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Abstract: Brugada syndrome is a rare inherited arrhythmogenic disease leading to ventricular
fibrillation and high risk of sudden death. In 1998, this syndrome was linked with a genetic
variant with an autosomal dominant pattern of inheritance. To date, rare variants identified in more
than 40 genes have been potentially associated with this disease. Variants in regulatory regions,
combinations of common variants and other genetic alterations are also proposed as potential origins
of Brugada syndrome, suggesting a polygenic or oligogenic inheritance pattern. However, most of
these genetic alterations remain of questionable causality; indeed, rare pathogenic variants in the
SCN5A gene are the only established cause of Brugada syndrome. Comprehensive analysis of all
reported genetic alterations identified the origin of disease in no more than 40% of diagnosed cases.
Therefore, identifying the cause of this rare arrhythmogenic disease in the many families without
a genetic diagnosis is a major current challenge in Brugada syndrome. Additional challenges are
interpretation/classification of variants and translation of genetic data into clinical practice. Further
studies focused on unraveling the pathophysiological mechanisms underlying the disease are needed.
Here we provide an update on the genetic basis of Brugada syndrome.
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1. Introduction

Brugada syndrome (BrS) was first described in eight individuals who were resuscitated from
sudden cardiac death (SCD) due to ventricular fibrillation (VF) in a structurally normal heart [1]. BrS is
diagnosed by a “type 1” electrocardiogram (ECG) pattern characterized by ST segment elevation and a
coved-type morphology ≥ 0.2 mV in one of the right precordial leads (V1 and V2) positioned in the
second, third, or fourth intercostal space; this pattern can occur in the presence or absence of intravenous
administration of Class I antiarrhythmic drugs such as ajmaline, flecainide, and procainamide [2].
Importantly, SCD is often the first symptom of BrS, predominantly in adult males at night or during rest.
Early identification of at-risk individuals is crucial to prevent lethal episodes, underscoring the need for
improved diagnostic tools [3]. Despite initial recognition of BrS as a familial disease, the first genetic
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alteration supporting its inheritance pattern was not reported until 1998 [4]. Indeed, efforts focused on
identifying the genetic cause of BrS are important for detecting asymptomatic genetic carriers at risk
for SCD and for stratifying the risk of future arrhythmic events [5]. Families diagnosed with BrS show
incomplete penetrance and variable expressivity, and genetic variants resulting in or predisposing to
BrS could be misinterpreted [6]. The absence of a genotype–phenotype correlation in families affected
by BrS underscores the complexity of this arrhythmogenic entity and suggests that the occurrence
and prognosis of BrS is most likely influenced by a combination of multiple genetic alterations and
environmental factors, involving a fine balance of ion currents [7,8].

2. Genetic Alterations

2.1. Genetic Causality

The first genetic alteration associated with BrS was reported in 1998 [4] in the sodium channel
protein type V subunit α gene (SCN5A), encoding the alpha subunit of the voltage-gated NaV1.5 cardiac
sodium channel. NaV1.5 regulates rapid sodium current in myocytes. Over 500 rare alterations in
more than 40 genes have since been reported as potentially associated with BrS. These genes primarily
encode sodium, potassium, and calcium channels or proteins associated with function of these ion
channels [9]. Identification of other genes potentially associated with BrS has enabled genetic testing in
the clinical workup. However, comprehensive analysis of all potential BrS-associated genes identified
a disease-causing alteration in no more than 40% of diagnosed cases, leaving most families with an
unknown genetic origin of the disease [10].

Currently, SCN5A is the main gene associated with BrS and nearly 30% of diagnosed cases
are attributed to one of the more than 350 rare variants identified in this gene [3]. Copy number
variations (CNVs) are additional rare alterations potentially causative of BrS. Of fewer than 10 CNVs
potentially associated with BrS to date, all are located in the SCN5A gene [11–13]. Recently, patients
affected by BrS carrying a gross deletion of the GSTM3 gene showed higher rates of syncope and
SCD compared to those without, suggesting a novel potential genetic modifier/risk predictor for
the development of BrS. However, further studies should be done to clarify the role of this CNV in
BrS [14]. Then, focusing only in SCN5A, CNVs appear to underlie no more than 1% of diagnosed
BrS cases. Consequently, current guidelines recommend analyzing only SCN5A in suspected BrS
cases as the most cost-effective approach [2]. This guideline was recently supported by an exhaustive
genetic analysis of families affected by BrS, showing only SCN5A to be a definitive deleterious gene.
However, the percentage of deleterious variants in SCN5A may be overestimated because many
rare variants previously classified as pathogenic/likely pathogenic are now categorized as being
of ambiguous significance [15], according to American College of Medical Genetics and Genomics
and Association for Molecular Pathology (ACMG/AMP) guidelines [16]. Recent reevaluations of all
potentially BrS-associated rare variants in SCN5A classified only 37–47% as deleterious [17,18].

Almost 150 additional variants in other genes are proposed to be causative of BrS, but together
these explain no more than 10% of cases and they are thus considered minor genes (ABCC9, AKAP9,
ANK2, CACNA1C, CACNA2D1, CACNB2, CASQ2, DSG2, DSP, FGF12, GPD1L, GSTM3, HCN4, HEY2,
KCNAB2, KCNB2, KCND2, KCND3, KCNE3, KCNE5, KCNH2, KCNJ8, KCNJ16, KCNT1, LRRC10,
PLN, PKP2, RANGRF, RyR2, SCN10A, SCN1B, SCN2B, SCN3B, SCN4A, SCNN1A, SEMA3A, SLMAP,
TBX5, TCAP, TKT, TRPM4, TTN, XIRP1, and XIRP2) (Figure 1). Most of these variants are rare,
but genome-wide association studies (GWAS) found that common variants in SCN5A, SCN10A,
and HEY2 might modulate gene expression and susceptibility to BrS in individuals of European and
Japanese ancestry [19,20]. Recently, common variants near SCN5A and HEY2 were associated with
BrS in the Thai population, confirming the trans-ethnicity of these two major BrS loci [21]. However,
another recent study validated only 1/4 of previously identified common variants in patients affected by
BrS from Taiwan [22]. Additionally, due to a lack of common variants, the differing allele frequencies
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in patients affected by BrS with different ethnic backgrounds should also be taken into consideration
during classification and clinical translation [22].Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 3 of 10 

 

 
Figure 1. Genetics of Brugada syndrome (BrS). After a comprehensive genetic analysis, almost 60% of 
patients remain without a genetic diagnosis. No more than 35% of cases are due to rare variants; of 
them, almost 30% are located in the SCN5A gene. Other alterations such as copy number variants, 
variants in regulatory regions and common variants are responsible altogether for less than 10% of 
BrS cases. 

In 2018, mutations in mitochondrial tRNA genes that may affect the translation of critical 
proteins of the respiratory chain were proposed as potentially leading to BrS [23]. Additionally, 
alterations in the core promoter region and the transcriptional regulatory region of SCN5A were 
recently described in BrS, although they explain only 1% of cases [24–27]. This finding highlights the 
impact of non-coding region variants, which are binding targets for miRNAs, in altering miRNA-
target cross-talk. Rare compound alterations suggest that single variants in SCN5A are not sufficient 
to cause BrS [28]. Genetic background may therefore be a powerful modulator of disease expression 
[29], and compound variants may be associated with more severe BrS phenotypes [30], although 
nothing conclusive has been reported so far. Further genotype–phenotype studies in large cohorts 
supported by functional analysis (in vitro/in vivo) are needed to clarify the true pathogenic roles of 
the various genetic alterations in BrS. 

2.2. Genetic Modulation of Phenotype 

Recently, common variants in SCN5A were reported to play a regulatory function similar to that 
of rare deleterious variants in the same gene and, therefore, modulate phenotype expression in BrS 
[31]. Some of these polymorphisms decrease SCN5A promoter methylation and increase SCN5A 
expression in cardiac tissue, leading to the BrS phenotype [32]. MicroRNA expression may also be a 
genetic modifier of many SCN5A rare variants causal for BrS [33], and has been associated with a 
high risk of subsequent cardiac arrhythmias [34]. MicroRNA binding affinity does not co-segregate 
with BrS in affected family members, supporting an additive contribution to BrS onset rather than a 
unique causative link, and opens a new pathway that may cause and/or modulate BrS [35]. Finally, 
the BrS phenotype can be induced by drugs (www.brugadadrugs.org) and various environmental 
factors such as hormones, alcohol, or fever [36]. Fever is especially important in the pediatric 
population. However, a recent study suggests that recording of fever-ECGs may not be mandatory 

Figure 1. Genetics of Brugada syndrome (BrS). After a comprehensive genetic analysis, almost 60%
of patients remain without a genetic diagnosis. No more than 35% of cases are due to rare variants;
of them, almost 30% are located in the SCN5A gene. Other alterations such as copy number variants,
variants in regulatory regions and common variants are responsible altogether for less than 10% of
BrS cases.

In 2018, mutations in mitochondrial tRNA genes that may affect the translation of critical proteins
of the respiratory chain were proposed as potentially leading to BrS [23]. Additionally, alterations in the
core promoter region and the transcriptional regulatory region of SCN5A were recently described in BrS,
although they explain only 1% of cases [24–27]. This finding highlights the impact of non-coding region
variants, which are binding targets for miRNAs, in altering miRNA-target cross-talk. Rare compound
alterations suggest that single variants in SCN5A are not sufficient to cause BrS [28]. Genetic background
may therefore be a powerful modulator of disease expression [29], and compound variants may be
associated with more severe BrS phenotypes [30], although nothing conclusive has been reported so far.
Further genotype–phenotype studies in large cohorts supported by functional analysis (in vitro/in vivo)
are needed to clarify the true pathogenic roles of the various genetic alterations in BrS.

2.2. Genetic Modulation of Phenotype

Recently, common variants in SCN5A were reported to play a regulatory function similar to that
of rare deleterious variants in the same gene and, therefore, modulate phenotype expression in BrS [31].
Some of these polymorphisms decrease SCN5A promoter methylation and increase SCN5A expression
in cardiac tissue, leading to the BrS phenotype [32]. MicroRNA expression may also be a genetic
modifier of many SCN5A rare variants causal for BrS [33], and has been associated with a high risk
of subsequent cardiac arrhythmias [34]. MicroRNA binding affinity does not co-segregate with BrS
in affected family members, supporting an additive contribution to BrS onset rather than a unique
causative link, and opens a new pathway that may cause and/or modulate BrS [35]. Finally, the BrS
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phenotype can be induced by drugs (www.brugadadrugs.org) and various environmental factors such
as hormones, alcohol, or fever [36]. Fever is especially important in the pediatric population. However,
a recent study suggests that recording of fever-ECGs may not be mandatory in pediatric patients from
families affected by BrS without a disease variant in SCN5A because their risk for a febrile Brugada
type-1 ECG and malignant arrhythmic event is low [37].

The function of NaV1.5 may be affected by rare and/or common variants in SCN5A and other genes
encoding proteins that interact with sodium channels. NaV1.5 may modulate its function through
different mechanisms (decreased channel expression, channel dysfunction, or alteration in gating
properties) leading to VF and SCD even in asymptomatic individuals. Thus, even when no genetic
variant has been identified, the drugs and dangerous situations known to induce the BrS phenotype
should be avoided in families with diagnosed or suspected BrS [3].

Genotype–phenotype studies have established that more than 95% of rare alterations identified
in patients affected by BrS follow an autosomal dominant pattern of inheritance. However,
autosomal recessive [38] and X-linked [39] inheritance have also been identified in a few cases.
Further, a specific mitochondrial DNA allelic combination may be associated with increased phenotype
severity [40]. Both common and rare variants are increasingly associated with BrS. Thus, accumulation of
genetic variants of diverse allele frequencies and effect sizes may modulate disease susceptibility,
suggesting that the currently accepted Mendelian inheritance should be replaced with a polygenic
or oligogenic model [36,41]. This is supported by the finding that sodium channel blockers do not
provoke the characteristic BrS pattern in ECGs in healthy individuals or in all carriers of SCN5A rare
variants [42]. Additional genotype–phenotype studies should be performed in large BrS cohorts to
facilitate identification of a definite causative pattern of inheritance in families affected by BrS.

3. Genetic Interpretation/Classification

In BrS, the first step before interpretation of genetic data should be a definitive clinical diagnosis.
The characteristic ST-segment elevation in the ECG may occur due to non-BrS-related causes, such as RV
ischemia, acute pulmonary embolism, or mechanical compression of the RV outflow tract, mimicking BrS
and called Brugada ECG phenocopy [43]. Because it is an inherited disease, clinical assessment and
comprehensive genotype–phenotype analysis of all available relatives may help clinicians to identify
BrS in uncertain cases. Both incomplete penetrance and variable expressivity should be considered in
pedigree performance [6]. When a definitive diagnosis of BrS is obtained, interpretation of genetic
data should follow current ACMG/AMP guidelines [16]. These guidelines recommend classifying
pathogenicity by global frequencies, previous classification in other cases, and functional studies.
BrS is a rare disease with an estimated prevalence from 1/5000 to 1/2000 [44]. The prevalence is
higher in Southeast Asia, and thus, racial/ethnic origin of each BrS patient should be considered.
Minor allele frequencies (MAF) less than 0.02–0.05% can be potentially causative depending on ethnicity.
Rare variants can be found in about 2% of global population and in 5% of non-white populations [45].
There is a 10-to-1 genetic signal-to-noise ratio that indicates a 10% risk of false positives in possibly
damaging rare SCN5A variants [46]. However, this percentage may be overestimated because the
prevalence of asymptomatic patients affected by BrS in the general population is unknown. Therefore,
due to the rarity of the disease, a real potentially causative variant should have a MAF under 0.01% [47].
Indeed, recent reevaluations of all potentially BrS-associated variants in SCN5A concluded that only
37–47% of rare variants previously considered to be potentially damaging should remain classified as
deleterious [17,18]. Therefore, available genetic data on each variant of interest should be exhaustively
analyzed periodically in order to include new data in interpretation/classification before clinical
translation. Despite this fact, no precise time of reevaluation has been stated to date.

Functional evidence should incorporate in silico, in vitro, and in vivo analyses, although all
models have limitations [48]. In silico analyses use mathematical tools to support defining variant
pathogenicity. Existing programs can produce discordant attributions due to the use of different
algorithms. Therefore, in silico prediction may be uncertain or inaccurate in more than 20% of
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cases [49]. In silico predictors should therefore be combined with other functional analyses for
variant pathogenicity [50]. Cellular models can reveal the biophysical consequences of wild type
and BrS-associated mutant ion channel expression. A combined technical approach of patch clamp
and heterologous expression systems was long the only experimental model allowing investigation
of the molecular pathways involved in BrS [48]. Recent development of induced pluripotent stem
cell-derived cardiomyocyte (iPS-CM) technology creates an opportunity to study cardiomyocytes
derived from patients and healthy individuals. Several studies have used iPS-CM derived from
patients affected by BrS to explore novel therapeutic tools and to study the basic mechanisms of this
arrhythmogenic disease [51,52]. Compared to single-cell approaches, the iPS-CM approach can more
accurately identify the pathophysiological mechanisms involved in BrS [53]. Finally, in vivo models
including transgenic mice (knock-out and knock-in), transgenic pigs (limited studies), and canine heart
preparations (using arterially perfused wedges of left or right ventricles rather than a whole heart) can
simulate BrS phenotypes but are not commonly used due to their costliness [48].

Using available clinical and functional data as well as other information included in ACMG/AMP
guidelines, each variant is assigned a final score and is consequently classified as pathogenic (P),
likely pathogenic (LP), variant of uncertain significance (VUS), likely benign (LB), and benign (B).
This classification system was designed to have general applicability, and therefore further studies
of specific diseases and genes are necessary to enable robust clinical translation. Consequently,
several updates were recently proposed to improve the accuracy of this classification system [47,54,55].
Importantly, all classifications are performed according to the data available at the time of interpretation.
Therefore, predictions regarding BrS are not immutable, and classifications of analyzed variants should
be revised periodically as new data can be available [56,57]. New data included in the final classification
may modify the role of a variant, with potential clinical implications. Despite this key role, as mentioned
above, no precise time of reevaluation has been stated to date.

Correlation with patient clinical information as well as familial segregation are crucial to performing
a real interpretation. For example, in a patient diagnosed with BrS, a rare variant may be classified as
LP according to the available genetic data, but if any relatives also clinically diagnosed with BrS do not
carry the same variant, this implies that the variant is not the cause of BrS in the family. However, the
rare variant could be associated with phenotype modification. Thus, all available data on a BrS-related
variant should be collected and comprehensively interpreted to obtain a proper classification. However,
from our point of view, familial segregation is mandatory before associating rare variants with disease
susceptibility. This would facilitate translation into clinical practice.

4. Clinical Translation

It is important that genetic interpretation and clinical translation be performed together.
Clinical data are crucial to clarifying the role of a genetic variant and translation of genetic data
into clinical practice should be performed after comprehensive genetic interpretation/classification.
In a family diagnosed with BrS, genetic interpretation and clinical translation should be performed
with the consensus of a group of experts including cardiologists, pediatricians, pediatric cardiologists,
geneticists and genetic counselors. Because SCD can be the first manifestation of BrS, forensic and
cardiac pathologists should also be included in the team of experts. We believe that creating a
group of experts is the best approach to personalized management, including diagnosis, treatment,
and prevention of lethal arrhythmias in individuals at risk.

SCN5A is the only gene with conclusive association with BrS to date. In patients with a rare
variant in the SCN5A gene, prolonged P-wave, PR, or QRS duration are frequently observed [58].
Additionally, the combination of an SCN5A rare variant with a history of SCD in a first-degree relative
under 35 years old seems to be predictive of arrhythmic events [59,60]. Recently, a study showed
that symptomatic patients with variants in SCN5A were at higher risk of arrhythmic events than
symptomatic SCN5A-variant-negative patients [61]. Despite these recent advances, genetic data do not
currently influence the prognosis or treatment of BrS [2].
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One of the main difficulties in patients affected by BrS is determining if a rare variant is a real
pathogenic alteration responsible for the disease. Following clinical guidelines, only variants classified
as P and LP should be strongly considered as damaging in BrS [2]. Currently, the large number of items
included in ACMG/AMP classification confers accuracy but also stringency, thus most rare variants
identified remain VUS [56]. Therefore, current data do not allow conclusive classification and further
studies are needed to clarify the roles of VUS in BrS. We believe that VUS in patients affected by BrS
should not be discarded due to limitations in published data. However, only definitive genetic data
should be translated to families to avoid confusion or harm [62]. In our point of view after more than
25 years of experience in the field, families should receive a complete explanation of the genetic data
obtained, helping to clarify the potential role of each rare variant, although this should not serve as
the basis for clinical decisions. Finally, variants classified as LB and B can be discarded as the cause
of BrS mainly due to their high prevalence in the global population. However, a variant classified
as LB in patients from Southeast Asia should be widely revised because of the higher prevalence of
BrS. Additionally, variants classified as LB and B may be phenotype modifiers in BrS and should be
included in the patient’s genetic report [32,63–65].

5. Conclusions

BrS is a rare inherited arrhythmia associated with risk of sudden death in the young adult
population. To date, only rare variants in SCN5A have been definitively associated with BrS,
and following an autosomal dominant mode of transmission. However, incomplete penetrance and
variable expressivity suggest a complex mode of inheritance most likely controlled by a combination
of multiple genetic factors influenced by the environment, rather than a single rare variant. The lack
of conclusive data concerning these additional genetic alterations means BrS remains classified as a
monogenic disease. Additionally, more than 60% of families remain without a genetic diagnosis after
exhaustive genetic analysis. The lack of functional models impedes proper interpretation of genetic
alterations, and most remain classified as being of ambiguous significance. Therefore, extreme caution
should be taken before translation of genetic data into clinical practice. There is a need for the better
understanding of the genetic architecture of BrS before applying genetics as a diagnostic and risk
stratification tool among patients.
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