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aBStRaCt

Introduction

The Brugada syndrome (BrS) is an inherited cardiac disorder associated with ST-segment 
elevation in the right precordial leads and a high risk for sudden cardiac death (SCD). 
The genetic basis of the disorder remains largely unresolved. Rare variants in SCN5A, 
encoding the pore-forming subunit of Nav1.5, the major Na-channel isoform in heart, are 
found in ~20% of cases. However the penetrance and the expressivity of these muta-
tions are variable which suggests the possibility that the genetics of the disorder may be 
complex. We have previously performed a genome-wide association study (GWAS) on 
312 patients with BrS and identified 3 common single nucleotide polymorphisms (SNPs) 
at 3 loci (two at SCN5A/SCN10A and one at HEY2) that modulate susceptibility to the 
disorder. Here we aimed to identify additional common SNPs modulating susceptibility 
to the disorder and SCD.

Methods

We have conducted a case-control GWAS in an extended set of BrS patients, totaling 
877 BrS probands of North-Western European descent, versus 2,833 ancestry-matched 
controls.

Results

We confirmed the 3 previously reported association signals at the SCN5A/SCN10A 
(rs10428132, p = 1.0 × 10-55; rs9833086, p = 2.3 × 10-13) and HEY2 (rs9385385, p = 5.8 × 10-16) 
loci. Conditional analysis on SNPs at the SCN5A/SCN10A locus revealed 2 additional inde-
pendent association signals located between the SCN5A and SCN10A genes (rs6422142, 
p = 2.7 × 10-11; rs7638910 p = 3.6 × 10-10). The cumulative effect of the 5 loci on disease 
susceptibility was large reaching an odds ratio 59 in the presence of ≥ 8 risk alleles ver-
sus ≤ 2. Future work will investigate whether additional SNPs can be associated with the 
BrS phenotype or with arrhythmia by typing additional patients.

Conclusions

The large cumulative effect of the 5 loci reflects the important role of common variants 
in BrS susceptibility. Our novel findings further reinforce the predominant involvement 
of the SCN5A-SCN10A locus and likely Nav1.5 in the disease and prompt a re-evaluation of 
the genetic architecture of the BrS for refinement of patient care.



145

 

IntRoduCtIon

The Brugada syndrome (BrS) is a rare cardiac rhythm disorder associated with sudden 
cardiac death (SCD).1,2 It is characterized by the hallmark electrocardiogram (ECG) fea-
tures of ST-segment elevation in the right precordial leads which may occur at baseline 
or after a provocative drug test with sodium channel blocking drugs. Loss-of-function 
mutations in SCN5A, encoding the pore-forming subunit of the cardiac sodium channel 
(Nav1.5) at 3p21, have been causally related to the disease in ~20% of cases.3–5 Mutations 
in genes other than SCN5A have been found in a small subset of cases, but their involve-
ment in BrS remains unclear.6

Although BrS has been classically considered a Mendelian disorder with autosomal 
dominant transmission, a number of observations have recently prompted us to con-
sider the possibility that the genetics of the disorder may in fact be more complex. 
These observations include the low disease penetrance in families harboring mutations 
in SCN5A7,8 and the absence of the familial SCN5A mutation in affected individuals in 
some families.8 Furthermore, many cases are sporadic9, and familial linkage analysis has 
largely been unsuccessful in uncovering new disease loci. In support of the complex 
inheritance paradigm for BrS a genome-wide association study (GWAS) that we recently 
conducted in 312 European descent BrS cases and 1,115 ancestry-matched controls un-
covered common genetic variants at 3 loci (two at SCN5A/SCN10A and one at HEY2) that 
modulate susceptibility to the disorder. The cumulative effect of risk alleles at these 
three loci was surprisingly large.

In an effort to dissect further the genetics of BrS we here conducted a case-control 
GWAS in an extended set of patients, totalling 877 BrS probands of North-Western Eu-
ropean descent, versus 2,706 ancestry-matched controls. This analysis confirmed the 3 
previously reported association signals at the SCN5A/SCN10A and HEY2 loci and revealed 
2 additional independent association signals located between the SCN5A and SCN10A 
genes.

MethodS

Case and control samples

Unrelated patients with BrS, defined by the presence of type 1 ECG10 were recruited from 
21 clinical centers in Europe (Nantes, Paris, Amsterdam, Groningen, Maastricht, Antwerp, 
Leuven, Copenhagen, Milan, Pavia, Torino, Mannheim, Munich, Münster Barcelona, 
Girona, London) and the United States (Utica, Nashville). The ethics committee at each 
participating clinical center approved the study protocol. Informed consent was avail-
able from all subjects. Clinical data (age at diagnostic ECG, SCN5A mutation status, symp-
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toms and family history of sudden cardiac death) and ECGs were collected centrally and 
reviewed. A BrS type I ECG pattern was defined as a coved type ST elevation at baseline 
or after a drug challenge test in one or more precordial leads, including the second, 
third and fourth intercostal space.10 Drug challenge tests were performed according to 
consensus criteria.10 Control subjects were drawn from the Genome of the Netherlands 
Project (GoNL),11 the D.E.S.I.R. cohort,12 the PREGO cohort,13 the KORA cohort14 and The 
UK10K Project15.

GwaS genotyping

SNP genotyping was performed on population-optimized Affymetrix Axiom Genome-
Wide CEU 1 array plates following the standard manufacturer’s protocol. Each array 
contains 567,097 SNPs. Fluorescence intensities were quantified using the Affymetrix 
GeneTitan Multi-Channel Instrument, and primary analysis was conducted with Af-
fymetrix Power Tools following the manufacturer’s recommendations. Genotype calling, 
a two-dimensional clustering analysis, was performed using the ‘apt’ program. Individu-
als with genotype call rate of lower than 97% were removed, as were those with fewer 
than 10,000 markers reporting a heterozygous state (the threshold was determined 
after visual inspection). Monomorphic SNPs were excluded, as were those with minor 
allele frequency (MAF) of < 10%, a call rate of < 97% or Hardy-Weinberg disequilibrium in 
controls. Note that Hardy-Weinberg disequilibrium was also tested in demographically 
homogenous cases to identify very large deviations (P < 1 × 10-7).

demographic analyses

The ancestry of individuals was assessed using a multi-dimensional scaling technique, 
as implemented in PLINK.16 SNPs were selected for short-range LD independence. Prun-
ing was performed using a two-step procedure to accommodate longer range LD (this 
is particularly important, as the Axiom Human array is enriched in SNPs in the human 
leukocyte antigen (HLA) region). In a first step, we applied the threshold r2 < 0.2 within a 
20-kb LD block or within 50 SNPs. In a second step, we applied the same threshold within 
a 10-Mb distance or within 100 SNPs on the pruned data set. We then created an identity-
by-state (IBS) matrix including all individuals and applied the multidimensional scaling 
method (–mds option in PLINK) to retrieve the first five components. Three matrices 
were estimated using our cases and controls together with all 1000 Genomes Project 
populations (IC) and all European (except Finnish) populations (E). At the first two levels, 
we excluded outliers on the first two components using an expectation-maximization-
fitted Gaussian mixture clustering method44 implemented in the R package M-CLUST, 
assuming either three (for IC) or two (for E) clusters and noise. Outlier position was as-
signed using nearest-neighbour-based classification45 (NNclust in R package PrabClus). 
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Outliers were excluded from the analysis, as previously done in GWAS.17 We then defined 
4 homogeneous groups.

GwaS

Using the clustering algorithm described above, we defined four homogenous groups. 
Cases from each demographical group were positioned on the PCA (1st two components) 
and controls for each group were selected based on their position on this graph. For the 
British patients and the German patients, we restricted to 5 controls per case. To carry 
out the genome-wide analysis, each SNP was tested in a case-control analysis within 
each group separately, using logistic regression and assuming an additive genetic model 
with adjustment for the first five components retrieved. No additional covariates were 
added, as advised.18 The results from the four groups were combined in a meta-analysis 
using an inverse normal strategy,19 whereby the summary P values for each test (and 
effect direction) are combined into a signed z score that, properly weighted, yields N 
(μ = 0, σ2 = 1). Because the number of controls exceeded by far the number of cases in 
all studies, we used the effective sample size (weighting the four studies) using METAL 
software as advised.20

We generated genetic scores for each individual by counting the number of at-risk al-
leles at each of the five genome-wide significant SNPs (rs10428132, rs9833086, rs9385385, 
rs6422142, rs7638910).

Post-analysis quality control

For each significantly associated SNP in a region (called here lead SNP), we visually 
inspected the cluster graph (data not shown) and the association results of SNPs in LD 
(locus plot, Figure 3A-E).

ReSultS

Brugada Syndrome patients

A total of 941 self-declared Caucasian patients were included from 21 different clinical 
centers in Europe and the USA. Genome-wide genotyping using Axiom Genome-Wide 
CEU 1 arrays (Affymetrix) was conducted on all patients. After stringent quality control 
of genotypic data and assessment of patient ancestry by the multidimensional scaling 
method using the genome-wide genotypic data (see Methods and below for further 
detail), a total of 877 patients remained for genome-wide association analysis. The distri-
bution of these patients per country is provided in Table 1.
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Genome-wide association analysis

Multidimensional scaling on the combined cases and controls (D.E.S.I.R., PREGO, KORA, 
GoNL, UK10K) together with reference populations from the 1000 Genomes Project21 
excluded 44 samples of non-European descent (Figure  1A). The remaining cases and 
controls clustered into 4 groups, with French cases largely clustering together with 
D.E.S.I.R. and PREGO controls, Dutch and Belgian cases clustering with GoNL controls, 
UK patients clustering with UK10K controls and German cases clustering with KORA 
controls (Figure 1 B-E). Patients that fell outside these 4 homogeneous groups (n = 20) 
were excluded, leaving 877 patients for GWAS. GWAS was conducted separately in each 
of the 4 groups and association data were combined in a meta-analysis, which included 
in total 877 cases and 2833 controls.

We found an excess of SNPs to be associated with BrS compared to the number ex-
pected under the null hypothesis of no association (Figure 2A). Three independent loci, 
located on chromosomes 3 and 6, showed association signals reaching genome-wide 
significance (P < 5 × 10-8, Figure 2B, Figure 3A, B and E, Table 2). The two most significant 
associations were observed for rs10428132 located within the SCN10A gene (1.04 × 10-55) 
and rs9833086 within the neighbouring SCN5A gene (2.26 × 10-13). These two SNPs were 
not in linkage disequilibrium with one another (r2=0.03). The other genome-wide 
significant SNP, rs9385385, was located in NCOA7 downstream of HEY2 on chromosome 
6 (5.78 × 10-16). Conditional analysis at the chromosome 3 locus, correcting for the ef-
fects of rs10428132 and rs9833086 uncovered an additional signal tagged by rs7638910 
(3.60 × 10-10) (Table  2, Figure  3C). An additional analysis, correcting for the effect of 
all 3 SNPs (rs10428132, rs9833086 and rs7638910) uncovered another signal tagged by 
rs6422142 (2.65 × 10-11) (Table 2, Figure 3D). Conditional analysis correcting for the effect 
of all 4 SNPs did not uncover any additional loci at genome-wide significance. Table 3 
lists SNPs with association P-values < 1 × 10-4.

table 1. Summarized clinical information on the 877 patients studied by genome-wide association analysis

Country n Males
Age at diagnosis
(±SD)

Baseline 
type-I ECG

Symptoms*
SCN5A 
mutation
carriership

France 452 354 (78%) 48 (+/-14) 206 (46%) 124 (27%) 87 (19%)

Netherlands 148 121 (82%) 47 (+/-14) 67 (45%) 54 (36%) 47 (32%)

UK 101 61 (60%) 46 (+/-15) 26 (26%) 37 (37%) 18 (18%)

Germany 88 64 (73%) 46 (+/-15) 43 (49%) 39 (44%) 18 (20%)

Belgium 77 61 (79%) 45 (+/-13) 45 (58%) 33 (43%) 26 (34%)

USA 9 6 (67%) 24 (+/-26) 8 (89%) 3 (33%) 4 (44%)

Denmark 2 2 (100%) 54 (+/-27) 2 (100%) 0 (0%) 0 (0%)

* Symptoms include ventricular tachycardia, ventricular fibrillation and syncope. SD, standard deviation.
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figure 1. Multidimensional scaling (MDS) identifies 64 outliers. (A) The first 2 principal components are 
plotted against one another for genotypic data from all Brugada Syndrome cases (red and orange) and indi-
viduals from the 1000 Genomes Project (grey; include European, African, East Asian and Admixed American 
individuals). Forty-four Brugada Syndome samples of non-European descent that were excluded from fur-
ther study are represented in orange. (B-E) MDS on samples of European ancestry defines 4 homogeneous 
case-control sets suitable for GWAS, namely, a group consisting of BrS cases from Germany and KORA con-
trols (B), a second group consisting of French BrS cases and PREGO and DESIR controls (C), a third group 
consisting of BrS cases from the UK and UK10K controls (D), and a group consisting of Dutch and Belgian 
BrS cases and GoNL controls (E). Twenty samples that did not cluster in any of these 4 groups (B-E) were 
excluded. The GWAS was conducted separately in the four homogeneous case-control groups. The associa-
tion data obtained on the four groups were subsequently combined in a meta-analysis, which included a 
total of 877 cases and 2833 ancestry-matched controls.
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We next assessed the cumulative effect of the 5 genome-wide significant loci on 
susceptibility to BrS (Figure 4, Table 4). Disease risk increased consistently with increas-
ing numbers of carried risk alleles (Ptrend = 9.25 × 10-29) with the estimated odds ratio (OR) 
reaching 59.1 in the presence of ≥ 8 risk alleles versus ≤ 2.

In a subsequent analyses comparing SNP allele dosages in subsets of cases, no 
significant association of risk alleles with symptoms was observed (VT/VF/syncope vs. 
remaining patients, Table 5).

figure 2. Genome-wide association analysis in 877 Brugada Syndrome cases and 2833 ancestry-matched 
controls identifies loci at chromosomes 3 and 6 associated with Brugada Syndrome. (A) Quantile-quatile 
plot for the genome-wide association results (inverse normal meta-analysis) for 326248 SNPs in the case-
control analysis. The horizontal axis shows (-log10 transformed) expected P-values while the vertical axis 
shows (-log10 transformed) observed P-values. The straight line indicates the expected results under the 
null hypothesis. (B) Manhattan plot showing the association of SNPs with Brugada Syndrome. The red hori-
zontal line marks the threshold for genome-wide significance (P < 5 × 10-8). Two loci at chromosome 3 and 
one locus on chromosome 6 reached genome-wide significance. The blue horizontal line denotes the arbi-
trary threshold of P < 1 × 10-5.
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dISCuSSIon

In this study, we sought to dissect further the genetic architecture of BrS by conducting 
a GWAS entailing 877 BrS cases, thereby extending the number of patients studied by 
565 as compared to the first GWAS23. This extended analysis confirmed the 3 loci we un-
covered previously at SCN5A-SCN10A and HEY2, and revealed two additional association 
signals at the SCN5A-SCN10A locus. These findings emphasize further the predominant 
involvement of the SCN5A-SCN10A locus in susceptibility to BrS.

While the BrS was for many years considered a Mendelian disorder, the current study 
builds further on the previous GWAS in providing evidence that the genetic architecture 
of BrS is likely more complex and is oligogenic or possibly polygenic. In such a genetic 

figure 3. Regional association plot of the loci associated with Brugada Syndrome on chromosomes 3 (A-D) 
and 6 (E). SNPs are coloured according to their degree of LD (r2) with the leading variant represented by 
a purple diamond and labelled. Superimposed on the plots are recombination rates in that region of the 
chromosome (blue spikes, y axis). Gene locations are depicted at the bottom of each panel. Coordinates 
are given according to NCBI build 37. The plots were generated using SNAP.37 Signals in panels A-C were 
identified in the primary analysis while those in panels D and E were identified in consecutive conditional 
analysis correcting for the effects of the other genome-wide significant SNPs at the chromosome 3 locus.

table 2. List of SNPs reaching genome-wide significance in the GWAS

SNP Chr Position Closest gene
Risk 

allele
Protective

allele

Risk allele 
frequency

in Cases/Controls
P-value oR (CI)

rs9833086 3 38610471 SCN5A G A 0.38/0.29 2.26 × 10-13 1.63 [1.56-1.69]

rs6422142 3 38703158 SCN5A/SCN10A C T 0.37/0.26 2.65 × 10-11 1.56 [1.50-1.63]

rs7638910 3 38720716 SCN5A/SCN10A C A 0.58/0.51 3.60 × 10-10 1.51 [1.44-1.57]

rs10428132 3 38777554 SCN10A T G 0.66/0.41 1.04 × 10-55 2.66 [2.60-2.73]

rs9385385 6 126122280 NCOA7/HEY2 T C 0.56/0.44 5.78 × 10-16 1.59 [1.54-1.65]
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table 3. List of SNPs with association P-value between 5 ×10-5 and 5 ×10-8 in the GWAS

SNP Chr Position
Closest

gene
Risk

allele
Protective 

allele
P-value

Odds ratio
(95% CI)

rs17131284 1 91541623 ZNF644 G A 1.64 × 10-5 1.34 [1.27-1.40]

rs6665429 1 97853619 DPYD C T 5.49 × 10-5 1.29 [1.23-1.35]

rs11185141 1 108132879 VAV3 C T 2.96 × 10-5 1.28 [1.22-1.34]

rs10919054 1 169047159 ATP1B1 A G 9.30 × 10-5 1.28 [1.22-1.34]

rs2986550 1 183922435 GLT25D2 G A 1.78 × 10-5 1.34 [1.27-1.41]

rs10802429 1 246824840 CNST T A 4.66 × 10-5 1.34 [1.27-1.41]

rs13002703 2 7821831 LOC339788 T C 8.49 × 10-5 1.38 [1.30-1.46]

rs2540998 2 37255015 HEATR5B A G 7.42 × 10-6 1.30 [1.24-1.36]

rs4233921 2 37354149 EIF2AK2 A G 3.87 × 10-6 1.34 [1.28-1.40]

rs25936351 2 61634706 USP34 C A 8.64 × 10-5 1.26 [1.20-1.32]

rs831011 2 170139639 LRP2 A G 5.24 × 10-5 1.31 [1.24-1.37]

rs2581888 3 29813871 RBMS3 A G 7.44 × 10-5 1.27 [1.21-1.34]

rs34214258 3 37722551 ITGA9 A G 3.75 × 10-5 1.31 [1.24-1.37]

rs2268750 3 38359008 SLC22A14 T G 1.89 × 10-5 1.47 [1.38-1.56]

rs9817387 3 161206669 OTOL1 A G 6.86 × 10-5 1.27 [1.21-1.33]

rs7737914 5 9286488 SEMA5A T C 8.11 × 10-5 1.26 [1.20-1.32]

rs923520 5 173975145 MSX2 C T 8.51 × 10-5 1.28 [1.22-1.34]

rs13179274 5 174011260 MSX2 T C 6.54 × 10-5 1.26 [1.21-1.32]

rs2534685 6 31462245 MICB T C 3.39 × 10-5 1.29 [1.23-1.36]

rs35699590 7 35317605 TBX20 C T 6.40 × 10-5 1.33 [1.26-1.41]

rs7779685 7 95622763 DYNC1I1 G A 3.55 × 10-5 1.29 [1.23-1.35]

rs6946907 7 100983708 RABL5 T G 8.64 × 10-5 1.34 [1.27-1.41]

rs12115021 8 11289685 C8orf12 A G 5.80 × 10-6 1.44 [1.36-1.52]

rs4841548 8 11374779 BLK T C 7.39 × 10-5 1.28 [1.22-1.34]

rs8042802 8 11612698 GATA4 A C 5.21 × 10-5 1.28 [1.22-1.34]

rs10961940 9 15258381 TTC39B G A 9.54 × 10-6 1.43 [1.35-1.51]

rs12420167 11 100864744 TMEM133 G A 2.47 × 10-5 1.36 [1.29-1.44]

rs8830793 12 114793240 TBX5 C T 2.68 × 10-5 1.30 [1.24-1.36]

rs8052267 16 22937598 HS3ST2 C T 2.58 × 10-5 1.35 [1.28-1.43]

rs12598932 16 54455997 IRX3 G A 8.56 × 10-5 1.26 [1.20-1.32]

rs17819804 16 86154666 IRF8 C G 5.16 × 10-5 1.34 [1.27-1.41]

rs806866 17 51439620 c17orf112 A C 7.03 × 10-6 1.32 [1.25-1.38]

rs9303897 18 2306842 METTL4 G A 1.32 × 10-5 1.31 [1.25-1.38]

1 This SNP is in linkage disequilibrium (LD, r2=0.22) with rs7576036 associated with ST-segment in V1/V2 in 
previous GWAS conducted in the general population.28
2 This SNP is in LD (r2=0.31) with rs7011924 associated with ST-segment in aVR and inferior leads in previous 
GWAS conducted in the general population.28
3 The haplotype tagged by this SNP was associated with QRS interval in previous GWAS conducted in the 
general population.27
All SNPs are at r2< 0.2 with one another except for rs923520 and rs13179274 that have an r2 = 0.4 with one 
another.
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figure 4. Cumulative effect of alleles at the five genome-wide significant loci on susceptibility for Brugada 
Syndrome. (A) Distribution of risk alleles among individuals with Brugada Syndrome (white bars) and con-
trols (black bars). Odds ratios (OR) calculated according to the number of risk alleles carried. Individuals 
carrying 0-2 risk alleles were used as the reference. Each black bar represents the log(OR) value (horizontal 
bar) and the 95% confidence interval (on the log scale, vertical bar).

table 4. Cumulative effect of the five genome-wide significant SNPs on susceptibility to Brugada Syndrome

number of risk alleles oR (C.I.)

0-2 1

3 2.01 (1.3-3.11)

4 3.98 (2.65-5.99)

5 6.75 (4.49-10.14)

6 11.04 (7.24-16.85)

7 23.22 (14.08-38.28)

8,9 59.13 (28.82-121.31)
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figure 5. Cartoon of location of SCN5A/SCN10A SNPs. A; SCN5A/SCN10A locus extracted from the UCSC 
browser. B; Genomic localization of the 4 independent genome-wide significant signals including all SNPs 
in LD with the lead SNP. Lead SNPs in current GWAS represented in red; lead SNP in previous BrS GWAS23 
in green, and SNPs previously associated with ECG parameters in blue. Gray scale traces represent SNPs in 
LD with the lead SNP in the European population of the 1000 genomes project (phase 3), where R2 ranges 
from 0.2 (light gray) to 1.0 (black). C; Representation of all SNPs previously associated with ECG parameters 
at genome-wide significance (P< 5 × 10-8) in this locus. Data extracted from the NHGRI-EBI GWAS catalogue 
(see text for relevant references), and include the recently published study of ST-T-wave amplitudes28. For 
ST/T voltage SNPs, text below the SNP trace refer to the specific ECG trait (T/ST: T wave and ST segment 
voltage; ant/inf/lat/sep: anterior, inferior, lateral and septal leads). AFR/EAS refer to associations identified 
in populations of African and East Asian populations, respectively. SNPs in blue represent ones in LD with 
the current BrS lead SNPs (R2 ≥ 0.2). Genomic coordinates and SNP identifiers (rs#) refer to human genome 
build GRCh37 and dbSNP 144, respectively.

table 5. Association analysis of five SNPs that displayed a genome-wide significant association with the 
BrS ECG, with symptoms. Symptoms were defined as the occurrence of ventricular tachycardia, ventricular 
fibrillation or syncope.

SnP Chr Position Closest gene
Risk 
allele

Protective 
allele

P-value oR (CI)

rs9833086 3 38610471 SCN5A G A 0,3453 0.90 [0.81-1.00]

rs6422142 3 38703158 SCN5A/SCN10A C T 0,5451 1.07 [0.96-1.18]

rs7638910 3 38720716 SCN5A/SCN10A C A 0,0568 0.81 [0.74-0.89]

rs10428132 3 38777554 SCN10A T G 0,1053 1.25 [1.11-1.38]

rs9385385 6 126122280 NCOA7/HEY2 T C 0,6585 0.95 [0.87-1.06]



155

 

model, the inheritance of multiple genetic variants contributes in aggregate to disease 
susceptibility in the individual patient. Such variants likely occur at different frequency 
in the general population and have different effect sizes (common variants of small 
effect and rare variants of moderate to large effect). The association of both rare5 as 
well as common variants in and around the SCN5A gene clearly point to the possible 
co-existence of common and rare risk variants within the same locus. Of interest, 3 of 
the 4 SNPs at the SCN5A locus (rs9833086, rs7638910 and rs10428132) have also been as-
sociated with ECG indices of conduction (PR interval and/or QRS duration in large sets 
of the general population.24–27 Furthermore two of the SNPs in SCN5A-SCN10A (rs7638910 
and rs10428132) and the SNP at HEY2 (rs9385385) have been associated with ST-segment 
amplitude or T-wave amplitude in the general population.28

The modest odds ratio we observed for each associating SNP is in line with findings 
from other GWAS studies29. Yet when considered we found that disease risk increased 
consistently with increasing numbers of risk alleles carried at the five loci, with an 
estimated odds ratio of 59 in the presence of ≥ 8 risk alleles versus ≤ 2. This raises the 
intriguing possibility that the BrS ECG in individuals carrying >8 risk alleles may for a 
large part be due to the co-inheritance of common risk variants.

Rare coding region variants in SCN5A were first described in BrS patients by Chen 
and colleagues in 19983. Since then several coding region mutations causing BrS have 
been described in this gene and functional studies have consistently demonstrated a 
loss-of-function defect as a mechanism of the disease.30 Formal statistical support for 
the association of rare coding region variants in SCN5A with BrS was recently provided 
by Le Scouarnec and colleagues by comparing 167 BrS patients and 167 controls.5 As for 
the great majority of GWAS, SNPs associating with BrS at the SCN5A-SCN10A locus are 
located within non-coding regions or encompass non-coding regions and are expected 
to contribute to BrS susceptibility through effects on gene expression. This mechanism 
has in the last few years been convincingly shown for rs6801957, which is in high linkage 
disequilibrium with the most strongly associating SNP (rs10428132).31,32 Using a variety 
of state-of-the-art techniques such as Chromatin Immunoprecipitation Sequencing 
(Chip-seq) and chromosome conformation capture in mouse, van den Boogaard and 
colleagues demonstrated that rs6801957 affects the binding of transcription factors to 
an enhancer element located within an intron of the neighbouring SCN10A gene and 
that this enhancer makes contact with the promoter of SCN5A thereby affecting the 
expression level of SCN5A. Evidence for this was furthermore provided by the observa-
tion that SCN5A transcript in human heart of rs6801957 risk allele was lower compared to 
individuals carrying the protective allele. Although the mechanism of the SNPs associat-
ing with BrS at the SCN5A-SCN10A locus has not yet been studied, it is likely that these 
also contribute to BrS susceptibility by affecting the level of expression of SCN5A.
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Besides the SCN5A-SCN10A locus, the only other locus harbouring common SNPs that 
modulate susceptibility for BrS is that of HEY2. Among the genes at this locus HEY2, 
which encodes a basic helix-loop-helix transcriptional repressor that is expressed in 
the cardiovascular system and is important for cardiac development,33 is considered a 
strong candidate. This is based on studies in Hey2 haploinsufficient mice that showed 
altered conduction in the right ventricular outflow tract region of the heart, a region 
of the heart implicated in conduction slowing and arrhythmogenesis in BrS patients.34 
Preliminary data in Hey2 haploinsufficient mice point to regulation of Scn5a gene ex-
pression by Hey2. These observations provide further support to the concept that BrS 
is a conduction disorder that preferentially affects the right ventricular outflow tract. 
The low SCN5A expression that is characteristics of the right ventricular outflow tract, in 
conjunction with the lower GJA1 (Cx43) expression at this region, likely makes this area 
of the heart susceptible to conduction slowing in the fact of rare or common genetic 
variants that decrease sodium channel function.35

Although in this study we have succeeded in bringing together a large set of BrS 
patients, our GWAS is still of modest size in comparison with GWAS in common disease. 
It is likely that we will be able to uncover additional loci passing the genome-wide sig-
nificance threshold if we include more patients. To this aim future studies will genotype 
loci with an association p-value between 5 × 10-5 and 5 × 10-8 in additional patients from 
Europe and Asia. The latter will also inform us as to whether loci associated with BrS in 
populations of European descent are also predictive in individuals of Asian descent. Of 
note, among the SNPs with an association signal between 5 × 10-5 and 5 × 10-8, are SNPs 
located at loci harbouring transcription factors (TBX3, TBX5) that have been established 
as important transcriptional regulators of SCN5A31,36. Of note, while SNPs identified so far 
are robustly associated with the BrS ECG, association of SNPs with symptoms in BrS so 
far remains elusive.

In conclusion, this study indicates that common variants, especially those at the the 
SCN5A-SCN10A locus, play a major role in BrS. Our findings help advance further our 
understanding the intricate mechanism of BrS.
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