; (ALSPAC) D.M.E., J.P.K, B.S.P. and N.J.T.; (ARIC, RRgen) A.C.M.;
(CHS, RRgen) J.C.B. and N. Sotoodehnia; (DESIR) C.D., N.B.-N. and L.Y.; (EGCUT) T.E.
and E.M.; (Ely) M. den Hoed and J.L.; (EPIC-NL) M. Leusink and N.C.O.-M.; (EPIC-
Norfolk) M. den Hoed, R.N.L. and J.H.Z.; (ERF) A.l.; (FamHS) M.F.F. and S. Ketkar;
(Fenland) M. den Hoed and J.L.; (FHS, RRgen) C.N.-C. and S.-J.H.; (Finrisk07) A.S.H. and
K.K., P.S.; (KORA, RRgen) M.M.-N.; (LifeLines2) I.M.N. and H.S.; (MESA) K.F.K. and
Q.W.; (MICROS, RRgen) C.F.; (NSHD) M. den Hoed, J.L. and AW.; (NTR) H.H.M.D. and
J.-J.H.; (ORCADES, RRgen) P.N.; (PIVUS) E.I. and C. Song; (RISC) M.N.W. and W.X;
(RRgen) P.1.W.d.B.; (RS1-3) P.L.W.d.B. and M.E.; (SardiNIA, RRgen) S. Sanna; (Stanford
IST) W.X.; (STR) E.I. and C. Song; (Twins UK, RRgen) N. Soranzo; (ULSAM) E.I. and C.
Song; and (Whitehall 11) M. den Hoed and J.L.

The corresponding author (R.J.F.L.) had full access to all the data in the study and had final
responsibility for the decision to submit for publication.

References

1. Dyer AR, et al. Heart rate as a prognostic factor for coronary heart disease and mortality: findings in
three Chicago epidemiologic studies. Am J Epidemiol. 1980; 112:736-749. [PubMed: 7457467]

2. Gillum RF, Makuc DM, Feldman JJ. Pulse rate, coronary heart disease, and death: the NHANES |
Epidemiologic Follow-up Study. Am Heart J. 1991; 121:172-177. [PubMed: 1985358]

3. Nauman J, Janszky I, Vatten LJ, Wisloff U. Temporal changes in resting heart rate and deaths from
ischemic heart disease. J Am Med Assoc. 2011; 306:2579-2587.

4. Schwartz PJ, Billman GE, Stone HL. Autonomic mechanisms in ventricular fibrillation induced by
myocardial ischemia during exercise in dogs with healed myocardial infarction. An experimental
preparation for sudden cardiac death. Circulation. 1984; 69:790-800. [PubMed: 6697463]

5. Beere PA, Glagov S, Zarins CK. Retarding effect of lowered heart rate on coronary atherosclerosis.
Science. 1984; 226:180-182. [PubMed: 6484569]

Nat Genet. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

den Hoed et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 25

. Beere PA, Glagov S, Zarins CK. Experimental atherosclerosis at the carotid bifurcation of the

cynomolgus monkey. Localization, compensatory enlargement, and the sparing effect of lowered
heart rate. Arterioscler Thromb. 1992; 12:1245-1253. [PubMed: 1420083]

. Béhm M, et al. Heart rate as a risk factor in chronic heart failure (SHIFT): the association between

heart rate and outcomes in a randomised placebo-controlled trial. Lancet. 2010; 376:886-894.
[PubMed: 20801495]

. Dalageorgou C, et al. Heritability of QT interval: how much is explained by genes for resting heart

rate? J Cardiovasc Electrophysiol. 2008; 19:386-391. [PubMed: 18031506]

. De Geus EJ, Kupper N, Boomsma DI, Snieder H. Bivariate genetic modeling of cardiovascular

stress reactivity: does stress uncover genetic variance? Psychosom Med. 2007; 69:356-364.
[PubMed: 17510291]

Russell MW, Law I, Sholinsky P, Fabsitz RR. Heritability of ECG measurements in adult male
twins. J Electrocardiol. 1998; 30(suppl):64-68. [PubMed: 9535482]

Cho YS, et al. A large-scale genome-wide association study of Asian populations uncovers genetic
factors influencing eight quantitative traits. Nat Genet. 2009; 41:527-534. [PubMed: 19396169]
Eijgelsheim M, et al. Genome-wide association analysis identifies multiple loci related to resting
heart rate. Hum Mol Genet. 2010; 19:3885-3894. [PubMed: 20639392]

Holm H, et al. Several common variants modulate heart rate, PR interval and QRS duration. Nat
Genet. 2010; 42:117-122. [PubMed: 20062063]

Yang J, et al. Conditional and joint multiple-SNP analysis of GWAS summary statistics identifies
additional variants influencing complex traits. Nat Genet. 2012; 44:369-375. [PubMed: 22426310]
Inoue T, et al. Higher heart rate predicts the risk of developing hypertension in a normotensive
screened cohort. Circ J. 2007; 71:1755-1760. [PubMed: 17965497]

Pfeufer A, et al. Genome-wide association study of PR interval. Nat Genet. 2010; 42:153-159.
[PubMed: 20062060]

Sotoodehnia N, et al. Common variants in 22 loci are associated with QRS duration and cardiac
ventricular conduction. Nat Genet. 2010; 42:1068-1076. [PubMed: 21076409]

Holm H, et al. A rare variant in MYH® is associated with high risk of sick sinus syndrome. Nat
Genet. 2011; 43:316-320. [PubMed: 21378987]

Garrison RJ, Kannel WB, Stokes J I1, Castelli WP. Incidence and precursors of hypertension in
young adults: the Framingham Offspring Study. Prev Med. 1987; 16:235-251. [PubMed:
3588564]

Levy RL, et al. Transient tachycardia; prognostic significance alone and in association with
transient hypertension. Med Press Egypt. 1946; 38:207-212. [PubMed: 20278752]
Newton-Cheh C, et al. Genome-wide association study identifies eight loci associated with blood
pressure. Nat Genet. 2009; 41:666-676. [PubMed: 19430483]

Schunkert H, et al. Large-scale association analysis identifies 13 new susceptibility loci for
coronary artery disease. Nat Genet. 2011; 43:333-338. [PubMed: 21378990]

Kusumoto FM, Goldschlager N. Cardiac pacing. N Engl J Med. 1996; 334:89-97. [PubMed:
8531965]

Segre AV, et al. Common inherited variation in mitochondrial genes is not enriched for
associations with type 2 diabetes or related glycemic traits. PLoS Genet. 2010; 6:pii: €1001058.
Ellinor PT, et al. Meta-analysis identifies six new susceptibility loci for atrial fibrillation. Nat
Genet. 2012; 44:670-675. [PubMed: 22544366]

Li Y, Willer C, Sanna S, Abecasis G. Genotype imputation. Annu Rev Genomics Hum Genet.
2009; 10:387-406. [PubMed: 19715440]

Marchini J, Howie B, Myers S, McVean G, Donnelly P. A new multipoint method for genome-
wide association studies by imputation of genotypes. Nat Genet. 2007; 39:906-913. [PubMed:
17572673]

Guan Y, Stephens M. Practical issues in imputation-based association mapping. PLoS Genet. 2008;
4:¢1000279. [PubMed: 19057666]

Ellinghaus D, Schreiber S, Franke A, Nothnagel M. Current software for genotype imputation.
Hum Genomics. 2009; 3:371-380. [PubMed: 19706367]

Nat Genet. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

den Hoed et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 26

Pei YF, Zhang L, Li J, Deng HW. Analyses and comparison of imputation-based association
methods. PLoS ONE. 2010; 5:10827. [PubMed: 20520814]

Abecasis GR, Wigginton JE. Handling marker-marker linkage disequilibrium: pedigree analysis
with clustered markers. Am J Hum Genet. 2005; 77:754-767. [PubMed: 16252236]

Aulchenko YS, Struchalin MV, van Duijn CM. ProbABEL package for genomewide association
analysis of imputed data. BMC Bioinformatics. 2010; 11:134. [PubMed: 20233392]

Aulchenko YS, Ripke S, Isaacs A, van Duijn CM. GenABEL: an R library for genome-wide
association analysis. Bioinformatics. 2007; 23:1294-1296. [PubMed: 17384015]

Purcell S, et al. PLINK: a tool set for whole-genome association and population-based linkage
analyses. Am J Hum Genet. 2007; 81:559-575. [PubMed: 17701901]

Willer CJ, Li Y, Abecasis GR. METAL.: fast and efficient meta-analysis of genomewide
association scans. Bioinformatics. 2010; 26:2190-2191. [PubMed: 20616382]

Voight BF, et al. The metabochip, a custom genotyping array for genetic studies of metabolic,
cardiovascular, and anthropometric traits. PLoS Genet. 2012; 8:1002793. [PubMed: 22876189]
Newton-Cheh C, et al. Common variants at ten loci influence QT interval duration in the QTGEN
Study. Nat Genet. 2009; 41:399-406. [PubMed: 19305408]

Thomas PD, et al. PANTHER: a library of protein families and subfamilies indexed by function.
Genome Res. 2003; 13:2129-2141. [PubMed: 12952881]

Lundby A, et al. Quantitative maps of protein phosphorylation sites across 14 different rat organs
and tissues. Nat Commun. 2012; 3:876. [PubMed: 22673903]

Dubois PC, et al. Multiple common variants for celiac disease influencing immune gene
expression. Nat Genet. 2010; 42:295-302. [PubMed: 20190752]

Johnson AD, et al. SNAP: a web-based tool for identification and annotation of proxy SNPs using
HapMap. Bioinformatics. 2008; 24:2938-2939. [PubMed: 18974171]

Handsaker RE, Korn JM, Nemesh J, McCarroll SA. Discovery and genotyping of genome
structural polymorphism by sequencing on a population scale. Nat Genet. 2011; 43:269-276.
[PubMed: 21317889]

Clemens JC, et al. Use of double-stranded RNA interference in Drosophila cell lines to dissect
signal transduction pathways. Proc Natl Acad Sci USA. 2000; 97:6499-6503. [PubMed:
10823906]

Dietzl G, et al. A genome-wide transgenic RNA.i library for conditional gene inactivation in
Drosophila. Nature. 2007; 448:151-156. [PubMed: 17625558]

Zhang D, et al. Effects of different small HSPB members on contractile dysfunction and structural
changes in a Drosophila melanogaster model for atrial fibrillation. J Mol Cell Cardiol. 2011;
51:381-389. [PubMed: 21745477]

Burns CG, et al. High-throughput assay for small molecules that modulate zebrafish embryonic
heart rate. Nat Chem Biol. 2005; 1:263-264. [PubMed: 16408054]

Shin JT, Pomerantsev EV, Mably JD, MacRae CA. High-resolution cardiovascular function
confirms functional orthology of myocardial contractility pathways in zebrafish. Physiol
Genomics. 2010; 42:300-309. [PubMed: 20388839]

Nat Genet. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

den Hoed et al.

257

20
= CcCDC141
3 15 ‘
o HE
> i | racEd H
a D46 1 et
g 104 ;
] H A E
i BRGNT7 !
| i osp anes ol
A i J i NKxEs T ,]‘
2 ‘ [ s I: : i . 3
of : | i i
1 2 3 4 B 6 T 8 ] 10
Chromosome
Figure 1.

Page 27

KIAAT755

i1

Manhattan plot of SNPs after meta-analysis of stage 1. The plot shows the significance of
associations between all SNPs and heart rate in stage 1. The 7 loci that were previously
identified are highlighted in light blue; the 14 newly associated loci are highlighted in dark
blue. Loci that reached P < 3 x 107 after stage 1 but did not reach P < 5 x 1078 after meta-

analysis of stages 1 and 2 combined are highlighted in red.
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Figure 2.
Effect size as a function of effect allele frequency. The plot shows the effect sizes of the 21

heart rate—associated SNPs after joint meta-analysis of stage 1 and stage 2 results as a
function of their effect allele frequencies. Light-blue circles represent the 7 previously
identified heart rate loci; dark blue circles represent the 14 newly identified heart rate loci.
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Figure 3.
Combined effect of heart rate—increasing alleles on heart rate. (a) Combined effect of the 19

available heart rate loci in adults of European descent (LifeLines2, n = 5,053). (b) Combined
effect of the 21 heart rate loci in 12-year-old children of European descent (ALSPAC, n =
4,000). In each plot, the number of heart rate—increasing alleles was summed across the
heart rate—associated SNPs. The humber of heart rate—increasing alleles is shown (x axis),
grouped at the extremes, and mean heart rate + s.e.m. is plotted (right y axis). The lines
represent the regression of the mean heart rate values across the GPS distribution. The
histogram shows the number of individuals in each GPS window (left y axis).
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Figure 4.
Effects on heart rate of reduced or ablated expression of orthologs of positional candidate

genes from GWAS in D. melanogaster and D. rerio. Bars show the heart rate (+ s.e.m.) of
(i) D. melanogaster pupae with orthologs of positional candidate genes located within 500
kb of GWAS associations downregulated using RNAi compared with control pupae (blue
bars) and (ii) D. rerio (zebrafish) embryos with expression of orthologs of positional
candidate genes reduced by injecting morpholino oligonucleotides versus PBS (red bars).
Darker coloring indicates that heart rate is significantly different in targeted animals
compared with controls after Bonferroni correction for 23 tests in D. melanogaster (P < 2 x
1073) and 12 tests in D. rerio (P < 4 x 1073); lighter coloring indicates that differences do
not reach significance. Results are ordered by availability (D. melanogaster and D. rerio, D.
melanogaster only, D. rerio only) and by effect size.
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