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            Abstract
Brugada syndrome (BrS) is a cardiac arrhythmia disorder associated with sudden death in young adults. With the exception of SCN5A, encoding the cardiac sodium channel NaV1.5, susceptibility genes remain largely unknown. Here we performed a genome-wide association meta-analysis comprising 2,820 unrelated cases with BrS and 10,001 controls, and identified 21 association signals at 12 loci (10 new). Single nucleotide polymorphism (SNP)-heritability estimates indicate a strong polygenic influence. Polygenic risk score analyses based on the 21 susceptibility variants demonstrate varying cumulative contribution of common risk alleles among different patient subgroups, as well as genetic associations with cardiac electrical traits and disorders in the general population. The predominance of cardiac transcription factor loci indicates that transcriptional regulation is a key feature of BrS pathogenesis. Furthermore, functional studies conducted on MAPRE2, encoding the microtubule plus-end binding protein EB2, point to microtubule-related trafficking effects on NaV1.5 expression as a new underlying molecular mechanism. Taken together, these findings broaden our understanding of the genetic architecture of BrS and provide new insights into its molecular underpinnings.
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                    Fig. 1: Manhattan plot of genome-wide association meta-analysis comprising 2,820 unrelated BrS cases and 10,001 controls.[image: ]


Fig. 2: Loss of MAPRE2 leads to lower CV, Vmax and INa.[image: ]


Fig. 3: Distribution of PRSBrS in specific patient subgroups.[image: ]


Fig. 4: Associations between polygenic susceptibility to BrS and common cardiovascular diseases and traits.[image: ]
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Extended data

Extended Data Fig. 1 Developmental transcription factor gene enrichment.
In 10,000 simulations of 12 SNP sets matching the non-chromosome 3 BrS lead SNPs (permutation-based unilateral (one-sided P-value) enrichment test), no more than six DNA binding protein genes were located within 300 kb (range: 0-6 genes). In contrast, among the 12 non-chromosome 3 lead SNPs, 10 overlapped or were located within 300 kb of DNA binding protein genes (P = 1 × 10−4). DNA binding protein genes were defined according to number of Gene Ontology: 0043565.


Extended Data Fig. 2 Annotation of the chromosome 18 locus.
Top panel, Locus Zoom plot of BrS associated variant at the chromosome 18 locus based on the meta-analysis data. –log10 P-values are shown along the left y-axis, and the right y-axis corresponds to recombination rate, plotted as a blue line. The x-axis indicates chromosomal position. The lead variant at each association signal is shown as a purple diamond. Other variants are colored according to their correlation (r2) with the lead variant (see legend). Middle panel, Graphic representation of the chromosome 18 locus displaying the following annotations: genomic coordinates (hg19), topologically associated domains (TAD)69; region containing SNPs in linkage disequilibrium with the lead SNP at the locus (red bar, LD, r² ≥ 0.6); genes located in the locus; chromatin interactions identified in human left ventricular tissue51 overlapping the association signal (± 40 kb corresponding to the Hi-C dataset resolution), and expression quantitative trait loci (eQTL) reported in GTEx20 for human left ventricular tissue. Bottom left panel, eQTL violin plot from GTEx displaying significant association between the lead SNP of the chromosome 18 locus and the expression of MAPRE2 within the cardiac ventricular tissue. The number of left ventricular heart samples per genotype is shown in parentheses. In the box plots, the middle line shows the median value of the expression of each genotype, while the violin plots show the distribution. Bottom right panel, Locus compare plot depicting SNPs at the chromosome 18 locus. The eQTL –log10 P-value is plotted on the y-axis, and the BrS GWAS meta-analysis –log10 P-value is plotted on the x-axis. SNPs are colored according to their degree of linkage disequilibrium (r2), with the lead BrS associated variant highlighted as a purple diamond. eQTL, expression quantitative trait locus. Note that a different scale is used in the top and middle panels.


Extended Data Fig. 3 Cellular electrophysiology studies in MAPRE2 knockout and control hiPSC-CMs.
Typical current recordings and (in)activation properties in control (CTRL) human induced pluripotent stem cell derived cardiomycytes (hiPSC-CMs) and without MAPRE2 (MAPRE2 KO). a, Typical sodium current (INa) in a CTRL and MAPRE2-KO hiPSC-CM. b, Voltage-dependency of activation (squares) and inactivation (circles) in CTRL and MAPRE2 KO hiPSC-CMs. The V1/2 of voltage dependency of activation was 4.2 mV more positive (P = 0.0016) in MAPRE2 KO compared with CTRL hiPSC-CMs. c, Recovery from inactivation in CTRL and MAPRE2 KO hiPSC-CMs. d, Typical repolarizing outward currents (IOutward) in a CTRL and a MAPRE2 KO hiPSC-CM. e, Voltage-dependency of IOutward activation in CTRL and MAPRE2 KO hiPSC-CMs. CTRL, control; KO, knock-out. Data in b, c, and e are presented as mean values ± s.e.m. Statistical test used was two-sided unpaired t-test.


Extended Data Fig. 4 Distribution of PRSBrS in specific patient sub-groups.
Histograms displaying distribution of PRSBrS in specific patient sub-groups. a, PRSBrS distribution comparing SCN5A– BrS cases presenting with a spontaneous type 1 BrS ECG with SCN5A– BrS cases presenting with a type 1 BrS ECG after sodium channel blocker challenge (drug-induced). b, PRSBrS distribution comparing SCN5A+ BrS cases presenting with a type 1 ECG at baseline with SCN5A+ BrS cases presenting with a type 1 BrS ECG after sodium channel blocker challenge. PRSBrS was calculated per individual based on the 21 BrS risk alleles and their corresponding effect sizes. Results were obtained after logistic regression, two-sided P-value not corrected for multiple testing. Reported P-values refer to the difference in PRSBrS units between two groups.


Extended Data Fig. 5 Comparison of effect on BrS susceptibility with effect on ECG intervals (PR, QRS and QT) and AF susceptibility from previously published GWAS.
a-d, Effect size of the BrS risk alleles compared to their respective effect size on PR-interval (a), QRS-duration (b), QT-interval (c) and AF risk (d). In all panels, the x-axis represents the effect on BrS susceptibility from the BrS GWAS meta-analysis, presented either as log(odds ratios) with 95% confidence intervals (a-c), or as odds ratios with 95% confidence intervals (d). For a-c, the y-axis represents the effect estimates and 95% confidence interval (milliseconds per allele) calculated for PR-interval, QRS-duration or QT-interval in previously published GWAS conducted in the general population4,5,6. For d, the y-axis represents the effect on AF susceptibility from previously published GWAS7, shown as odds ratios with 95% confidence intervals. Red color indicates that the BrS risk allele (or a proxy with r2 > 0.8) is associated with a prolongation of the ECG parameter or an increased risk of AF in the published GWAS at P < 1 × 10−5, while blue color indicates that the BrS risk allele is associated with a shorter ECG interval or a decreased risk of AF at P < 1 × 10−5. Loci annotated with a gene name in grey reached at least nominal significance in the published GWAS (P < 0.05). BrS, Brugada syndrome; AF, atrial fibrillation or flutter; PR, PR-interval; QRS, QRS-duration; QT, QT-interval; OR, odds ratio. Effect sizes of all 21 BrS susceptibility SNPs or their proxies on PR-interval, QRS-duration, QT-interval and AF risk in previous GWAS studies are listed in Supplementary Tables 14–17.
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