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Abstract: Dilated cardiomyopathy (DCM) has significant morbidity and mortality. Familial transmis-
sion is reported in 20-35% of cases, highlighting the role of genetics in this disorder. We present an
interesting family in which the index case is a 64-year-old woman who survived a sudden cardiac
arrest. She presented left ventricular dilatation and dysfunction, which indicated the presence of
DCM, as well as a history of DCM and sudden arrest in her family (mother and sister). Genetic
testing identified a heterozygous mutation c.74A > G missense change that causes an amino acid,
p-Glu25Gly, change in the N-terminal domain of the SCN5A protein. After performing an exhaustive
family medical history, we found that this previously not described mutation segregated within the
family. All relatives with the DCM phenotype were carriers, whereas none of the noncarriers showed
signs of heart disease, so this mutation is the most likely cause of the disease. This is the first time
that a variant in the N-terminal domain of SCN5A has been associated with DCM.

Keywords: dilated cardiomyopathy; familial dilated cardiomyopathy; genetic study; SCN5A4;
novel mutation

1. Introduction

Dilated cardiomyopathy (DCM) is a myocardial disease characterized by enlargement
and impaired contractility of the left or both ventricles in the absence of severe coronary
artery disease or abnormal loading conditions, such as valvular heart disease. The esti-
mated prevalence of DCM is 40 cases per 100,000 individuals (1:2500). Acquired causes
include myocarditis, alcohol intake, drugs, and toxins, as well as metabolic and endocrine
disorders. Genetic factors are an important cause at all ages, and a familial transmission has
been reported in 20-35% of cases, most of them with an autosomal dominant inheritance.
This entity has significant morbidity and mortality, leading to chronic heart failure and
sudden cardiac arrest [1,2].

Many genes have been associated with this disease, mostly encoding structural and
sarcomeric myocardial proteins. Most commonly, they involve truncating mutations in titin
(TTN). Other well-known causal genes of DCM are those encoding lamin A/C (LMNA),
troponin T2 (TNNT?2), phospholamban (PLN), desmin (DES), tropomyosin (TPM1), vinculin
(VCL), and RNA-binding motif protein 20 (RBM20) [3,4].

Recently, some genes involved in cardiac electrical excitability, such as SCN5A, have
also been described as a cause of DCM [5]. The SCN5A gene is located on chromosome
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3p21 and encodes the cardiac Na+ channel, known as Nay, 1.5, a member of the family of
voltage-gated ion channels. Mutations in SCN5A have been primarily associated with pure
arrhythmic disorders, although they can also be associated with structural heart diseases.
To date, a few SCN5A mutations have been linked to complex arrhythmic disorders and
DCM. The SCN5A gene is ranked the sixth most common cause of familial DCM, which is
characterized by age-dependent penetrance and high prevalence of conduction defects and
arrhythmias [5-12].

In this study, we describe the characterization of a novel variant in the SCN5A gene,
segregating in a Spanish family, as a cause of familial DCM.

2. Materials and Methods

A retrospective and observational study was conducted in which patients with a
diagnosis of DCM and a finding of the p.Gluc25Gly variant in the SCN5A gene were
analyzed. From them, family screening was carried out, drawing up a genealogical tree of
at least three generations and studying clinically and genetically the first-degree relatives
of the affected individuals.

Informed consent was obtained from all patients under the institutional review board
policies of the hospital.

Clinical screening was performed with an exhaustive medical history, electrocardio-
gram (ECG), and transthoracic echocardiogram (TTE) of all family members. Cardiac
magnetic resonance imaging (cardiac MRI) with late gadolinium enhancement (LGE) and
24 h Holter monitoring were added in individuals with a clinical phenotype.

CMR was performed using a 1.5 Tesla magnetic resonance (General Electric, Boston,
MA, USA). Transthoracic echocardiography was performed using a Vivid E9, Vivid E95
(General Electric, Boston, MA, USA), and Philips IE33 (Philips, Amsterdam, Netherlands)
and analyzed with EchoPAC v.113 (General Electric, Boston, MA, USA). LV dimension,
mass, systolic function, diastolic function, and valvular disease were assessed in accordance
with the recommendations of the European Association of Echocardiography and the
American Society of Echocardiography [13].

Genomic deoxyribonucleic acid (DNA) was extracted through peripheral blood leuko-
cytes according to standard protocols. The detected SCN5A mutation segregation was
studied using Sanger sequencing in the cascade screening of the family. This was per-
formed in the following manner: Primers were designed to amplify exon 2, which contains
the variant, and polymerase chain reaction (PCR) was performed using these primers, fol-
lowed by dideoxy sequencing reaction and analysis using an automatic sequencer (Thermo
Fisher, Waltham, MA, USA). The variant in the index case was detected by next-generation
sequencing (NGS) of the known coding genome (whole-exome sequence, WES) performed
at Centogene (Rostock, Germany). In brief, RNA capture baits were used against approxi-
mately 60 Mb of the human exome (targeting >99% of the regions in CCDS, RefSeq, and
Gencode) to enrich regions of interest from genomic DNA fragments using the SureSelect
kit Agilent Human All Exon V6. The generated library was sequenced on an Illumina
platform to a depth of reads of ~100 <. Next, the sequence was aligned to the hg19 reference
version of the human genome (Genome Reference Consortium GRCh37), first filtering of
low-quality reads and possible artifacts, and annotation of variants.

A genetic variant was evaluated based on its frequency (MAF below 1% in gnomAD)
and its presence in different databases, such as HGMD® (Cardiff University, Cardiff,
UK), ClinVar (NCBI, Bethesda, MD, USA) or CentoMD® (Centogene, Rostock, Germany).
Predictive bioinformatics “in silico” tools were also used. A reanalysis of this WES was
performed at our laboratory in order to detect additional variants in other genes using the
Geneyx software (Geneyx, Tel Aviv, Israel). Variant classification followed the guidelines of
the American College of Medical Genetics and Genomics and the Association for Molecular
Pathology (ACMG/AMP) [14].
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3. Results

The index case is a 64-year-old woman (II-3, Figure 1) without any known condition
who resuscitated from a sudden cardiac arrest secondary to ventricular fibrillation. Her
mother, who was using a pacemaker, died suddenly at the age of 80 without an autopsy
report (I-1, Figure 1). Her sister also resuscitated from a sudden cardiac arrest due to
ventricular fibrillation when she was 59 years old, being diagnosed of DCM then (II-4,

Figure 1).
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Figure 1. Pedigree of the affected family displaying the segregation of c.74A > G with cardiopathies.

A complete clinical history and study of the index case were performed. She worked
as a beautician and was able to perform moderate efforts without any cardiovascular
symptoms (such as walking for 1 h or going up two flights of stairs without chest pain
or breathlessness). The ECG showed a left anterior fascicular block without any other
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abnormalities. The echocardiogram revealed a severe dilatation of the left ventricle with
a severe systolic dysfunction (left ventricular ejection fraction, EF, 28%), a normal right
ventricle, and no valvular disease. Coronary arterial disease was ruled out with a coronary
angiogram. The study was completed with a cardiac MRI, which confirmed the echo
findings and reported the presence of foci of intramyocardial LGE located in the inferoseptal
wall representing 14.3% of left ventricular mass (Figure 2). The 24 h ECG monitoring
showed multiple episodes of nonsustained monomorphic ventricular tachycardia. The
patient was diagnosed of DCM with severe left ventricular dysfunction, and an implantable
cardioverter defibrillator was inserted.

Figure 2. Magnetic resonance image (MRI) of the proband. The arrow shows intramyocardial late
gadolinium enhancement (LGE) located in the inferoseptal wall.

The WES of the index case identified a heterozygous NM_198056.2:c.74A>G missense
mutation located within exon 2, causing an amino acid substitution, p.Glu25Gly, in the
SCNS5A gene. This is an amino acid conserved position in other species of vertebrates
(conservation score, 7.809, from phyloP100way). It has a pathogenic computational verdict
based on 12 pathogenic predictions from BayesDel_addAF, CADD, DEOGEN2, EIGEN,
FATHMM-MKL, LIST-52, M-CAP, MVP, MutationAssessor, MutationTaster, Polyphen2-
HVAR, and SIFT vs. 1 benign prediction from PrimateAl [15]. Moreover, it has not been
detected in either patients or the general population, according to the ClinVar and gnomAD
exomes databases. This variant affects an amino acid that is located in the N-terminal
domain of the SCN5SA protein, which has been related to a dominant-negative effect
through the interaction of Nay 1.5 alfa-subunits [16], and also seems to be a binding site of
calmodulin [17].

A cascade genetic study and phenotypical screening was performed in all living first-
degree relatives (4 siblings, 2 sons, 4 niblings). The mutation was found in 3 siblings, 1 son,
and 1 nephew. The carrier sister had already been diagnosed of DCM presenting with
sudden cardiac arrest due to ventricular fibrillation (II-4, Figure 1). The phenotypical study
provided the following features: an ECG with left bundle branch block, a cardiac MRI
with mildly dilated left ventricle with moderate systolic dysfunction (EF, 40%) and focal
intramyocardial LGE in the inferoseptal wall representing 11% of left ventricular mass, and
a 24 h monitorization with multiple nonsustained polymorphic ventricular tachycardia.
One carrier brother was diagnosed of DCM with normal ECG, but an echocardiogram that
showed a severe dilatation of the left ventricle with normal systolic function (II-2, Figure 1).
The carrier son was also diagnosed of DCM with mild dilatation of the left ventricle and
mild systolic dysfunction (EF, 46%) (I1I-2, Figure 1). The other carrier brother had no heart
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structural abnormalities at the time of the medical screening, although he had an ECG
with sinus bradycardia, first-degree atrioventricular block, and right bundle branch block
(II-5, Figure 1). One nephew had no heart structural or ECG abnormalities but was also a
mutation carrier (III-4, Figure 1). Relatives with no mutation were evaluated with ECG and
echocardiogram, and they did not have any pathological phenotype expression (II-6, I1I-1,
1II-3, ITI-5, and III-6, Figure 1).

Therefore, all relatives with a DCM phenotype were carriers of the proband mutation,
and none of the noncarriers showed clinical signs of heart disease. Accordingly, it can be as-
sumed that the mutation segregates in the family with an autosomal dominant inheritance,
and it is a likely pathogenic mutation according to ACMG/AMP guidelines [14].

4. Discussion

This case represents a familial DCM with a novel mutation, p.Glu25Gly, in the SCN5A
gene. This gene encodes for a subunit of the cardiac sodium channel (Nay 1.5), which is
responsible for the initiation and propagation of action potentials and thereby determines
cardiac excitability and conduction of electric stimuli through the heart [5,6].

Mutations in this gene have been linked to several diseases. Depending on the type
of mutation, and whether it causes gain or loss of function, it can be associated with
electrical disorders, such as long QT syndrome, Brugada syndrome, ectopic premature
Purkinje-related complexes, isolated cardiac conduction defect, and sick sinus syndrome.
However, mutations in SCN5A (both gain and loss of function) have also been described in
arrhythmogenic cardiomyopathy (almost 2% of cases) and DCM [6-9].

Since the first cases of DCM associated with SCN5A mutations were described, great
progress has been made in this area. These mutations are responsible for a modest propor-
tion of DCM (1.7%) and typically present an age-dependent penetrance with phenotype
development at an increasing age. Severe heart conduction disturbances and arrhythmias
are found in >90% of patients (mainly atrial fibrillation, sick sinus syndrome, premature
ventricular complexes, and sometimes ventricular tachycardia) [7-11].

However, the molecular pathways by which SCN5A mutations cause ventricular
dilatation and dysfunction remain to be elucidated. Several mechanisms have been pos-
tulated. Some authors propose that, since Nay 1.5 is a part of a large macromolecular
channel complex of regulatory and cytoskeletal proteins, SCN5A mutations may disrupt
the interactions between Nay, 1.5 and other members of this complex, leading to structural
deformation and impaired contractility. Other investigators advocate the hypothesis that
DCM is secondary to conduction defects because electrical abnormalities usually precede
the DCM onset by 15-20 years. Finally, an alternative mechanism could be that DCM
results from long-lasting arrhythmias. However, this last mechanism fails to explain why
most patients do not exhibit a history of patent arrhythmias [5].

Multiple mutations in different positions of the SCN5A gene have been described
in cases of familial DCM. To our knowledge, this is the first report that describes the
p-Glu25Gly mutation in the SCN5A gene. Importantly, this mutation seems unequivocally
associated with DCM. Only few mutations in SCN5A have been described to be associ-
ated with DCM, none of them in the N-terminal dominium (see Figure 3). Interestingly;
other variants have been described at the N-terminal dominium associated with Brugada
syndrome, and it has been shown that some of them exert a dominant negative effect on
wild-type (WT) channels since this region is a place of binding to calmodulin [16,17]. The
next steps would involve carrying out a functional study of the p.Glu25Gly variant in order
to find out whether it produces similar alterations.
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Figure 3. Variants in cardiac Nay 1.5 voltage-gated sodium channel (SCN5A) reported previously in association with

dilated cardiomyopathy (colored in red). Colored in yellow is the p.Glu25Gly variant described in this article. Two
additional variants, ¢.2550-2551insTG and ¢.3318dupC, causing truncation of the encoded protein in patients with dilated
cardiomyopathy, are not shown. This figure is an adaptation of Asatryan (2019) [12].

The clinical presentation of this familial DCM is typical of SCN5A mutations with
a marked arrhythmic behavior and a large burden of conduction defects. As discussed
above, two of the family members presented with sudden cardiac arrest secondary to
ventricular fibrillation and had a conduction disorder; furthermore, another carrier also
had a conduction disorder. On the other hand, the deceased mother (I-1, Figure 1) had
also been treated with a pacemaker, and although we do not have genetic or phenotypic
information and since the father (I-2, Figure 1) did not have any cardiovascular disease,
she must be an obligate carrier of the mutation.

Another typical feature of familial DCM with SCN5A mutation that occurs in the fam-
ily described is age-dependent penetrance. The onset of symptoms (sudden cardiac arrest)
was at age older than 50 years in the two relatives who had presented it. Furthermore, the
youngest carrier of the mutation (30 years old) is the only one with a negative phenotype
with a normal TTE and no conduction disorders. This age-dependent penetrance is impor-
tant to decide the follow-up of the asymptomatic carriers due to the aggressive form of
the disease.

In summary, we described a novel variant in the SCN5A gene that alters an amino
acid in the N-terminal domain in a family with a history of arrhythmia and DCM. This
is the first time that a variant in the N-terminal domain of SCN5A has been associated
with DCM.

Author Contributions: Conceptualization and methodology were performed by E.F, J.P., M.ER.
and M.M.; formal analysis was performed by L.T.-]. and D.H.S.; the original draft was prepared by
Y.R.; the manuscript was critically reviewed by T.R.-V,, R.G., V.P. and X.R. and subsequently further
reviewed and edited by all coauthors. All authors have read and agreed to the published version of
the manuscript.

Funding: D.H.S. has been funded by Instituto de Salud Carlos III through the project “PI18/00847”
(cofunded by the European Regional Development Fund/European Social Fund’s “A way to make
Europe”/”Investing in your future”).

Institutional Review Board Statement: Given the nature of the study (one-family assessment), there
has been no formal approval from an ethical board. Nevertheless, all patients signed off an informed
consent approving specifically the use of (1) biological data, (2) clinical data, and (3) any further
clinical assessment.



Genes 2021, 12, 1889 70f7

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent was obtained from the patients to publish this paper.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.
2.

10.

11.

12.

13.

14.

15.

16.

17.

Weintraub, R.G.; Semsarian, C.; Macdonald, P. Dilated cardiomyopathy. Lancet 2017, 390, 400—414. [CrossRef]

Gaertner, A.; Bloebaum, J.; Brodehl, A.; Klauke, B.; Sielemann, K.; Kassner, A.; Fox, H.; Morshuis, M.; Tiesmeier, J.; Schulz, U.; et al.
The Combined Human Genotype of Truncating TTN and RBM20 Mutations Is Associated with Severe and Early Onset of Dilated
Cardiomyopathy. Genes 2021, 12, 883. [CrossRef] [PubMed]

Alimadadi, A.; Munroe, P.B.; Joe, B.; Cheng, X. Meta-analysis of dilated cardiomyopathy using cardiac RNA-Seq transcriptomic
datasets. Genes 2020, 11, 60. [CrossRef] [PubMed]

My, I.; Di Pasquale, E. Genetic Cardiomyopathies: The Lesson Learned from hiPSCs. J. Clin. Med. 2021, 10, 1149. [CrossRef]
[PubMed]

Moreau, A.; Chahine, M. A New Cardiac Channelopathy: From Clinical Phenotypes to Molecular Mechanisms Associated with
Nav1.5 Gating Pores. Front. Cardiovasc. Med. 2018, 5, 1-9. [CrossRef]

Amin, A.S. SCN5A-related dilated cardiomyopathy: What do we know? Heart Rhythm. 2014, 11, 1454-1455. [CrossRef]
McNair, W.P;; Ku, L.; Taylor, M.R.G.; Fain, PR.; Dao, D.; Wolfel, E.; Mestroni, L.; Familial Cardiomyopathy Registry Research
Group. SCN5A mutation associated with dilated cardiomyopathy, conduction disorder, and arrhythmia. Circulation 2004,
110, 2163-2167. [CrossRef] [PubMed]

McNair, W.P; Sinagra, G.; Taylor, M.R.G.; Di Lenarda, A.; Ferguson, D.A_; Salcedo, E.E.; Slavov, D.; Zhu, X.; Caldwell, ].H.;
Mestroni, L. SCN5A mutations associate with arrhythmic dilated cardiomyopathy and commonly localize to the voltage-sensing
mechanism. J. Am. Coll. Cardiol. 2011, 57, 2160-2168. [CrossRef] [PubMed]

TeRiele, A.S.; Agullo-Pascual, E.; James, C.A.; Leo-Macias, A.; Cerrone, M.; Zhang, M.; Lin, X.; Lin, B.; Sobreira, N.L.;
Amat-Alarcon, N.; et al. Multilevel analyses of SCN5A mutations in arrhythmogenic right ventricular dysplasia/cardiomyopathy
suggest non-canonical mechanisms for disease pathogenesis. Cardiovasc. Res. 2017, 113, 102-111, Erratum in: Cardiovasc. Res.
2017, 113, 691. [CrossRef] [PubMed]

Zaklyazminskaya, E.; Dzemeshkevich, S. The role of mutations in the SCN5A gene in cardiomyopathies. Biochim. Biophys. Acta
Mol. Cell. Res. 2016, 1863, 1799-1805. [CrossRef] [PubMed]

Wilde, A.A.M.; Amin, A.S. Clinical Spectrum of SCN5A Mutations: Long QT Syndrome, Brugada Syndrome, and Cardiomyopathy.
JACC Clin. Electrophysiol. 2018, 4, 569-579. [CrossRef] [PubMed]

Asatryan, B. Cardiac Sodium Channel Dysfunction and Dilated Cardiomyopathy: A Contemporary Reappraisal ofPathophysio-
logical Concepts. J. Clin. Med. 2019, 8, 1029. [CrossRef] [PubMed]

Lang, R.M.; Badano, L.P.; Mor-Avi, V,; Afilalo, J.; Armstrong, A.; Ernande, L.; Flachskampf, F.A.; Foster, E.; Goldstein, S.A.;
Kuznetsova, T.; et al. Recommendations for cardiac chamber quantification by echocardiography in adults: An update from the
American Society of Echocardiography and the European Association of Cardiovascular Imaging. J. Am. Soc. Echocardiogr. 2015,
28, 1-39. [CrossRef] [PubMed]

Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, WW.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405-424. [CrossRef] [PubMed]
Kopanos, C.; Tsiolkas, V.; Kouris, A.; Chapple, C.E.; Aguilera, M.A.; Meyer, R.; Massouras, A. VarSome: The Human Genomic
Variant Search Engine. Bioinformatics 2018, 35, 1978-1980. [CrossRef] [PubMed]

Clatot, J.; Ziyadeh-Isleem, A.; Maugenre, S.; Denjoy, I.; Liu, H.; Dilanian, G.; Hatem, S.N.; Deschénes, 1.; Coulombe, A.;
Guicheney, P; et al. Dominant-negative effect of SCN5A N-terminal mutations through the interaction of Na(v)1.5 a-subunits.
Cardiovasc. Res. 2012, 96, 53-63. [CrossRef] [PubMed]

Wang, Z.; Vermij, S.H.; Sottas, V.; Shestak, A.; Ross-Kaschitza, D.; Zaklyazminskaya, E.V.; Hudmon, A ; Pitt, G.S.; Rougier, ].S.;
Abriel, H. Calmodulin binds to the N-terminal domain of the cardiac sodium channel Nay1.5. Channels 2020, 14, 268-286.
[CrossRef] [PubMed]


http://doi.org/10.1016/S0140-6736(16)31713-5
http://doi.org/10.3390/genes12060883
http://www.ncbi.nlm.nih.gov/pubmed/34201072
http://doi.org/10.3390/genes11010060
http://www.ncbi.nlm.nih.gov/pubmed/31948008
http://doi.org/10.3390/jcm10051149
http://www.ncbi.nlm.nih.gov/pubmed/33803477
http://doi.org/10.3389/fcvm.2018.00139
http://doi.org/10.1016/j.hrthm.2014.05.031
http://doi.org/10.1161/01.CIR.0000144458.58660.BB
http://www.ncbi.nlm.nih.gov/pubmed/15466643
http://doi.org/10.1016/j.jacc.2010.09.084
http://www.ncbi.nlm.nih.gov/pubmed/21596231
http://doi.org/10.1093/cvr/cvw234
http://www.ncbi.nlm.nih.gov/pubmed/28069705
http://doi.org/10.1016/j.bbamcr.2016.02.014
http://www.ncbi.nlm.nih.gov/pubmed/26916278
http://doi.org/10.1016/j.jacep.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29798782
http://doi.org/10.3390/jcm8071029
http://www.ncbi.nlm.nih.gov/pubmed/31336969
http://doi.org/10.1016/j.echo.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25559473
http://doi.org/10.1038/gim.2015.30
http://www.ncbi.nlm.nih.gov/pubmed/25741868
http://doi.org/10.1093/bioinformatics/bty897
http://www.ncbi.nlm.nih.gov/pubmed/30376034
http://doi.org/10.1093/cvr/cvs211
http://www.ncbi.nlm.nih.gov/pubmed/22739120
http://doi.org/10.1080/19336950.2020.1805999
http://www.ncbi.nlm.nih.gov/pubmed/32815768

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	References

