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Supplementary Tables 
 
Supplementary Table 1. cis-eQTL associations for sentinel HF variants in whole blood and 
posterior probability for colocalization 

Sentinel 
variant 

Chromosome
: Position 

Effect 
Allele 

Non-
effect 
Allele 

Gene 
Sentinel eQTL lookup in 

eQTLGen [N=31, 684] 
Coloc 
posterior 
probability 

Effect SE P-value 

rs660240 1:109817838 T C 

PSRC1 0.4902 0.0094 0 0.97 
KIAA1324 -0.1234 0.0098 2.77E-36 8.87E-07 
GSTM3 0.1073 0.0098 8.07E-28 1.29E-06 
GSTM4 0.0981 0.0098 1.75E-23 1.34E-06 
SARS 0.0680 0.0098 4.64E-12 2.25E-06 
AMIGO1 0.0604 0.0098 7.90E-10 1.02E-06 
GSTM1 -0.0602 0.0098 8.85E-10 9.67E-07 

rs11745324 5:137012171 A G KLHL3 0.1612 0.0111 5.66E-48 8.82E-05 
FAM53C 0.0668 0.0111 1.84E-09 4.94E-05 

rs4135240 6:36647680 C T 
CDKN1A -0.1464 0.0082 5.98E-72 0.71 
ENSG00000255587 0.0972 0.0082 1.62E-32 4.62E-05 
KCTD20 0.0525 0.0082 1.49E-10 2.73E-05 

rs140570886 6:161013013 C T SLC22A1 -0.1526 0.0211 4.42E-13 6.18E-08 

rs600038 9:136151806 C T 

ABO -0.3558 0.0099 2.16E-282 0.96 
SURF1 -0.1165 0.0101 6.96E-31 5.43E-06 
GBGT1 -0.0992 0.0101 8.05E-23 6.95E-05 
CACFD1 -0.0613 0.0101 1.26E-09 6.27E-06 

rs4746140 10:75417249 C G 

NDST2 0.1210 0.0082 3.62E-49 1.98E-06 
ECD -0.1176 0.0082 1.46E-46 4.76E-05 
NUDT13 -0.1160 0.0082 2.69E-45 3.24E-05 
MRPS16 0.0958 0.0082 2.21E-31 1.03E-04 
TTC18 -0.0788 0.0082 9.35E-22 6.70E-05 
FAM149B1 0.0727 0.0082 9.57E-19 6.83E-05 
P4HA1 0.0478 0.0082 6.25E-09 4.76E-05 

rs17617337 10:121426884 T C MCMBP -0.3211 0.0131 2.67E-132 2.11E-05 
BAG3 0.0746 0.0132 1.70E-08 7.39E-05 

rs4766578 12:111904371 T A 

SH2B3 0.1657 0.0094 4.17E-69 1.69E-02 
MAPKAPK5-AS1 -0.1316 0.0094 4.15E-44 2.69E-03 
ALDH2 -0.1128 0.0095 7.65E-33 5.65E-04 
TMEM116 -0.0986 0.0095 1.85E-25 2.45E-03 
FAM109A -0.0869 0.0095 4.11E-20 6.26E-02 
TRAFD1 0.0812 0.0095 9.91E-18 1.12E-03 
RP3-462E2.3 -0.0744 0.0095 3.76E-15 1.54E-04 
ADAM1B -0.0662 0.0095 2.80E-12 3.82E-03 
TCTN1 -0.0622 0.0095 5.02E-11 8.67E-05 
RP3-473L9.4 -0.0544 0.0095 9.41E-09 1.00E-03 
VPS29 -0.0537 0.0095 1.46E-08 4.64E-04 
FAM216A 0.0532 0.0095 1.96E-08 1.68E-04 
NAA25 -0.0520 0.0095 4.09E-08 7.51E-03 

 
For each of the 12 sentinel SNPs, association with cis-gene (within a 2Mb window around the 
variant) expression levels were queried in the eQTLGen consortium data, which measured 
expression levels in blood in 31,684 individuals. Of the 12 sentinel SNPs, 8 show associations (P-
value < 5x10-8) with one or more cis-gene expression levels in blood as reported in the table above. 
In addition, to determine the most likely candidate gene in each region, colocalisation analysis using 
Coloc was performed on each of the associated genes. The posterior probability that a single 
variant is associated with both gene expression and heart failure risk is reported. Abbreviations: 
eQTL, expression quantitative trait locus, SE, standard error.     
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Supplementary Table 2. MetaXcan transcriptome-wide assocation analysis using GTEx heart 
tissue        

Gene 
MetaXcan 

Chromo
some 

Left Ventricle Right Atrial Appendage Sentinel 
Variant at 

locus Effect P-value Number 
of SNPs Effect P-value Number 

of SNPs 

PSRC1 1 -0.306 1.63E-08 7 - - - rs660240 
SPATS2L 2 -0.108 2.41E-06 31 - - - - 
MYOZ1 10 - - - -0.053 6.92E-09 25 rs4746140 

SYNPO2L 10 - - - 0.173 1.23E-07 17 rs4746140 
 
The table lists genes identified by MetaXcan analysis whose predicted expression in heart tissues is 
significantly associated with heart failure. Prediction models trained on GTExv7 heart tissue 
datasets were applied to the HERMES meta-analysis results. Only models that significantly predict 
gene expression in the GTEx eQTL dataset (FDR <0.05) were considered. A total of 4859 genes 
were tested for left ventricle and 4467 genes for right atrial appendage. Genes with an association P 
< 5.36×10−6 (0.05/(4859 + 4467))  
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Supplementary Table 3. Summary of gene mapping for HF risk loci 
    

Sentinel 
Variant 

Chromosome 
:Position Nearest Gene(s)  MAGMA gene 

association* 

LD with 
missense 

variant 

Quantitative trait loci analyses in 
heart tissue Quantitative trait loci analyses in blood 

cis-eQTL Coloc MetaXcan cis-eQTL Coloc cis-pQTL 

rs660240 1:109817838 CELSR2 CELSR2 - PSRC1 PSRC1 PSRC1 
PSRC1, KIAA1324, GSTM1, 
GSTM3, GSTM4, SARS, 
AMIGO1,  

PSRC1 - 

rs17042102 4:111671810 PITX2, FAM241A - - - - - -  - 
rs11745324 5:137012171 KLHL3 - - - - - KLHL3, FAM53C  - 

rs4135240 6:36647289 CDKN1A CDKN1A - - - - CDKN1A, KCTD20, 
ENSG00000255587 CDKN1A - 

rs55730499 6:161005610 LPA - - - - - - - - 
rs140570886 6:161013013 LPA - - - - - SLC22A1 - - 
rs1556516 9:22102165 9p21/CDKN2B-AS1 - - - - - - - - 

rs600038 9:136151806 ABO, SURF1 - - ABO, 
SURF1 ABO   ABO, SURF1, GBGT1, 

CACFD1 ABO ABO 

rs4746140 10:75417249 SYNPO2L, AGAP5 

SYNPO2L, SEC24C, 
AGAP5, RP11-
574K11.31, NDST2, 
FUT11 

SYNPO2L 
MYOZ1, 
SYNPO2L, 
FUT11 

MYOZ1 MYOZ1, 
SYNPO2L 

NDST2, ECD, NUDT13, 
MRPS16, CFAP70, 
FAM149B1, P4HA1 

MYOZ1, 
SYNPO2L   

rs17617337 10:121426884 BAG3 - BAG3      MCMB3, BAG3 - BAG3 

rs4766578 12:111904371 ATXN2 - - - - - 

SH2B3, FAM216A, VPS29, 
TCTN1, FAM109A, ALDH2, 
MAPKAPK5-AS1, ADAM1B, 
TMEM116, NAA25, TRAFD1 

- - 

rs56094641 16:53806453 FTO FTO - - - - - - - 

 
Summary of genes with functional protein or RNA products mapped to each HF risk loci using in silico analysis. *Gene listed if significant in 
MAGMA gene-based test, within a 2MB window around the sentinel variant and with median(transcripts per kilobase million) >1 in at least one 
GTEx heart tissue. For SMR analyses in heart tissue, genes are listed if significant in at least one of the heart tissue datasets. Abbreviations, 
LD, linkage disequilibrium, eQTL, expression quantitative trait locus, GSEA, Gene set enrichment analysis, RPKM, Reads Per Kilobase of 
transcript per Million mapped reads. The Hi-C chromatin interaction column lists the genes whose promoter region  (250bp up- and 50bp down-
stream of the TSS) physically interacts with a region overlapping the sentinel SNP.
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Supplementary Table 4. Genetic correlation by cross-trait LD Score regression 
 

Trait Citation PMID rg se p-value gcov_int gcov_i
nt_se 

Atrial fibrillation 
Roselli et al 
2015 29892015 0.4878 0.0391 8.59E-36 0.1473 0.0072 

Body mass index 
Locke et al 
2015 25673413 0.4968 0.0313 7.65E-57 0.0288 0.0054 

Coronary artery disease 
Nikpay et al 
2015 26343387 0.6656 0.0433 2.26E-53 0.034 0.005 

Diastolic blood pressure 
Warren et al 
2017 28135244 0.2172 0.0396 4.01E-08 0.0036 0.0058 

Glomerular filtration rate 
Gorski et al 
2017 28452372 0.0293 0.0411 0.4756 -0.0032 0.0049 

HDL cholesterol 
Willer et al 
2013 24097068 -0.2526 0.0365 4.26E-12 -0.013 0.0051 

Heart rate 
Eppinga et al 
2016 27798624 -0.0718 0.0383 0.0609 -0.0171 0.0052 

LDL cholesterol 
Willer et al 
2013 24097068 0.0668 0.0442 0.1309 0.0056 0.0057 

Systolic blood pressure 
Warren et al 
2017 28135244 0.2972 0.0348 1.47E-17 0.0011 0.0055 

Triglycerides 
Willer et al 
2013 24097068 0.2408 0.0339 1.27E-12 0.0491 0.0048 

Type 2 diabetes 
Scott et al 
2017 28566273 0.473 0.0434 1.10E-27 0.0064 0.0049 

 
Genetic correlation between heart failure and known risk factors was estimated using the 
unconstrained LD score regression. Abbreviations: rg genetic correlation between the trait in 
question and heart failure, se standard error, gcov_int genetic covariance intercept, gcov_int se 
standard error for genetic covariance intercept.        
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Supplementary Table 5. Sensitivity analysis: Mendelian randomisation estimates of risk factors 
effects using HF samples limited to population-based cohorts 
 

Abbreviations: GSMR, generalised summary-data-based mendelian randomisation; HF, heart 
failure; N, number of observations, SE, standard error, Nsnps, number of SNPs selected for 
mendelian randomisation instruments.  

   

Trait 

GSMR (HF based on all studies) 
N=47,309 HF cases 

GSMR (HF based on population cohorts only) 
N=38,780 HF cases 

Beta SE P-value Nsnps Beta SE P-value Nsnps 

Body Mass Index 0.556 0.0373 2.67E-50 78 0.566 0.0397 2.76E-46 79 
Diastolic Blood 
Pressure 0.0263 0.00281 9.13E-21 111 0.0291 0.00302 5.98E-22 111 
Glomerular 
filtration rate 0.26 0.148 0.08 54 0.238 0.159 0.13 54 

Heart Rate -0.00219 0.0025 0.38 97 -0.00336 0.00269 0.21 97 
High Density 
Lipoprotein -0.0682 0.0158 1.58E-05 144 -0.0569 0.0169 0.00077 150 
Low Density 
Lipoprotein 0.158 0.0185 1.11E-17 126 0.151 0.0195 9.06E-15 131 
Systolic Blood 
Pressure 0.0166 0.00168 4.82E-23 100 0.0192 0.0018 1.40E-26 100 

Triglycerides 0.17 0.0209 3.80E-16 105 0.166 0.0223 1.25E-13 105 
         

Atrial fibrillation 0.171 0.00928 1.40E-75 147 0.171 0.01 3.71E-65 146 
Coronary artery 
disease 0.309 0.0174 1.67E-70 43 0.3 0.0184 7.81E-60 44 

Type 2 diabetes 0.0497 0.0124 6.35E-05 47 0.0526 0.0133 7.76E-05 47 
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Supplementary Table 6. Clinical characteristics of MAGNet samples 
 

Subject characteristics Left ventricle  Left atrium 
N 211 (89 dilated cardiomyopathy and 122 healthy)  101 healthy 
Age, years [mean±SD] 56.7 (10.7) 58 (12.6) 
Male sex, n (%) 115 (55%) 56 (46) 
BMI, kg/m2 [mean±SD] 28.7 (8.6) 30.4 (10.2) 
Hypertension, n (%) 114 (54%) 74 (61) 
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Supplementary Figures 

 
Supplementary Figure 1. Quantile-quantile plot of meta-analysis. Quantile-quantile plot of the association 
P values for 8,281,262 variants. 
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Supplementary Figure 2. Regional association plots. Regional association plots for each of the 12 independently 
associated loci in the Stage 1 meta-analysis. The x-axis represents a 1Mb region, 500kb either side of the sentinel 
variant (purple diamonds) and the y-axis shows −log10 P values for individual SNPs. Pairwise LD (r2) with the sentinel 
variant is based on 1000 Genomes phase 3 v5 European reference samples and is described using the colour scale 
given. The bottom panel show genes located within the region. 
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Supplementary Figure 2. Regional association plots (cont.)  
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Supplementary Figure 3. Forest plots showing association between sentinel variants and heart failure risk 
across study samples. Blue squares represent the point estimate of the odds ratio and have areas proportional to 
the study size. The red diamond represents the point estimate for the odds ratio for the combined meta-analysis. 95% 
confidence intervals are shown by the width of the blue lines (individual samples) or width of the diamond (overall 
meta-analysis). These show the effect of each of the 12 sentinel variants on HF risk across the different studies. The 
I2 and heterogeneity P values are given for each variant. 



Page 12 of 60 
 

 
Supplementary Figure 3. Forest plots showing association between sentinel variants and heart failure risk 
across study samples (cont.)  
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Supplementary Figure 4. HF risk variant effects conditioned for atrial fibrillation, coronary artery disease and 
blood pressure. Diamonds represent the odds ratio and the error bars indicate the 95% confidence interval.sup HF 
sentinel variant odds ratios are given before and after conditioning on atrial fibrillation, coronary artery disease, 
systolic blood pressure, and diastolic blood pressure. Conditional analysis was performed on the Stage 1 meta-
analysis results and the published GWAS summary data, using GCTA-mtCOJO. AF, atrial fibrillation; CAD, coronary 
artery disease; SBP, systolic blood pressure; DBP, diastolic blood pressure. 
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Supplementary Figure 5. Tissue enrichment analysis based on gene expression. Tissue enrichment analysis was performed with MAGMA, using gene expression data 
for 30 tissues from GTEx and gene-based association statistics based on the heart failure genome-wide meta-analysis. The y-axis shows −log10 P values for enrichment for 
each tissue
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Supplementary Figure 6. Mendelian randomisation analyses for cardiovascular risk traits and HF risk. The 
plots show the effect sizes and standard errors (error bars) for the associations of independent SNP instruments for 
the exposure of interest and heart failure. SNP effects on the exposure(bzx) are shown on the x-axis, while the effects 
on HF risk are shown on the y-axis (bzy). Units for bzx for blood pressure traits, heart rate and glomerular filtration rate 
are mmHg, beats per minute and log (ml/min/1.73 m2), respectively, while units for BMI (body mass index) and lipids 
are per standard deviation. Taking into account multiple-testing in 8 traits, P < 6.25 x 10-3 was considered as a 
significant causal effect of exposure on HF. Abbreviations: CAD, coronary artery disease; LDL, low density lipoprotein; 
HDL, high density lipoprotein.  
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Supplementary Figure 7. Mendelian randomisation funnel plots for cardiovascular risk traits and HF risk. The 
plot shows Mendelian randomisation (MR) effect estimates (ßIV) per single nucleotide polymorphism (SNP) for the 
association between each risk trait and heart failure. The SNP ßIV are plotted on the x-axis and strength of the SNP 
instrument, measured as the inverse of standard error unit (1/SEIV), is given on the y-axis. Abbreviations: LDL, low 
density lipoprotein; HDL, high density lipoprotein.

TriglyceridesLDL cholesterol

Heart rate

HDL cholesterol

Glomerular filtration rate

Systolic blood pressure Diastolic blood pressure Body mass index

Coronary artery disease Atrial fibrillation Type 2 diabetes
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Supplementary Note 

1. Description of candidate genes at HF risk loci 

CELSR2 (rs660240) 

The sentinel variant at this locus is located in the 3’ untranslated region of CELSR2 which 

encodes Cadherin EGF LAG Seven-Pass G-Type Receptor 2 (CELSR2), a member of the 

cadherin superfamily. Variants in high LD with the sentinel variant (r2 ³ 0.8) that span the 

CELSR2-PSRC1-SORT1 gene cluster have been associated with cardiovascular risk 

factors such as LDL1 and outcomes such as coronary artery disease2,3 and myocardial 

infarction (Supplementary Data 3). We performed mtCOJO to estimate the effect of this 

locus on HF risk conditioned for LDL and CAD (Supplementary Data 5 and 

Supplementary Figure 4) and observed some attenuation of the association, though the 

signal was not ablated, suggesting there could be an additional effect on HF risk 

independent of LDL-C and CAD at this locus. eQTL analysis of blood and heart tissue 

revealed association of the sentinel variant with cis-expression of PSRC1 but not CELSR2 

or SORT1 in LV and blood. The posterior probability of colocalization was 0.97 in both 

tissues implicating this as a candidate gene for this locus (Supplementary Data 8 and 

Supplementary Table 1). PSRC1 binds microtubules and is required for chromosomal 

segregation during mitosis4. This locus has been subject to extensive functional analysis 

and both PSRC1 and also SORT1 have been implicated as possible causal genes5,6. 

 

PITX2 / FAM24A1 (rs17042102) 

The sentinel variant in this region, rs17042102, is located in an intergenic region between 

the transcription factor encoding gene, PITX2 (paired like homeodomain 2) and FAM241A 

(encodes an uncharacterized protein). At least four independent variants at this locus are 

reported to be associated with AF7. We performed a conditional analysis for AF and 

demonstrated almost complete attenuation of the HF risk association (Figure 3). Functional 
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studies have implicated PITX2c, the dominant isoform in the left atrium, at this locus. PITX2 

has a role in heart looping during development and downregulation predisposes to AF7, and 

has shown to promote cardiac repair8. 

 

KLHL3 (rs11745324) 

The sentinel variant at this locus is located within the intronic region of KLHL3 and is 

associated with expression of this gene in blood but not heart tissue. The HF risk allele at 

rs11745324 was associated with lower expression of KLHL3 in blood (Supplementary 

Table 1). The encoded protein, kelch like family member 3, is a substrate specific adaptor 

of the KLHL3-CUL3 (Cullin-3) ubiquitin ligase complex that negatively regulates the activity 

of the Na+Cl- cotransporter (NCC; approved symbol SLC12A3) in the distal nephron through 

ubiquitination and proteasomal or selective autophagic degradation of NNC activators, 

WNK kinase 1 (WNK1) and 4 (WNK4)9,10. Loss of function variants in KLHL3, and other 

components of the pathway regulating NCC, are a cause of Familial Hyperkalaemic 

Hypertension (FHHt), also known as pseudohypoaldosteronism type 2 or Gordon’s 

syndrome11,12. A constitutive increase in sodium and chloride reabsorption in the distal 

nephron, regardless of volume status, cause hypertension and reduce luminal 

electronegativity, leading to reduced potassium secretion. Treatment with thiazide diuretics, 

pharmacological inhibitors of NCC, are effective at correcting the electrolyte abnormalities 

and treating hypertension in FHHt. The sentinel KLHL3 variant is also associated with AF, 

however the HF risk association was robust to conditioning on this related trait 

(Supplementary Figure 4).  

 

CDKN1A (rs4135240) 
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The lead variant at this locus, rs4135240, is located within an intron of CDKN1A which 

encodes the cyclin-dependent kinase inhibitor p21. The minor allele at rs4135240 was 

associated with a lower gene expression in whole blood and a decreased risk of HF. We 

estimate the posterior probability of a common causal variant underlying gene expression in 

blood and HF as 0.71 providing evidence for a causal role of this gene. p21 is a potent cell 

cycle inhibitor, transcriptionally activated by p53 (TP53) in response to cell stress and DNA 

damage, that promotes G1 cell cycle arrest and cellular senescence13,14. In mice, p21 is 

upregulated in the first post-natal week and has been implicated in cardiomyocyte cell-cycle 

arrest15. Genetic deletion of p21 is reported to enhance regeneration of injured neonatal 

hearts15,16 and of adult appendage tissue, such as ear hole puncture wounds17. A variant in 

high LD (rs733590, r2 = 0.91) with the sentinel variant was associated with fractional 

shortening (a measure of left ventricular systolic function; P = 1.66 x 10-05) and AF (P = 

0.0026), (Supplementary Data 4). p21 is implicated as a mediator of dysregulated stress 

responses and senescence in Hutchinson–Gilford progeria, a severe LMNA‐linked 

syndrome associated with cardiovascular disease and premature aging18,19. Conditional 

analysis showed that the association of rs4135240 with HF was not explained by 

associations with AF.  

 

LPA (rs55730499, rs140570886) 

Two variants in the intronic region of LPA, rs55730499 and rs140570886 were 

independently associated with HF and were in high linkage disequilibrium with previously 

reported independent signals at this locus20. A previous genome-wide haplotype association 

study identified this region as a risk locus for CAD21. However, the SNPs investigated in this 

study (rs7767084 and rs10755578) are not in LD with the HF lead SNPs (R2 in Europeans < 
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0.05). LPA encodes apolipoprotein(a) which covalently binds LDL to form lipoprotein(a) 

(Lp(a)). Plasma Lp(a) concentration is under strong genetic control, with heritability 

estimates from twin studies exceeding 90%22. A Mendelian randomisation study using 

multiple independent genetic variants around the LPA gene as instruments for plasma Lp(a) 

levels, showed higher levels may play a causal role in CAD23. We observed complete 

attenuation of the association with HF for rs55730499, and only partial attenuation for 

rs140570886, after conditioning on LDL-C and CAD (Supplementary Data 5 and 

Supplementary Figure 4). Interestingly, rs140570886 alone was associated with 

expression of SLC22A1 in blood (Supplementary Table 1), a gene encoding the organic 

cation transporter 1 (OCT1) which is expressed in cardiomyocytes and transports 

hormones (such as adrenaline, noradrenaline and dopamine) and drugs, therefore 

influencing drug disposition and response24. 

 

CDKN2B-AS1 (rs7859727) 

The sentinel variant at this locus, rs7859727, is located within the intronic region of the anti-

sense RNA, CDKN2B-AS1, also known as ANRIL. This gene is within the CDKN2B-

CDKN2A gene cluster at chromosome 9p21, an important susceptibility locus for 

cardiovascular disease9,10. Two haplotype blocks at this locus have been shown to pre-

dispose either to atherosclerosis or to myocardial infarction among individuals with pre-

existing CAD25P is in high LD with the former block (r2 0.86 with tagging SNP rs1333049), 

but not with the latter block (r2 0.26 with tagging SNP rs518394).  This locus has been the 

focus of intense study, however the causal genes mediating the risk effects at this locus 

remain uncertain. The expression of CDKN2B-AS1 has been linked to variants at this locus 

and it may be involved in the post-transcriptional silencing of other genes at the locus, 
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including CDKN2B26. The HF association of the sentinel risk variant at 9p21 was completely 

attenuated upon conditioning for CAD, suggest that this risk trait entirely mediates HF-risk 

at this locus.  

 

ABO / SURF1 (rs600038) 

The sentinel variant at this locus is located in an intergenic region between ABO and 

SURF1. The lead variant in this region is associated with ABO gene expression in blood 

and heart tissues, as well as ABO serum protein concentration. Colocalisation analysis 

implicated ABO as the likely causal gene at this locus in blood and heart tissues (posterior 

probability LA 0.83, blood 0.96. Alleles of ABO encode alpha 1-3-N-

acetylgalactosaminyltransferase (transferase A), alpha 1-3-galactosyltransferase 

(transferase B), or the O allele that lacks glycosyltransferase activity due to a frameshift 

mutation, that determines blood group assignment. Since cardiovascular risk is associated 

with ABO blood group, we sought to determine whether the sentinel HF-risk variant at this 

locus was in linkage disequilibrium with variants that determine ABO blood group types. 

rs600038 (MAF 0.21) was correlated with rs8176719 (MAF 0.39, D’ 0.99, r2 0.41), an indel 

where individuals who are homozygous for the deletion have blood group type O, 

rs56392308 (MAF 0.094, D’ 0.9515, r 2 0.0261), which determines blood group type A2 and 

rs8176746 (MAF 0.0845, D’ 1, r 2 0.025) which tags blood group type B27. The deletion at 

rs8176719 is correlated with the T allele at rs600038 which is associated with reduced HF 

risk, consistent with studies suggesting a reduction in cardiovascular risk with O blood 

types27. The ABO locus is notably pleiotropic and recent GWAS discoveries have 

highlighted associations with several transcripts, serum proteins and disease outcomes 
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such as myocardial infarction28 (Supplementary Data 2, 3, 9, and Supplementary Table 

1).    

 

SYNPO2L / AGAP5 (rs4746140)  

The sentinel variant is found in the intronic region of an uncharacterised non-coding RNA 

(ncRNA), RP11-464F9.21 which is located between two genes SYNPO2L (upstream) and 

AGAP5 (downstream). SYNPO2L has an essential role in striated muscle development and 

function. SNPs associated with HF were also associated with expression of MYOZ1 in heart 

tissue, a gene located upstream of SYNPO2L. Both SYNPO2L and MYOZ1 are Z-disc 

associated cytoskeletal proteins, expressed in cardiac and skeletal muscle with a role in 

sarcomere organisation29–31. MYOZ1 encodes myozenin 1 (also known as calsarcin-2) and 

is known to interact with α-actinin, filamin C, calcineurin and telethonin32,33. MYOZ1 inhibits 

calcineurin signalling and muscle regeneration, and influences the ratio of fast and slow 

twitch fibres in skeletal muscle31. SYNPO2L encodes synaptopodin 2 -like (also known as 

cytoskeletal heart-enriched actin-associated protein, CHAP), which binds α-actinin-2, at the 

Z-disc, and positively regulates stress fiber assembly; its genetic deletion in zebrafish leads 

to reduced cardiac contractility29,30. eQTL analysis showed that both of these genes were 

expressed in atrial heart tissues. We found strong evidence of for colocalisation for MYOZ1 

in left atrium (posterior probability = 0.91) and moderate evidence for SYNPO2L in atrial 

appendage (posterior probability = 0.61) and we were unable to exclude the possibility that 

both are co-regulated at this locus (Supplementary Data 8). Of note, the syntenic 

organization of the close paralogues of these genes is conserved in humans and across 

species. For example, SYNPO2 and MYOZ2 on chromosome 4 and SYNPO and MYOZ3 

on chromosome 5. In a small candidate gene study of dilated cardiomyopathy MYOZ1 was 
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not implicated in this disease34, however a rare variant in the paralog MYOZ2 may be a 

causative for hypertrophic cardiomyopathy35.  

 

BAG3 (rs17617337) 

The sentinel variant at this locus is located in the intronic region of the BAG3 gene which 

encodes BCL2 associated athanogene 3 (BAG3). Previous reports indicate that BAG3 is 

highly expressed in cardiac and skeletal muscle and colocalises with α-actinin and desmin 

at Z discs36. The sentinel HF-risk variant at this locus, rs17617337, was not associated with 

BAG3 expression in heart tissues however, we found that the HF-risk allele was associated 

with decreased gene expression and protein abundance in whole blood (Supplementary 

Data 9 and Supplementary Table 1). A large number of non-synonymous BAG3 variants 

have been associated with dilated cardiomyopathy (DCM)37–40, and early onset severe 

axonal neuropathy41. Furthermore, the common non-synonymous variant rs2234962 

identified in a GWAS of DCM is in high LD with the HF-risk allele reported here (r2 = 0.99)42. 

Decreased levels of the BAG3 protein have also been reported in dilated cardiomyopathy 

and heart failure43 and increased expression of BAG3 is induced by heat shock factor 1 in 

response to cellular stress44. Mice with a homozygous Bag3 deletion (Bag3-/-) developed 

non-inflammatory myofibrillar degeneration, myocyte apoptosis and cardiomyopathy36 and 

haploinsufficiency (Bag3+/-) was associated with increased apoptosis and progressive left 

ventricular dysfunction45. BAG3 serves a range of important functions in myocytes via its 

multiple protein-binding domains. BAG3 contributes to protein homeostasis through 

interactions with HSP70 (HSPA1A), Hsc70 (HSPA8), HSPB1, dynein and the ubiquitin 

ligase STUB1 to mediate selective macroautophagy46,47. This particularly important in post-

mitotic cells to ensure clearing of misfolded and degraded proteins that arise with aging and 
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in the context of cell stress or injury48. Through the WW protein domain, BAG3 participates 

in chaperone-assisted selective autophagy (CASA), of which the actin-cross linking protein 

filamin has been implicated as a client, a process that is dependent upon an interaction with 

synaptopodin-2 (SYNPO2), a paralogue of the SYNPO2L gene described above49.  

 

ATXN2 (rs4766578) 

The sentinel variant at this locus is located in the intron of ATXN2. Variants in and around 

ATXN2 and the adjacent gene SH2B3 have been associated with multiple traits, including  

include white blood cell counts, body-mass index, coronary artery disease, diabetes and 

blood pressure (Supplementary Data 2 and 4). Both ATXN2 and SH2B3 are ubiquitously 

expressed. ATXN2 codes for Ataxin-2, is a cytoplasmic protein with important signalling 

functions that modulates ribosomal translation, mitochondrial function and mTOR 

signalling50. It is ubiquitously expressed in many tissues. Deficiency of Ataxin-2 is 

associated with effects on several metabolic pathways and is associated with lipid 

metabolism, obesity, and diabetes51,52. SH2B3 codes for a protein involved in hematopoiesis 

and inflammation53. 

 

FTO (rs56094641) 

Variants at the FTO locus were first found to be associated with BMI and risk of obesity in 

200754, The HF sentinel variant at this locus is in high linkage disequilibrium with a known 

variant for BMI at this locus (rs1558902, r2 0.98)55. Loss of Fto in mice leads to reduced 

body weight and fat mass56. Recent studies have also implicated the adjacent gene IRX3 as 

a functional transcription factor in relation to BMI. Variants within FTO were shown to form 

long-range interactions affecting IRX3 expression. A reduction in body weight of 25 to 30% 
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has been shown in Irx3-deficient mice, providing a direct link between IRX3 expression and 

regulation of body mass and composition57.  
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2. Description of participating studies  

 

Atherosclerosis Risk in Communities Study (ARIC)58 

The ARIC study is a population-based prospective cohort study of cardiovascular disease 

sponsored by the National Heart, Lung, and Blood Institute (NHLBI). ARIC included 15,792 

individuals, predominantly European American and African American, aged 45-64 years at 

baseline (1987-89), chosen by probability sampling from four US communities. Cohort 

members completed three additional triennial follow-up examinations, a fifth exam in 2011-

2013, and a sixth exam in 2016-2017. 

 

A systems BIOlogy Study to TAilored Treatment in Chronic Heart Failure (BIOSTAT-

CHF) – Validation cohort59 

BIOSTAT-CHF was a multicentre, multinational, prospective, observational study. Thel 

validation cohort consisted of 1,738 patients recruited from 6 hospitals in Scotland from 

2010-2014.  

 

Cardiovascular Health Study (CHS)60,61 

The Cardiovascular Health Study (CHS) is a population-based cohort study of risk factors 

for coronary heart disease and stroke in adults ≥65 years conducted across four field 

centers. The original predominantly European ancestry cohort of 5,201 persons was 

recruited in 1989-1990 from random samples of the Medicare eligibility lists; subsequently, 

an additional predominantly African-American cohort of 687 persons was enrolled in 1992-

1993 for a total sample of 5,888. For this analysis, only participants with European ancestry 

were included. European ancestry participants were excluded from the GWAS study 
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sample due to the presence at study baseline of coronary heart disease, congestive heart 

failure, peripheral vascular disease, valvular heart disease, stroke or transient ischemic 

attack or lack of available DNA.  

  

The Copenhagen Cardiovascular Genetic study (COGEN)62 

The Copenhagen Cardiovascular Genetic study (COGEN) is a biobank that has collected 

superfluous whole blood from patients admitted to six cardiology departments in the Capital 

region of Copenhagen from 2010-2017.  

  

deCODE Heart Failure Study (deCODE)63 

The deCODE Icelandic heart failure (HF) sample set included patients diagnosed with HF 

at Landspitali – The National University Hospital (LUH) in Reykjavik. The controls included 

population controls from the Icelandic genealogical database and individuals recruited 

through different genetic studies at deCODE genetics. Individuals of non-Icelandic origin 

were excluded from the study. 

  

DiscovEHR64 

DiscovEHR is a collaboration between Regeneron Genetics Center and Geisinger Health 

System. The population is derived from patients who have previously consented to 

participate in the Geisinger MyCode Community Health Initiative. 

 

Estonian Genome Center at the University of Tartu (EGCUT)65 
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The Estonia biobank is a population-based cohort of the Estonian Genome Center at the 

University of Tartu (EGCUT), which was established in 2001. Subjects were recruited at 

random and represent about 5% of the Estonian population 

 

Eplerenone Post-Acute Myocardial Infarction Heart Failure Efficacy and Survival 

Study (EPHESUS)66 

The EPHESUS was a randomized, placebo-controlled clinical trial of eplerenone that 

enrolled a total of 6,642 patients in 37 countries between 1999 and 2001. Participants were 

randomized within 3-14 days following a documented acute myocardial infarction with left 

ventricular dysfunction, demonstrated by left ventricular ejection fraction ≤ 40% and clinical 

evidence of heart failure. Participants were followed up an average of 16 months. 

Eplerenone was developed by Pharmacia, which was later acquired by Pfizer, and 

eplerenone is marketed as Inspra. The controls (A9011027) were recruited in a multi-site, 

cross-sectional, non-treatment prospective trial to collect data, including DNA, from elderly 

subjects in the US who were cognitively normal and free of psychiatric diseases or clinically 

significant cardiovascular disease.  

  

The European Prospective Investigation of Cancer, Norfolk study (EPIC-Norfolk)67 

The EPIC-Norfolk study is a prospective population-based cohort study which recruited 

25,639 men and women aged 40-79 years at baseline between 1993 and 1997 from 35 

participating general practices in Norfolk, UK. Individuals attended for a baseline health 

check including the provision of blood samples for concurrent and future analysis. They 

provided consent to future linkage to medical record information and a wide range of follow-

up studies for different disease endpoints (including incident T2DM) have subsequently 
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been undertaken, and further health check visits have been conducted since the baseline 

visit (see www.srl.cam.ac.uk/epic).  

  

Estonian Genome Center at the University of Tartu (EGCUT)65 

The Estonia biobank is a population-based cohort of the Estonian Genome Center at the 

University of Tartu (EGCUT), which was established in 2001. Subjects were recruited at 

random and represent about 5% of the Estonian population.  

 

Framingham Heart Study (FHS)68–70 

The FHS is a community-based cohort that enrolled three generations of participants. The 

objective of the FHS was to identify common factors or characteristics that contribute to 

CVD by following its development over a long period of time in a large group of participants 

who had not yet developed overt symptoms of CVD or suffered a heart attack or stroke. 

The researchers recruited 5,209 men and women between the ages of 30 and 62 from the 

town of Framingham, Massachusetts, and began the first round of extensive physical 

examinations and lifestyle interviews that they would later analyze for common patterns 

related to CVD development. Since 1948, the subjects have continued to return to the study 

every two years for a detailed medical history, physical examination, and laboratory tests, 

and in 1971, the study enrolled a second generation - 5,124 of the original participants’ 

adult children and their spouses - to participate in similar examinations. In 1994, the need to 

establish a new study reflecting a more diverse community of Framingham was recognized, 

and the first Omni cohort of the Framingham Heart Study was enrolled. In April 2002 the 

Study entered a new phase, the enrollment of a third generation of participants, the 
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grandchildren of the Original Cohort. In 2003, a second group of Omni participants was 

enrolled.  

 

FINRISK71 

FINRISK is a series of health examination surveys carried out by the National Institute for 

Health and Welfare (formerly National Public Health Institute) of Finland every five years 

since 1972. The surveys are based on random population samples from five (or six in 2002) 

specified geographical areas of Finland. The samples have been stratified by 10-year age 

group, sex and study area. The sample sizes have varied from approximately from 7,000 to 

13,000 individuals and the participation rates from 90% to 60% in different study years. The 

age-range was 25-64 years until 1992 and 25-74 since 1997. The survey included a self-

administered questionnaire, a standardized clinical examination carried out by specifically 

trained study nurses and drawing of a blood sample. DNA has been collected since the 

1992 survey from approximately 34,000 participants. The follow-up of FINRISK participants 

takes place with annual record linkage of FINRISK data to the country-wide electronic 

health care registers, the National Causes-of-Death Register, Hospital Discharge Register 

including ambulatory visits to specialist health care facilities, Drug Reimbursement 

Registers and the Cancer register. The record linkage is carried out using the personal ID 

code, which is unique to every permanent resident of Finland. 

 

 

Genetics of Diabetes Audit and Research Tayside Scotland (GoDARTS)72 

GoDARTS is a cohort study of 18,306 participants, 10,149 with type 2 diabetes and 8157 

healthy controls at baseline recruited from 1996 to 2009 in Tayside, Scotland. Genetic data 
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are available for 8,564 T2D cases and 4,586 controls. Overall, 53.33% of the cohort are 

male. The majority of the cohort are Caucasian (99.70%) and the median age at 

recruitment was 64 years. Patients consented to electronic health record linkage to allow 

follow-up on mortality, hospitalisations and investigations including echocardiography.  

  

The Genetic Risk Assessment of Defibrillator Events (GRADE) 

The GRADE study was designed to identify genetic modifiers of arrhythmic risk. Inclusion 

criteria were: patients who were ≥18 years of age with a diagnosis of at least moderate 

systolic left ventricular dysfunction (EF ≤30%), and who had an ICD at the University of 

Pittsburgh Medical Center, Emory University Medical Center, Massachusetts General 

Hospital, Ohio State University Medical Center, Mid-Ohio Cardiology or the Pittsburgh 

Veterans Affairs Medical Center. Subjects were excluded if they had intractable Class IV 

heart failure, and conditions (other than HF) that were expected to limit survival to less than 

6 months. The institutional review boards of participating medical centers approved the 

study and each patient gave written informed consent prior to participation. This study was 

conducted according to the guidelines laid down in the Declaration of Helsinki and the trial 

was registered at www.clinicaltrials.gov (NCT 02045043). Controls were drawn from the 

Broad AF study, a large case-control cohort study for atrial fibrillation73. Unrelated 

individuals of genetically inferred European ancestry free of AF and HF were selected as 

controls.  

 

The LUdwigshafen RIsk and Cardiovascular Health (LURIC) study74 

The LURIC study is a monocentric hospital based prospective study including 3316 

individuals referred for coronary angiography recruited in the Ludwigshafen Cardiac Center, 
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southwestern Germany from 1997 – 2000. Clinical indications for angiography were chest 

pain or a positive non-invasive stress test suggestive of myocardial ischemia. To limit 

clinical heterogeneity, individuals suffering from acute illnesses other than acute coronary 

syndrome, chronic non-cardiac diseases and a history of malignancy within the five past 

years were excluded. All participants completed a detailed questionnaire which gathered 

information on medical history, clinical, and lifestyle factors. Fasting blood samples were 

obtained by venipuncture in the early morning and stored for later analyses. 

  

Malmö Diet and Cancer Study (MDCS)75 

MDCS is a community-based prospective cohort of middle-aged individuals from Southern 

Sweden. In total, 30,447 subjects attended a baseline exam in 1991-1996 when they filled 

out a questionnaire, underwent anthropometric measurements and donated peripheral 

venous blood samples. The study was approved by the local ethics committee and all 

participants provided written informed consent. Prevalent or incident cases of heart failure 

were ascertained from nation-wide hospital registers with high validity as previously 

reported76. Genotyping was performed in a nested case-cohort design including 8,346 

subjects with complete data of which 755 cases with incident heart failure.  

   

Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS)77 

The PIVUS study, initiated in 2002, is a community-based prospective cohort comprising 

1016 randomly selected men and women aged 70 years in Uppsala county. Subjects were 

re-investigated at age 75 and age 80 years. The PIVUS-study is unique in its detailed 

characterization of vascular and cardiac function and morphology. The cohort is also well 
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characterized with regards to genomics, epigenomics, proteomics and metabolomics. Ten-

year follow-up data on cardiovascular events and mortality is available.  

  

Prevention of REnal and Vascular ENd-stage Disease (PREVEND)78 

The PREVEND Study is a prospective, observational cohort study, focussed to assess the 

impact of elevated urinary albumin loss in non-diabetic subjects on future cardiovascular 

and renal disease. PREVEND is an acronym for Prevention of REnal and Vascular ENd-

stage Disease. This study started with a population survey on the prevalence of micro-

albuminuria and generation of a study cohort of the general population. The goal is to 

monitor this cohort for the long-term development of cardiac-, renal- and peripheral vascular 

end-stage disease. For that purpose, the participants receive questionnaires on events and 

are seen every three/four years for a survey on cardiac-, renal- and peripheral vascular 

morbidity. The population is formed of Groningen inhabitants aged 28 to 75 years, who 

agreed to give a morning urine sample and to answer a short questionnaire. Of the 85,421 

subjects invited to participate, 40,856 responded. The final sample is consisted of 8,592 

consenting subjects with a morning urinary albumin concentration (UAC) of >10 mg/L and 

an a-select sample of those with an UAC <10 mg/L who completed the first screening; half 

of which were genotyped.  

  

PROspective Study of Pravastatin in the Elderly at Risk for vascular disease 

(PROSPER)79–81 

PROSPER was a prospective multicenter randomized placebo-controlled trial to assess 

whether treatment with pravastatin diminishes the risk of major vascular events in elderly. 

Between December 1997 and May 1999, we screened and enrolled subjects in Scotland 



Page 34 of 60 
 

(Glasgow), Ireland (Cork), and the Netherlands (Leiden). Men and women aged 70-82 

years were recruited if they had pre-existing vascular disease or increased risk of such 

disease because of smoking, hypertension, or diabetes. A total number of 5,804 subjects 

were randomly assigned to pravastatin or placebo. A large number of prospective tests 

were performed including Biobank tests and cognitive function measurements.  

 

Rotterdam Study 1 (Rotterdam 1)82 

The Rotterdam Study is a prospective population-based cohort study that addresses 

determinants and occurrence of cardiovascular, neurological, ophthalmologic, psychiatric, 

and endocrine diseases in the elderly. At present the Rotterdam Study incorporates three 

cohorts that were established in 1989, 2000, 2006, and 2015 respectively. In 1989 all 

residents of Ommoord, a suburb of Rotterdam, aged 55 years and over were invited to 

participate. A total of 7,983 out of 10,275 men and women entered the study (response rate 

78 percent, click here for these baseline response data). Baseline data were collected from 

1990 until 1993. From 2009 onwards we are seeing these participants for the fifth time. HF 

case ascertainment has been detailed elsewhere83. 

  

Study of Health in Pomerania (SHIP)84 

The Study of Health in Pomerania (SHIP) is a population-based project in West Pomerania, 

the north-east area of Germany. A sample from the population aged 20 to 79 years was 

drawn from population registries. First, the three cities of the region (with 17,076 to 65,977 

inhabitants) and the 12 towns (with 1,516 to 3,044 inhabitants) were selected, and then 17 

out of 97 smaller towns (with less than 1,500 inhabitants), were drawn at random. Second, 

from each of the selected communities, subjects were drawn at random, proportional to the 
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population size of each community and stratified by age and gender. Only individuals with 

German citizenship and main residency in the study area were included. Finally, 7,008 

subjects were sampled, with 292 persons of each gender in each of the twelve five-year 

age strata. In order to minimize drop-outs by migration or death, subjects were selected in 

two waves. The net sample (without migrated or deceased persons) comprised 6,267 

eligible subjects. Selected persons received a maximum of three written invitations. In case 

of non-response, letters were followed by a phone call or by home visits if contact by phone 

was not possible. The SHIP population finally comprised 4,308 participants (corresponding 

to a final response of 68.8%). Non-fasting blood samples were drawn from the cubital vein 

in the supine position. The samples were taken between 07:00 AM and 04:00 PM, and 

serum aliquots were prepared for immediate analysis and for storage at -80 °C in the 

Integrated Research Biobank (Liconic, Liechtenstein).  

  

Stabilization of Plaque using Darapladib-Thrombolysis in Myocardial Infarction 52 

(SOLID)85 

The SOLID-TIMI 52 was a multinational, double-blind trial that enrolled 13,026 participants 

who had been hospitalized with an acute coronary syndrome event in the past 30 days and 

randomized them to once daily darapladib or placebo for a median follow-up of 2.5 years 

(7). The primary endpoint was CHD death, MI or urgent coronary revascularization. In each 

country, the study was approved by national regulatory authorities and by local ethics 

committees or institutional review boards, according to local regulations. This study did not 

meet its primary endpoint. 

  

TwinGene (TwinGene)86  
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TwinGene is a population-based cohort within the Swedish Twin Registry. TwinGene 

participants were born between 1911 and 1958, they had previously participated in the 

Screening Across the Lifespan Twin (SALT) study, a computer-assisted telephone interview 

conducted between 1998 and 2002. During 2004 and 2008, ~12000 TwinGene participants 

donated their blood at the local health care facility after overnight fasting, and their height, 

weight, hip and waist circumference, as well as their blood pressures were measured. The 

zygosity was identified by self-reported childhood resemblance and DNA markers. Both 

twins within a pair had to be alive and consent for future participation. 

 

UK Biobank87,88 

The UK Biobank is a large, population-based prospective cohort with extensive genetic and 

phenotypic data collected on approximately 500,000 individuals aged 40–69 years recruited 

from across the UK between 2006 and 2010. Collected information include socio-

demographics, lifestyle, and health-related factors, physical measures, biological samples 

(blood, urine, and saliva) for genomics and biochemical markers assessments, linked 

electronic health records, disease registers, and death register, with a planned repeat 

assessments and multi-modal imaging. The UK Biobank genetic data contains genotypes 

for 488,377 participants assayed using two very similar genotyping arrays with extensive 

phasing and genotype imputation87,88.  

 

Uppsala Longitudinal Study of Adult Men (ULSAM)89,90 

The ULSAM study is a longitudinal community based cohort study of 50 year old men that 

started in 1970 (n=2322). All 50 year old men in Uppsala were invited to participate. 

Subjects were reinvestigated at the ages of 60, 70, 77, 82 and 88 years. GWAS data is 
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available in approximately half of the study sample. Untargeted metabolomics and 

proteomics data is available both in serum and urine in subsamples of the cohort. A large 

number of cardiovascular events and mortality data is available with more than 20 years of 

follow-up.  

  

Penn Heart Failure Study (PHFS)91,92 

A case-control genome-wide association study comparing patients with prevalent heart 

failure referred for evaluation and treatment at a heart failure specialty centre. Prevalent 

heart failure was identified by a heart failure cardiologist based on clinical evaluation and 

cardiac imaging. 

  

Women’s Genome Health Study (WGHS)93 

The Women’s Genome Health Study (WGHS) is a prospective cohort of initially healthy, 

female North American health care professionals at least 45 years old at baseline 

representing participants in the Women’s Health Study (WHS) who provided a blood 

sample at baseline and consent for blood-based analyses. The WHS was a 2x2 trial 

beginning in 1992-1994 of vitamin E and low dose aspirin in prevention of cancer and 

cardiovascular disease with about 10 years of follow-up. Since the end of the trial, follow-up 

has continued in observational mode. Additional information related to health and lifestyle 

were collected by questionnaire throughout the WHS trial and continuing observational 

follow-up. WGHS genetic data are currently not publicly accessible. Genetic analysis in the 

WGHS has been approved by the IRB of Brigham and Women’s Hospital.  
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3. Description of participating consortia  

 

Myocardial Applied Genomics Network (MAGNet) 

 The MAGNet repository (http://www.med.upenn.edu/magnet/) includes samples from 

normal donors and from patients with heart failure at the time of cardiac transplantation. 

The study protocol was approved by the Institutional Review Board at the University of 

Pennsylvania, and all patients provided written informed consent to participate. 
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