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Hypertrophic cardiomyopathy (HCM) is a common, serious, genetic heart disorder. 24 

Rare pathogenic variants in sarcomere genes cause HCM, but with unexplained 25 

phenotypic heterogeneity. Moreover, most patients do not carry such variants. We 26 

report a genome-wide association study of 2,780 cases and 47,486 controls that 27 

identified 12 genome-wide significant susceptibility loci for HCM. SNP-heritability 28 

indicated a strong polygenic influence, especially for sarcomere-negative HCM (64% of 29 

cases; h2
g = 0.34 ± 0.02). A genetic risk score showed substantial influence on odds of 30 

HCM in a validation study, halving odds in the lowest quintile and doubling in the 31 

highest quintile, and also influenced phenotypic severity in sarcomere variant carriers. 32 

Mendelian randomization identified diastolic blood pressure (DBP) as a key modifiable 33 

risk factor for sarcomere-negative HCM, with 1 standard deviation increase in DBP 34 

increasing HCM risk four-fold. Common variants and modifiable risk factors have 35 

important roles in HCM that we suggest will be clinically actionable. 36 

 37 

HCM is common, affecting at least 1 in 500 individuals, and presents substantial unmet 38 

medical need1. It is a leading cause of sudden death, embolic stroke and heart failure in early 39 

and mid-adult life. Sarcomeric HCM, caused by mutations in myofilament genes, is inherited 40 

as an autosomal dominant disorder. However, as commonly seen in adult onset heterozygous 41 

disorders, HCM is characterized by reduced penetrance and variable expressivity, providing 42 

challenges for diagnosis and prognosis2,3. In the more common sarcomere-negative setting, 43 

cases are often isolated, but clustering in nuclear families is still frequent, requiring clinical 44 

surveillance in families4,5. To investigate the contribution of common genetic variants to 45 

HCM risk, we performed two independent multi-ancestry case-control genome-wide 46 
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association studies (GWAS) of unrelated HCM patients recruited to the Hypertrophic 47 

Cardiomyopathy Registry (HCMR, 2,541 unselected cases vs. 40,283 UK Biobank controls) 48 

and the BioResource for Rare Disease (BRRD, 239 sarcomere-negative cases vs. 7,203 49 

controls) (Fig. 1, Supplementary Table 1 and Supplementary Note). SNP-heritability (h2
g) 50 

estimates calculated using GREML-LDMS indicated that a significant proportion of HCM 51 

risk was attributable to the additive effects of common (minor allele frequency (MAF) > 52 

0.01) SNPs (HCMR h2
g = 0.35 ± 0.01; BRRD h2

g = 0.68 ± 0.16).  53 

We performed fixed-effects inverse-variance meta-analysis of the HCMR and BRRD 54 

GWAS datasets for 8,590,397 single nucleotide polymorphisms (SNPs) across a total of 55 

2,780 HCM cases and 47,486 age and sex-matched controls. All-comer analysis (i.e. 56 

inclusive of sarcomere-positive and sarcomere-negative HCM cases) identified 13 57 

independent genome-wide significant variants in 12 loci (P < 5 x 10-8) using a stepwise 58 

model selection procedure with Genome-wide Complex Trait Analysis (GCTA) and 59 

confirmed with conditional analysis (Table 1, Supplementary Table 2 and Online Methods). 60 

We identified an additional 16 independent variants at a 5% FDR significance threshold (P < 61 

1.82 x 10-6) (Supplementary Table 3). We replicated 11 of the 13 genome-wide significant 62 

variants and 4 of the 16 FDR variants in a smaller, independent HCM meta-analysis (n = 63 

1,643 cases and 6,628 controls; Table 1, Supplementary Table 3 and Online Methods). 64 

Additionally, we obtained similar discovery findings with a European-only analysis 65 

(Supplementary Table 2 and Supplementary Note). 66 

The FHOD3 locus was found to harbor two independent genome-wide significant 67 

variants, rs4799426 and rs118060942, in linkage equilibrium (r2 = 0.01). Sentinel SNPs in the 68 

HCM susceptibility loci conferred relatively large susceptibility effect sizes (median OR = 69 

1.25, range 1.18–2.16) across a range of effect allele frequencies (range 0.012–0.83) 70 

(Supplementary Table 4). Tissue enrichment tests, performed in FUMA using gene-level data 71 
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(Supplementary Table 5) and tissue expression data from GTEx (v8.0) showed enrichment in 72 

left ventricular myocardium (beta = 0.04 ± 0.01; P = 7.46 x 10-6), skeletal muscle (beta = 73 

0.03 ± 0.01; P = 1.13 x 10-5), and atrial appendage (beta = 0.04 ± 0.01; P = 1.18 x 10-5) 74 

(Supplementary Table 6 and Supplementary Note)6,7. Functional GWAS supported these 75 

findings and revealed cell types where sentinel SNPs were most enriched (Supplementary 76 

Tables 7 and 8). 77 

We dichotomized HCM cases in HCMR into sarcomere-positive (34.3%) and 78 

sarcomere-negative (64.3%) groups using a published framework (Supplementary Tables 9 79 

and 10)8. The GREML heritability estimate for sarcomere-negative HCM exceeded that of 80 

sarcomere-positive HCM (h2
g = 0.34 ± 0.02 vs. 0.16 ± 0.04) (Supplementary Table 11). This 81 

supports the hypothesis that where there is familial aggregation that is not explained by co-82 

segregation with a rare variant, as in sarcomere-negative HCM, a greater role for common 83 

variants may be expected. This applies in particular to the BRRD samples, which were 84 

enriched for positive family history despite negative gene-panel testing, where heritability 85 

was indeed greatest. A meta-analysis of sarcomere-negative HCM (1,874 HCM cases vs. 86 

27,344 controls) identified 10 independent genome-wide significant variants in 9 loci and a 87 

further 15 independent variants in 13 loci below a 5% FDR threshold (P < 1.56 x 10-6) 88 

(Supplementary Table 12). Three loci (FHOD3, TBX3 and PLN) harbored a secondary 89 

independent variant following conditional association analysis (Supplementary Table 2). 90 

Sarcomere-positive HCM GWAS analysis (871 HCMR cases vs. 20,142 UKBB controls) 91 

yielded 7 independent genome-wide significant variants and a further 11 independent variants 92 

below a 5% FDR threshold (P < 1.50 x 10-6) from 12 loci. This includes 7 variants in the 93 

peri-centromeric region of chromosome 11 neighboring MYBPC3, a prominent cause of 94 

monogenic HCM (Supplementary Tables 2 and 13). Haplotype analysis of individual-level 95 

sequence data demonstrated long-range linkage disequilibrium and potential spurious 96 
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associations between frequently observed rare pathogenic variants in MYBPC3 97 

(NM_000256.3), specifically p.R502W and p.Trp792ValfsTer41, and common imputed 98 

variants in the chr11:44,976,681-57,917,265 genomic interval9–11. Modelling the impact of 99 

both rare and common variants with multiple logistic regression confirmed that HCM risk 100 

could be entirely attributed to the rare variants (Supplementary Note). Common variants in 101 

chr11:44,000,000-58,000,000 were masked from subsequent analyses, leaving 2 independent 102 

variants of genome-wide significance and 9 below a 5% FDR threshold. Excluding 103 

chr11:44,976,681-57,917,265 had a trivial effect on the heritability estimate.  104 

Bivariate GREML analysis revealed a strong positive genetic correlation between 105 

sarcomere-positive and sarcomere-negative HCM (rg = 1.00 ± 0.12). Pairwise GWAS 106 

comparison revealed overlapping signals between sarcomere-negative and sarcomere-positive 107 

loci for 59% of regions (n = 22/37) (Supplementary Table 14). Most of the sarcomere-108 

negative GWAS loci were not reproduced at the genome-wide significance level in the 109 

sarcomere-positive GWAS, which could potentially be explained by a relative lack of power 110 

(Supplementary Table 15). Four SNPs (rs2312403, rs35469308, rs12299450 and rs2758215) 111 

showed association only in the sarcomere-positive GWAS, and may represent modifier loci.  112 

All loci were novel, apart from FHOD3, which has been previously reported in a 113 

HCM GWAS12. Previous candidate gene studies have reported rare variant associations in 114 

different forms of cardiomyopathy for BAG3 and FHOD3, and common variant associations 115 

with dilated cardiomyopathy (DCM) have been reported for BAG3 and HSPB7 loci13–17. At 116 

these loci shared by HCM and DCM, the direction of effect is opposite, with the HCM risk 117 

allele being previously shown to decrease risk of DCM. The involvement of BAG3, HSPB7 118 

and FHOD3 points to the importance of homeostatic pathways for sarcomeric structural 119 

integrity during mechanical stress (Supplementary Note). While some of the other loci also 120 

encode known cardiomyopathy genes (PLN, TTN), the major HCM and DCM myofilament 121 



 6 

loci are not represented, consistent with the cardiomyopathy-causing changes in these genes 122 

altering protein structure rather than expression level. In the remaining loci, some early clues 123 

implicate specific genes and mechanisms: a deleterious missense variant implicates 124 

ADPRHL1, important for Z-disc and actin dynamics, and a cis-eQTL implicates SLC6A6, 125 

which encodes a taurine transporter known to be responsible for cardiomyopathy in dogs 126 

(Supplementary Note). 127 

After excluding rs28768976 for extreme pleiotropy (Supplementary Note) and 128 

rs78310129 due to long-range linkage disequilibrium with pathogenic MYBPC3 variants 129 

(Supplementary Note), 27 SNPs demonstrating independent associations with HCM at a 5% 130 

FDR threshold in the all-comer HCM meta-analysis were aggregated into a scaled (i.e. per-131 

standard deviation effects) weighted genetic risk score (GRS) (Table 2 and Supplementary 132 

Tables 16 and 17). The GRS predicts odds of HCM in a validation meta-analysis of three 133 

independent HCM cohorts comprising 1,769 cases and 39,828 controls (OR = 1.73 per SD 134 

(95%CI 1.63-1.83)) (Fig. 2). Using the largest replication cohort, we conducted a sensitivity 135 

analysis and confirmed a 5% FDR threshold as representative of alternate SNP significance 136 

thresholds (Supplementary Table 16). 137 

Stratification of the HCMR cases by their average genetic ancestry, as determined by 138 

principal components analysis, demonstrates similar effect sizes across all ancestry groups 139 

(Supplementary Table 18). Using the central 60% of the population as the reference group, 140 

there is a protective effect for individuals in the lowest quintile (OR = 0.53 (95%CI 0.45-141 

0.63)) and a greater than a two-fold increased odds of HCM for individuals in the highest 142 

quintile (OR = 2.30 (95%CI 2.02–2.62)). In alignment with h2
g estimates, the GRS 143 

demonstrated larger effects in the sarcomere-negative subgroup (Fig. 2 and Supplementary 144 

Note). Nevertheless, in young individuals carrying a pathogenic sarcomere mutation, who 145 
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might typically have a ~50% chance of developing overt cardiomyopathy in adulthood, a 146 

halving or doubling of average risk of developing the cardiomyopathy is likely to be 147 

clinically meaningful. 148 

To determine whether the common susceptibility variants also influence disease 149 

severity in sarcomere-positive HCM, i.e. through a modifier effect, we assessed the impact of 150 

the GRS on LV hypertrophy in groups of cases with similar mutational mechanisms. A 1 SD 151 

unit increase in GRS conferred a 0.71 ± 0.35 mm increase in maximum left ventricular wall 152 

thickness (P = 0.048) in carriers of MYBPC3 truncating variants (n = 232) and a 0.73 ± 0.36 153 

mm increase (P = 0.037) in carriers of MYH7 missense variants (n = 186) (Fig. 3). Allelic 154 

heterogeneity currently limits single variant expressivity estimates; the most frequently 155 

observed pathogenic variant in HCM (MYBPC3, p.R502W) is associated with a larger GRS 156 

effect size (1.61 ± 0.80 mm increase per 1 SD unit increase in GRS) but is currently modestly 157 

powered (n = 48). 158 

Observational studies show that hypertension, obesity and type 2 diabetes are more 159 

prevalent in individuals with HCM, but these could be secondary to reduced exercise8,18,19. 160 

We performed two-sample Mendelian randomization (2SMR) to leverage large-scale GWAS 161 

for these heritable traits20–23. We inferred causal relationships with HCM for hypertension 162 

and obesity, but not diabetes (Fig. 4 and Supplementary Table 19). Most notably, diastolic 163 

blood pressure appears to be a substantial risk factor for the development of sarcomere-164 

negative HCM (Fig. 4 and Supplementary Table 19). A 1 SD unit increase in diastolic blood 165 

pressure (11.3 mmHg) confers a four-fold increased risk of HCM (OR = 3.93 (95%CI 2.86–166 

5.41); P = 3.74 x 10-16), more than double the risk typically observed for other diseases 167 

associated with diastolic blood pressure (Fig. 4 and Supplementary Table 20)24–28. The strong 168 

association with hypertension raises the possibility that sarcomere-negative HCM may 169 
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represent, in part, an exaggerated response to hypertension in genetically susceptible 170 

individuals. The association specifically with diastolic blood pressure likely reflects that this 171 

is the dominant form of hypertension in young and mid-adult life29,30.  172 

The individual loci identified in this study hold great potential for driving new 173 

insights into cardiomyopathy pathogenesis. Many of the association signals have already 174 

been replicated; others will need further study to guard against false positive findings. 175 

Collectively, our findings highlight the important influence of common variants on the risk of 176 

developing HCM. The polygenic contribution is weaker in individuals with pathogenic 177 

sarcomeric variants, but a common variant GRS may still be particularly useful here because 178 

the high prior risk means that the modest (e.g. four-fold) changes in individual-specific 179 

penetrance, which will apply to 40% of individuals, will have a large absolute effect on 180 

outcome. Additionally, it appears that common variants explain part of the variable 181 

expressivity of pathogenic sarcomeric variants. The clinical utility of a GRS now needs study 182 

in adequately powered longitudinal surveys of HCM disease progression, especially in 183 

sarcomere-positive individuals who were limited in number in the current study. In 184 

individuals lacking cardinal pathogenic mutations in sarcomeric genes, we suggest that 185 

extremes of the polygenic risk distribution (e.g. the top 1% of the population), combined with 186 

causal risk factors, drive individual susceptibility. Managing sarcomere-negative HCM 187 

patients and their relatives may be greatly facilitated by awareness of the strong influence of 188 

polygenic risk and of diastolic blood pressure as a major modifiable risk factor. 189 
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Figure legends 393 

 394 

Figure 1 | Study design for the HCM genome-wide association analysis. Two independent 395 

HCM genome-wide association studies (GWAS) were performed before fixed-effects 396 

inverse-variance meta-analysis was conducted. Genetic risk scores were generated and 397 

stratified by sarcomere variant status. Findings were validated using three independent 398 

cohorts (GeL, Genomics England; RBH, Royal Brompton Hospital; the Netherlands cohort 399 

(Amsterdam, Rotterdam and Groningen)). Two-sample Mendelian randomization was 400 

performed, stratified by sarcomere variant status, to provide insight into heritable risk factors 401 

for HCM. SNP-heritability (h2
g) estimates were compared between component GWAS 402 

studies using GREML-LDMS and stratified by sarcomere variant status. Standard errors for 403 

h2
g estimates are presented in square brackets.  404 

 405 

Figure 2 | Validation of an HCM genetic risk score. A genetic risk score was generated 406 

from 27 SNPs with <5% FDR and weighted by the beta estimate from the multi-ancestry 407 

meta-analysis joint model GCTA results. The genetic risk score was evaluated in all-comers, 408 

sarcomere-positive and sarcomere-negative HCM cases, in three validation cohorts. a, A 409 

quintile-based analysis demonstrates the protective effects of the genetic risk score in the 410 

lowest 20% of the population, compared with the middle 60%. Similarly, the upper 20% 411 

demonstrate increased susceptibility towards risk of developing HCM, when compared with 412 

the middle 60%. Odds ratios (x-axis) reported with error bars denoting 95% confidence 413 

intervals. b, To facilitate comparison between other genetic risk scores, a per standard 414 

deviation estimate is reported. Odds ratios (x-axis) reported with error bars denoting 95% 415 

confidence intervals. Validation cohorts: GeL (Genomics England HCM cases (n = 435) vs. 416 
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controls (n = 36,500)); RBH (Royal Brompton Hospital HCM cases (n = 359) vs. controls (n 417 

= 1,211)); and the Netherlands HCM cases (n = 975) vs. controls (n = 2,117)).  418 

 419 

Figure 3 | Relationship between standardized genetic risk score (GRS) and maximum 420 

left ventricular (LV) wall thickness. Linear regression was performed to assess the most 421 

frequently observed HCM variant classes: truncating variants in MYBPC3, MYH7 missense 422 

variants, and most frequently observed pathogenic variant (MYPBC3 p.R502W). a, Carriers 423 

of pathogenic or likely pathogenic MYH7 missense variants (n = 186, beta = 0.73 ± 0.35, P = 424 

0.036). b, Carriers of MYBPC3 truncating variants (n = 232, beta = 0.71 ± 0.35, P = 0.048). c, 425 

Carriers of the most frequently observed pathogenic variant in HCM, MYBPC3 p.R502W (n 426 

= 48, beta = 1.61 ± 0.80, P = 0.051) evaluated in HCMR cases (n = 36) and participants from 427 

the UK Biobank (n = 12). Linear regression line is denoted in blue, alongside 95% 428 

confidence interval in gray. P values are uncorrected for multiple testing.  429 
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 430 

Figure 4 | Two-sample inverse variance weighted Mendelian randomization identifies 431 

modifiable risk factors for HCM. a, Effect of presumed risk phenotypes, based on prior 432 

observational evidence, on sarcomere-positive (n = 871) and sarcomere-negative (n = 1,635) 433 

HCM. Odds ratios represented per standard deviation for SBP, DBP, BMI and WHRadjBMI. 434 

Error bars represent 95% confidence intervals. As T2D is a binary phenotype, risk is 435 

represented as the per log odds unit of T2D. b, Relative impact of DBP on sarcomere-positive 436 

and sarcomere-negative HCM susceptibility, in relation to other established hypertension-437 

associated phenotypes. Odds ratio measured per standard deviation of DBP (11.3 mmHg). 438 

Error bars represent 95% confidence intervals. Ischemic stroke reflects all TOAST subtypes. 439 

Summary of cases/controls included: heart failure (47,309 cases and 930,014 controls), atrial 440 

fibrillation (65,446 cases and 522,744 controls), cardioembolic stroke (9,006 cases and 441 

454,450 controls), ischemic stroke (60,341 cases and 454,450 controls), T2D (74,124 cases 442 

and 824,006 controls), chronic kidney disease (64,164 cases and 625,219 controls), and 443 

coronary artery disease (122,733 cases and 424,528 controls). Abbreviations: BMI, body 444 

mass index; DBP, diastolic blood pressure; HCM, hypertrophic cardiomyopathy; SBP, 445 

systolic blood pressure; T2D, type 2 diabetes mellitus; WHRadjBMI, waist-hip ratio adjusted 446 

for BMI.  447 

  448 
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ONLINE METHODS 449 

 450 

GWAS in multi-ancestry HCMR cases vs. UKBB controls. As described in Neubauer et 451 

al.8, 2,755 incident HCM cases were recruited from 44 sites across 6 countries in North 452 

America and Europe. Cases were 18 to 65 years of age with evidence of unexplained left 453 

ventricular hypertrophy (wall thickness > 15 mm)31. All participants provided written 454 

informed consent (South Central - Oxford A Research Ethics Committee approval: 455 

14/SC/0190; clinicaltrials.gov identifier: NCT01915615). Genotyping was performed using 456 

the Axiom™ Precision Medicine Research Array (Affymetrix/ThermoFisher). Following 457 

quality control, 2,541 individuals, not closely related (i.e. > 3 degrees of relatedness), were 458 

available for analysis. Gene panel sequence data, generated using a custom-designed TruSeq 459 

kit (Illumina), were available on 2,636 HCMR cases, as previously reported8,32. Variant 460 

classification was performed for the 8 core sarcomere genes 461 

(MYBPC3, MYH7, TNNI3, TNNT2, MYL2, MYL3, ACTC1 and TPM1) using the American 462 

College of Medical Genetics and Genomics (ACMG) guidelines33. Cases were systematically 463 

dichotomized into sarcomere-positive (n = 871) or sarcomere-negative (n = 1,635) groups 464 

using a published, evidence-based framework (Supplementary Tables 9 and 10)8,34. Details of 465 

the rare variants used to partition cases are reported (Supplementary Tables 21 and 22). 466 

Access to the UK Biobank (UKBB) genotypes was provided through application 11223 (UK 467 

REC approval: 11/NW/0382). Genotyping was performed using the UK Biobank 468 

Axiom® array (Affymetrix). Individuals who underwent genotyping using the UK BiLEVE 469 

array, or had asked to be withdrawn from the UK Biobank, as of 16 October 2018, were 470 

excluded. Individuals with an ICD10 code indicating HCM (I420 or I421), or other 471 

phenotypes that may confound HCM analyses (Supplementary Table 23) in Hospital Episode 472 

Statistics (HES) data or self-reported questionnaire fields, were excluded (n = 15,901). 473 
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Individuals in the UKBB exome sequencing subset (n = 49,959) that harbor variants of 474 

uncertain significance (VUS), likely pathogenic or pathogenic variants in the core sarcomere 475 

genes were excluded. Closely related individuals, within 3 degrees of relatedness, and gender 476 

mismatches were excluded. Of the remaining 270,260 individuals, 40,283 were randomly 477 

selected for subsequent analysis, sampled using a 20:1 allocation against HCMR cases (n = 478 

2,541), with approximate age (per decade) and genotype-assigned sex matching. 479 

The HCMR (Precision Medicine Research Array (Affymetrix)) and UKBB (UK 480 

Biobank Axiom® array (Affymetrix)) cohorts were genotyped on partially overlapping 481 

arrays. 174,974 single nucleotide polymorphisms (SNPs) (MAF > 0.01, genotype missing 482 

rate 1%, Hardy-Weinberg equilibrium with mid-P correction of 1 x 10-9) present in both the 483 

HCMR and UKBB cohorts were extracted for subsequent analysis. The UKBB and HCMR 484 

SNPs were aligned to the HRC reference panel, using HRC-1000G-check-bim.pl from 485 

https://www.well.ox.ac.uk/~wrayner/tools/, before being merged. 486 

 Principal components analysis was then performed using FlashPCA2 on a subset of 487 

SNPs in approximate linkage equilibrium (r2 < 0.05), determined using the –indep-pairwise 488 

function in PLINK (version 1.90b3). Ancestry was inferred by projecting principal 489 

components, derived from the 1000 Genomes Project (Phase 3), onto HCMR/UKBB 490 

genotypes. A multinomial logistic regression model, performed using the nnet CRAN 491 

package in R (https://CRAN.R-project.org/package=nnet), classified ancestral groups as 492 

specified by the International Genome Sample Resource 493 

(http://www.internationalgenome.org/category/population/) (Supplementary Table 1). 494 

The Michigan Imputation Server35 (https://imputationserver.sph.umich.edu/) performed 495 

haplotype phasing with Eagle36, and imputation against the Haplotype Reference Consortium 496 

(HRC.r1.1.2016 reference panel)37, generating genotypes for 38,954,302 imputed variants. 497 

https://www.well.ox.ac.uk/~wrayner/tools/
https://cran.r-project.org/package=nnet
http://www.internationalgenome.org/category/population/
https://imputationserver.sph.umich.edu/
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Imputed variants with an INFO score > 0.3 and MAF > 0.01 were retained for subsequent 498 

analysis. 499 

An all-comer analysis (2,541 HCM cases vs. 40,283 controls) and separate 500 

sarcomere-positive (871 vs. 20,142) and sarcomere-negative HCM analyses (1,635 vs. 501 

20,141) were performed. The UKBB controls were randomly allocated to either the 502 

sarcomere-positive or sarcomere-negative GWAS.  503 

Analyses were performed with logistic regression to fit an additive case-control 504 

association model, using the SNPTEST v2.5.4-beta3 newml function, adjusting for the first 505 

ten ancestry-informative principal components. As HCM is a disease of a relatively low 506 

prevalence (~1 in 500), statistical power was maximized by not adjusting for age or sex38. 507 

There was no evidence of extreme population stratification in genomic control analyses (all-508 

comers: original 𝜆 = 1.191, sarcomere-positive: 𝜆 = 1.089, sarcomere-negative: pre-𝜆GC = 509 

1.142). A genomic control adjustment was performed when 𝜆 exceeded 1.1. 510 

 511 

Multi-ancestry BioResource for Rare Disease case-control GWAS. Details regarding the 512 

BioResource for Rare Disease (BRRD) cohort, a pilot study of the Genomics England 513 

100,000 Genomes Project (GeL), have been described elsewhere39. All participants provided 514 

written informed consent (East of England - Cambridge South REC approval: 13/EE/0325). 515 

Briefly, 13,037 individuals from 20 rare disease areas underwent genome sequencing, 516 

including 243 individuals diagnosed with sarcomere-negative HCM4. Individuals clinically 517 

diagnosed with HCM, with diagnostic criteria as for HCMR, were recruited via inherited 518 

cardiac condition (ICC) clinics within the UK (Oxford University Hospitals NHS Foundation 519 

Trust, Royal Brompton & Harefield NHS Foundation Trust, Guy's and St Thomas' NHS 520 

Foundation Trust and the Newcastle upon Tyne Hospitals NHS Foundation Trust). 521 

Individuals recruited were aged 18 to 70 years old, or >70 years when there was a positive 522 
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family history, with an absence of likely pathogenic or pathogenic variants across 13 well-523 

established HCM genes (sarcomeric genes: 524 

MYBPC3, MYH7, TNNI3, TNNT2, MYL2, MYL3, ACTC1, TPM1; other non-sarcomeric, but 525 

robustly associated HCM genes: CSRP3, PLN; and phenocopy genes: 526 

PRKAG2, GLA, FHL1)4. 527 

Reference controls were recruited from the other BRRD rare disease participants, or 528 

their family members. Individuals recruited via the GeL pilot study for the purposes of 529 

investigating an ICC were excluded. Overall, 239 cases and 7,203 controls were available for 530 

analysis, and high-quality variants were extracted from the respective genome sequencing 531 

variant call format (VCF) files. High quality variants were defined as those that had: PASS 532 

filter status; MAF > 1%, a depth of at least 10 informative reads per site (DP > 10); a 533 

genotype quality score of at least 20 (GQ > 20); and a genotype missingness of no more than 534 

10% (CR > 0.9). Multiallelic sites were split. Ancestrally informative principal components 535 

were derived using FastPCA2 and 1000 Genomes Phase 3 data (Supplementary Table 1). 536 

Association analysis was performed using SAIGE (v0.29.4.2) with the first three principal 537 

components included as covariates40. SAIGE step 1 was performed using 123,903 genotypes 538 

following a linkage disequilibrium pruning procedure in PLINK (v1.9), with a 500-kb 539 

window, a step size of 50 markers, and a pairwise r2 threshold of 0.241,42. SAIGE step 2 540 

analysis was performed using genotypes with a minor allele count > 5 and MAF > 0.01. 541 

Summary genetic association statistics for 9,341,129 autosomal variants were then computed 542 

using a mixed logistic regression model; a genomic control analysis showed little evidence of 543 

over-dispersion (𝜆 = 1.049). The BRRD GWAS was included in the all-comer and the 544 

sarcomere-negative meta-analyses. 545 

 546 
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HCM sarcomere carrier stratification. Up to two-thirds of variants of uncertain 547 

significance (VUS) in confirmed sarcomere genes are considered causal of HCM34. In order 548 

to contrast the common-variant genetic architecture of HCM patients carrying pathogenic 549 

variants in sarcomeric genes with non-carriers, individuals were assigned sarcomere-positive 550 

status if they harbored a variant classified as either VUS-indeterminate, VUS-favors 551 

pathogenic, likely pathogenic or pathogenic in ACTC1, MYH7, MYL2, MYL3, TNNT2, TNNI3 552 

and TPM1, or a VUS-favors pathogenic, likely pathogenic or pathogenic in MYBPC3 553 

(Supplementary Tables 9 and 10)8. 554 

 555 

Heritability estimates. SNP-heritability (h2
g) was estimated using GREML (Genomic 556 

relatedness matrix Restricted Maximum Likelihood)43 for SNPs demonstrating an INFO 557 

score > 0.3 and MAF > 0.01. LD scores were assigned to SNPs from 200-kb blocks across 558 

the genome, before SNPs were stratified into quartiles based on SNP LD scores to generate 559 

genomic relatedness matrices (GRM). The GRMs were subjected to REML analysis of case-560 

control status with the first ten ancestry-informative principal components as covariates. h2
g 561 

estimates were approximated on a liability scale; this represents binary traits (i.e. cases vs. 562 

controls) on a continuous scale, and above a liability threshold an individual will be affected. 563 

Representation of a binary trait on this classic multifactorial liability scale is dependent on 564 

both the population prevalence of disease (0.2% based on population-based epidemiological 565 

estimates) and the sample prevalence of disease. The prevalence of sarcomere-negative and 566 

positive HCM was set as 0.0012 and 0.000834. 567 

 568 

Quality control. EasyQC (v9.2)44 was used for genotype quality control. The HRC reference 569 

panel was used for mapping and allele frequencies. Variants were removed if they were 570 

monomorphic, demonstrated a minor allele count < 6, were absent from the HRC reference 571 
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panel or duplicated, or when the observed allele frequency deviated by > 0.2 from the HRC 572 

allele frequency. 573 

Genomic inflation was assessed across all cohorts through calculation of the genomic 574 

control, 𝜆, and by evaluating the overall P-value distribution. Genomic control correction was 575 

performed when 𝜆 > 1.1, by adjusting the standard error (SEgc= SE x √ 𝜆) and re-calculating 576 

adjusted 𝜒2 statistics (𝜒𝑔𝑐
2  = (

𝛽

𝑆𝐸gc
)2) and associated P-values (under 1 degree of freedom). 577 

The overall P-value distribution, generated from each component study and meta-analysis, 578 

were plotted and assessed. Local false discovery rates (FDR) were computed by the qvalue R 579 

package (https://github.com/StoreyLab/qvalue)45. The FDR provides a frequentist equivalent 580 

to the empirical Bayesian posterior probability that the null hypothesis is true, based on the 581 

distribution of generated p-values. For genome-wide significance, an a priori alpha threshold 582 

of 5 x 10-8 was set, and a FDR threshold of 5% was calculated for each study46.  583 

 584 

Meta-analysis. All-comer (2,780 HCM cases vs. 47,486 controls) and sarcomere-negative 585 

(1,874 cases vs. 27,344 controls) fixed-effects inverse-variance meta-analysis analyses, 586 

incorporating the HCMR vs. UKBB and BRRD vs. BRRD component GWAS, were 587 

conducted using GWAMA47. Effect sizes, standard errors, effect allele frequency estimates 588 

and heterogeneity statistics, specifically Cochran’s statistic (Q), were reported alongside 589 

q-values and FDR values. 590 

 591 

Replication. Replication of HCM loci was performed in a smaller, independent dataset 592 

composed of three HCM case-control studies from the Netherlands (975 cases, 2,117 593 

controls), Royal Brompton Hospital (359 cases, 1,211 controls) and Canada (313 cases, 3,300 594 

controls). No cases recruited to HCMR or BRRD were present in these replication cohorts. 595 

https://github.com/StoreyLab/qvalue
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Meta-analysis of these three GWAS studies was performed using METAL (𝜆 = 1.074). 596 

Detailed methods regarding these replication cohorts are available in Tadros et al.48. 597 

 598 

Conditional association analysis. To identify genetic variants that confer independent 599 

risk effects, conditional association analysis was performed using a stepwise model 600 

selection procedure (--cojo-slct) using GCTA49,50. Summary statistics were extracted from 601 

meta-analyses results, or component GWAS studies, and linkage disequilibrium metrics 602 

were based on 62,018 unrelated, European individuals randomly selected from the UKBB. 603 

For each analysis, the P-value threshold was determined by a 5% FDR level.  604 

 605 

Assessment of pleiotropy. All independently associated variants, confirmed in a conditional 606 

analysis, were evaluated for association with other diseases or traits by cross-referencing 607 

publicly available databases via OpenTargets51 (https://genetics.opentargets.org/), a web 608 

resource that synthesises data from both the NHGRI-EBI GWAS catalogue 609 

(https://www.ebi.ac.uk/gwas/) and previously published UK Biobank summary statistics 610 

(Supplementary Table 24)40. Associations between sentinel SNPs and their tagging SNPs (r2 611 

> 0.8) and gene expression, proteins, metabolites or epigenetics were evaluated using 612 

PhenoScanner v2.0 (Supplementary Table 25)52.  613 

 614 

Genetic correlation. To measure the genetic correlation between sarcomere-positive and 615 

sarcomere-negative HCM, bivariate GREML analysis was performed. The prevalence of 616 

sarcomere-negative and sarcomere-positive HCM were set at 0.0012 and 0.0008. The first ten 617 

ancestry-informative principal components were included as covariates. To assess the shared 618 

genetic effects between sarcomere-positive and sarcomere-negative HCM at individual loci, 619 

pairwise GWAS (GWAS-PW) calculated the probability a variant located within locus 620 

https://genetics.opentargets.org/
https://www.ebi.ac.uk/gwas/
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contributes to either one, both, or neither traits, or whether two separate signals within the 621 

same region contribute to each trait independently. GWAS-PW was performed using 622 

genomic regions 500 kb upstream and downstream of independent loci from the all-comer, 623 

sarcomere-positive and sarcomere-negative GWAS53. 624 

 625 

Long-range linkage disequilibrium and spurious association. Independent, genome-wide 626 

significant, variants on chromosome 11 (chr11:44,976,681-57,917,265) were identified due 627 

to their close proximity to MYBPC3, an HCM gene known to contain pathogenic founder 628 

variants, raising the possibility of long-range linkage disequilibrium and spurious association. 629 

Haplotypes were constructed using genotyped and imputed common variants (MAF > 0.2), in 630 

combination with rare MYBPC3 variants (p.R502W, p.Trp792ValfsTer41 and c.1224-631 

52G>A) derived from gene panel data (HCM cases) or exome data (UKBB controls), in 632 

PLINK (version 1.90b3). HCM cases were limited to those individuals in whom a pathogenic 633 

or likely pathogenic variant in a core sarcomere gene had previously been identified (n = 634 

851). Controls were drawn from the UK Biobank (n = 19,851). Haplotype structure was 635 

evaluated using a maximum likelihood method in Haploview (version 4.2)54. Given the 636 

presence of numerous zero-value genotype counts, multiple logistic regression association 637 

analysis was performed using the R logistf function. This method was used to model the 638 

independent effects of a rare pathogenic variant and a common variant on HCM risk, while 639 

allowing for linkage disequilibrium between the two variants. 640 

 641 

Genetic risk score. After removing SNPs demonstrating extreme pleiotropy or extreme 642 

ancestral bias (see Supplementary Note), a genetic risk score (GRS) that combines 643 

independent (i.e. in linkage equilibrium) SNPs identified through the conditional analysis of 644 

the multi-ancestry meta-analysis was first tested in a component GWAS (HCMR vs. UKBB) 645 
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then validated in three independent studies: Genomics England’s 100,000 Genomes Project 646 

(GeL) (REC: 14/EE/1112), the Royal Brompton Hospital’s HCM case-control series, and a 647 

Netherlands HCM case-control series (Supplementary Table 16). Individuals recruited to 648 

both a discovery cohort and a validation cohort were identified and excluded from the 649 

validation cohort (51 individuals from the Royal Brompton Hospital series and 24 individuals 650 

from the Netherlands series). The cumulative genetic effect of the SNPs was calculated for 651 

each individual using the allelic scoring function in PLINK. The relative weight assigned to 652 

each SNP was the beta estimate from the multi-ancestry meta-analysis joint model COJO 653 

results. Raw GRSs were plotted and evaluated, before standardizing the GRS distribution to a 654 

mean of 0 and variance of 1. A logistic regression model was fitted with affection status as 655 

the outcome variable and standardized GRS score as an explanatory variable, with covariates 656 

including the first ten principal components, age and gender. Cases from each validation 657 

dataset were dichotomized based on the presence of a rare causal variant in an established 658 

sarcomere gene into sarcomere-positive and sarcomere-negative cases (see Supplementary 659 

Note). 660 

 661 

Expressivity analysis. The two predominant classes of pathogenic HCM variants are 662 

MYBPC3 truncating variants and MYH7 missense variants, the mechanisms of which have 663 

been previously demonstrated55,56. The most frequently detected pathogenic variant, present 664 

in ~2% of HCM cases, is MYBPC3 p.R502W. Variants, classified using ACMG guidelines as 665 

pathogenic or likely pathogenic in MYBPC3 and MYH7 were identified33,57. Ensembl’s 666 

Variant Effect Predictor was used to define variant consequences. Truncating variants 667 

included frameshift, stop gained and splice acceptor/donor variants. 668 

For individuals in the HCMR cohort, maximum wall thickness measurements were 669 

derived from cardiac magnetic resonance (CMR) imaging (either 1.5-T or 3.0-T) performed 670 
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using a standardized protocol, multichannel phased-array chest coils and electrocardiographic 671 

gating, as previously reported8.  672 

Variant carriers for MYBPC3 p.R502W were identified in both the HCMR and UKBB 673 

cohorts. In the UKBB cohort, heterozygous MYBPC3 p.R502W carriers, who had also 674 

undertaken UKBB based CMR imaging, were identified using array-based genotypes (n = 675 

12). Exome sequence data was available for six of these individuals; in all cases the presence 676 

of MYBPC3 p.R502W was confirmed, supporting prior analysis indicating that UKBB-based 677 

genotyping for MYBPC3 p.R502W was satisfactory58,59. Demographic and phenotypic details 678 

were reviewed for MYBPC3 p.R502W carriers, including ICD10 classifications and self-679 

reported co-morbidities for HCM codes (I421 and I422). MYBPC3 p.R502W carriers were 680 

age and sex matched 1:1 with a non-variant carrier from a sample of unrelated UKBB 681 

participants who had undertaken exome sequencing and CMR imaging and demonstrated no 682 

potentially disease-causing variant (i.e. no HCM associated variant of uncertain significance, 683 

likely pathogenic variant or pathogenic variant) or a previous diagnosis, reported via HES 684 

data, that might confound CMR analyses (Supplementary Table 23). Long and short axis 685 

cine-tagged CMR data, generated by the UKBB as previously reported, were reviewed by an 686 

investigator blinded to variant carrier status, to minimise bias, when reporting maximum left 687 

ventricular wall thickness60. A linear regression model was used to approximate the effect of 688 

a standardised GRS (mean of 0 and variance of 1) against maximum left ventricular wall 689 

thickness in mm.  690 

 691 

Mendelian randomization. Mendelian randomization (MR) uses the random meiotic 692 

segregation of alleles to assess whether an association between a risk factor and an outcome 693 

is consistent with a causal effect. Two-sample Mendelian randomization (2SMR) leverages 694 

data from large-scale genome-wide association studies to infer causal relationships between 695 
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two heritable traits. Observational data suggest several modifiable risk factors that may 696 

influence the phenotypic variability observed in HCM18,19,61,62. Genome-wide significant loci 697 

for blood pressure (systolic blood pressure, diastolic blood pressure)21, body mass 698 

index/waist-hip ratio22 and type 2 diabetes20 were identified and summary statistics were 699 

collated as instrumental variables. Effect alleles were harmonized between instrumental 700 

variables and the HCM summary statistics. Analyses were performed using MR-base63. The 701 

corresponding SNPs were extracted from the sarcomere-positive and sarcomere-negative 702 

summary statistics and MR estimates generated using fixed and random-effects inverse-703 

variance weighted (IVW) MR. Sensitivity analysis to test for horizontal pleiotropy was 704 

performed using MR-Egger, and for robustness by unweighted and weighted median 705 

regression. Betas and standard errors were compared, for all risk factors, between sarcomere-706 

positive and sarcomere-negative HCM. Additional 2SMR was performed to further evaluate 707 

the relative effect of diastolic blood pressure on HCM, relative to other well-established risk 708 

factor-disease relationships (Supplementary Table 20). 709 

 710 

Functional mapping and annotation. Functional annotation of GWAS summary statistics 711 

was undertaken using FUMA (v1.3.5e) (https://fuma.ctglab.nl/snp2gene)64 to link genotypes, 712 

eQTLs and chromatin interactions. Tissue enrichment was performed using MAGMA (Multi-713 

marker Analysis of GenoMic Annotation) (v1.07), a gene-level analysis tool provided by 714 

FUMA, with tissue expression data from GTEx (version 8.0) 715 

(https://www.gtexportal.org/home)7. eQTLs were evaluated in heart tissue (atrial appendage 716 

and left ventricle). Chromatin interaction data was evaluated in left and right ventricular 717 

tissue, derived from previously reported Hi-C data (GSE87112)65. 718 

 719 

Functional GWAS. Functional GWAS (fGWAS) is software that assesses enrichment of 720 

https://fuma.ctglab.nl/snp2gene
https://www.gtexportal.org/home
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functional sites (such as histone marks and methylation data) within GWAS summary 721 

statistics66. fGWAS then uses these enrichment parameters to fine map and re-weight GWAS 722 

loci.  723 

Using multi-ancestry HCM meta-analysis summary statistics, fGWAS was performed 724 

using chromatin marks (enhancers, flanking/active TSS, active TSS, genetic enhancers, 725 

repressed polycomb, bivalent enhancers, transcription at gene 5' and 3', flanking/bivalent 726 

TSS/enhancers and bivalent/poised TSS) from the ChromHMM dataset of the Roadmap 727 

Epigenomic project, for cardiac tissues (left ventricle (E095), fetal heart (E083), right 728 

ventricle (E105), right atrium (E104))67,68. Enrichment estimates were generated for each 729 

tissue type, together with a list of loci below a 5% FDR significance threshold. 730 

 731 

Data availability 732 

We confirm that all relevant data are included in the paper and/or its supplementary 733 

information files. The datasets generated during this study are available from the 734 

corresponding author upon reasonable request. The following institutional domain 735 

(www.well.ox.ac.uk/hcm) will provide summary level statistics. 736 

 737 

Code availability 738 

Publicly available software tools were used to analyze these data. This includes: SAIGE 739 

(https://github.com/weizhouUMICH/SAIGE); SNPTEST 740 

(https://mathgen.stats.ox.ac.uk/genetics_software/snptest/snptest.html); GCTA 741 

(https://cnsgenomics.com/software/gcta/); PLINK (https://www.cog-742 
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Tables 840 

 841 

Chr SNP 
Position  

(GRCh37) 

NEA/ 

EA 

Freq 

EA 

Discovery Replication Locus 

name OR 95% CI P OR 95% CI P 

Genome-wide significant (P < 5 x 10-8) 

1 rs1048302 16,340,879 G/T 0.33 1.32 1.24-1.40 2.54 x 10-17 1.26 1.16-1.37 1.06 x 10-7* HSPB7 

3 rs13061705 14,291,129 T/C 0.69 1.25 1.16-1.34 9.18 x 10-9 1.13 1.04-1.24 4.49 x 10-3 SLC6A6 

6 rs3176326 36,647,289 G/A 0.21 1.28 1.19-1.38 2.22 x 10-11 1.27 1.15-1.40 1.87 x 10-6* CDKN1A 

6 rs12212795 118,654,308 G/C 0.05 1.48 1.31-1.67 2.51 x 10-10 1.72 1.45-2.05 8.19 x 10-10* PLN 

10 rs72840788 121,415,685 G/A 0.21 1.52 1.42-1.64 5.06 x 10-29 1.42 1.29-1.56 4.90 x 10-13* BAG3 

12 rs7301677 115,381,147 T/C 0.73 1.24 1.15-1.33 1.26 x 10-8 1.19 1.08-1.31 2.74 x 10-4* TBX3 

13 rs41306688 114,078,558 A/C 0.03 1.82 1.53-2.17 1.08 x 10-11 1.38 1.10-1.73 5.03 x 10-3 ADPRHL1 

15 rs8033459 85,253,258 C/T 0.47 1.21 1.14-1.29 3.41 x 10-9 1.18 1.09-1.28 5.49 x 10-5* ALPK3 

17 rs28768976 43,688,317 A/G 0.23 1.29 1.20-1.39 4.12 x 10-12 1.29 1.17-1.42 2.11 x 10-7* SPPL2C 

17 rs7210446 64,307,014 G/A 0.58 1.25 1.16-1.34 6.82 x 10-10 1.25 1.15-1.35 8.93 x 10-8* PRKCA 

18 rs4799426  34,280,891 A/G 0.35 1.38 1.29-1.47 4.00 x 10-23 1.44 1.32-1.57 1.13 x 10-16* FHOD3 

18 rs118060942 34,280,732 C/T 0.01 1.79 1.45-2.20 2.35 x 10-8 2.70 1.80-4.04 1.49 x 10-6* FHOD3 

22 rs2070458 24,159,307 T/A 0.22 1.34 1.25-1.44 7.12 x 10-15 1.25 1.12-1.38 2.81 x 10-5* MMP11 

 842 

Table 1 | Variants independently associated with hypertrophic cardiomyopathy beneath the genome-wide significant threshold. Fixed-843 

effects inverse-variance meta-analysis was performed for two multi-ancestry genome-wide association studies (Hypertrophic Cardiomyopathy 844 

Registry (HCMR) cases (n = 2,541) vs. UK Biobank (n = 40,283)) and BRRD (BioResource for Rare Disease hypertrophic cardiomyopathy 845 

cases (n = 239) vs. controls (n = 7,203)) using 8,590,397 SNPs. Variants conferring independent risk effects were identified through a stepwise 846 

model selection procedure. Other than FHOD3, all loci are novel. Most loci do not overlap with the myofilament genes known to carry rare 847 

variants causal for hypertrophic cardiomyopathy, but instead highlight important homeostatic pathways. 10 of the 12 genome-wide significant 848 

variants replicate. Replication was performed in non-overlapping cases from the Netherlands, Canada and Royal Brompton discovery series (n = 849 

1,643 cases, 6,628 controls) with significant loci (alpha threshold = 0.05/29 (total number of independent variants beneath 5% FDR threshold, 850 

i.e. P < 1.72 x 10-3) highlighted (*). No significant heterogeneity was detected between the discovery and replication studies (P > 0.05) 851 

(Supplementary Table 3). Abbreviations: CI, confidence interval; EA, effect allele; FDR, false discovery rate; Freq EA, effect allele frequency; 852 

GWAS, genome-wide association study; NEA, non-effect allele; OR, odds ratio; SNP, single nucleotide polymorphism. P values are uncorrected 853 

for multiple testing. 854 

 855 

  856 
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 857 

Chr SNP 
NEA/ 

EA 
Beta 

Discovery 

P 

Replication  

P 
Locus name 

10 rs72840788 A/G -0.421 5.06 x 10-29 4.90 x 10-13* BAG3 

18 rs4799426 G/A -0.321 4.00 x 10-23 1.13 x 10-16* FHOD3 

1 rs1048302 G/T 0.277 2.54 x 10-17 1.06 x 10-7* HSPB7 

22 rs2070458 T/A 0.293 7.12 x 10-15 2.81 x 10-5* MMP11 

13 rs41306688 C/A -0.601 1.08 x 10-11 5.03 x 10-3 ADPRHL1 

6 rs3176326 A/G -0.247 2.22 x 10-11 1.87 x 10-6* CDKN1A 

6 rs12212795 C/G -0.393 2.51 x 10-10 8.19 x 10-10* PLN 

17 rs7210446 A/G -0.22 6.82 x 10-10 8.93 x 10-8* PRKCA 

15 rs8033459 T/C -0.19 3.41 x 10-9 5.49 x 10-5* ALPK3 

3 rs13061705 T/C 0.224 9.18 x 10-9 4.49 x 10-3 SLC6A6 

12 rs7301677 T/C 0.214 1.26 x 10-8 2.74 x 10-4* TBX3 

18 rs118060942 T/C -0.799 2.35 x 10-8 1.49 x 10-6* FHOD3 

6 rs9320939 A/G -0.174 5.78 x 10-8 4.48 x10-2 TRDN 

5 rs10052399 C/T 0.206 6.21 x 10-8 4.42x 10-6* PROB1 

10 rs11196085 C/T -0.19 7.30 x 10-8 1.99 x 10-6* TCF7L2 

2 rs2003585 C/T 0.174 8.60 x 10-8 1.12 x 10-2 STRN 

9 rs734638 G/C -0.186 1.09 x 10-7 3.39 x 10-1 RAPGEF1, POMT1 

5 rs66761011 G/A -0.349 1.45 x 10-7 5.18 x 10-1 AK098570 

15 rs1814880 C/T 0.179 1.59 x 10-7 4.84 x 10-3 CHRNB4 

12 rs1480036 C/T -0.211 3.50 x 10-7 2.60 x 10-1 SSPN 

3 rs4894803 G/A -0.179 3.51 x 10-7 9.91 x 10-6* FNDC3B 

2 rs7556984 A/G 0.186 5.21 x 10-7 4.94 x 10-2 E2F6, ROCK2 

2 rs62177303 T/C 0.175 7.00 x 10-7 7.79 x 10-3 TTN 

19 rs117710064 T/C -0.222 8.55 x 10-7 9.36 x 10-1 AZU1 

21 rs2832230 T/G 0.251 9.57 x 10-7 2.49 x 10-3 MAP3K7CL 

8 rs7003871 T/C 0.169 1.14 x 10-6 4.21 x 10-2 MTSS1 

11 rs1390519 G/A -0.203 1.16 x 10-6 2.44 x 10-2 CYP2R1 

 858 

Table 2 | Variants independently associated with hypertrophic cardiomyopathy beneath the 5% FDR threshold used in a genetic risk 859 

score instrument. Beta estimates derived from a fixed-effects inverse-variance meta-analysis that incorporated two multi-ancestry genome-wide 860 

association studies (Hypertrophic Cardiomyopathy Registry (HCMR) cases (n = 2,541) vs. UK Biobank (n = 40,283)) and BRRD (BioResource 861 

for Rare Disease hypertrophic cardiomyopathy cases (n = 239) vs. controls (n = 7,203)) using 8,590,397 SNPs. Variants conferring independent 862 
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risk effects beneath a 5% FDR threshold (P < 1.82 x 10-6) were identified through a stepwise model selection procedure. Abbreviations: Chr, 863 

chromosome; EA, effect allele; FDR, false discovery rate; NEA, non-effect allele; SNP, single nucleotide polymorphism. *denotes independent 864 

replication at Bonferroni-corrected significance level (P < 1.72 x 10-3), as described in Table 1. P values are uncorrected for multiple testing.865 
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 866 



All-comers:
HCMR cases (n=2,541) vs. 
UKBB controls (n=40,283)

HCMR h2g: 0.352 [0.018]

Sarcomere negative:
BRRD cases (n=239) vs. 
BRRD controls (n=7,203)
BRRD h2g: 0.676 [0.164]

All-comer multi-ancestry meta-analysis
2,780 cases vs. 47,486 controls 

Sarcomere positive GWAS
871 cases vs. 20,142 controls

HCMR h2g: 0.158 [0.038] 

Sarcomere negative meta-analysis
1,874 cases vs. 27,344 controls

• Independent risk loci identified
• Genetic risk score created

• Stratified by sarcomere variant status
• 2 sample Mendelian randomisation

Genetic risk score validation
GeL (n=435 vs. 36,500) 
RBH (n= 359 vs. 1,211) 

Netherlands (n=975 vs. 2,117)
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	Common genetic variants, and modifiable risk factors, underpin hypertrophic cardiomyopathy susceptibility and expressivity
	Hypertrophic cardiomyopathy (HCM) is a common, serious, genetic heart disorder. Rare pathogenic variants in sarcomere genes cause HCM, but with unexplained phenotypic heterogeneity. Moreover, most patients do not carry such variants. We report a genom...
	HCM is common, affecting at least 1 in 500 individuals, and presents substantial unmet medical need1. It is a leading cause of sudden death, embolic stroke and heart failure in early and mid-adult life. Sarcomeric HCM, caused by mutations in myofilame...
	We performed fixed-effects inverse-variance meta-analysis of the HCMR and BRRD GWAS datasets for 8,590,397 single nucleotide polymorphisms (SNPs) across a total of 2,780 HCM cases and 47,486 age and sex-matched controls. All-comer analysis (i.e. inclu...
	The FHOD3 locus was found to harbor two independent genome-wide significant variants, rs4799426 and rs118060942, in linkage equilibrium (r2 = 0.01). Sentinel SNPs in the HCM susceptibility loci conferred relatively large susceptibility effect sizes (m...
	We dichotomized HCM cases in HCMR into sarcomere-positive (34.3%) and sarcomere-negative (64.3%) groups using a published framework (Supplementary Tables 9 and 10)8. The GREML heritability estimate for sarcomere-negative HCM exceeded that of sarcomere...
	Sarcomere-positive HCM GWAS analysis (871 HCMR cases vs. 20,142 UKBB controls) yielded 7 independent genome-wide significant variants and a further 11 independent variants below a 5% FDR threshold (P < 1.50 x 10-6) from 12 loci. This includes 7 varian...
	Bivariate GREML analysis revealed a strong positive genetic correlation between sarcomere-positive and sarcomere-negative HCM (rg = 1.00 ± 0.12). Pairwise GWAS comparison revealed overlapping signals between sarcomere-negative and sarcomere-positive l...
	All loci were novel, apart from FHOD3, which has been previously reported in a HCM GWAS12. Previous candidate gene studies have reported rare variant associations in different forms of cardiomyopathy for BAG3 and FHOD3, and common variant associations...
	After excluding rs28768976 for extreme pleiotropy (Supplementary Note) and rs78310129 due to long-range linkage disequilibrium with pathogenic MYBPC3 variants (Supplementary Note), 27 SNPs demonstrating independent associations with HCM at a 5% FDR th...
	Stratification of the HCMR cases by their average genetic ancestry, as determined by principal components analysis, demonstrates similar effect sizes across all ancestry groups (Supplementary Table 18). Using the central 60% of the population as the r...
	To determine whether the common susceptibility variants also influence disease severity in sarcomere-positive HCM, i.e. through a modifier effect, we assessed the impact of the GRS on LV hypertrophy in groups of cases with similar mutational mechanism...
	Observational studies show that hypertension, obesity and type 2 diabetes are more prevalent in individuals with HCM, but these could be secondary to reduced exercise8,18,19. We performed two-sample Mendelian randomization (2SMR) to leverage large-sca...
	The individual loci identified in this study hold great potential for driving new insights into cardiomyopathy pathogenesis. Many of the association signals have already been replicated; others will need further study to guard against false positive f...
	Multi-ancestry BioResource for Rare Disease case-control GWAS. Details regarding the BioResource for Rare Disease (BRRD) cohort, a pilot study of the Genomics England 100,000 Genomes Project (GeL), have been described elsewhere39. All participants pro...
	Reference controls were recruited from the other BRRD rare disease participants, or their family members. Individuals recruited via the GeL pilot study for the purposes of investigating an ICC were excluded. Overall, 239 cases and 7,203 controls were ...
	HCM sarcomere carrier stratification. Up to two-thirds of variants of uncertain significance (VUS) in confirmed sarcomere genes are considered causal of HCM34. In order to contrast the common-variant genetic architecture of HCM patients carrying patho...
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