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Abstract: Brugada syndrome (BrS) is an inherited disorder with high allelic and genetic heterogeneity
clinically characterized by typical coved-type ST segment elevation at the electrocardiogram (ECG),
which may occur either spontaneously or after provocative drug testing. BrS is classically described
as an arrhythmic condition occurring in a structurally normal heart and is associated with the risk of
ventricular fibrillation and sudden cardiac death (SCD). We studied five patients with spontaneous or
drug-induced type 1 ECG pattern, variably associated with symptoms and a positive family history
through a Next Generation Sequencing panels approach, which includes genes of both channelopathies
and cardiomyopathies. We identified variants in MYBPC3 and in MYH?, hypertrophic cardiomyopathy
(HCM) genes (MYBPC3: p.Lys1065GInfs*12 and ¢.1458-1G > A, MYH7, p.Arg783His, p.Val1213Met,
p.-Lys744Thr). Our data propose that Brugada type 1 ECG may be an early electrocardiographic marker
of a concealed structural heart disease, possibly enlarging the genotypic overlap between Brugada
syndrome and cardiomyopathies.

Keywords: Brugada syndrome; overlapping phenotypes; sarcomeric genes; MYBPC3; MYH?7;
hypertrophic cardiomyopathy

1. Introduction

A typical ECG pattern, characterized by a coved ST-segment elevation > 2 mm in
at least one right precordial lead followed by a concave or straight ST segment elevation
and a negative symmetric T-wave [1], is associated with Brugada syndrome, an inherited
disease characterized by an increased risk of ventricular arrhythmias and sudden cardiac
death (SCD) in a structurally normal heart [2]. Nowadays a pathogenic genetic variant is
detected in up to 30% of subjects with BrS, usually transmitted in an autosomal-dominant
manner [3,4]. The gene most frequently involved, and the sole one considered as defini-
tively associated with the syndrome [5], is SCN5A, which encodes the alpha subunit of
the cardiac sodium channel Nav1.5 and is responsible for nearly 20-30% of all cases [6].
Several other genes have been proposed as underlying BrS, but with incomplete, often
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disputed evidence [7]; more and more evidence suggest a possible oligogenic or polygenic
inheritance for inheritable cardiac disorders, including BrS [8-10]. Genetic counseling in
BrS is complicated by many confounding factors: genetic and allelic heterogeneity, variants
of uncertain significance [11], incomplete penetrance [12], phenotypic overlaps [6] and
new evidence of complex inheritance [12] and mutation load [13], thus overcoming the
one gene—one disease paradigm [10]. Furthermore, the concept of BrS as a pure electric
condition, occurring in an otherwise structurally normal heart, has been contradicted by
several observations. Indeed, the overlap between BrS and arrhythmogenic cardiomyopa-
thy (ACM) is well known in the literature, so much that ACM and BrS could be seen as
two different entities belonging to the same disease spectrum [10,14].

Sarcomeric genes, encoding for components of the contractile unit in the cardiomy-
ocyte (the sarcomere), are characteristically associated with structural cardiomyopathies [15].
MYBPC3 and MYH?7, encoding for the cardiac myosin binding protein C and the cardiac
beta-myosin heavy-chain, respectively, represent the genes most frequently involved in
hypertrophic cardiomyopathy (HCM), accounting for 50% and 33% of cases with a positive
genetic test result, respectively [16]. In five patients with spontaneous or drug-induced
type 1 ECG pattern (BrP), negative for mutations in SCN5A and other putative BrS genes,
we found likely pathogenic/pathogenic variants in MYBPC3 and MYH?7, structural car-
diomyopathy genes. This observation adds evidence to the genotypic overlap between
arrhythmic and structural heart diseases and supports Brugada type 1 ECG as an early
electrical sign of an upcoming structural disease.

2. Materials and Methods

Written informed consent for genetic testing was obtained from all enrolled subjects
(local ethical committee approval 26/7/2012, P. 7/2012). NGS analysis was performed on
MiSeq™Dx Instrument using the commercial gene panel Trusight Cardio Sequencing Kit by
Illumina (San Diego, CA, USA, www.illumina.com accessed on 21 September 2020), which
includes both structural and arrhythmogenic cardiomyopathies genes. Data were analyzed
and filtered using Sophia Genetics DDMR software (https://dropgen.sophiagenetics.com
accessed on 21 September 2020). The minimum depth of coverage for variant calling was
20x. The Exome Variant Server (ESP), the Exome Aggregation Consortium (EXAC) and
the gnomAD database (version 2.1.1) with a frequency greater than 0.1% were used to
filter out common variants. Potential disease-causing missense variants were assessed
using Mutation Taster, Polyphen2 and SIFT. VarSome (https://varsome.com/ accessed
on 15 July 2021) and/or ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/ accessed on
15 July 2021) were used as a tool to sum up actual knowledge about the variants. All
identified variants were classified according to American College of Medical Genetics
and Genomics (ACMG) guidelines [11]. The molecular confirmation of variants was
performed by standard Sanger sequencing on an automated analyzer (ABI PRISM® 3130).
The MLPA technique was used to detect deletions or duplications in SCN5A by using MRC-
Holland probemix P108 kit (Amsterdam, The Netherlands, https:/ /www.mrcholland.com/
accessed on 16 July 2021).

3. Results
3.1. Clinical Evaluation

Among a cohort of 51 patients with BrP tested by the gene panel including both
structural and arrhythmogenic cardiomyopathies, we identified five patients carrying a
pathogenic/likely pathogenic variation in sarcomeric genes. Table 1 summarizes clinical
and genetic evaluations, Figure 1 shows the pedigree of the five patients and Figure 2
shows their ECGs.
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Table 1. Patients with Type 1 ECG Brugada pattern carrying heterozygous variants in hypertrophic cardiomyopathy genes.
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Figure 1. Pedigrees of the five patients. The legend is shown in the figure. For clinical and familial details, see text in Results.
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Figure 2. ECG images of patients P1, P3, P4 and P5. (A) ECG of patient P1 showing type 1 BrP in V1-V2 recorded at second,
third and fourth intercostal space; (B) ECG of patient P3 showing type 1 BrP in V1-V2 recorded at fourth intercostal space;
(C) ECG of patient P4 showing type 1 BrP in V1-V2 recorded at fourth intercostal space; (D) ECG of patient P5 showing
type 1 BrP in V1-V2 recorded at fourth intercostal space.

3.1.1. Patient 1

P1is an adult male with a spontaneous intermittent type 1 BrP, which was detected
at 34 years old as an incidental finding during a routine visit prior to sport activity. ECG
showed: PR =172 ms; QTc = 440 ms at a heart rate of 56 bpm. His family history was
negative for cardiovascular disease (CVD) or sudden cardiac death (SCD).

He experienced recurrent palpitations (at least two times a week, duration 5 to 20 min);
symptoms were documented several times by an external loop recorder which detected an
atrio-ventricular nodal reentrant tachycardia that was subsequently successfully treated by
radiofrequency ablation. No programmed electrical stimulation (PES) was performed.

His echocardiogram showed no signs of structural abnormalities. He performed a car-
diac magnetic resonance (MR), which shows absence of right ventricle (RV) bulging, normal
RV function, preserved LV volume, myocardial mass and function, no fibro-fatty involve-
ment of both ventricles, normal perfusion scan and no abnormalities in late-gadolinium-
enhancement (LGE) study.

3.1.2. Patient 2

P2 is an adult male who had an incidental finding of spontaneous type 1 BrP at 56 years
old during a routine visit, without any other symptoms, except for sporadic extrasystoles.
ECG showed: PR 148 ms, QTc 416 ms at a heart rate of 68 bpm.
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His father died suddenly at 75 years old (no previous history of cardiac disease).
He performed an echocardiogram that showed left ventricular hypertrophy (LVH), more
evident in the mid-basal septum and in the posteroinferior wall (maximum thickness:
16 mm) and a cardiac MR that showed left ventricular hypertrophy with a maximum wall
thickness of 18 mm in the mid basal septum (Figure 3). His HCM risk-SCD score was
calculated as 1.97% at five years. No PES was performed.

18.551MM
-

Figure 3. ECG and cardiac MRI of the BrS patient P2 carrying the MYBPC3 ¢.1458-1G > A splicing mutation. (A) ECG of
patient P2 showing type 1 BrP in V1-V2 recorded at fourth intercostal space. (B) MRI imaging of the same patient showing

left ventricular hypertrophy.

3.1.3. Patient 3

P3 is a 26-year-old woman with a history of syncope and a drug-induced type 1 BrP.
ECG showed: PR = 148 ms, QTc = 420 ms at a heart rate of 68 bpm. Her father, who was a
known carrier of a type 1 BrP, died suddenly during sleep at 45 years old (a moderate left
ventricular hypertrophy was found before during cardiac ultrasound and at the autopsy).
Her echocardiogram showed no signs of structural abnormalities; she also performed a
cardiac MR, which showed normal biventricular dimension, wall thickness, volume and
function and negative LGE sequences. Because of her family history of SCD and the history
of recurrent syncope, she received a subcutaneous implantable cardioverter defibrillator
(5-ICD) in primary prevention.

P3 has an 18-year-old brother, who also had a drug-induced type 1 BrP and no sign
of structural heart disease at echocardiography and MR scan. ECG showed: PR = 158 ms,
QTc = 380 ms at a heart rate of 60 bpm. He also received an S-ICD in primary prevention.

The defibrillation was effective with 30 and 25 |, in P3 and her brother, respectively.
No PES was performed in both siblings.

3.1.4. Patient 4

P4 is an adult male who had an ECG finding of spontaneous type 1 BrP at 61 years
old during a routine visit. ECG showed: PR = 160 ms, QTc = 433 ms at a heart rate of
86 bpm. He did not have any symptoms of palpitations or syncope. He had a positive
familial history of SCD, which occurred in his father at 59 years old during sleep. His
echocardiogram shows no evidence of structural abnormalities and preserved biventricular
function. No PES was performed.

3.1.5. Patient 5

P5is an adult male who had an incidental finding of spontaneous type 1 BrP at 46 years
old during an episode of palpitations and abdominal pain. ECG showed: PR =160 ms,
QTc = 372 ms at a heart rate of 70 bpm. His echocardiogram showed no signs of structural
cardiomyopathy. His family history was negative for CVD or SCD. No PES was performed.
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3.2. Genetic Evaluation

In the five patients, neither variations nor deletions/duplications were identified
in SCN5A and no variations were identified in other minor BrS genes. We detected
heterozygous variations in sarcomeric genes (Table 1). All of these mutations, but the
last one in P5, are known in literature as associated with HCM [17-20].

P1, P2 and P3 are heterozygous, respectively, for the frameshifting mutation ¢.3192dupC
(p.Lys1065GInfs*12) in exon 30 in MYBPC3, the splicing mutation c.1458-1G > A in intron 16
in MYBPC3 and the missense variation ¢.2348G > A (p.Arg783His) in exon 21 in MYH?7. All
these changes are known in literature as associated with HCM [17-19] and are classified as
pathogenic or likely pathogenic according to ACMG criteria. The MYH? variant detected in
P3 segregated in her 18-year-old brother.

P4 is heterozygous for the missense variation ¢.3637G > A (p.Val1213Met) in exon 27 in
MYH?, classified as VUS/LP by prediction tools and databases. Nonetheless, this variant
is absent from general population and it has been described several times in literature as
associated with HCM [20].

P5 is heterozygous for the missense variation c.2231A > C (p.Lys744Thr) in exon 20
in MYH?. This sequence change has not been described in literature in affected subjects
and is absent from controls (PM2 criterion according to ACMG). In silico prediction tools
support its pathogenicity and the variant is currently classified as LP (Table 1).

4. Discussion

In BrS patients, gross structural alterations are not usually detected at routine investi-
gation and BrS is considered a primary electrical disease. Nonetheless, there is growing
evidence that patients with BrS may exhibit subtle cardiac abnormalities; thus, the idea
of a ‘Brugada cardiomyopathy” has been proposed [21]. The phenotypic and genotypic
overlap between BrS and arrhythmogenic cardiomyopathy (ACM) is well-known in lit-
erature and it is supported by the identification of both conduction abnormalities and
structural alterations in the right ventricular outflow tract (RVOT) in BrS patients [14,22-24].
Nademanee, in particular, reported fibro-fatty replacement of the RVOT in both autoptic
and in vivo collected cardiac samples from BrS patients, who showed no cardiac structural
abnormality at ecocardiography and/or cardiac MRI, thus suggesting that BrS pattern
could be a very early sign of disease, anticipating manifest myocardium alterations [22].
By using Doppler tissue imaging (DTI), we recently demonstrated a contraction delay at
the RVOT in individuals with spontaneous type 1 Brugada ECG pattern [25].

Mutations in ACM desmosomal genes have been associated with BrS and studies
have shown that deficiencies in PKP2 (one of the structural components of the cardiac
desmosome and a major ACM gene) determine downstream effects, both on the integrity
of gap junctions and on the sodium channel function, with consequences on electrical
coupling and on sodium current [10].

Further supporting type 1 BrP as a possible marker of an occult cardiomyopathy, we
detected variants in sarcomeric genes in five patients presenting spontaneous or drug
induced BrS pattern.

MYBPC3 encodes the cardiac myosin binding protein C and MYH?7 encodes the cardiac
beta-myosin heavy-chain, two proteins typically involved in the structural function of the
cardiac sarcomere. Mutations in the two genes are mainly associated with hypertrophic
cardiomyopathy (HCM) [15]. In recent years, some authors have suggested a possible
link between BrS and HCM, although with still limited evidence. In 2015 Di Resta and
colleagues detected a borderline significant association for mutations in MYH7 gene in BrS
patients [5/91 (5.5%) patients vs. 0/91 controls] [26]. In 2016, a family with four members
showing both HCM and BrS was described and an integrated linkage analysis and NGS
approach identified a missense mutation within the sarcomeric TPM1 gene [27]. More
recently, Pappone et al. reported a family in which a MYBPC3 mutation segregated in the
father, who was affected by HCM, and in his daughter and son, who were affected by
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BrS [28]. The presence of left ventricular hypertrophy in autopsy data of BrS subjects has
also been described [29].

In our case series, all patients shared a type 1 BrP (spontaneous or drug-induced) and
carried a heterozygous variation in a sarcomeric gene, but only one patient (P2, carrying a
pathogenic splicing mutation in MYBPC3), presented instrumental signs of HCM. The other
patients showed a pure electrical phenotype, variably associated with a positive family
history for BrS and/or sudden death. Nevertheless, it has to be taken into account that
these patients are relatively young and HCM penetrance is incomplete and age dependent.

Despite the lack of segregation analysis, which was possible only in two individuals in
one family, available data support the identified mutations in sarcomeric genes as disease
causing. Indeed, except for the missense variation ¢.2231A > C (p.Lys744Thr) in exon 20 in
MYH?7 in P5, the mutations we identified have been reported in several individuals in the
literature, all affected by structural cardiomyopathy [17-20], and all these variations are
absent in population control databases. Based on the increasing knowledge in literature of
a strong structural/electrical overlap [26-29], it may be speculated that these sarcomeric
mutations may justify Brugada type 1 ECG in our patients, which is that the Brugada
type 1 ECG is an early sign of a structural disease. Further evidence is needed to confirm
this hypothesis and, most of all, how defects in sarcomeric genes can lead to BrS-related
electrical manifestation remains to be clarified. Notably, Baudenbacher et al. have shown
that increased myofilament Ca2* sensitivity determined arrhythmia susceptibility in mice
expressing troponin T mutants, even without anatomical abnormalities [30]. Furthermore,
an abnormal SCN5A mRNA splicing with reduction of the full-length transcript has been
observed in HCM patients [31], suggesting that a reduction in SCN5A may contribute to
the arrhythmic risk in HCM.

In conclusion, data obtained from this case series provide further evidence of the geno-
typic overlap between BrS-related electrical phenotype and structural cardiomyopathies
and support the concept that individuals presenting with either primary cardiomyopathy
or arrhythmias should be tested for a comprehensive cardiomyopathy/arrhythmia panel.
Based on our observation, the type 1 BrP may represent an early sign of a structural disease
that would remain concealed unless investigated, with implications in clinical management
and genetic counseling of BrS patients and overlapping phenotypes.
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